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Two roads diverged in a yellow wood,  
And sorry I could not travel both  
And be one traveler, long I stood  
And looked down one as far as I could  
To where it bent in the undergrowth;  
 

[…] 

Two roads diverged in a wood, and I, 
I took the one less traveled by, 
And that has made all the difference.  

Robert Frost 
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Platelet transfusion products and the necessity of in vitro platelet 

generation 

 

The generation of platelet transfusion products is specifically demanding due to a 

limited product storage time of five to seven days. Also, platelet transfusion 

products have to be stored at room temperature, increasing the risk of bacterial 

contamination. To address this risk, bacterial testing or pathogen reduction 

treatment has to be applied. Bacterial testing requires time which could result in 

situations where a platelet transfusion product is administered to a patient before 

results from bacterial testing are known. Thus, platelet units putatively containing 

inoculum are transfused1;2. Pathogen reduction treatment on the other hand has 

been shown to decrease the quality of the transfusion product3;4. Furthermore, 

platelet transfusion products can contain residual amounts of leukocytes thereby 

triggering antibody generation against the human leukocyte antigen (HLA) in the 

host5;6. Current systems for the generation of platelet transfusion products use 

leukoreduction to reduce the amount of residual leukocytes, but platelets 

themselves can also cause immunization due to their surface antigens. Next to 

HLA, platelets carry specific human platelet antigens (HPA)7. HPAs are platelet 

glycoproteins (GP), with the GPIIb/GPIIIa complex carrying the majority of all 

currently known HPAs8. Both HLA and HPA can cause alloimmunization and 

platelet refractoriness, leading to inefficient platelet transfusions.  

 

Taking these obstacles into account, being able to generate platelets in vitro 

would be highly beneficial. It would allow blood banks to cater towards specific 

demands, diminish the risk of immunization through leukocytes and prevent 

bacterial contamination. Furthermore, in vitro systems allow for the generation of 

tailor-made, HLA and HPA-matched platelets to reduce the risk of 

alloimmunization. However, the processes leading to the generation of functional 

platelets from megakaryocytes are not well understood resulting in insufficient  

production of platelets in current culture systems9.  
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If the proteins contributing to megakaryopoiesis and platelet generation are better 

understood, it will be possible to exploit their expression and improve in vitro 

culture systems for efficient platelet production. This thesis characterizes the role 

of three proteins, the transcription factor MEIS1, the RNA-binding protein 

ATAXIN-2 and the actin-binding protein TROPOMYOSIN1, in megakaryopoietic 

differentiation. Furthermore, it also describes functional defects in platelets 

treated with pathogen-reduction agents emphasizing the benefits of a closed in 

vitro platelet production system. 

 

Megakaryopoiesis 

 

The first step in the generation of megakaryocytes and platelets is the lineage 

specification of a hematopoietic stem cell (HSC) in the bone marrow towards a 

megakaryocytic fate. HSCs, the most immature cells of the hematopoietic 

lineage, are capable of self renewal and hematopoietic reconstitution as shown 

by transplantation experiments in murine model systems10;11 (Figure 1). In a first 

step of lineage determination, HSCs give rise to the common lymphoid progenitor 

(CLP)1122 and the common myeloid progenitor (CMP)13. While the CLP replenishes 

lymphoid cells, the CMP differentiates into cells of the granulocyte-monocyte 

lineage and the megakaryocyte-erythroid lineage13;14. Next to this hierarchical 

commitment, recent studies also provide evidence for a direct differentiation of 

HSCs into megakaryocytes, bypassing the CMP stage15 (Figure 1). 

 

Regulation of hematopoietic lineage specification  

 

Lineage specification and stem cell renewal are tightly controlled processes 

orchestrated by various components. During the past years, more attention has 

been drawn to the contribution of non-hematopoietic cells to these events. In the 

so-called bone marrow niche, hematopoietic stem and progenitor cells reside 

next to other cell types like osteoblasts, fibroblasts, sympathetic nerves and 

mesenchymal stromal cells. Also, they can be in contact with other, more 
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differentiated hematopoietic cell types like megakaryocytes or T-cells. Previous 

research has shown that hematopoietic stem and progenitor cells are instructed 

via secreted factors from bone marrow niche cells16-20. For example, nestin-

positive mesenchymal stem cells (MSC) and CAR (chimeric antigen receptor) 

cells secrete vast amounts of Cxcl12, Scf and angiopoietin-1 (Ang-1), factors 

crucial for HSC maintenance21. Osteoblastic and endothelial cells contribute 

Notch ligands resulting in HSC renewal22;23 while differentiated cells such as 

megakaryocytes provide Cxcl4 (Pf4) to regulate HSC quiescence20. Furthermore, 

subcompartments within the bone marrow niche influence the response of HSCs 

to this plethora of signals. Such subcompartments have been described in 

relation to how close HSCs are situated to a blood vessel24. However, recent 

evidence showing that megakaryocytes control HSC cycling also indicated that 

further subdivisions may be needed to describe areas dominated by specific cell 

types and their impact on HSCs 20. 

 

These instruction processes mediated by cell-cell contact, cell-matrix or soluble 

factors culminate in a signal that is transported from a receptor surface protein 

binding its ligand on the cell surface. Then, the signal is transmitted through 

signaling cascades into the nucleus, where gene transcription is altered in 

response. Altered gene expression depends on transcription factors, proteins 

that bind to specific sequences on the DNA and control the generation of mRNA 

from their target. Transcription factors can either act as activators and promote 

mRNA generation or repress gene expression as inhibitors.  

 

In hematopoiesis, transcription factors play a crucial role in maintaining a 

balanced output of mature blood cells while preserving a pool of quiescent HSCs. 

To ensure a continuous supply of progenitor cells, a pool of HSCs must be 

maintained from which differentiating progenitor cells can be replenished16;25. 

HSC generation has been shown to be directed by the transcription factor Gata2 

and mice deficient for Gata2 present with absence of all blood cell lineages26.  

HSC numbers are maintained by cell-cycle entry and proliferation, processes 
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controlled by transcription factors such as Gata3, Meis1, Gfi1 and Pu.1. While 

the exact role for Gata3 in HSC is still under debate, results show a clear 

association between Gata3 and HSC quiescence27;28. Next to Gata3, the 

transcription factor Meis1 has been shown to regulate cell cycle entry of 

quiescent HSC. Mice with a conditional depletion of MEIS1 in the hematopoietic 

stem and progenitor cell compartment display severely reduced numbers of 

hematopoietic stem and progenitor cells as early as three weeks after 

depletion29. At the same time, terminally differentiated cells are less affected, 

evidenced by normal numbers of granulocytes and monocytes and regular 

erythroid differentiation. Still, megakaryocytic progenitor cells were decreased as 

were B-cell progenitors and thymic T-cells. Transplantation studies revealed that 

Meis1 deficient cells were unable to reconstitute irradiated mice and transplanted 

cells were undetectable in the bone marrow after three months.  

 

 
Figure 1. Hematopoiesis.  Simplified illustration of hematopoiesis resulting in terminally 
differentiated cells of all hematopoietic lineages. Grey fonts: key transcription factors involved in 
the differentiation and proliferation of the target cell. HSC; hematopoietic stem cell; CMP: 
common myeloid progenitor; CLP: common lymphoid progenitor; MEP: megakaryocyte-erythroid 
progenitor; GMP: granulocyte-monocyte progenitor. Based on Orkin and Zon, 2008. 
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Further investigation showed that the phenotype originates in the HSC where 

MEIS1 depletion induced an increased re-entry into the cell cycle and thus 

terminal differentiation29. 

 

Like Meis1 and Gata3, Gfi-1 is also expressed in HSCs and contributes to HSC 

maintenance. GFI-1 depletion has been shown to cause increased proliferation 

of HSCs and exhaustion of the stem cell pool30. While PU.1 has been mainly 

known for directing CMPs towards a GMP fate, the protein is also expressed in 

HSC. PU.1 depletion in HSC results in defective long-term reconstitution of the 

hematopoietic compartment due to a block in lineage progression towards the 

CMP or CLP31-33 (Figure 1).  

 

When HSCs become more committed towards multipotent hematopoietic 

progenitor cells, expression of the transcription factor Pbx1 promotes the fate 

choice towards the lymphoid lineage while inhibiting myeloid determination34. 

Terminal lymphoid differentiation is then further reinforced by transcription factors 

such as Pax5, E2A, Gfi-1 and Ikaros35;36. More recently, evidence emerged that 

at the level of the multipotent progenitor cell, Pu.1 and Gata1 expression induce 

either a myelolymphoid fate (Pu.1+/Gata1-) or a myeloerythroid (Pu.1-/Gata1+) 

differentiation route37. 

 

In the myeloid lineage, cells are capable of differentiating into the GMP which 

subsequently gives rise to granulocytes and monocytes. Alternatively, cells can 

acquire a MEP fate and become either red blood cells or platelets. The most 

prominent transcription factors initiating either a GMP or a MEP fate are Pu.1, 

Fog1 and Gata1. Increased Pu.1 expression induces downregulation of Gata1 

and leads to a GMP fate while upregulation of Fog1 and Gata1 reduces Pu.1 and 

limits cells to a MEP fate38-41. Lineage determination towards a MEP fate is also 

reinforced by Gata2, which induces expression of the megakaryocyte-erythroid 

specific transcription factor Gfi-1b42;43. Gfi-1b expression has been shown to be 

crucial for both lineages and Gfi-1b loss results in reduced hemoglobin levels and 
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lower platelet counts due to arrested hematopoietic differentiation44. Terminal 

differentiation towards the erythroid lineage is furthermore ensured by the 

induction of Myb and Eklf, the latter has been shown to repress megakaryocytic 

differentiation by repressing the megakaryocytic transcription factor Fli145.  

 

Expression of transcription factors like Fli1 and Runx1 in MEPs on the other hand 

leads to megakaryocytic differentiation and ultimately blood platelet production46 

(Figure 1). Runx1 expression is critical for correct cytoplasmic maturation and the 

onset of endomitosis during megakaryocytic differentiation47;48. Fli1 has been 

shown to induce megakaryocytic differentiation and expression of specific genes 

such as GPIX49;50. Another critical factor for megakaryocyte differentiation and 

proplatelet formation is the transcription factor Gata1 and loss of Gata1 results in 

thrombocytopenia and impaired cytoplasmic maturation of megakaryocytes51. 

Recently, the transcription factors Sp1 and Sp3 have been shown to play a 

prominent role in megakaryopoiesis as well. Deletion of both SP1 and SP3 

resulted in defects of the demarcation system and severely decreased proplatelet 

formation52.  

 

The transcriptional regulation of lineage specification and differentiation, 

however, does not rely on the action of a single transcription factor, but rather is 

comprised of a network of transcriptional activators or repressors acting together 

in so-called networks42;53;54. The preciseness with which transcription factor 

networks are composed becomes clear when comparing the networks present in 

a specific lineage. In hematopoietic stem cells for example, a transcription factor 

heptad consisting of SCL, LYL1, ERG, FLI-1, RUNX1, GATA2 and LMO2 has 

been described to regulate gene expression thus controlling cell identity53;54. 

Some components of this heptad, however, are also found in lineage-committed 

megakaryocytic cells, like SCL, FLI-1 and RUNX1. Here, the same transcription 

factors are regulating differentiation rather than stem cell maintenance55.  

Because some transcription factors are being used multiple times during the 

differentiation of hematopoietic cells, the generation of functional networks has to 
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be tightly regulated. This is ensured by controlled expression of the transcription 

factors during specific stages of hematopoiesis. While some may be expressed 

throughout differentiation of a HSC into a blood cell, others can be 

downregulated transiently after fate determination and become re-expressed 

later during terminal differentiation56;57.  

 

One example of such a biphasic expression pattern is the transcription factor 

Meis1. Meis1 has been found to be exclusively expressed in megakaryocytes 

when the transcriptional profile of all terminally differentiated blood cells was 

compared58. However, Meis1 can also be found in HSCs and its expression 

declines as the cells become more committed towards the MEP29;59;60. When 

MEPs subsequently differentiate into megakaryocytes, Meis1 is reexpressed58. 

This biphasic expression holds the question how Meis1 contributes to 

hematopoiesis and megakaryopoiesis in particular.  

 

Megakaryopoiesis 

 

Megakaryopoiesis encompasses the differentiation of a HSC into a 

megakaryocyte which subsequently generates platelets. The process includes 

lineage specification towards a megakaryocytic fate and expansion of the 

immature megakaryocyte pool. Immature megakaryocytes then change from 

mitotic divisions to endomitosis and increase their nuclear content, develop an 

intracellular membrane network called the demarcation system and finally 

undergo cytoskeletal rearrangements leading to the generation of proplatelets, 

the platelet progenitors47;61-63. Proplatelets are subsequently released into the 

blood stream where platelets are generated through shear force64-67 (Figure 2).  

 

The main cytokine driving megakaryopoiesis is thrombopoietin (TPO) which 

binds to its receptor c-mpl on the cell surface68;69. The binding of TPO induces 

autophosphorylation of the janus kinase2 (JAK2) which will then activate 

signaling through MAP kinases, PI3 kinase, STAT5 and STAT1. All three 
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Figure 2: Megakaryopoiesis. A schematic overview of the differentiation from a hematopoietic 
stem cell (HSC) to a terminally differentiated, endomitotic megakaryocyte (MK). Based on current 
models, mature MKs release proplatelets (Pro-PLT) into the bloodstream where shear stress 
induces a shedding of the Pro-PLT into platelets (PLT). CMP: common myeloid progenitor; MEP: 
megakaryocyte-erythroid progenitor. Adapted from Battinelli, 2008. 
 

signaling cascades result in the binding of transcription factors to their target 

sequences on the DNA resulting in megakaryocytic differentiation. However, 

TPO does not only affect differentiation but is also a general survival factor. TPO 

deficient or c-mpl deficient mice present with a decreased expansion of the 

hematopoietic progenitor cell pool while still retaining megakaryocytes and 

platelets, although with reduced numbers70-72. These findings led to the discovery 

of other, TPO-independent signaling cascades which are capable of promoting 

megakaryopoiesis, such as gp130-dependent- and Notch-signaling73. 

Additionally, also the extracellular bone marrow matrix influences megakaryocytic 

differentiation through stiffness, shear and oxygen concentration74-78. 

   

 



 18 

Endomitosis 

 

Megakaryopoieis can be divided into two phases. During the initial differentiation 

of the MEP into an immature megakaryocyte, cells undergo regular divisions and 

contain a DNA content of 2n. Terminal differentiation of immature 

megakaryocytes, however, is accompanied by endomitosis, a replication of DNA 

content without cell division. The resulting polyploid megakaryocytes can contain 

nuclear material up to 128n. 

 

On a cytoskeletal level, mitotic divisions are ensured by microtubules, actin and 

myosin79. Initially, the site of the cleavage furrow at which the two daughter cells 

will be separated is determined by the spindle and microtubules. Proteins 

involved in furrow generation and ingression are also transported to the cleavage 

furrow via microtubules, such as the GTPase RhoA, the guanine exchange 

factors Gef-H1 and Ect2 and the GTPase activating protein MgcRacGap80;81. 

Furthermore, proteins of the central spindle are accumulated at the cleavage 

furrow, like Prc1 (protein regulating cytokinesis 1)82. For completion of 

abscission, a change in cytoplasmic membrane rigidity through relocalization of 

actin is essential to generate the force needed. Actin is thus redistributed from 

the cell poles to the cleavage furrow resulting in less rigidity at the poles82. At the 

same time, actin interacts with nonmuscle myosin IIA (myosin) at the cleavage 

plane to generate a local contraction force which completes abscission (Figure 

3)79.  

 

While the same principles for cell abscission apply to dividing 2n 

megakaryocytes, changes in the expression and relocalization of key proteins 

have been observed in endomitotic megakaryocytes. Endomitosis is caused by 

an abscission defect in late mitosis. Dividing megakaryocytes form a contractile 

ring and proceed towards abscission, which is then stalled and reversed82. This 

reversion of the contractile ring is triggered by a loss of contractile force due to  
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Figure 3: Mitotic versus endomitotic cell division, schematic. Certain components associated 

with abscission after successful mitosis are present in both mitotic and endomitotic cells like 

PRC1, actin and tubulin, although differentially located. Other crucial factors like myosin, RhoA, 

GEF-H1 and ECT2 are missing altogether in endomitotic cells. Based on Lordier, 2008 and 

Piekny 2005 

 

reduced myosin expression at the cleavage furrow. It has been shown that 

myosin expression is silenced by the transcription factor RUNX1 and that 

specifically nonmuscle myosin IIB (MYH10) is crucial for endomitosis48;83. 

Furthermore, RhoA is also absent from the cleavage furrow in dividing 

endomitotic megakaryocytes and actin remained cortical, close to the cell 

membrane82. Next to decreased expression of myosin and RhoA, the guanine 

exchange factors Gef-H1 and Ect2 are also downregulated at the onset of 

endomitosis84. By re-expressing Gef-H1 and Ect2, endomitosis could actually be 

prevented, clearly underlining the contribution of these proteins84.  
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Also, considerable progress has been made in understanding the cytoskeletal 

and transcriptional changes leading to endomitosis. Elevated expression of cyclin 

A and cyclin D3, which are crucial for the transition from G1 to S-phase during 

cell cycle, has been shown to promote endomitosis85;86. These results have been 

underlined by the finding that cyclin D1 is a target of the transcription factor 

Gata1 in megakaryocytes, but not in erythroid cells87.  

 

The onset of endomitosis has been shown to be TPO-dependent88. Given that 

one of the downstream targets in TPO-signaling, PI-3K regulates the mTOR 

serine/threonine kinase, evidence emerged that mTOR is activated upon TPO 

stimulation and contributes to endomitosis. Blocking the mTOR signaling 

cascade caused decreased ploidy and megakaryocyte proliferation89. Strikingly, 

inhibition of mTOR using rapamycin results in different outcomes in neonatal 

megakaryocytes and adult cells. While neonatal cells only show an effect on 

cytoplasmic maturation, in adult megakaryocytes polyploidization is impaired 

after treatment with rapamycin90. Increased mTOR phosphorylation has also 

been found in megakaryocytes from patients with essential thrombocytaemia 

(ET) and primary myelofibrosis. When these patients were treated with an mTOR 

inhibitor, platelet counts adjusted to physiological concentrations91 

 

Cytoplasmic maturation of megakaryocytes 

 

Megakaryopoiesis ultimately culminates in the generation of proplatelets which 

are shed into the bloodstream and mature into platelets66;92. Platelets are loaded 

with proteins and small molecules crucial for blood coagulation and wound repair, 

stored in cytoplasmic structures referred to as alpha and dense granules93-95. 

Alpha granule proteins are synthesized in the endoplasmic reticulum and 

transported to the Golgi network where they mature and are loaded into 

developing granules. This process has been documented for CD62p (P-

selectin)96. After release from the trans-Golgi network, granules are getting 

sorted in cytoplasmic structures called multivesicular bodies (MVB). The MVB 



 21 

also contain endocytosed proteins like fibrinogen which will be added to the 

alpha granule content in this step97.  

 

As megakaryocytes produce large quantities of proteins for developing platelets, 

it is hypothesized that polyploidy is beneficial to megakaryocytes as it allows 

transcription of more mRNA which will facilitate a more rapid protein 

accumulation compared to diploid cells. The synthesized proteins would then be 

used for alpha granule generation and to establish the demarcation system, a 

membrane reservoir crucial for proplatelet formation. 

 

Platelets themselves are also capable of de novo protein synthesis. Evidence 

from more than four decades of research showed that platelets contain not just 

mRNA98, but also ribosomes and are thus capable of protein synthesis, both in 

resting state and after activation 99-101.  

 

Protein translation and decay 

 

Megakaryocytes synthesize vast amounts of proteins imperative for gene 

expression and platelet function102;103. Protein synthesis is a tightly regulated 

process affected by external and internal cues like nutrient availability, stress, 

hormones and growth factors. Physiologically, mRNA is transcribed from DNA 

and processed in the nucleus. Processing includes the addition of 7-

methylguanosine to the 5’ end of the mRNA, referred to as “capping”. Also, the 5’ 

end will be polyadenylated and the transcript will be spliced to remove introns104.  

 

After processing is finished, mature mRNA leaves the nucleus, enters the 

cytoplasm, and is bound by the poly-A binding protein (Pabp) as well as the 

eukaryotic initiation factor complex eIF4105. These binding events induce a 

circularization of the mRNA which is then bound by ribosomes initiating protein 

biosynthesis106 (Figure 4). After mRNA is translated sufficiently, it is broken down 

in specific cytoplasmic foci referred to as p-bodies107;108 (Figure 4). Breakdown 
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occurs in a sequential fashion involving multiple proteins such as and the RNA 

helicase Ddx6. In the case of nutrient deprivation, translation of non-crucial 

mRNAs will be stalled and mRNAs will be stored in their circular state in stress 

granules (Figure 4). Among the proteins associated with stress granules is the 

RNA-binding protein Tia-1109;110. Several signaling cascades have been 

described to have impact on mRNA translation, which all involve the kinase 

mTor111. mTor is found in two different multiprotein complexes, mTorc1 and 

mTorc2. While the mTorc1 complex coordinates protein synthesis by activating 

translation initiation factors, mTorc2 regulates the GTPase Rac1 and cytoskeletal 

remodeling111. So far however, data on the effect of mTor on protein biosynthesis 

for storage in proplatelets is scarce112.  

 

 
 
Figure 4. Translational regulation. After mRNA has left the nucleus, it will be bound by proteins 
inducing translation. If cells experience stress, for example through nutrient deprivation, 
translation of transcripts will be stopped and mRNAs are stored in stress granules until translation 
can be resumed. If stress continues, mRNAs will ultimately be broken down in p-bodies. Also, 
mRNAs which are no longer required to be translated are broken down in p-bodies. Schematic 
overview showing components of mRNA turnover and translational regulation. PABP: poly-(A) 
binding protein; eIF: eukaryotic initiation factor; DDX6: DEAD box helicase 6 
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Another protein putatively regulating translation is Ataxin2 (Atxn2). Recent 

evidence claims a role for Atxn2 in mRNA stability thereby ensuring translation 

efficiency113. Atxn2 has been shown to interact with Pabp and Ddx6. The protein 

colocalizes with p-bodies114 and the rough endoplasmic reticulum115 suggesting 

that Atxn2 is influencing translation. However, Atxn2 has also been associated 

with receptor endocytosis, actin filament organization and protein exocytosis116-

120.  

Translation is also regulated by micro RNAs (miRNA). These short (approx 22 

nucleotides) non-coding RNA fragments are acting together with proteins of the 

RISC (RNA induced silencing complex) such as Argonaute and GW182121-123. 

MiRNAs bind to mRNA and silence translation. Silencing occurs either by 

inducing shortening of the polyA-tail and destabilization of mRNAs or by 

cleavage of the target thereby decreasing translation efficiency 124. MiRNAs have 

also been described to play crucial roles in megakaryopoiesis and even in 

platelets125-127. MiRNA 155 for example inhibits megakaryopoiesis by targeting 

the transcription factors Meis1 and Ets1128. It has also been shown that miRNA 

150 is induced by TPO signaling and results in downregulation of c-myb thus 

enabling megakaryocytic differentiation129.  

 

While the contribution of miRNAs to platelet reactivity is not yet well understood, 

correlations could be made between specific miRNAs and platelet proteins. One 

such correlation was found for VAMP8 which is overexpressed in hyperreactive 

platelets and a target of miRNA 96. It could be shown that differential expression 

of miRNA 96 correlated with platetet reactivity130.  

   

Next to protein synthesis, balanced protein decay is crucial to regulate signal 

transduction, cell cycle progression and transcription. Protein decay takes place 

in the proteasome and a recent study highlights the importance of the 

proteasome in megakaryopoiesis and platelet production. Shi and colleagues 

show that targeted deletion of the proteasome subunit PSMC1 results in 

proplatelet formation defects and thrombocytopenia. The defects could be related 
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to hyperactivation of the small GTPase RhoA and could be reversed by inhibiting 

either RhoA or its effector Rock131. The importance of proper proteasome 

function during megakaryopoiesis and platelet production is highlighted by 

observations in multiple myeloma patients undergoing therapy with the 

proteasome inhibitor bortezomib. Bortezomib decreases megakaryocyte 

numbers in a dose-dependent fashion, however, the doses correlating with 

decreased megakaryopoiesis are above concentrations used for clinical 

applications132;133. While megakaryopoiesis appears to be unaffected, bortezomib 

severly affects platelets in two ways. Firstly, platelet counts are diminished after 

bortezomib application resulting in patients presenting with thrombopenia. 

Secondly, after two rounds of bortezomib treatment, platelet function is also 

decreased as shown by declined aggregation in response to various agonists 134. 

These results show that the regulation of protein biosynthesis is crucial for proper 

megakaryopoiesis and platelet function and additional research is needed to 

unravel the mechanisms guiding these processes. 

 
The demarcation system (DMS) 

 

The DMS forms a crucial structure during the differentiation of megakaryocytes 

and the generation of proplatelets. The DMS consists of tubules and cisternae 

which are connected to the megakaryocyte plasma membrane. It provides a 

membrane pool for the development of proplatelets64;65;135. DMS generation 

starts in immature GP1bβ+ megakaryocytes at a specific focal point on the cell 

surface followed by invagination during megakaryopoiesis. Membrane material is 

added to the DMS from the trans-Golgi network and by the endoplasmatic 

reticulum which most likely contributes lipids to the DMS. 

 

Proplatelet formation 

 

In the terminal step of megakaryopoiesis, extensive cytoskeletal remodeling 

takes place leading to the formation of proplatelets136;137. Extracellular matrix 
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components and adhesion receptors have been shown to time the onset of 

proplatelet formation138. Microtubules and actin are the two major components 

facilitating proplatelet formation136;139. Microtubules comprise the backbone of the 

developing proplatelet driving elongation and tip formation while actin seems to 

be required for proplatelet branching137;140. However, when comparing various 

mouse models investigating proplatelet formation, the role of actin may be more 

diverse as anticipated currently. Actin is a monomeric protein (G-actin) which 

forms multimers spanning the cytoplasm to ensure stability and motility. Actin 

multimers, F-actin, are formed based on their function. F-actin bundles are found 

primarily in the context of motility and as stress fibres while crosslinked F-actin 

nets are involved in maintaining cell shape.  

 

Several proteins regulate the assembly or disassembly of F-actin. Among the 

actin-binding proteins, formins such as mDia and profilin facilitate elongation of 

F-acting fibres (Figure 5 A), while ADF/cofilin sequesters F-actin141 (Figure 5 B). 

The Arp2/3 complex induces crosslinking of F-actin fibers resulting in an F-actin 

network141 (Figure 5C) and tropomyosin1 (TPM1) limits access of other actin-

binding proteins to F-actin142;143. Processes related to F-actin turnover are under 

control of the GTPases RhoA, Cdc42 and Rac (Figure 5D). F-Actin can also 

interact with myosin in muscle and nonmuscle tissue creating a contractile force 

at the point of interaction. The interaction between actin and myosin is crucial in 

the formation of a contractile ring during cell division144 and lack of myosin has 

been attributed to the induction of endomitosis in megakaryocytic cells48;82. 

Recently, the effect of actin-binding proteins on megakaryopoiesis and 

proplatelet formation has been the subject of several other studies. 

Megakaryocytes from mice deficient for non-muscle myosin show a lack of stress 

fibers, severe adhesion defects and increased proplatelet formation145. RhoA 

deficiency caused no abnormalities in proplatelet formation, however, proplatelet 

release was faster and circulating platelets were increased in size and cleared 

more rapidly146. The Rho kinase Rock has been found to enhance 

megakaryocyte polyploidization and proplatelet formation147;148 while loss of 
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Cofilin results in bigger circulating platelets with adhesion defects149. Loss of 

Cdc42 or Rac1 alone does not lead to severe phenotypes, but Rac1/Cdc42 

double knockout mice present with thrombopenia accompanied by platelets 

increased in size which are rapidly cleared from circulation150. Recently, it was 

shown that mDia activation needs to be tightly controlled to ensure proplatelet 

formation151. These results clearly indicate that the role of actin in platelet 

biogenesis is more complex as anticipated and has to be studied in more detail. 

 

Platelet shedding  
 
After proplatelets are formed, they have to be released into the bloodstream. Two 

theories are proposed about how platelets are released from megakaryocytes. 

One states that proplatelets extend into the lumen of sinusoidal blood vessels 

and are shed by the blood flow, generating immature pre-platelets which divide 

into actual platelets while circulating through the bloodstream66;152;153. The other 

claims that whole or large parts of megakaryocytes enter the bloodstream and 

are disrupted into platelets by the shear stress of the lung capillary bed67;154. 

Evidence for both hypothesis has been found. In the light of recent findings 

showing that platelet demand impacts on the size of shedded megakaryocyte 

parts into the bloodstream, a combination of both theories depending on demand 

is likely67. However, platelets also contain the potential to divide and give rise to 

progeny thereby potentially increasing the number of circulating platelets155. 

 

Platelets 
 
After proplatelets are shed from megakaryocytes, shear stress in the blood flow 

combined with cytoskeletal remodeling will further divide them to form 

platelets66;155. Platelets are small (2.5 -5µm), anucleate cytoplasmic fragments 

which contain alpha and dense granules, mitochondria, mRNA and a proteasome 
101;131;156. Platelets facilitate wound healing and blood clotting at sides of damage, 
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Figure 5. Actin-binding proteins and mechanisms of actin regulation.  A) The formin mDia 
and the small GTPase RhoA control actin polymerization. B) ADF/Cofilin causes F-actin 
disassembly. C) The Arp2/3 complex induces actin branching and the formation of networks. D) 
acto-myosin complexes provide contractility regulated by the GTPases RhoA, Cdc42 and Rac. 
 
 
 
but they are also involved in various other processes. In septic conditions, 

platelets can bind to neutrophils via their TLR4 receptor, activate the neutrophil 

and initiate the release of NETs to capture bacteria157.  A retrospective clinical 

study also revealed that thrombocytopenia is predictive of a failure in closing the 

ductus arteriosus after birth158.  

 

The platelet surface contains a multitude of receptors to bind and react to a 

variety of substrates (Figure 6). For example, at sides of vascular damage, 

platelets can adhere to von Willebrand factor with the GB1bα receptor or to 

collagen with the GPVI receptor at the exposed subendothelium. 
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Figure 6. Platelet surface receptors, their ligands and key downstream signaling factors. 

Simplified image. PAR1 and PAR4 are G-protein coupled receptors (GPCR) binding thrombin. 

The ADP receptors P2Y1 and P2Y12 are also GPCRs. Both the collagen receptor GPVI and the 

vWF receptor GPIb belong to the glycoprotein family. 

 

This binding slows down the platelet and provides a loose attachment to the 

subendothelium. Loose attachment is then followed by firm binding via the 

surface receptor α2β1 integrin. Recognition of specific agonists by their receptors 

induces an outside-in signaling cascade that will eventually result increased 

surface coverage and granule release. Platelet alpha granules contain a variety 

of proteins which contribute to wound healing and attract more platelets to 

facilitate rapid wound closure. Alpha granule release is mediated mainly by the 

thrombin receptors PAR 1 and PAR4 while dense granules filled with ADP and 

serotonin are released upon signaling through the P2Y1 or P2Y12 receptor159-163. 

Upon granule secretion, the granule membrane fuses with the outer platelet 

membrane and proteins expressed on the granule are exposed159;160. Lastly, the 

initial outside-in signaling is activating integrin αIIbβ3. Integrin αIIbβ3 will facilitate 

binding to fibrinogen enabling clotting and fast wound closure.  
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To date, platelets used for transfusion purposes cannot be stored frozen but 

instead must be kept at room temperature under constant mild agitation. This 

kind of storage poses a risk, because it provides a growth medium for bacterial 

contaminants. To minimize the risk of contaminating patients with non-sterile 

platelet transfusion products, several measures have been undertaken. Improved 

donor screening and pathogen testing of the transfusion products has greatly 

reduced the risk of transmittable infections1. However, a residual risk remains. To 

address this fact, pathogen reduction systems are available ensuring an 

antibacterial and antiviral transfusion product164;165. Pathogen reduction treatment 

systems make use of ultraviolet light, sometimes combined with an intercalating 

agent such as riboflavin. After riboflavin is added, the transfusion product is 

irradiated and declared sterile. While pathogen reduction treatments offer sterility 

of the transfusion product, effects on the functionality and lifespan of platelets 

undergoing this treatment is currently being investigated using both in vitro 

approaches and clinical studies (Prepares).  

 

In vitro platelet production initiatives 

 

In vitro generation of platelets would eliminate donor dependency, reduce 

putative contaminations and minimize alloimmunization5;6. However, current 

culture methods are still insufficient in the production of platelets from 

megakaryocytes.  

 

Physiological platelet numbers range around 150 – 400 x109 per liter blood while 

concentrations of 50 – 10 x109 per liter are considered thrombopenic and bear 

the risk of spontaneous bleeding166. To sustain physiological platelet numbers, 

1x1011 platelets are produced every day and it has been calculated that in vivo, a 

single megakaryocyte produces around 1x103 – 1x104 platelets. Based on the 

most efficient scenario, this means that in vivo, a total number of 10x106 

megakaryocytes are needed to provide 1x1011 platelets per day. In case of 

thrombocytopenia, platelet transfusions of 3 – 4x1011 platelets are given to the 
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patient with a concentration of 5.5x1010 platelets per transfusion product. Current 

megakaryocyte cultures from CD34+ hematopoietic stem and progenitor cells 

vary greatly in the amount of proplatelets, produced per cell and donor. 

Megakaryocyte and platelet yield also depends on growth factors used to 

supplement the culture. Earlier studies have furthermore shown that growth 

factor combinations differ depending on whether CD34+ cells are derived from 

Cord Blood or mobilized peripheral blood167;168. Roughly, between 10 – 100 

proplatelets are generated per megakaryocyte, clearly underlining the inefficiency 

of the system9. A drawback of these setups is their dependency on large 

quantities and constant supply of donor material, for example cord blood, which 

is also used in stem cell transplantation. A more ideal approach would therefore 

incorporate the use of megakaryocytes that can be generated from a smaller 

amount of source material and expanded more efficiently.  

 

Currently, efforts are made to generate megakaryocytes from induced pluripotent 

stem cells (iPS). The advantage of iPS lies in the expansion capacity of the 

reprogrammed cells. However, systems reported thus far are not capable to 

recapitulate in vivo platelet generation efficacy (Figure 7). Another promising 

approach lies in the adaptation of the culture matrix. A recently published study 

showed that modulating the stiffness of the culture dish positively correlated with 

proplatelet formation169.  

 

In conclusion, while the production of functional platelets from megakaryocytes is 

critical for development and survival, the events governing these processes are 

still not fully understood. Increasing our understanding of megakaryopoiesis will 

benefit in vitro platelet production initiatives for the generation of transfusion 

products.  
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Figure 7) Efficacy of in vitro culture systems based on iPS cell derived megakaryocytes. 1) 

in vivo situation, 2) Feng et al170, 3) Nakamura et al171, 4) Nakagawa et al172, 5) Takayama et 

al173 

 

 

Scope of this thesis 

 

Platelet transfusion products are administered to patients suffering from 

thrombocytopenia, caused for example by treatment with chemotherapeutic 

drugs. Platelet transfusion products, however, can only be stored for one week 

and have to be kept at room temperature. This bears a risk for transfusion-

mediated infections in patients receiving a platelet transfusion. Platelets also 

carry HLA and HPA antigens which hold a putative risk of alloimmunization and 

platelet refractoriness. To circumvent these drawbacks of donor-derived platelet 

transfusion products, in vitro platelet production presents a promising alternative.  

However, current culture systems are still inefficient in the generation of 

functional platelets due to gaps in our understanding of the processes regulating 

megakaryocytic differentiation and platelet shedding.  
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Previous research noted that the transcription factor MEIS1 displays a biphasic 

expression, with MEIS1 being highly expressed in hematopoietic stem cells and 

declining as the cells become committed towards a specific fate. During 

megakaryocytic differentiation, MEIS1 expression increases again and is specific 

to megakaryocytes when the transcriptomes of mature blood cells were 

compared. This strictly regulated expression pattern makes MEIS1 a promising 

target to investigate in the context of hematopoietic lineage fate and 

megakaryopoiesis. In chapter 2, we investigate the role of MEIS1 in directing 

CMPs towards a MEP fate and provide an overview of the transcriptional 

changes associated with MEIS1 expression that induce a MEP signature.  

 

Next, we aimed to identify the targets of MEIS1 combining results from the 

transcriptional analysis in chapter 2 with a previous target screen in 

megakaryocytic DAMI cells (Thijssen et al, data unpublished). These putative 

MEIS1 target genes were furthermore evaluated for the existence of single 

nucleotide polymorphisms (SNPs) correlating with mean platelet volume or 

platelet count174. Thus, a putative involvement of these genes in platelet 

biogenesis was investigated. Where possible, also chromatin 

immunoprecipitation followed by sequencing (ChIP-Seq) using a MEIS1 antibody 

was performed to validate MEIS1 binding sites in the target genes.  

 

One of the MEIS1 target genes that contains a SNP correlating with platelet 

count174 is ATXN2. We therefore postulated that this RNA-binding protein which is 

involved in protein homeostasis, plays a role in megakaryopoiesis.  Although 

mutant ATXN2 has been described in the context of neurodegenerative disease, 

the physiological role of the protein remains elusive and its role in 

megakaryopoiesis has never been studied. In chapter 3, we investigated ATXN2  

during megakaryopoiesis. We made use of Atxn-2 deficient mouse, human 

hematopoietic cells depleted for ATXN2 by lentiviral knockdown and a 

megakaryocytic cell line. By combining these approaches, we were able to study 

not only the effect of Atxn2 on megakaryocytic differentiation in vitro, but also 
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investigated the consequences of Atxn2 depletion during megakaryopoiesis in 

vivo.  

 

Previous studies showed that non-muscle myosin has a crucial role in 

endomitosis, but these reports also noted aberrant actin localization in 

endomitotic cells. Furthermore, while the contribution of tubulin to the generation 

of proplatelets has been widely recognized, the role of actin in these processes 

remains elusive. The actin-binding protein TPM1 strongly correlated with MEIS1 

expression both in CD34+ and DAMI cells. Furthermore, a SNP had been found 

in the TPM1 locus associating with mean platelet volume and MEIS1 binding 

sites could be confirmed using ChIP-Seq. Previous research also showed that 

ablation of TPM1 in zebrafish results in abrogation of platelet generation 

indicating a prominent role for TPM1 in megakaryopoiesis. In chapter 4, we 

therefore studied the role of TPM1 in the onset of endomitosis and proplatelet 

generation. 

 

Because platelet generation for transfusion purposes is not yet well enough 

advanced, we also examined the effect of pathogen reduction treatment (PRT) 

on the reactivity of stored platelets. Several previous studies analyzed the quality 

of platelets in resting state after PRT, but data on platelet function towards 

specific agonists is scarce. In chapter 5 we employ various functional tests on 

platelet transfusion units treated with Mirasol PRT to study the possible effect of 

Mirasol on storage-time dependent hyper-reactivity, degranulation and spreading  

 

Finally, in chapter 6 we discuss our findings in the light of current knowledge 

about megakaryopoiesis and models used for in vitro platelet generation. We aim  

to identify shortcomings in our understandings of these processes and propose 

options for future approaches. 

 
 



 34 

Reference List 
 

 1.  Blajchman MA, Goldman M, Baeza F. Improving the bacteriological safety of platelet 
transfusions. Transfus.Med.Rev. 2004;18:11-24. 

 2.  de KD. 10 Years Experience with Bacterial Screening of Platelet Concentrates in the 
Netherlands. Transfus.Med.Hemother. 2011;38:251-254. 

 3.  Perez-Pujol S, Tonda R, Lozano M et al. Effects of a new pathogen-reduction technology 
(Mirasol PRT) on functional aspects of platelet concentrates. Transfusion 2005;45:911-
919. 

 4.  Picker SM, Steisel A, Gathof BS. Cell integrity and mitochondrial function after Mirasol-
PRT treatment for pathogen reduction of apheresis-derived platelets: Results of a three-
arm in vitro study. Transfus.Apher.Sci. 2009;40:79-85. 

 5.   Leukocyte reduction and ultraviolet B irradiation of platelets to prevent alloimmunization 
and refractoriness to platelet transfusions. The Trial to Reduce Alloimmunization to 
Platelets Study Group. N.Engl.J.Med. 1997;337:1861-1869. 

 6.  Asano H, Lee CY, Fox-Talbot K et al. Treatment with riboflavin and ultraviolet light 
prevents alloimmunization to platelet transfusions and cardiac transplants. 
Transplantation 2007;84:1174-1182. 

 7.  Hod E, Schwartz J. Platelet transfusion refractoriness. Br.J.Haematol. 2008;142:348-360. 

 8.  Curtis BR, McFarland JG. Human platelet antigens - 2013. Vox Sang. 2014;106:93-102. 

 9.  Lambert MP, Sullivan SK, Fuentes R, French DL, Poncz M. Challenges and promises for 
the development of donor-independent platelet transfusions. Blood 2013;121:3319-3324. 

 10.  Ogawa M. Differentiation and proliferation of hematopoietic stem cells. Blood 
1993;81:2844-2853. 

 11.  Yang L, Bryder D, Adolfsson J et al. Identification of Lin(-)Sca1(+)kit(+)CD34(+)Flt3- 
short-term hematopoietic stem cells capable of rapidly reconstituting and rescuing 
myeloablated transplant recipients. Blood 2005;105:2717-2723. 

 12.  Kondo M, Weissman IL, Akashi K. Identification of clonogenic common lymphoid 
progenitors in mouse bone marrow. Cell 1997;91:661-672. 

 13.  Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic common myeloid progenitor 
that gives rise to all myeloid lineages. Nature 2000;404:193-197. 

 14.  Debili N, Coulombel L, Croisille L et al. Characterization of a bipotent erythro-
megakaryocytic progenitor in human bone marrow. Blood 1996;88:1284-1296. 

 15.  Sanjuan-Pla A, Macaulay IC, Jensen CT et al. Platelet-biased stem cells reside at the 
apex of the haematopoietic stem-cell hierarchy. Nature 2013;502:232-236. 

 16.  Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem cell biology. Cell 
2008;132:631-644. 

 17.  Morrison SJ, Scadden DT. The bone marrow niche for haematopoietic stem cells. Nature 
2014;505:327-334. 



 35 

 18.  Sugiyama T, Kohara H, Noda M, Nagasawa T. Maintenance of the hematopoietic stem 
cell pool by CXCL12-CXCR4 chemokine signaling in bone marrow stromal cell niches. 
Immunity. 2006;25:977-988. 

 19.  Sacchetti B, Funari A, Michienzi S et al. Self-renewing osteoprogenitors in bone marrow 
sinusoids can organize a hematopoietic microenvironment. Cell 2007;131:324-336. 

 20.  Bruns I, Lucas D, Pinho S et al. Megakaryocytes regulate hematopoietic stem cell 
quiescence through CXCL4 secretion. Nat.Med. 2014;20:1315-1320. 

 21.  Mercier FE, Ragu C, Scadden DT. The bone marrow at the crossroads of blood and 
immunity. Nat.Rev.Immunol. 2012;12:49-60. 

 22.  Butler JM, Nolan DJ, Vertes EL et al. Endothelial cells are essential for the self-renewal 
and repopulation of Notch-dependent hematopoietic stem cells. Cell Stem Cell 
2010;6:251-264. 

 23.  Varnum-Finney B, Halasz LM, Sun M et al. Notch2 governs the rate of generation of 
mouse long- and short-term repopulating stem cells. J.Clin.Invest 2011;121:1207-1216. 

 24.  Nombela-Arrieta C, Pivarnik G, Winkel B et al. Quantitative imaging of haematopoietic 
stem and progenitor cell localization and hypoxic status in the bone marrow 
microenvironment. Nat.Cell Biol. 2013;15:533-543. 

 25.  Ceredig R, Rolink AG, Brown G. Models of haematopoiesis: seeing the wood for the 
trees. Nat.Rev.Immunol. 2009;9:293-300. 

 26.  Tsai FY, Keller G, Kuo FC et al. An early haematopoietic defect in mice lacking the 
transcription factor GATA-2. Nature 1994;371:221-226. 

 27.  Ku CJ, Hosoya T, Maillard I, Engel JD. GATA-3 regulates hematopoietic stem cell 
maintenance and cell-cycle entry. Blood 2012;119:2242-2251. 

 28.  Frelin C, Herrington R, Janmohamed S et al. GATA-3 regulates the self-renewal of long-
term hematopoietic stem cells. Nat.Immunol. 2013;14:1037-1044. 

 29.  Ariki R, Morikawa S, Mabuchi Y et al. Homeodomain transcription factor meis1 is a 
critical regulator of adult bone marrow hematopoiesis. PLoS.One. 2014;9:e87646. 

 30.  Hock H, Hamblen MJ, Rooke HM et al. Gfi-1 restricts proliferation and preserves 
functional integrity of haematopoietic stem cells. Nature 2004;431:1002-1007. 

 31.  Iwasaki H, Somoza C, Shigematsu H et al. Distinctive and indispensable roles of PU.1 in 
maintenance of hematopoietic stem cells and their differentiation. Blood 2005;106:1590-
1600. 

 32.  Scott EW, Simon MC, Anastasi J, Singh H. Requirement of transcription factor PU.1 in 
the development of multiple hematopoietic lineages. Science 1994;265:1573-1577. 

 33.  McKercher SR, Torbett BE, Anderson KL et al. Targeted disruption of the PU.1 gene 
results in multiple hematopoietic abnormalities. EMBO J. 1996;15:5647-5658. 

 34.  Ficara F, Crisafulli L, Lin C et al. Pbx1 restrains myeloid maturation while preserving 
lymphoid potential in hematopoietic progenitors. J.Cell Sci. 2013;126:3181-3191. 



 36 

 35.  Nutt SL, Kee BL. The transcriptional regulation of B cell lineage commitment. Immunity. 
2007;26:715-725. 

 36.  Moroy T, Khandanpour C. Growth factor independence 1 (Gfi1) as a regulator of 
lymphocyte development and activation. Semin.Immunol. 2011;23:368-378. 

 37.  Arinobu Y, Mizuno S, Chong Y et al. Reciprocal activation of GATA-1 and PU.1 marks 
initial specification of hematopoietic stem cells into myeloerythroid and myelolymphoid 
lineages. Cell Stem Cell 2007;1:416-427. 

 38.  Nutt SL, Metcalf D, D'Amico A, Polli M, Wu L. Dynamic regulation of PU.1 expression in 
multipotent hematopoietic progenitors. J.Exp.Med. 2005;201:221-231. 

 39.  Burda P, Laslo P, Stopka T. The role of PU.1 and GATA-1 transcription factors during 
normal and leukemogenic hematopoiesis. Leukemia 2010;24:1249-1257. 

 40.  Gutierrez L, Tsukamoto S, Suzuki M et al. Ablation of Gata1 in adult mice results in 
aplastic crisis, revealing its essential role in steady-state and stress erythropoiesis. Blood 
2008;111:4375-4385. 

 41.  Mancini E, Sanjuan-Pla A, Luciani L et al. FOG-1 and GATA-1 act sequentially to specify 
definitive megakaryocytic and erythroid progenitors. EMBO J. 2012;31:351-365. 

 42.  Moignard V, Macaulay IC, Swiers G et al. Characterization of transcriptional networks in 
blood stem and progenitor cells using high-throughput single-cell gene expression 
analysis. Nat.Cell Biol. 2013;15:363-372. 

 43.  Rodriguez P, Bonte E, Krijgsveld J et al. GATA-1 forms distinct activating and repressive 
complexes in erythroid cells. EMBO J. 2005;24:2354-2366. 

 44.  Foudi A, Kramer DJ, Qin J et al. Distinct, strict requirements for Gfi-1b in adult bone 
marrow red cell and platelet generation. J.Exp.Med. 2014;211:909-927. 

 45.  Frontelo P, Manwani D, Galdass M et al. Novel role for EKLF in megakaryocyte lineage 
commitment. Blood 2007;110:3871-3880. 

 46.  Ichikawa M, Asai T, Saito T et al. AML-1 is required for megakaryocytic maturation and 
lymphocytic differentiation, but not for maintenance of hematopoietic stem cells in adult 
hematopoiesis. Nat.Med. 2004;10:299-304. 

 47.  Tijssen MR, Ghevaert C. Transcription factors in late megakaryopoiesis and related 
platelet disorders. J.Thromb.Haemost. 2013;11:593-604. 

 48.  Lordier L, Bluteau D, Jalil A et al. RUNX1-induced silencing of non-muscle myosin heavy 
chain IIB contributes to megakaryocyte polyploidization. Nat.Commun. 2012;3:717. 

 49.  Bastian LS, Kwiatkowski BA, Breininger J, Danner S, Roth G. Regulation of the 
megakaryocytic glycoprotein IX promoter by the oncogenic Ets transcription factor Fli-1. 
Blood 1999;93:2637-2644. 

 50.  Kruse EA, Loughran SJ, Baldwin TM et al. Dual requirement for the ETS transcription 
factors Fli-1 and Erg in hematopoietic stem cells and the megakaryocyte lineage. 
Proc.Natl.Acad.Sci.U.S.A 2009;106:13814-13819. 



 37 

 51.  Shivdasani RA, Fujiwara Y, McDevitt MA, Orkin SH. A lineage-selective knockout 
establishes the critical role of transcription factor GATA-1 in megakaryocyte growth and 
platelet development. EMBO J. 1997;16:3965-3973. 

 52.  Meinders M, Kulu DI, van de Werken HJ et al. Sp1/Sp3 transcription factors regulate 
hallmarks of megakaryocyte maturation, and platelet formation and function. Blood 2014 

 53.  Wilson NK, Timms RT, Kinston SJ et al. Gfi1 expression is controlled by five distinct 
regulatory regions spread over 100 kilobases, with Scl/Tal1, Gata2, PU.1, Erg, Meis1, 
and Runx1 acting as upstream regulators in early hematopoietic cells. Mol.Cell Biol. 
2010;30:3853-3863. 

 54.  Beck D, Thoms JA, Perera D et al. Genome-wide analysis of transcriptional regulators in 
human HSPCs reveals a densely interconnected network of coding and noncoding 
genes. Blood 2013;122:e12-e22. 

 55.  Tijssen MR, Cvejic A, Joshi A et al. Genome-wide analysis of simultaneous GATA1/2, 
RUNX1, FLI1, and SCL binding in megakaryocytes identifies hematopoietic regulators. 
Dev.Cell 2011;20:597-609. 

 56.  Novershtern N, Subramanian A, Lawton LN et al. Densely interconnected transcriptional 
circuits control cell states in human hematopoiesis. Cell 2011;144:296-309. 

 57.  Ng FS, Calero-Nieto FJ, Gottgens B. Shared transcription factors contribute to distinct 
cell fates. Transcription. 2014;5:e978173. 

 58.  Watkins NA, Gusnanto A, de BB et al. A HaemAtlas: characterizing gene expression in 
differentiated human blood cells. Blood 2009;113:e1-e9. 

 59.  Hu YL, Fong S, Ferrell C, Largman C, Shen WF. HOXA9 modulates its oncogenic partner 
Meis1 to influence normal hematopoiesis. Mol.Cell Biol. 2009;29:5181-5192. 

 60.  Pineault N, Helgason CD, Lawrence HJ, Humphries RK. Differential expression of Hox, 
Meis1, and Pbx1 genes in primitive cells throughout murine hematopoietic ontogeny. 
Exp.Hematol. 2002;30:49-57. 

 61.  Machlus KR, Italiano JE, Jr. The incredible journey: From megakaryocyte development to 
platelet formation. J.Cell Biol. 2013;201:785-796. 

 62.  Eckly A, Heijnen H, Pertuy F et al. Biogenesis of the demarcation membrane system 
(DMS) in megakaryocytes. Blood 2014;123:921-930. 

 63.  Italiano JE, Jr., Lecine P, Shivdasani RA, Hartwig JH. Blood platelets are assembled 
principally at the ends of proplatelet processes produced by differentiated 
megakaryocytes. J.Cell Biol. 1999;147:1299-1312. 

 64.  Machlus KR, Italiano JE, Jr. The incredible journey: From megakaryocyte development to 
platelet formation. J.Cell Biol. 2013;201:785-796. 

 65.  Battinelli EM, Hartwig JH, Italiano JE, Jr. Delivering new insight into the biology of 
megakaryopoiesis and thrombopoiesis. Curr.Opin.Hematol. 2007;14:419-426. 

 66.  Thon JN, Montalvo A, Patel-Hett S et al. Cytoskeletal mechanics of proplatelet maturation 
and platelet release. J.Cell Biol. 2010;191:861-874. 



 38 

 67.  Kowata S, Isogai S, Murai K et al. Platelet demand modulates the type of intravascular 
protrusion of megakaryocytes in bone marrow. Thromb.Haemost. 2014;112:743-756. 

 68.  Lok S, Kaushansky K, Holly RD et al. Cloning and expression of murine thrombopoietin 
cDNA and stimulation of platelet production in vivo. Nature 1994;369:565-568. 

 69.  Hitchcock IS, Kaushansky K. Thrombopoietin from beginning to end. Br.J.Haematol. 
2014;165:259-268. 

 70.  Bunting S, Widmer R, Lipari T et al. Normal platelets and megakaryocytes are produced 
in vivo in the absence of thrombopoietin. Blood 1997;90:3423-3429. 

 71.  Fox N, Priestley G, Papayannopoulou T, Kaushansky K. Thrombopoietin expands 
hematopoietic stem cells after transplantation. J.Clin.Invest 2002;110:389-394. 

 72.  Alexander WS, Roberts AW, Maurer AB et al. Studies of the c-Mpl thrombopoietin 
receptor through gene disruption and activation. Stem Cells 1996;14 Suppl 1:124-132. 

 73.  Zheng C, Yang R, Han Z et al. TPO-independent megakaryocytopoiesis. Crit 
Rev.Oncol.Hematol. 2008;65:212-222. 

 74.  Avecilla ST, Hattori K, Heissig B et al. Chemokine-mediated interaction of hematopoietic 
progenitors with the bone marrow vascular niche is required for thrombopoiesis. Nat.Med. 
2004;10:64-71. 

 75.  Larson MK, Watson SP. Regulation of proplatelet formation and platelet release by 
integrin alpha IIb beta3. Blood 2006;108:1509-1514. 

 76.  Discher DE, Mooney DJ, Zandstra PW. Growth factors, matrices, and forces combine 
and control stem cells. Science 2009;324:1673-1677. 

 77.  Jiang J, Woulfe DS, Papoutsakis ET. Shear enhances thrombopoiesis and formation of 
microparticles that induce megakaryocytic differentiation of stem cells. Blood 
2014;124:2094-2103. 

 78.  Niswander LM, Fegan KH, Kingsley PD, McGrath KE, Palis J. SDF-1 dynamically 
mediates megakaryocyte niche occupancy and thrombopoiesis at steady state and 
following radiation injury. Blood 2014;124:277-286. 

 79.  Barr FA, Gruneberg U. Cytokinesis: placing and making the final cut. Cell 2007;131:847-
860. 

 80.  Piekny A, Werner M, Glotzer M. Cytokinesis: welcome to the Rho zone. Trends Cell Biol. 
2005;15:651-658. 

 81.  Yuce O, Piekny A, Glotzer M. An ECT2-centralspindlin complex regulates the localization 
and function of RhoA. J.Cell Biol. 2005;170:571-582. 

 82.  Lordier L, Jalil A, Aurade F et al. Megakaryocyte endomitosis is a failure of late 
cytokinesis related to defects in the contractile ring and Rho/Rock signaling. Blood 
2008;112:3164-3174. 

 83.  Badirou I, Pan J, Legrand C et al. Carboxyl-terminal-dependent recruitment of nonmuscle 
myosin II to megakaryocyte contractile ring during polyploidization. Blood 2014;124:2564-
2568. 



 39 

 84.  Gao Y, Smith E, Ker E et al. Role of RhoA-specific guanine exchange factors in 
regulation of endomitosis in megakaryocytes. Dev.Cell 2012;22:573-584. 

 85.  Wang Z, Zhang Y, Kamen D, Lees E, Ravid K. Cyclin D3 is essential for 
megakaryocytopoiesis. Blood 1995;86:3783-3788. 

 86.  Zhang Y, Wang Z, Ravid K. The cell cycle in polyploid megakaryocytes is associated with 
reduced activity of cyclin B1-dependent cdc2 kinase. J.Biol.Chem. 1996;271:4266-4272. 

 87.  Muntean AG, Pang L, Poncz M et al. Cyclin D-Cdk4 is regulated by GATA-1 and required 
for megakaryocyte growth and polyploidization. Blood 2007;109:5199-5207. 

 88.  Nagata Y, Muro Y, Todokoro K. Thrombopoietin-induced polyploidization of bone marrow 
megakaryocytes is due to a unique regulatory mechanism in late mitosis. J.Cell Biol. 
1997;139:449-457. 

 89.  Raslova H, Baccini V, Loussaief L et al. Mammalian target of rapamycin (mTOR) 
regulates both proliferation of megakaryocyte progenitors and late stages of 
megakaryocyte differentiation. Blood 2006;107:2303-2310. 

 90.  Liu ZJ, Italiano J, Jr., Ferrer-Marin F et al. Developmental differences in 
megakaryocytopoiesis are associated with up-regulated TPO signaling through mTOR 
and elevated GATA-1 levels in neonatal megakaryocytes. Blood 2011;117:4106-4117. 

 91.  Vicari L, Martinetti D, Buccheri S et al. Increased phospho-mTOR expression in 
megakaryocytic cells derived from CD34+ progenitors of essential thrombocythaemia and 
myelofibrosis patients. Br.J.Haematol. 2012;159:237-240. 

 92.  Thon JN, Italiano JE. Platelet formation. Semin.Hematol. 2010;47:220-226. 

 93.  Heijnen HF, Debili N, Vainchencker W et al. Multivesicular bodies are an intermediate 
stage in the formation of platelet alpha-granules. Blood 1998;91:2313-2325. 

 94.  Richardson JL, Shivdasani RA, Boers C, Hartwig JH, Italiano JE, Jr. Mechanisms of 
organelle transport and capture along proplatelets during platelet production. Blood 
2005;106:4066-4075. 

 95.  Blair P, Flaumenhaft R. Platelet alpha-granules: basic biology and clinical correlates. 
Blood Rev. 2009;23:177-189. 

 96.  Disdier M, Morrissey JH, Fugate RD, Bainton DF, McEver RP. Cytoplasmic domain of P-
selectin (CD62) contains the signal for sorting into the regulated secretory pathway. 
Mol.Biol.Cell 1992;3:309-321. 

 97.  Heijnen HF, Debili N, Vainchencker W et al. Multivesicular bodies are an intermediate 
stage in the formation of platelet alpha-granules. Blood 1998;91:2313-2325. 

 98.  Schubert S, Weyrich AS, Rowley JW. A tour through the transcriptional landscape of 
platelets. Blood 2014;124:493-502. 

 99.  Weyrich AS, Lindemann S, Tolley ND et al. Change in protein phenotype without a 
nucleus: translational control in platelets. Semin.Thromb.Hemost. 2004;30:491-498. 

 100.  Rowley JW, Oler AJ, Tolley ND et al. Genome-wide RNA-seq analysis of human and 
mouse platelet transcriptomes. Blood 2011;118:e101-e111. 



 40 

 101.  Weyrich AS, Dixon DA, Pabla R et al. Signal-dependent translation of a regulatory 
protein, Bcl-3, in activated human platelets. Proc.Natl.Acad.Sci.U.S.A 1998;95:5556-
5561. 

 102.  Schick BP. Synthesis of proteins from [35S]methionine by guinea pig megakaryocytes in 
vivo and time course of appearance of newly synthesized proteins in platelets. Blood 
1990;76:887-891. 

 103.  Pozner A, Goldenberg D, Negreanu V et al. Transcription-coupled translation control of 
AML1/RUNX1 is mediated by cap- and internal ribosome entry site-dependent 
mechanisms. Mol.Cell Biol. 2000;20:2297-2307. 

 104.  Bentley DL. Coupling mRNA processing with transcription in time and space. 
Nat.Rev.Genet. 2014;15:163-175. 

 105.  Martineau Y, Derry MC, Wang X et al. Poly(A)-binding protein-interacting protein 1 binds 
to eukaryotic translation initiation factor 3 to stimulate translation. Mol.Cell Biol. 
2008;28:6658-6667. 

 106.  Jackson RJ, Hellen CU, Pestova TV. The mechanism of eukaryotic translation initiation 
and principles of its regulation. Nat.Rev.Mol.Cell Biol. 2010;11:113-127. 

 107.  Eulalio A, Behm-Ansmant I, Izaurralde E. P bodies: at the crossroads of post-
transcriptional pathways. Nat.Rev.Mol.Cell Biol. 2007;8:9-22. 

 108.  Eulalio A, Behm-Ansmant I, Schweizer D, Izaurralde E. P-body formation is a 
consequence, not the cause, of RNA-mediated gene silencing. Mol.Cell Biol. 
2007;27:3970-3981. 

 109.  Kedersha N, Anderson P. Stress granules: sites of mRNA triage that regulate mRNA 
stability and translatability. Biochem.Soc.Trans. 2002;30:963-969. 

 110.  Anderson P, Kedersha N. Visibly stressed: the role of eIF2, TIA-1, and stress granules in 
protein translation. Cell Stress.Chaperones. 2002;7:213-221. 

 111.  Ma XM, Blenis J. Molecular mechanisms of mTOR-mediated translational control. 
Nat.Rev.Mol.Cell Biol. 2009;10:307-318. 

 112.  Drayer AL, Olthof SG, Vellenga E. Mammalian target of rapamycin is required for 
thrombopoietin-induced proliferation of megakaryocyte progenitors. Stem Cells 
2006;24:105-114. 

 113.  Yokoshi M, Li Q, Yamamoto M et al. Direct Binding of Ataxin-2 to Distinct Elements in 3' 
UTRs Promotes mRNA Stability and Protein Expression. Mol.Cell 2014;55:186-198. 

 114.  Nonhoff U, Ralser M, Welzel F et al. Ataxin-2 interacts with the DEAD/H-box RNA 
helicase DDX6 and interferes with P-bodies and stress granules. Mol.Biol.Cell 
2007;18:1385-1396. 

 115.  van de Loo S, Eich F, Nonis D, Auburger G, Nowock J. Ataxin-2 associates with rough 
endoplasmic reticulum. Exp.Neurol. 2009;215:110-118. 

 116.  Nonis D, Schmidt MH, van de Loo S et al. Ataxin-2 associates with the endocytosis 
complex and affects EGF receptor trafficking. Cell Signal. 2008;20:1725-1739. 



 41 

 117.  Drost J, Nonis D, Eich F et al. Ataxin-2 modulates the levels of Grb2 and SRC but not ras 
signaling. J.Mol.Neurosci. 2013;51:68-81. 

 118.  Ralser M, Nonhoff U, Albrecht M et al. Ataxin-2 and huntingtin interact with endophilin-A 
complexes to function in plastin-associated pathways. Hum.Mol.Genet. 2005;14:2893-
2909. 

 119.  Satterfield TF, Jackson SM, Pallanck LJ. A Drosophila homolog of the polyglutamine 
disease gene SCA2 is a dosage-sensitive regulator of actin filament formation. Genetics 
2002;162:1687-1702. 

 120.  Huynh DP, Yang HT, Vakharia H, Nguyen D, Pulst SM. Expansion of the polyQ repeat in 
ataxin-2 alters its Golgi localization, disrupts the Golgi complex and causes cell death. 
Hum.Mol.Genet. 2003;12:1485-1496. 

 121.  Eulalio A, Huntzinger E, Izaurralde E. GW182 interaction with Argonaute is essential for 
miRNA-mediated translational repression and mRNA decay. Nat.Struct.Mol.Biol. 
2008;15:346-353. 

 122.  Huntzinger E, Braun JE, Heimstadt S, Zekri L, Izaurralde E. Two PABPC1-binding sites 
in GW182 proteins promote miRNA-mediated gene silencing. EMBO J. 2010;29:4146-
4160. 

 123.  Chu CY, Rana TM. Translation repression in human cells by microRNA-induced gene 
silencing requires RCK/p54. PLoS.Biol. 2006;4:e210. 

 124.  Adeli K. Translational control mechanisms in metabolic regulation: critical role of RNA 
binding proteins, microRNAs, and cytoplasmic RNA granules. Am.J.Physiol 
Endocrinol.Metab 2011;301:E1051-E1064. 

 125.  Norfo R, Zini R, Pennucci V et al. miRNA-mRNA integrative analysis in primary 
myelofibrosis CD34+ cells: role of miR-155/JARID2 axis in abnormal megakaryopoiesis. 
Blood 2014;124:e21-e32. 

 126.  Zhang L, Sankaran VG, Lodish HF. MicroRNAs in erythroid and megakaryocytic 
differentiation and megakaryocyte-erythroid progenitor lineage commitment. Leukemia 
2012;26:2310-2316. 

 127.  Edelstein LC, Bray PF. MicroRNAs in platelet production and activation. Blood 
2011;117:5289-5296. 

 128.  Romania P, Lulli V, Pelosi E et al. MicroRNA 155 modulates megakaryopoiesis at 
progenitor and precursor level by targeting Ets-1 and Meis1 transcription factors. 
Br.J.Haematol. 2008;143:570-580. 

 129.  Barroga CF, Pham H, Kaushansky K. Thrombopoietin regulates c-Myb expression by 
modulating micro RNA 150 expression. Exp.Hematol. 2008;36:1585-1592. 

 130.  Kondkar AA, Bray MS, Leal SM et al. VAMP8/endobrevin is overexpressed in 
hyperreactive human platelets: suggested role for platelet microRNA. J.Thromb.Haemost. 
2010;8:369-378. 

 131.  Shi DS, Smith MC, Campbell RA et al. Proteasome function is required for platelet 
production. J.Clin.Invest 2014 



 42 

 132.  Murai K, Kowata S, Shimoyama T et al. Bortezomib induces thrombocytopenia by the 
inhibition of proplatelet formation of megakaryocytes. Eur.J.Haematol. 2014 

 133.  Lonial S, Waller EK, Richardson PG et al. Risk factors and kinetics of thrombocytopenia 
associated with bortezomib for relapsed, refractory multiple myeloma. Blood 
2005;106:3777-3784. 

 134.  Rupa-Matysek J, Gil L, Wojtasinska E et al. Inhibitory effects of bortezomib on platelet 
aggregation in patients with multiple myeloma. Thromb.Res. 2014;134:404-411. 

 135.  Schulze H, Korpal M, Hurov J et al. Characterization of the megakaryocyte demarcation 
membrane system and its role in thrombopoiesis. Blood 2006;107:3868-3875. 

 136.  Hartwig JH, Italiano JE, Jr. Cytoskeletal mechanisms for platelet production. Blood Cells 
Mol.Dis. 2006;36:99-103. 

 137.  Italiano JE, Jr., Lecine P, Shivdasani RA, Hartwig JH. Blood platelets are assembled 
principally at the ends of proplatelet processes produced by differentiated 
megakaryocytes. J.Cell Biol. 1999;147:1299-1312. 

 138.  Balduini A, Pallotta I, Malara A et al. Adhesive receptors, extracellular proteins and 
myosin IIA orchestrate proplatelet formation by human megakaryocytes. 
J.Thromb.Haemost. 2008;6:1900-1907. 

 139.  Tablin F, Castro M, Leven RM. Blood platelet formation in vitro. The role of the 
cytoskeleton in megakaryocyte fragmentation. J.Cell Sci. 1990;97 ( Pt 1):59-70. 

 140.  Pleines I, Dutting S, Cherpokova D et al. Defective tubulin organization and proplatelet 
formation in murine megakaryocytes lacking Rac1 and Cdc42. Blood 2013;122:3178-
3187. 

 141.  dos Remedios CG, Chhabra D, Kekic M et al. Actin binding proteins: regulation of 
cytoskeletal microfilaments. Physiol Rev. 2003;83:433-473. 

 142.  Thoms JA, Loch HM, Bamburg JR, Gunning PW, Weinberger RP. A tropomyosin 1 
induced defect in cytokinesis can be rescued by elevated expression of cofilin. Cell 
Motil.Cytoskeleton 2008;65:979-990. 

 143.  Gunning PW, Schevzov G, Kee AJ, Hardeman EC. Tropomyosin isoforms: divining rods 
for actin cytoskeleton function. Trends Cell Biol. 2005;15:333-341. 

 144.  Miller AL. The contractile ring. Curr.Biol. 2011;21:R976-R978. 

 145.  Eckly A, Strassel C, Freund M et al. Abnormal megakaryocyte morphology and 
proplatelet formation in mice with megakaryocyte-restricted MYH9 inactivation. Blood 
2009;113:3182-3189. 

 146.  Suzuki A, Shin JW, Wang Y et al. RhoA is essential for maintaining normal 
megakaryocyte ploidy and platelet generation. PLoS.One. 2013;8:e69315. 

 147.  Lordier L, Chang Y, Jalil A et al. Aurora B is dispensable for megakaryocyte 
polyploidization, but contributes to the endomitotic process. Blood 2010;116:2345-2355. 



 43 

 148.  Avanzi MP, Goldberg F, Davila J et al. Rho kinase inhibition drives megakaryocyte 
polyploidization and proplatelet formation through MYC and NFE2 downregulation. 
Br.J.Haematol. 2014;164:867-876. 

 149.  Bender M, Eckly A, Hartwig JH et al. ADF/n-cofilin-dependent actin turnover determines 
platelet formation and sizing. Blood 2010;116:1767-1775. 

 150.  Pleines I, Dutting S, Cherpokova D et al. Defective tubulin organization and proplatelet 
formation in murine megakaryocytes lacking Rac1 and Cdc42. Blood 2013;122:3178-
3187. 

 151.  Pan J, Lordier L, Meyran D et al. The formin DIAPH1 (mDia1) regulates megakaryocyte 
proplatelet formation by remodeling the actin and microtubule cytoskeletons. Blood 2014 

 152.  Thon JN, Italiano JE. Visualization and manipulation of the platelet and megakaryocyte 
cytoskeleton. Methods Mol.Biol. 2012;788:109-125. 

 153.  Junt T, Schulze H, Chen Z et al. Dynamic visualization of thrombopoiesis within bone 
marrow. Science 2007;317:1767-1770. 

 154.  Zucker-Franklin D, Philipp CS. Platelet production in the pulmonary capillary bed: new 
ultrastructural evidence for an old concept. Am.J.Pathol. 2000;157:69-74. 

 155.  Schwertz H, Koster S, Kahr WH et al. Anucleate platelets generate progeny. Blood 
2010;115:3801-3809. 

 156.  Weyrich AS, Zimmerman GA. Evaluating the relevance of the platelet transcriptome. 
Blood 2003;102:1550-1551. 

 157.  Clark SR, Ma AC, Tavener SA et al. Platelet TLR4 activates neutrophil extracellular traps 
to ensnare bacteria in septic blood. Nat.Med. 2007;13:463-469. 

 158.  Echtler K, Stark K, Lorenz M et al. Platelets contribute to postnatal occlusion of the 
ductus arteriosus. Nat.Med. 2010;16:75-82. 

 159.  Stenberg PE, McEver RP, Shuman MA, Jacques YV, Bainton DF. A platelet alpha-
granule membrane protein (GMP-140) is expressed on the plasma membrane after 
activation. J.Cell Biol. 1985;101:880-886. 

 160.  Furie B, Furie BC, Flaumenhaft R. A journey with platelet P-selectin: the molecular basis 
of granule secretion, signalling and cell adhesion. Thromb.Haemost. 2001;86:214-221. 

 161.  Bigalke B, Lindemann S, Ehlers R et al. Expression of platelet collagen receptor 
glycoprotein VI is associated with acute coronary syndrome. Eur.Heart J. 2006;27:2165-
2169. 

 162.  Brisson C, Azorsa DO, Jennings LK et al. Co-localization of CD9 and GPIIb-IIIa (alpha IIb 
beta 3 integrin) on activated platelet pseudopods and alpha-granule membranes. 
Histochem.J. 1997;29:153-165. 

 163.  Cramer EM, Berger G, Berndt MC. Platelet alpha-granule and plasma membrane share 
two new components: CD9 and PECAM-1. Blood 1994;84:1722-1730. 

 164.  Ruane PH, Edrich R, Gampp D et al. Photochemical inactivation of selected viruses and 
bacteria in platelet concentrates using riboflavin and light. Transfusion 2004;44:877-885. 



 44 

 165.  Goodrich RP, Doane S, Reddy HL. Design and development of a method for the 
reduction of infectious pathogen load and inactivation of white blood cells in whole blood 
products. Biologicals 2010;38:20-30. 

 166.  Kaushansky K. The molecular mechanisms that control thrombopoiesis. J.Clin.Invest 
2005;115:3339-3347. 

 167.  van den Oudenrijn S, von dem Borne AE, de HM. Differences in megakaryocyte 
expansion potential between CD34(+) stem cells derived from cord blood, peripheral 
blood, and bone marrow from adults and children. Exp.Hematol. 2000;28:1054-1061. 

 168.  Pineault N, Cortin V, Boyer L et al. Individual and synergistic cytokine effects controlling 
the expansion of cord blood CD34(+) cells and megakaryocyte progenitors in culture. 
Cytotherapy. 2011;13:467-480. 

 169.  Di Buduo CA, Wray LS, Tozzi L et al. Programmable 3D silk bone marrow niche for 
platelet generation ex vivo and modeling of megakaryopoiesis pathologies. Blood 2015 

 170.  Feng Q, Shabrani N, Thon JN et al. Scalable generation of universal platelets from 
human induced pluripotent stem cells. Stem Cell Reports. 2014;3:817-831. 

 171.  Nakamura S, Takayama N, Hirata S et al. Expandable megakaryocyte cell lines enable 
clinically applicable generation of platelets from human induced pluripotent stem cells. 
Cell Stem Cell 2014;14:535-548. 

 172.  Nakagawa Y, Nakamura S, Nakajima M et al. Two differential flows in a bioreactor 
promoted platelet generation from human pluripotent stem cell-derived megakaryocytes. 
Exp.Hematol. 2013;41:742-748. 

 173.  Takayama N, Nishimura S, Nakamura S et al. Transient activation of c-MYC expression 
is critical for efficient platelet generation from human induced pluripotent stem cells. 
J.Exp.Med. 2010;207:2817-2830. 

 174.  Soranzo N, Spector TD, Mangino M et al. A genome-wide meta-analysis identifies 22 loci 
associated with eight hematological parameters in the HaemGen consortium. Nat.Genet. 
2009;41:1182-1190. 

 
 
 



 45 



 46 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MEIS1 regulates early 

erythroid and megakaryocytic 

cell fate  

 
 
Sabrina Zeddies1, Sjoert B. G. 
Jansen1, Franca di Summa1, Dirk 
Geerts3, Jaap Jan Zwaginga4, C. 
Ellen van der Schoot2, Marieke von 
Lindern1 and Daphne C. Thijssen-
Timmer1* 

 
1Department of Hematopoiesis, Sanquin 
Research, Amsterdam, The Netherlands 
2Department of Experimental 
Immunohematology, Sanquin Research 
and Landsteiner Laboratory, Academic 
Medical Center Amsterdam, The 
Netherlands 
3Department of Pediatric Oncology, 
Erasmus Medical Center Rotterdam, The 
Netherlands 
4Department of Immunohematology and 
Blood Transfusion, Leiden University 
Medical Center and the Jon J van Rood 
Center for Clinical Transfusion Research, 
Sanquin Blood Supply, Leiden, The 
Netherlands  
 
Haematologica, Oct 2014 99: 1555-1564, 
graphical abstract selected for cover 
illustration 
 

 



 48 

Abstract 

 

MEIS1 is a transcription factor expressed in hematopoietic stem and 

progenitor cells and in mature megakayocytes. This biphasic expression of 

MEIS1 suggests that the function of MEIS1 in stem cells is distinct from its 

function in lineage committed cells. Mouse models show that Meis1 is 

required for renewal of stem cells, but the function of MEIS1 in human 

hematopoietic progenitor cells has not been investigated. We show that two 

MEIS1 splice variants are expressed in hematopoietic progenitor cells. 

Constitutive expression of both directed human hematopoietic progenitors 

towards a megakaryocyte-erythrocyte progenitor fate. Ectopic expression of 

either MEIS1 splice variant in common myeloid progenitor cells, and even in 

granulocyte monocyte progenitors, resulted in increased erythroid 

differentiation at the expense of granulocyte and macrophage differentiation. 

Conversely, silencing MEIS1 expression in progenitor cells induced a block in 

erythroid expansion and decreased megakaryocytic colony formation 

capacity. Gene expression profiling revealed that both MEIS1 splice variants 

induce a transcriptional program enriched for erythroid and megakaryocytic 

genes. Our results indicate that MEIS1 expression induces lineage 

commitment towards a megakaryocyte-erythroid progenitor cell fate in 

common myeloid progenitor cells through activation of genes that define a 

megakaryocyte-erythroid specific gene expression program. 
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Introduction 

Production of appropriate numbers of distinct blood cell types is dependent on 

controlling lineage commitment in the hematopoietic tissue and terminal 

differentiation into circulating blood cells. Transcription factors regulate the 

renewal of hematopoietic stem cells (HSC) and specify distinct lineages 1-9. By 

also controlling each other’s expression, transcription factors induce lineage 

specific gene expression and repress other differentiation routes. The 

differentiation of common myeloid progenitors (CMP) towards either 

granulocyte monocyte progenitors (GMP) or megakaryocyte erythrocyte 

progenitors (MEP) for example is regulated by transcription factors, among 

which GATA1 plays a crucial role 10;11. However, depletion of Gata1 alone 

does not impair MEP differentiation or enhance myeloid output, indicating that 

additional factors regulate the megakaryocyte-erythroid fate 12. 

The Meis1 (myeloid ecotropoic viral insertion site 1) transcription factor gene 

was first described as a common viral integration site associated with tumor 

formation in BXH-2 mice 13. MEIS1 overexpression together with 

overexpression of HOXA9 sustains leukemic stem cell potential in human 

acute myeloid leukemia and childhood acute lymphoblastic leukemia 14;15.  

MEIS1 is a homeobox gene of the TALE (three amino acids loop extension) 

family, encoded on human chromosome 2p15. The MEIS1 amino terminus 

contains binding domains for its interaction partners, the transcription factors 

HOXA9 and PBX1, followed by a homeobox DNA binding domain and 

carboxy-terminal transcriptional activation domains 16. Previous studies have 

described alternative splicing of the MEIS1 pre-mRNA in a highly conserved 

manner resulting in four splice variants of which two, MEIS1B and MEIS1D, 

are expressed in hematopoietic cells 13;17. MEIS1B and MEIS1D proteins 

differ in their carboxy-termini, resulting in a transcriptionally more active splice 

variant MEIS1D 18. 

MEIS1 is expressed in hematopoietic stem and progenitor cells 9;19;20 and 

increases during human megakaryocytic differentiation 21. Meis1 null-mutant 

mice die at embryonic day 14.5 due to a poorly developed hematopoietic 

compartment, lack of megakaryocytes and platelets and defective 

vascularisation 6;7;22. Meis1-deficient zebrafish display a lack of 

megakaryocytes, decreased erythrocyte levels and vascularisation defects 23, 
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consistent with the data from the null-mutant mice. Meis1 depletion in murine 

HSC using lineage-specific Cre-recombinase results in cell cycle entry and 

loss of quiescence 9. 

The most prominent murine models used to study Meis1 function to 

date rely on homologous recombination resulting in Meis1 depletion during 

embryogenesis. Due to the construction of these knock outs, it is also not 

possible to compare the function of the different Meis1 splice variants or 

specifically study MEIS1 in hematopoietic cells in these murine models 6;7. 

Here, we investigated for the first time the role of MEIS1 in adult human 

hematopoietic progenitor cells. Expression of the two MEIS1 splice variants 

was modulated in sorted hematopoietic stem and progenitor cell subsets 

using lentiviral knockdown or overexpression of MEIS1 fused to GFP, an 

approach that had been described before 24 enabling us to delineate the 

effects of MEIS1 on specific stages of lineage commitment. Furthermore, 

using transcriptional profiling on MEIS1 over expressing CD34+ hematopoietic 

stem and progenitor cells, we generated an overview of the transcriptional 

changes following MEIS1 expression.  

 

Methods 

 

Please see supplemental methods for additional information. 

 

Human CD34 + cells 

Mobilized peripheral blood (MPB) and cord blood (CB) cells were obtained 

after informed consent and with the approval of the ethical committee of local 

hospitals. Bone marrow was collected by sternal puncture from patients 

undergoing cardiac surgery. CD34+ cells were isolated from CB or MPB 

samples within 48 hours after arrival of the material using magnetic cell 

sorting (Miltenyi Biotech, Bergisch Gladbach, Germany) according to the 

manufacturer’s specifications. All samples contained more than 90 % CD34+ 

cells and less than 5% CD41 determined by flow cytometry (LSRII, Becton 

Dickinson). 
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Lentiviral transduction, colony formation assays an d human primary cell 

culture 

CD34+ cells were transduced with MEIS1 expression or shRNA constructs 

and incubated overnight in CellGro medium (CellGenix, Frankfurt, Germany) 

with 100 ng/ml each of stem cell factor (SCF, R&D Systems Abingdon, UK), 

thrombopoietin (TPO Sanquin PeliKines, Amsterdam, The Netherlands), Fms-

like tyrosine kinase3-ligand (Flt3, Miltenyi Biotech) and 20 ng/ml interleukin 6 

(IL6, Miltenyi Biotech). 48 Hours after transduction, cells were sorted for GFP-

expression using the FACSAria II Cell Sorter (BD Biosciences). GFP-positive 

cells were used in either Colony Gel colony formation assay (Cell Systems, 

Frankfurt, Germany) or Megacult colony formation assay (Stem Cell 

Technologies, Grenoble, France), according to the manufacturer’s 

specifications. Erythroid differentiation in liquid culture was achieved by 

seeding CD34+ cells into CellGro medium (CellGenix) with 100 ng/ml of SCF 

(R&D Systems), 3 U/ml erythropoietin (EPO, R&D Systems) and 10 ng/ml 

interleukin 3 (IL-3, R&D Systems). For transductions of committed erythroid 

progenitor cells, CD34+ cells were cultured towards the erythroid lineage in 

CellGro medium (CellGenix) as described above. After seven days in culture, 

expression of CD71 (transferrin receptor) and CD235a (glycophorin a) were 

measured using flow cytometry (LSRII, Becton Dickinson). Cells were 

transduced with MEIS1 expression or knockdown constructs and left to 

differentiate towards erythroid cells for five more days. At the end of the 

culture cells were counted, labeled with PeCy7-conjugated CD34 (BD 

Biosciences) and tricolor-conjugated CD235a (Caltag Laboratories, 

Buckingham, UK) and analyzed using flow cytometry (LSRII, Becton 

Dickinson).  

 

Hematopoietic stem and progenitor cell subfractions  

CD34+cells from MPB samples were stained with PE-Cy7-conjugated CD34, 

PerCP-conjugated CD38, FITC-conjugated CD45RA, V450 Horizon-

conjugated CD45, APC-conjugated BAH clone recognizing a MEP-specific 

epitope and PE-conjugated CD123 (all from BD Biosciences). Cells were 

sorted into HSC (CD34+/CD38-), CMP (CD34+/CD38+/CD123-/CD45RA-), 

GMP (CD34+/CD38+/CD123+/CD45RAdim) and MEP (CD34+/ CD38+/ CD123-/ 
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CD45RA-/BAH1+) 25;26 using a FACS Aria II cell sorter (BD Biosciences). After 

sorting, subfractions were transduced with virusparticles carrying MEIS1B or 

MEIS1D expression constructs or an empty vector control. 48 Hours after 

transduction, cells were sorted for GFP-expression and 1000 GFP-positive 

cells were seeded into Colony Gel colony formation assay (Cell Systems) 

according to the manufacturer’s specifications.  

 

Results 

 

Differential expression of MEIS1 splice variants in  human CD34 + 

hematopoietic stem and progenitor cells  

To investigate the expression of the MEIS1B and -D splice variants (Fig. 1A) 

in human primary hematopoietic stem and progenitor cells, we sorted CD34+ 

cells into subfractions to obtain HSC, CMP, GMP and MEP 25;26. MEIS1 

mRNA was present in all subfractions, with MEIS1D 4-fold higher expressed 

than MEIS1B (Fig. 1B). Expression of both MEIS1 splice variants decreased 

when HSC differentiated towards the more committed CMP, GMP, and MEP 

(Fig. 1B).  

When CD34+ cells from MPB or CB were allowed to differentiate into 

megakaryocytes, MEIS1D protein expression decreased while mRNA was still 

present. MEIS1B mRNA and protein expression increased throughout 

megakaryopoiesis, with the highest expression in terminally differentiated 

megakaryocytes (Fig. 1C and 1D). Taken together, our data show that 

MEIS1B and MEIS1D are present in hematopoietic stem cells and their 

expression decreases when the cells differentiate into more committed 

progenitors. Expression of MEIS1 is then reinforced during megakaryopoiesis 

with MEIS1B being the more abundant splice variant.  

 

MEIS1 expression skews CD34 + cells towards a MEP-fate  

To investigate the functional role of MEIS1 during lineage commitment of 

hematopoietic stem and progenitor cells, we ectopically expressed MEIS1 in 

CD34+ cells using lentiviral expression vectors with MEIS1B or MEIS1D full 

length cDNA fused to GFP at the amino-terminus. The functionality of the 

fusion protein has been reported before 24.  MEIS1B expression increased 60-
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fold in sorted GFP-positive cells 48 hours after transduction, whereas MEIS1D 

increased 15-fold compared to empty vector controls (Fig. 2A), expression 

levels well within the range of physiological MEIS1 fluctuation. Seeding  

 

 
Figure 1. MEIS1 splice variants are differentially expressed in he matopoietic stem and 
progenitor cells.  (A) Schematic view of MEIS1B and MEIS1D mRNA sequences (upper two) 
and functional protein domains (lower two). Numbered boxes indicate exons. ORF: open 
reading frame, M1, M2: binding domains for trimerization with PBX1/HOXA9 proteins, 
homeobox: DNA binding domain. (B) MEIS1B and MEIS1D expression in bone marrow 
CD34+ cells sorted into hematopoietic stem and progenitor cell subsets. Bone marrow-derived 
CD34+ cells were enriched for hematopoietic stem cells (HSC), common myeloid progenitors 
(CMP), granulocyte-monocyte protenitors (GMP) and megakaryocyte-erythroid progenitors 
(MEP) using flow cytometry followed by RNA isolation. cDNA was synthesized and qRT-PCR 
was performed with specific primers for MEIS1B or MEIS1D. Gene expression was calculated 
relative to the �-glucoronidase (GUS) reference gene using the deltaCT method. 
Experiments were performed in triplicate with CD34+ cells from three independent donors, 
statistical analysis was performed using an unpaired two-tailed Student t-test. (C) Western 
Blot analysis of MEIS1 expression in CB- and MPB-derived CD34+ cells directly after isolation 
(day 0) and after 7 days in culture promoting megakaryopoiesis with TPO and IL-1�. RhoGDI 
was used to show equal protein loading. A representative image is shown from three 
biologically independent experiments. (D) MEIS1B and MEIS1D mRNA during 
megakaryopoiesis. RNA samples were taken from MPB-derived CD34+ cells, which were then 
cultured towards megakaryocytes. Additional RNA samples were taken at day seven of 
megakaryocyte culture from sorted CD41+ and CD41- fractions. CD41+ cells were cultured 
further until day 14 and a last RNA sample was taken. cDNA was generated and MEIS1 
expression was determined using qRT-PCR. Data from three biologically independent 
experiments is shown. * indicates p  < 0.05, ** indicates p  < 0.01 
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transduced CD34+ cells one cell per well in semisolid media promoting 

erythroid or granulocyte-macrophage differentiation did not alter total colony 

numbers (empty vector 16 ± 6.5, MEIS1B 24 ± 13.5, MEIS1D 16 ± 13.8)while 

the phenotypic distribution significantly changed. The number of burst forming 

unit erythroid (BFU-E) and colony forming unit erythroid (CFU-E) increased by 

3-fold with MEIS1B overexpression and 1.9 fold with MEIS1D compared to 

empty vector. Colony forming unit granulocyte macrophage (CFU-GM) 

decreased by 3-fold with MEIS1B and 6-fold upon MEIS1D expression 

compared to empty vector (Fig. 2C). Next, expression of both MEIS1 variants 

was silenced in CD34+ cells with short hairpins targeting either exon 7 (sh72) 

or the 3’ UTR (sh68), sequences present in both MEIS1 variants (Fig. 2B) 

reducing MEIS1B expression by 60% with sh68 and about 70% with sh72. 

When transduced CD34+ cells were plated out in semisolid media, MEIS1 

knockdown resulted in significantly less total colony formation with sh72 (4 ± 

1.8, p<0.01) compared to short hairpin control shc002 (25 ± 2.5) or sh68 (19 ± 

2.6). Furthermore, knockdown almost completely abrogated erythroid colony 

formation with sh68 or sh72 compared to shc002 (Fig. 2D). CFU-GM numbers 

were not affected by MEIS1 knockdown (Fig. 2D) suggesting that MEIS1 

expression controls erythroid versus granulocytic differentiation. In parallel, 

transduced CD34+ were plated in semisolid media promoting megakaryocytic 

differentiation. MEIS1B overexpression increased the number of 

megakaryocytic colonies by 1.6-fold (174 ± 81) and MEIS1D by 2-fold (237 ± 

57), respectively, compared to the vector control (111 ± 16) (Fig. 2E). In 

addition to increased colony numbers, the colony size was larger (Fig. 2F) 

upon overexpression with either one of the two MEIS1 splice variants. MEIS1 

knockdown in CD34+ cells reduced megakaryocytic colony formation by 18% 

with sh68 (152 ± 38) and by 30% with sh72 (145 ± 39) (Fig 2G) and colony 

size compared to shc002 (174 ± 32) (Fig 2H). These results suggest that 

MEIS1 expression in hematopoietic progenitors, especially MEIS1D, , induces 

a MEP-fate in hematopoietic stem and progenitor cells.  

 

MEIS1 induces erythroid commitment in myeloid progenitor  cells 

To determine at which level of hematopoietic commitment the MEIS1 variants 

exert their effects, MPB-derived CD34+ cells were sorted into HSC, CMP and  
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Figure 2. MEIS1 expression skews CMPs towards a MEP-fate.  (A &B) Lentiviral 
transduction of MPB-derived CD34+ cells with MEIS1 overexpression constructs encoding 
MEIS1B or MEIS1D cDNA N-terminally fused to GFP, or with shRNA (sh68, sh72) targeting 
both MEIS1 variants. 48 hours after transduction, cells were sorted using GFP expression, 
and lysed for RNA isolation. MEIS1 expression was calculated relative to �-glucoronidase. 
(C&D) Colony formation assay from MPB-derived CD34+ cells transduced with MEIS1 
overexpression constructs and colony formation assay after MEIS1 knockdown in CB CD34+ 
cells. Transduced cells were plated single cell/single well into 48 wells of a 96 wells plate. (E-
H) Megacult colony formation assay using transduced MPB-derived CD34+ cells. 2,500 
transduced, GFP-positive cells were seeded into semisolid medium. After two weeks, 
colonies were fixed, stained for CD41 expression (red) and Evans Blue as counterstain (blue) 
and CD41+ colonies were counted. Representative images were taken with a brightfield 
microscope using a 10x magnification. All experiments were performed in triplicate using cells 
from three independent donors, statistical analysis was carried out using an unpaired two-
tailed Student t-test. * indicates p  < 0.05, ** indicates p  < 0.01. 
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GMP (Fig. 3A), transduced with MEIS1B or MEIS1D overexpression vectors, 

sorted for GFP expression and seeded into semisolid medium. Neither 

MEIS1B nor MEIS1D overexpression significantly changed the differentiation 

potential of the HSC-enriched fraction (Fig. 3B). Expression of either splice 

variant in the CMP caused a 2-fold increase in erythroid colonies, 

accompanied by a significant decrease in CFU-GM (Fig. 3C) reflectig the 

phenotype of total CD34+ cells after MEIS1 overexpression (Fig. 2C). 

Strikingly, expression of the MEIS1 splice variants enabled the formation of 

erythroid colonies in the GMP fraction, a progenitor subset committed to 

differentiate into granulocytic-monocytic cells. The increase in erythroid 

colonies was accompanied by a significant reduction in CFU-GM (Fig. 3D), 

suggesting that MEIS1 is able to reprogram GMP towards erythroid 

commitment. Our findings show that expression of MEIS1B and MEIS1D 

skews CMP towards a MEP fate and that MEIS1 expression reprograms GMP 

into the erythroid lineage. 

 
Figure 3.  MEIS1 induces erythroid commitment in myeloid progenitor  cells (A) Sorting of 
MPB-derived CD34+ cells for HSPC. CD34+/CD38- indicates HSC, CMP are characterized by 
CD34+/CD38+/CD123-/CD45RA- and GMP are defined as CD34+/CD38+/CD123+/CD45RA 
dim. Colony formation assay of sorted (B) HSC, (C) CMP and (D) GMP after MEIS1 
overexpression. CD34+ cells were sorted into stem and progenitor subsets, transduced with 
MEIS1 overexpression constructs, and 48 hours after transduction sorted again for GFP 
expression. 1,000 GFP-positive cells per condition were seeded into semisolid medium, and 
colonies were counted after two weeks of incubation. Experiments were performed in 
triplicate with CD34+ cells from three independent donors, statistical analysis was carried out 
using an unpaired two-tailed Student t-test. * indicates p < 0.05, ** indicates p  < 0.01. 
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MEIS1 positively regulates erythroid determination 

To further examine the role of MEIS1 in erythroid commitment and 

differentiation, transduced CD34+ cells were grown in liquid culture supporting 

erythroid proliferation and differentiation.  

A 2.3-fold increase in cellular yield was observed upon overexpression of 

MEIS1B and a 2.2-fold increase was found with MEIS1D overexpression 

compared to empty vector controls (Fig. 4A). While cell numbers increased 

with MEIS1 expression, glycophorin A (CD235a) expression was the same for 

MEIS1B or MEIS1D expressing cells as well as for empty vector cells (Fig. 

4A) suggesting that MEIS1 induces skewing of CD34+ cells towards an 

erythroid fate, but not erythoid differentiation. Vice versa, MEIS1 knockdown 

caused a 47% reduction in cell numbers with sh68 and a 60% reduction with 

sh72 compared to control cells (Fig. 4B). The decline in erythroid cells was 

accompanied by a 25% decrease in CD235a expression with sh68 and a 57% 

decrease with sh72 Fig. 4B) further underlining that MEIS1 expression is 

needed to direct CD34+ progenitor cells to an erythroid fate. 

To determine whether MEIS1 also affects committed erythroblasts, CD34+ 

cells were first cultured for seven days to establish an erythroid fate, and 

subsequently transduced with MEIS1 overexpression and knockdown 

constructs. After an additional 4 days of culture, overexpression of MEIS1B or 

MEIS1D resulted in 2-fold more cells compared to empty vector (Fig. 4C). 

Also, a trend towards increased CD235a expression was detected (Fig. 4C), 

but differences did not reach significance. Silencing MEIS1 did not affect the 

amount of cells (Fig. 4D), consistent with a physiological downregulation of 

MEIS1B and MEIS1D during physiological erythropoiesis (Fig. 4E). Together 

these findings indicate that MEIS1 expression is crucial to establish an 

erythroid fate in hematopoietic progenitor cells but is not needed for erythoid 

differentiation. 

 

MEIS1 expression induces a megakaryocyte-erythroid proge nitor fate 

Elevated MEIS1B or MEIS1D expression increased erythroid colony formation 

from CMP and GMP, suggesting that MEIS1 induces a MEP gene expression  
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Figure 4. MEIS1 positively regulates erythroid determination.  (A, B) Lentiviral 
transduction of MPB-derived CD34+ cells with MEIS1 overexpression constructs, and 
subsequent erythroid differentiation. Transduced cells were allowed to differentiate for 11 
days in the presence of EPO, SCF, and IL-3. After 11 days in culture, cell counts and 
glycophorin a (CD235a) expression were determined with flow cytometry using counting 
beads. Cell count and CD235a expression after (A) MEIS1 overexpression or (B) MEIS1 
knockdown. (C, D) Lentiviral transduction of committed erythoid cells. CD34+ cells were 
allowed to differentiate for 7 days in the presence of EPO, SCF, and IL-3. After 7 days in 
culture, cells were transduced with MEIS1B or MEIS1D and left to differentiate for an 
additional 5 days. At the end of the culture, cell counts and glycophorin a (CD235a) 
expression were determined. (C) Transduction of erythoid cells with MEIS1 overexpression 
constructs (D) Lentiviral transduction of erythroid cells with MEIS1 shRNA constructs. Cell 
count was determined as described in C. (E) Real-time PCR of MEIS1B and MEIS1D 
expression during erythroid differentiation. At the beginning of the culture as well as after 4, 6 
and 11 days, RNA samples were taken for expression profiling. MEIS1 expression was 
calculated relative to GUS. Experiments were performed in triplicate from three independent 
donors, statistical analysis was carried out using an unpaired two-tailed Student t-test. * 
indicates p < 0.05, ** indicates p  < 0.01. 
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profile in these progenitors. To characterize the transcriptional changes 

caused by MEIS1, the gene expression profile of CD34+ cells from mobilized 

peripheral blood was determined 48 hours after transduction with GFP-fused 

MEIS1B or MEIS1D expression vectors, or the empty vector control. Total 

RNA from three biologically independent experiments was hybridized to an 

Illumina Human HT-12 v4 expression beadarray. After VSN normalization, 

comparison of gene expression between the three different groups (empty 

vector, MEIS1B, or MEIS1D) was performed using Benjamini Hochberg FDR 

values smaller than 0.05 as a cutoff. A total of 66 genes were differentially 

regulated upon MEIS1B overexpression, 125 genes with MEIS1D 

overexpression and 69 genes were differentially regulated in both 

overexpression conditions compared to empty vector controls. 

Overexpression of either MEIS1B or MEIS1D resulted in similar expression 

patterns, indicating that both splice variants regulate common targets (Fig. 5A, 

Table 1, Supplemental Table S1). Among MEIS1-regulated genes in CD34+ 

cells were transcripts whose expression was described earlier as being 

regulated by MEIS1, such as cyclin D1 (CCND1) 9;24 and cyclinD3 (CCND3) 
9;27 (Table 1, Table S1). 

Next to these previously described targets, MEIS1 increased expression of 

genes associated with megakaryopoiesis and erythropoiesis such as KLF1, 

HBD, HBG, SLC40A1, THBS1, GPIb, VWA5A and GATA2 (Table 1, Table 

S1). Notably, transcripts known to be specific for hematopoietic stem cells 

were down regulated upon MEIS1 expression, including PROM1 (CD133), 

AK2 and CD34. CD48, a gene marking granulocytic cell commitment, was 

down regulated as well.  

To further examine the lineage specification induced upon MEIS1 expression, 

our expression profiling data was compared with the Haematlas 21. In this 

study, genes specific for CD4+ Th lymphocytes, CD8+ Tc lymphocytes, CD14+ 

monocytes, CD19+ B lymphocytes, CD56+ natural killer cells and CD66+ 

granulocytes were identified based on expression profiling. The percentage of 

common genes was most pronounced between MEIS1-overexpressing CD34+ 

cells and myelo-erythroid lineage cells, resulting in 30% (erythroblasts) and 

38% (megakaryocytes) common transcripts (Fig. 5B, Table 2 and Table. S2). 

Vice versa, little common gene expression patterns were determined between 
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MEIS1-overexpressing CD34+ cells and cells of the lymphoid lineage with 

10.8 % in CD56+ natural killer cells and a maximum of 14.6 % genes 

expressed in CD19+ B lymphocytes. The increase in the amount of 

overlapping expression profiles underlines that MEIS1 overexpression in 

CD34+ cells induces an expression profile characteristic for megakaryocytes 

and erythroid cells.  

To characterize the role of MEIS1 on lineage determination, gene set 

enrichment analysis (GSEA) was performed. In a previous study, Jaatinen et 

al. compared the expression profiles of CB-derived CD133+ HSCs and 

CD133- progenitor cells 28. When the expression profile of CD34+ cells 

overexpressing MEIS1 was compared with CD133 cells, we found an overall 

negative correlation for HSC-associated genes. The correlation was 

significant for MEIS1D (Table S3, Fig. S4). Vice versa, a positive correlation 

could be detected between transcripts downregulated in CD133+ cells and 

transcripts upregulated upon MEIS1 overexpression (Fig. S4 B, -D), and this 

correlation was significant for MEIS1B (Fig. S4). Among the positively 

correlated genes, the erythroid markers KLF1, HBB and RHAG were detected 

(Table S3). Taken together, these findings further confirm that MEIS1 

expression induces a progenitor fate in HSCs with a bias towards the 

megakaryocyte-erythroid lineage. 

 

Discussion 

 

While the critical role of Meis1 in keeping quiescence and self-renewal 

capacity in hematopoietic stem cells has been demonstrated earlier 9;29-31, 

little is known about the role of this transcription factor in more committed 

progenitor cells. MEIS1 expression decreases when HSC differentiate to 

multipotent progenitors, but increases again during megakaryopoiesis. Here, 

we show that MEIS1 is important for the lineage commitment towards the 

MEP fate. Erythroid and megakaryocytic colony formation correlated with 

MEIS1 expression, both in total CD34+ cells and in common myeloid 

progenitors enriched from CD34+ cells. To understand the transcriptional 

changes inducing the observed bias towards a MEP fate, we performed gene 
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Figure 5. MEIS1 expression 
maintains a progenitor cell 
fate thus enabling multilineage 
differentiation. (A) Heatmap 
showing gene expression 
profiles in CD34+ cells 48 hours 
after transduction with MEIS1B 
or MEIS1D overexpression 
vectors from three independent 
experiments. (B) Comparison of 
gene expression between 
Haematlas lineage specific 
genes and microarray on CD34+ 
cells after MEIS1 
overexpression, percentual gene 
overlap with Haematlas lineage-
specific genes set at 100% and 
number of overlapping genes 
from microarray calculated 
relative to Haematlas. 
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expression profiling which indicated that MEIS1 expression elevated 

expression of multiple megakaryocyte-erythroid specific genes combined with 

down regulation of genes controlling myeloid differentiation and stem cell 

expansion.  

 

 

 

While we show that in adult human hematopoiesis, MEIS1 exerts its effects at 

the level of the CMP and GMP, other studies also proposed a role for Meis1 

downstream of the CMP in the skewing of MEPs towards the megakaryocytic 

lineage at the expense of erythroid commitment 30. These differences can be 

explained in several ways. First, this study was performed in a model system 

resembling primitive hematopoiesis while we have investigated adult 

hematopoiesis. The transcription factor composition and transcription factor 
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complexes that MEIS1 contributes to in these different cell types may 

therefore differ leading to divergent results. Second, in the study from Cai, ES 

cell derived hematopoietic colonies were cultured in semisolid media using a 

mix of cytokines (TPO, SCF, IL-3, IL-6, VEGF, Flt3 but lacking erythropoietin) 

which impairs the ability of ES cells to differentiate into the erythroid lineage 

and promotes  

 

 

differentiation into the megakaryocytic lineage. This explains the impairment 

in erythroid progenitor cells that they observe as compared to the enhanced 

megakaryocyte differentiation. Third, only in CD41+ cells, MEIS1 

overexpression substantially decreased erythrocyte specific genes and 

enhanced megakaryocyte specific genes. This indicates that only in already 

committed megakaryocyte progenitor cells MEIS1 suppresses erythroid 

differentiation.  

On the other hand, even though results between our study and the findings 

from Cai et al differ, in both cases a clear effect of MEIS1 on cell proliferation 

was detected. The effect of MEIS1 on proliferation has also been reported 

earlier in the context of retina development 24 indicating a robust and 

conserved role for MEIS1 in proliferation that seems to be tissue-independent. 

We further investigated the dynamics of the observed bias towards the MEP 

fate using expression profiling of MEIS1 over expressing CD34+ cells. It has 

been postulated that HSC can directly differentiate towards megakaryocytes 
32. Therefore, MEIS1 could first reestablish a HSC fate from which the cells 

differentiate into the megakaryocyte erythroid lineage. However, when CD34+ 
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cells were sorted into stem and progenitor cells, overexpression of MEIS1 in 

the HSC subset did not result in a lineage bias towards a MEP fate. 

Furthermore, expression profiling showed down regulation of genes 

associated with a HSC fate, including PROM1 (CD133) 28, AK2, and even 

CD34 indicating that the observed bias towards a MEP fate upon MEIS1 

overexpression is not caused by inducing a HSC fate first.  

MEIS1 could also inhibit GMP differentiation, which by itself may cause a bias 

towards MEP. Indeed we showed that ectopic MEIS1 blocked the 

differentiation into the GM lineage and decreased the expression of specific 

granulocytic genes such as CD48 and elastase (ELANE) in CD34+ cells. This 

hypothesis is supported by the study of Calvo et al. who reported that MEIS1 

expression is able to inhibit G-CSF dependent granulocytic differentiation of 

immortalized progenitor cells, although this effect was only observed upon co-

expresssion with HOXA933. However, we also found genes that were slightly 

increased in expression upon MEIS1 overexpression in GMPs, such as the 

monocyte-specific gene CD68. Instead, the clear induction of erythroid-

megakaryocyte specific genes strongly suggests that MEIS1 overexpression 

directly promotes a MEP fate.  

Two MEIS1 splice variants, MEIS1B and MEIS1D, are expressed in 

hematopoietic stem and progenitor cells and their expression decreases from 

the most immature stem cells to more committed progenitors 13;17. 

Structurally, the two splice variants both contain the N-terminal PBX/HOX-

interacting domain, a central DNA-binding homeodomain, and 2 C-terminal 

transactivation (TA) domains, but MEIS1B has an additional TA domain which 

regulates the transcriptional activity of MEIS116;18. Upon trimerization with 

PBX1 and HOXA9, MEIS1 maintains the transcriptional activity of the complex 

by inhibiting nuclear export and promoting nuclear import 34;35. By separate 

overexpression of the splice variants, we showed that both induce the same 

phenotype, a skewing of CMP and GMP towards a MEP fate. Expression 

profiling further revealed that both splice variants control expression of many 

common transcripts, strongly indicating overlapping functions. However, in 

most experiments we observed a stronger phenotype upon overexpression of 

MEIS1D, suggesting more efficient regulation of gene expression by MEIS1D. 

Earlier studies also investigated the role of Meis1 splice variants, using a 
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model of primitive hematopoiesis. In this setting, it was found that expressing 

Meis1b, which is equivalent to MEIS1D in our study, showed a significant 

skewing of MEPs towards the megakaryocytic lineage 30. This further 

underlines the stronger transcriptional activity of MEIS1D. 

While it has been shown that Meis1 depletion in murine HSCs results in loss 

of quiescence and increased cell cycle entry 9, it is less clear if MEIS1 also 

affects the cell cycle of more committed progenitor cells. We found that 

silencing MEIS1 resulted in almost no erythroid colonies, while granulocytic 

colony numbers were unaltered. This implies an important role for MEIS1 in 

the expansion of erythroid progenitor cells. These results were confirmed in 

liquid cultures where MEIS1 also affected erythroid expansion although at 

later stages of erythropoiesis, MEIS1 expression declined. Comparative 

transcriptional profiling showed that MEIS1 induces expression of CCND1 and 

CCND3 in CD34+ cells which are linked to HSC and MEP expansion 36;37. In 

addition, CCND3 was also found to be essential for megakaryopoiesis 

promoting progression through the G1-phase of the cell cycle38. These results 

strongly suggest MEIS1 reinforces MEP expansion and megakaryocytic 

differentiation via induction of CCND1 and CCND3. Of note, meis1 has also 

been found to regulate ccnd1 expression during eye development in zebrafish 

indicating a strong, tissue-independent, regulation of Ccnd1 by Meis1. 

 

In conclusion, we show that in hematopoietic progenitor cells, MEIS1 is critical 

for the commitment towards the megakaryocytic and erythroid lineage by 

inducing expression of lineage-specific genes. Expression profiling of CD34+ 

cells after MEIS1 overexpression revealed transcriptional changes in genes 

with currently unknown functions in lineage commitment or differentiation. 

Given the biphasic expression of MEIS1 in both hematopoietic stem and 

progenitor cells and adult megakaryocytes but not erythrocytes, further 

studies should focus on the effects of MEIS1 and its target genes on early and 

late megakaryocytic differentiation.   
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Supplemental material and methods 

 

DNA constructs 

MEIS1 over expression vectors for both splice variants expressed in 

hematopoietic cells were generated by amplifying human MEIS1 cDNA from 

splice variant1 (MEIS1B; NCBI NM_002398.2, 390 amino acid protein) or 

variant2 (MEIS1D; NCBI XM_005264322.1, 465 amino acid protein) devoid of 

the startcodon from a pcDNA3 vector by polymerase chain reaction (PCR) 

using the following primers for 30 cycles: MEIS1-Fwd: 5’-



 72 

GAGATCAGATCTGCGCAAAGGTACGACGATC-3’, MEIS1-Rev: 5’-

GAGATCGTCGACTTACATGTAGTGCCACTGCC-3’. 

The PCR-product and a GFP-carrying C1-vector (Agilent, Santa Clara, CA) 

were digested with SalI and BglII and ligated. The GFP-MEIS1 fusion was 

removed by NheI digestion. GFP was removed from the 

pRRL.PPT.SFFV.GFP.SIN lentiviral vector by ClaI digestion, blunting and SalI 

digestion. The GFP-MEIS1 insert and the lentiviral vector were ligated, 

resulting in lentiviral pRRL.PPT.SFFV.GFP-MEIS1.SIN vectors. 

The lentiviral knock down vector SIN.PPT.CMV.GFP.U3Nhe1 was a kind gift 

from N.A Kootstra (Academic Medical Center, Amsterdam, The Netherlands). 

We cloned in a cassette containing a U6 promoter with the appropriate short 

hairpin RNA (shRNA) sequence. The shRNA sequence used against MEIS1 

exon 7 (sh72) was 5’-CCCTC TTGGAACAGAGATCAT-3’, against the 3’UTR 

of MEIS1 (sh68) was 5’-GCCGTGTGTTTAGAAGCCTAA-3’ and as a non-

targeting shRNA control (shc002) 5’-CAACAAGATGAAGAGCACCAA-3’ was 

used. All vectors were verified by sequencing. 

 

Lentivirus production 

Lentiviral particles were produced in 293T cells using the third generation 

system39. In brief, constructs encoding MEIS1 over expression or shRNA 

constructs were transfected together with a packaging (pMDLgp), reverse 

transcriptase (pRSV-REV) and envelope (pCMV-VSV-G) encoding plasmids 

using calcium chloride precipitation. Virus containing supernatant was 

harvested after transfection and concentrated by ultracentrifugation. 

Viruspellets were resuspended in CellGro medium (CellGenix, Frankfurt, 
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Germany) and kept frozen until further use. The MOI (multiplicity of infection) 

was determined as virus particles per cell needed for efficient transduction of 

CD34+ hematopoietic stem and progenitor cells (HSPCs). The amount of 

particles needed for 30% transduction or more (Poisson distribution) was 

taken as MOI =1.  

 

Human CD34 + cells 

Adult bone marrow CD34+ cells were isolated from bone marrow aspirates 

obtained after informed consent from patients undergoing cardiac surgery. 

Material was collected following the protocol for collecting bone marrow for 

research purposes approved by the medical ethical review board. Peripheral 

blood stem cells were provided by the Sanquin Laboratory for Cell Therapy 

and obtained from leukapheresis material of healthy donors treated with G-

CSF (2x5 µg/kg/day subcutaneously, Filgastrim, Amgen, Thousand Oaks, CA) 

or from Hodgkin lymphoma, multiple myeloma or breast cancer patients in 

disease remission that had been treated with chemotherapy and G-CSF (5-10 

µg/kg/day). All donors and patients signed informed consent for the use of 

leftover material for research purposes.  

  

RNA isolation, cDNA synthesis and real-time PCR 

RNA was isolated from transduced CD34+ cells 48 hours after transduction 

using the Qiagen RNeasy Micro Kit according to the manufacturer’s 

specifications (Qiagen, Venlo, The Netherlands). For MEIS1 expression, 

cDNA was synthesized using the Superscript III First-Strand Synthesis Kit 

(Invitrogen, Bleiswijk, The Netherlands) according to the manufacturer’s 
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protocol followed by real-time PCR. Real-time PCR was conducted using 

specific primers for MEIS1B or MEIS1D and SYBR Green reagent (Applied 

Biosystems, Abingdon, UK). Gene expression was calculated relative to the 

expression of a housekeeping gene (beta-glucoronidase) using the deltaCT 

method. 

MEIS1-specific primer forward: 5’-AGGAACACCTTATAATCATGATGGAC-3’ 

MEIS1B reverse: 5’-ATATTCATGCCCATTCCACTCATAG-3’  

MEIS1D reverse: CTTTGCAGCCCTGGTGCT.  

GUS (β-glucoronidase): 

GUS primer forward: 5’-GAAAATATGT GGTTGGAGAGCTCATT-3’  

GUS primer reverse: 5’-CCGAGTGAAGATCCCCTTTTTA-3’ 

 

Microarray  

For microarray analysis on RNA samples from three independent experiments 

was conducted at ServiceXS (Leiden, The Netherlands). RNA was isolated 

using the Qiagen RNeasy Micro kit according to the manufacturers 

specifications. Samples were subjected to NuGen labeling and hybridised to 

the Illumina Human HT-12 v4 expression beadarray (Illumina, San Diego, 

CA). The data discussed in this manuscript have been deposited in NCBI’s 

Gene Expression Omnibus and are accessible through GEO Series accession 

number GSE 53263 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53263). A reviewer 

link was created to access the dataset before publi cation: 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token =crkxmqyidncpxov

&acc=GSE53263 . R version 2.15.3 (www.r-project.org) and Bioconductor 
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version 2.11 (www.bioconductor.org) were used for quality control and VSN 

normalisation of the Illumina arrays. All calculations are run on an OpenSuSE 

12.3 linux installation. The Bioconductor library “lumi” is used for loading the 

Illumina data into R. VSN normalization is applied on the data using the 

'lumiN' function. All genes were included in further analysis. Limma library was 

used for the statistical analysis, with eBayes options used for estimating the 

’average’ variability over all genes and adjusting high variability genes down 

and simultanuously adjusts low variability genes up. Benjamini Hochberg FDR 

values are calculated using the 'multtest' library (function: 'mt.rawp2adjp'), q-

values are calculated utilizing the 'qvalue' library. Bioconductor 

'lumiHumanAll.db' and the 'GO.db' libraries are used to obtain the most recent 

annotations. 

Gene Set Enrichment Analysis (GSEA) is a Java application provided by the 

Broad Institute. The t-values are used for the ‘GSEAPreranked’ test to 

determine which biological pathways are significant in the underlying 

microarray experiment. The biological pathways are obtained from the 

MSigDB database (http://www.broadinstitute.org/gsea/msigdb/index.jsp). 

Heatmaps are created using the function 'heatmap.2' in the 'gplots' library. 

Figure legends supplementary data 

 

Supplemental Table S1. Complete gene expression pro file of MPB CD34 + 

cells after MEIS1 overexpression. 

Gene expression is shown relative to empty vector after overexpression of 

either MEIS1B or MEIS1D. 
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Supplemental Table S2. Differential expression of g enes overlapping 

between  MEIS1 overexpression in CD34 + cells and the Haematlas.  

 

Supplemental Table S3. GSEA overview of genes found  in microarray 

after MEIS1 overexpression in CD34 + cells and in CD133 + cells 

 

Figure S4. GSEA gene enrichment plots comparing exp ression profiling 

after MEIS1 overexpression in CD34 + cells with a transcriptional profile 

of CB-derived CD133 + cells.  (A) Transcriptional profile of MEIS1B 

overexpression compared to transcripts upregulated in CD133+ cells and (B) 

downregulated in CD133+ cells. (C) MEIS1D-related gene expression profile 

of CD34+ cells compared to transcripts upregulated in CD133+ cells and (D) 

downregulated in CD133+ cells. 
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 Abstract: 
 

Multinucleated megakaryocytes accumulate large quantities of mRNA 

encoding, among others, proteins associated with the cytoskeleton, various 

platelet-specific granules, and membranes. To produce thousands of 

functional platelets per megakaryocyte, protein synthesis in the maturing 

megakaryocyte is likely to require strict spatio-temporal control. We observed 

that the RNA-binding protein ATAXIN2 (ATXN2) is differentially expressed 

during megakaryopoiesis. Here, we show that ATXN2 regulates protein 

homeostasis in megakaryocytic cells, which is needed to obtain functional 

platelets.  

Atxn2-deficient mice contained normal platelet counts, but platelet 

aggregation was decreased upon activation of the αIIbβ3-integrin and Clec-2 

receptor. Silencing ATXN2 in human megakaryocytic cells decreased overall 

protein synthesis and caused lower total protein content. ATXN2 associates 

with PABP and DDX6, proteins that control mRNA stability and translation. We 

subsequently profiled nontranslated subpolysomal RNA, and actively 

translated polysomal RNA following ATXN2 knockdown in megakaryocytic 

cells. ATXN2 mainly affected polysome recruitment of transcripts encoding 

proteins implicated in protein metabolism in general. Our results indicate that 

ATXN2 is involved in protein metabolism during megakaryopoiesis and is 

needed for proper platelet functionality.  
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Introduction 
 
 
Megakaryopoiesis encompasses the differentiation of a hematopoietic stem 

cell towards mature megakaryocytes that subsequently undergo cytoskeletal 

remodelling, and ultimately release platelets into the blood stream 1. 

Compared to many other differentiation processes, megakaryopoiesis 

contains several unique features, one of the most striking being endomitosis 2. 

During this incomplete cell division, the nuclear content of the cell is doubled 

without subsequent cytoplasmic separation 3-5. Incomplete division is repeated 

and as a result, mature megakaryocytes contain polylobulated nuclei up to 

128N. It is believed that the increase in nuclear material allows for the 

accumulation of large amounts of mRNA 6. Many of the proteins synthesized 

from this increased mRNA pool are then packaged into cellular organelles 

called alpha granules 7. When mature megakaryocytes reorganize their 

cytoskeleton, alpha granules are actively transported and accumulate in the 

newly formed proplatelets. Ultimately, proplatelets are shed into the 

bloodstream where they circulate as mature, anucleate, platelets 8;9. Upon 

vascular damage, platelets interact with proteins of the subendothelial lining. 

This triggers signalling cascades, resulting in the activation and subsequent 

adhesion and spreading of platelets at the side of damage and the release of 

alpha granule contents 10.  

To understand the complex mechanism of megakaryocyte differentiation 

including protein production and alpha granule synthesis, we performed gene 

expression profiling in human megakaryocytic cells. Among putative novel 

regulators of megakaryopoiesis we detected ATAXIN2 (ATXN2).  

Recently, ATXN2 has also been found to play a role in hematological 
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disorders. Genome-wide association studies revealed single nucleotide 

polymorphisms in the ATXN2 locus which associate with an increased risk for 

thrombotic antiphospholipid syndrome or autoimmune disease 11-13.  

ATXN2, encoded at the genomic locus SCA2 14;15 is a 140 kDa protein that 

has mainly been studied as a polyglutamine repeat protein in the context of 

spinocerebellar ataxia type 2 (SCA2) 16 and amyotrophic lateral sclerosis 

(ALS) 13;17-19.  

Considerable progress has been made deciphering the mechanism involved 

in aggregate formation of polyQ-expanded ATXN2 protein in 

neurodegenerative disease 20, but the function of physiological ATXN2 

remains elusive. Several studies indicated that ATXN2 is involved in regulating 

mRNA translation. First, structural and functional analysis revealed domains 

involved in mRNA binding and translational regulation 21;22. Next, ATXN2 has 

been described to associate with stress granules 23, the rough endoplasmic 

reticulum 24 and polyribosomes 25. Lastly, ATXN2 was reported to promote 

microRNA-mediated mRNA breakdown 26;27. In addition to a role in translation, 

ATXN2 may control receptor endocytosis, actin filament regulation and protein 

exocytosis 28-31. The observed effects may be due to regulation of translation 

of key factors in these processes; however this has not been investigated yet.  

Several studies used murine models to elucidate the function of Atxn2. Atxn2 

deficient mice present with smaller litters, a segregation distortion with more 

male than female offspring and increased body weight 32;33.  Brain phenotypes 

were subtle in Atxn2 knockout mice, suggesting that polyQ-expanded ATXN2 

has stronger or converse effects than the loss of ATXN2.  

We hypothesize that ATXN2 controls mRNA translation in megakaryocytes 
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during the accumulation of large amounts of transcripts encoding proteins 

required for platelet production. Mice lacking Atxn2 expressed normal 

numbers of platelets that were, however, defective in aggregation. Knockdown 

of ATXN2 in human megakaryopoietic cells reduced overall protein synthesis. 

Polysome profiling indicated that loss of ATXN2 alters translation of transcripts 

encoding proteins involved in protein synthesis and degradation. Thus, ATXN2 

regulates general protein homeostasis in megakaryocytes, a process which is 

crucial for the production of fully functional platelets. 

  

Methods 

 
Blood analysis 

Blood was drawn from Atxn2 knockout (Atxn2-/-) 33. and wildtype (WT) animals 

by retro orbital puncture using heparin-coated glass capillaries (Hirschmann, 

Eberstadt, Germany), and collected in heparin-coated vials. Blood parameters 

were determined on a scil Vet abc Plus+ instrument (scil animal care, 

Oostelbeers, the Netherlands). Platelet rich plasma (PRP) was separated by 

centrifuging the blood 15 min at 50g. 

 

Mouse femur preparation and flow cytometry 

Mice were anaesthetised using Isofluran (Baxter, Unterschleissheim, 

Germany) and sacrificed by perfusion with 4% paraformaldehyde. Following 

perfusion, femurs were isolated, crushed and bone marrow was resuspended 

in PBS + 0.1% HSA. Bone marrow suspensions were then passed through a 

cell strainer (VWR, Amsterdam, the Netherlands) and counted on a Casy Cell 

Counter (Roche, Woerden, the Netherlands). Cells were then stained with 
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cMpl (Santa Cruz), Clec-2 (AbD Serotec, Pucheim, Germany), CD9-PE 

(Abcam), CD61-FITC, CD41-PE, KIT PerCPCy5.5, (BD Biosciences); CD42a-

FITC, CD42b-DL649, CD42c-FITC, CD42d-FITC (Emfret); CD31 PECy7 

(Abcam) using a 1:1000 dilution for all antibodies. Flow cytometry based 

platelet aggregation assays were performed as previously described 34. 

Receptor surface expression was measured using a flow cytometer (LSRII + 

HTS, BD Biosciences) and data was analyzed with FlowJo software version 

9.2 (Tree Star Inc., Ashland, OR, USA).  

 

Human CD34 + cultures 

Peripheral blood stem cells were provided by the Sanquin Laboratory for Cell 

Therapy and obtained from leukapheresis material of healthy donors or 

donors in disease remission from Hodgkin lymphoma, multiple myeloma or 

breast cancer. For megakaryocyte cultures, CD34+ cells were cultured in 

CellGro medium (CellGenix, Frankfurt, Germany) supplemented with TPO (N-

plate, Amgen, Breda, the Netherlands and IL-1β (PeproTech, Heerhugowaard, 

the Netherlands). At designated time points, cultures were either sorted for 

CD34 and CD41 expression, using the antibodies specified above, on an Aria 

II cell sorter (BD Biosciences). For phenotype analysis, cells were fixed with 

1% PFA, washed with PBS + 0.05% BSA + 0.05M EDTA and incubated with 

CD34 PeCy7, CD41 APC or CD42b APC (all BD Biosciences). Samples were 

measured with flow cytometry (LSRII + HTS, BD Biosciences).  

 

Lentiviral knockdown constructs 

The lentiviral knock down vector SIN.PPT.CMV.GFP.U3Nhe1 was the kind gift 
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of N.A Kootstra (Academic Medical Center, Amsterdam, The Netherlands). We 

cloned a cassette containing the short hairpin RNA (shRNA) sequence under 

the control of a U6 promoter. The shRNA sequences used against ATXN2 

were  

sh93: GCCAAGACATATAGAGCAGTA, sh95: CCGAAGTGTGATTTGGTACTT 

and as a non-targeting shRNA control (shc002) 

CAACAAGATGAAGAGCACCAA was used. All cloned short hairpins were 

verified by sequencing. 

 

Lentivirus production and lentiviral transduction 

Lentiviral particles were produced in 293T cells using the third generation 

system as described before 35. Transductions were carried out as described 

before35. Cells were then seeded into megakaryocytic liquid cultures or used 

for colony formation assays. Megacult colony formation assay (Stem Cell 

Technologies, Grenoble, France) and Colony Gel colony formation assay (Cell 

Systems, Frankfurt, Germany) were carried out according to the 

manufacturer’s specifications. ClickIt total protein synthesis determination 

assay was performed according to the manufacturer’s specifications with an 

adjusted incubation time of one hour for AHA (LifeTechnologies).  

 

Immunoprecipitation and immunodetection 

Immunoprecipitation was carried out with CD34+/CD41+ immature 

megakaryocytes. Cells were lysed in solubilization buffer (20mM Tris pH 8.0, 

137mM NaCl, 2mM EDTA, 10% Glycerol, 1% NP-40), supplemented with  

protease inhibitor cocktail (Roche, Woerden, The Netherlands) and 25U/ml 
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benzonase (Merck,Darmstadt, Germany). 5µl of ATXN2 antibody (BD 

Biosciences) or IgG control antibody (Sanquin, Amsterdam, The Netherlands) 

was added to the lysate and incubated overnight at 4oC. The next day, 

sepharose beads (Pierce, Rockford, IL, USA) were added and incubated for 

at least 6 hours. Beads were then washed three times with solubilization 

buffer and eluted using SDS sample buffer. Samples were loaded on a 10% 

precast gel (Thermo Scientific, Waltham, MA, USA) and transferred onto 

nitrocellulose membranes using iBlot (Invitrogen, Bleiswijk, The Netherlands). 

Membranes were probed with ATXN2 (BD Biosciences), DDX6 (Novus 

Biologicals, Littleton, CO), PABP (Abcam, Cambridge, GB) and TIA-1 (Santa 

Cruz, Heidelberg, Germany). Secondary anti mouse-HRP antibody or anti 

rabbit-HRP antibody (both Dako, Glostrup, Denmark) was applied and 

membranes were developed by Enhanced Chemiluminescence (Pierce, 

Rockford, IL, USA). 

 

Polysome profiling and microarray 

Lysate of 7x106 Meg-01 cells was loaded on 7-46% sucrose gradients (10ml 

SW40 tubes UltraClear, Beckman, Woerden, The Netherlands).  Gradients 

were spun at 35,000rpm for 3 hours (Beckman) and harvested as 17 fractions 

of 600µl. RNA was isolated as described 36. Fractions 1-8 were combined as 

subpolysomal RNA; fractions 9-17 as polysomal RNA. RNA was cleaned up 

using the Qiagen Micro kit according to the manufacturer’s protocol (Qiagen, 

Venlo, The Netherlands). Microarray was performed at Service XS (Leiden, 

The Netherlands). Samples were hybridised to the Illumina Human HT-12 v4 

expression beadarray (Illumina, San Diego, CA). The data discussed in this 
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manuscript have been deposited in NCBI’s Gene Expre ssion Omnibus 

and are accessible through GEO Series accession num ber GSE63297. 

R version 2.15.3 (www.r-project.org) and Bioconductor version 2.11 

(www.bioconductor.org) were used for quality control and normalisation of the 

Illumina arrays. The Bioconductor package “lumi” is used for loading the 

Illumina data into R. VSN normalization is applied on the data using the 

'lumiN' function. To maximize detection, no genes were excluded from the 

analysis. eBayes option was used to estimate the ’average’ gene variability 

and to bring both high and low variability genes closer to the mean. The 

Benjamini Hochberg FDR values are calculated using the 'multtest' library 

(function: 'mt.rawp2adjp'). The q-values are calculated utilizing the 'qvalue' 

package. The Bioconductor 'lumiHumanAll.db' and the 'GO.db' packages are 

used to get the most up-to-date annotations for the GO enrichment and other 

analysis. For the GO enrichment analyses, the calculated p-values are used 

together with the GO-annotations. Gene Set Enrichment Analysis (GSEA) 

(http://www.broadinstitute.org/gsea) is provided by the Broad Institute. The t-

values are used to do a GSEAPreranked test to determine which biological 

pathways are significant in the underlying microarray experiment. The 

biological pathways are obtained from the MSigDB database. 

 

De novo protein synthesis fluorescence label assay 

Meg01 cells were transduced with short hairpins against ATXN2 or short 

hairpin controls and incubated for seven days. Subsequently, a ClickIT AHA 

Alexa Fluor 488 assay (Invitrogen) was performed according to the 

manufacturer’s specifications. Fluorescence was measured using flow 
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cytometry (Fortessa, Becton Dickinson). 

 

Results  

 
Atxn2 deficiency causes a platelet aggregation defe ct 
 
To investigate whether Atxn2 is required for megakaryopoiesis, or for 

hematopoiesis in general, we first investigated the blood cell composition in 

Atxn2 deficient (Atxn2-/-) mice compared to wildtype (WT) animals. Platelet 

count, mean platelet volume  as well as red and white blood cell counts were 

not significantly changed between Atxn2-/- and WT animals (Figure 1A). To 

measure the efficiency of platelet aggregation, platelets from Atxn2-/- and WT 

mice were activated with four specific agonists and microaggregation was 

measured by flow cytometry following a time course. Addition of botrocetin, 

which induces signaling via the GPIb (CD42b)/GPV(CD42d)/GPIX(CD42a) 

vWF receptor complex was comparable between Atxn2-/- and WT platelets. 

Likewise, addition of collagen, which binds GPVI and integrin α2β1, was 

normal. Strikingly, aggregation of Atxn2-/- platelets was significantly reduced 

compared to WT platelets upon addition of the αIIbβ3 integrin (CD41, CD61) 

agonist PMA and the Clec-2 agonist Aggretin A (Figure 1B). Aggregation was 

not completely ablated in the Atxn2-/- platelets compared to WT; moreover, it 

still followed the same kinetics. To investigate whether the decreased 

aggregation could be due to diminished receptor surface expression, we 

analyzed resting platelets from Atxn2-/- and WT mice by flow cytometry for 

expression of the most abundant platelet receptors. Expression of all tested 

antigens was normal on Atxn2-/- platelets compared to WT with the exception 

of a 30% decrease in CD31 (PECAM) (Figure 1B-C). Reduced receptor  



 89 

 

Figure 1) ATXN2 deficiency causes a platelet aggreg ation defect. (A) Blood cell 
counts after retroorbital sampling from from WT or Atxn2-/- mice, n=8 n.s.: not 
significant. (B) Aggregation of platelets from WT or Atxn2-/- mice, activated with PMA, 
Aggretin, botrocetin or collagen and incubated for designated times measuring 
percentage of aggregation over time, n=5, ** p<0.01. (C) Platelet receptor surface 
expression measured with flow cytometry on WT or Atxn2-/- platelets in resting state, 
n=5, * p<0.05 
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expression therefore does not explain the reduction in aggregation. These 

findings suggest that other factors might be involved to account for the 

reduced aggregation observed in Atxn2-/- mice.   

 

Atxn2 deficiency does not alter megakaryocytic diff erentiation 

As platelets are derived from megakaryocytes, we next investigated at which 

stage Atxn2 expression influences megakaryocytic differentiation. Flushed 

femurs from WT and Atxn2-/- animals yielded similar numbers of total bone 

marrow cells (Figure 2A). When bone marrow cell suspensions were analyzed 

for megakaryocytes using multicolour flow cytometry, the percentage of 

megakaryocytes (CD9+/c-kit+) was not significantly changed in Atxn-/- mice 

compared to WT (Figure 2B). Furthermore, no differences in the expression of 

the megakaryocytic surface markers CD42b, CD61 were detected on bone 

marrow MK (Figure 2C). Also, when bone marrow megakaryocytes were 

analyzed for their differentiation state according to side scatter distribution and 

surface marker expression, no differences between WT and Atxn2-/- mice 

were found (Supplemental Figure 1). 

To address the impact of ATXN2 on megakaryopoiesis in more detail, we first 

determined the physiological expression of the ATXN2 protein in distinct 

stages of human megakaryocyte development: CD34+/CD41- hematopoietic 

stem and progenitor cells (HSPC), CD34+/CD41+ immature megakaryocytes, 

and mature CD34-/CD41+ megakaryocytes. ATXN2 expression increased from 

CD34+/CD41- to immature CD34+/CD41+ megakaryocytes and sharply 

decreased again during differentiation to CD34-/CD41+ megakaryocytes 

(Figure 2D). Next we depleted  
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Figure 2) ATXN2 deficiency does not alter megakaryo cytic differentiation. (A) 
Bone marrow cellularity. Cell count was determined on bone marrow from WT or 
Atxn2-/- femurs, n=8 (B) Percentage of bone marrow megakaryocytes identified as 
CD9+/c-kit- cells found in total bone marrow cells. (C) Expression of megakaryocyte 
surface proteins from WT or Atxn2-/- mice. Flow cytometry was performed on cells 
isolated from femur, n=5. (D) Western Blot depicting ATXN2 expression during 
megakaryopoiesis. CD34+ cells derived from mobilized peripheral blood (MPB) were 
cultured in the presence of TPO and IL-1β and cell sorting was performed after 7 
days of culture to obtain CD34+/CD41- and CD34+/CD41+ fractions. Subsequent 
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culture of the CD34+/CD41+ fraction resulted in a sample of terminally differentiated 
CD41+ cells. Immunodetection was carried out with ATXN2 and RhoGDI as a loading 
control. Representative image from n=3. (E) Lentiviral knockdown efficiency in CD34+ 
cells. CD34+ cells were transduced with shc002, sh93 or sh95. 48hours after 
transduction cells were sorted for GFP expression and cultured for an additional 
three days before lysis. Immunodetection with ATXN2 and RhoGDI as loading 
control. Representative image from n=3. (F) Liquid megakaryocyte culture using 
CD34+ cells. Cells were transduced with sh93, sh95 or shc002 and cultured towards 
megakaryocytes in a liquid culture with TPO and IL-1β. Flow cytometry using 
monoclonal antibodies against CD34, CD41 and CD42b was used after 5 days of 
culture to assess differentiation. N=3, n.s.: not significant. (G) Megakaryocytic colony 
formation assay. CD34+ cells were transduced with shc002, sh93 or sh95 and 
seeded into semisolid medium promoting megakaryocytic colony formation. After two 
weeks of culture, CD41+ colonies were counted, shc002 set to 100%, n=3. (H) Colony 
formation assay to investigate hematopoietic lineage fate after ATXN2 knockdown. 
CD34+ cells were transduced with shc002, sh93 or sh95 and plated out single cell 
single well into semisolid medium. After two weeks, the amount of burst forming unit 
erythroid (BFU-E) and colony forming unit erythroid (CFU-E) as well as colony 
forming unit granulocyte macrophage (CFU-GM) and colony forming unit 
granulocyte, erythrocyte, macrophage (CFU-GEMM) were counted, n=3.  
 

 

ATXN2 using lentiviral knockdown technology in CD34+ HSPC that were 

cultured towards the megakaryocytic lineage. Knockdown using two different 

short hairpins specific for ATXN2 (sh93 and sh95) almost completely 

abolished ATXN2 protein expression in CD34+ HSPC compared to short 

hairpin controls (shc002) (Figure 2E). Following 5 days of culture towards the 

megakaryocytic lineage, the distribution of CD34+ HSPC, CD34+/CD41+ 

immature megakaryocytes and CD41+ mature megakaryocytes was similar in 

ATXN2 knockdown cells transduced with either sh93 or sh95 compared to 

short hairpin controls (shc002) (Figure 2F). When transduced CD34+ cells 

were seeded into semisolid medium promoting the formation of 

megakaryocytic colonies, ATXN2 knockdown or shc002 gave rise to similar 

numbers of CD41+ megakaryocytic colonies (Figure 2G). We also examined 

the possible effect of ATXN2 knockdown on the commitment towards erythroid 

and granulocyte-monocyte progenitors, by plating single cell - single well 
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transduced CD34+ cells into conditioned semisolid medium. Compared to 

shc002, cells depleted for ATXN2 showed the same distribution of burst-

forming unit erythroid (BFU-E), colony-forming unit erythroid (CFU-E), colony 

forming unit granulocyte macrophage (CFU-GM) and colony forming unit 

granulocyte, erythrocyte, macrophage (CFU-GEMM) (Figure 2H). Taken 

together, lack of ATXN2 does not influence hematopoietic lineage fate or early 

megakaryocytic differentiation in our human CD34+ in vitro system.  

 

ATXN2 associates with proteins involved in mRNA sto rage and decay 

The ATXN2 protein contains several domains facilitating binding to mRNA and 

other proteins (Figure 3A) 21;23;25. Therefore, we investigated if interactions 

with known binding partners are also found in megakaryocytic cells, and 

whether ATXN2 may be associated with actively translated mRNA. The 

human megakaryoblastic cell line Meg-01 was used to separate mRNA in 

polyribosomal, translated, and subpolysomal, untranslated, RNA (Figure 3B). 

The RPL11 protein, which is part of the 60S ribosomal subunit, was 

prominently present in the subpolysomal fractions 5-7 of the gradient that 

contained the bulk of the total RNA as 60S ribosomal subunit plus 80S 

monoribosome (Figure 3B). Compared to RPL11, ATXN2 was only detectable 

in the first fractions of the gradient. These first fractions contain untranslated 

RNA and free proteins suggesting that most of ATXN2 is either not associated 

with RNA, or associates with untranslated RNA (Figure 3B). 

Immunoprecipitations demonstrated association of ATXN2 with poly(A) 

binding protein (PABP) and the RNA helicase DDX6 in immature primary 

human megakaryocytes (Figure 3C). The DDX6-PABP complex is known to 
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Figure 3. ATXN2 associates with proteins of mRNA st orage and decay. (A) 
Schematic representation of functional domains within ATXN2. (B) Polysome 
profiling. Meg-01 cell lysate was separated by sucrose gradient centrifugation. 
Fractions were analysed for RNA concentration and immunodetection of ATXN2. (C) 
Immunoprecipitation using ATXN2 antibody in immature megakaryocytes. 
Membranes were probed for PABP, DDX6 and TIA-1. (D) ATXN2 protein content in 
Meg01 cells after lentiviral knockdown. A representative image is shown. (E) Light 
microscopic images of Meg01 cells after TPM1 knockdown. Scale bar 200µm. (F) 
Total protein and total RNA content measured in Meg-01 cells after ATXN2 
knockdown compared to shc002. (G) De novo protein synthesis was measured by 
flow cytometry as incorporation of a methionine analogue after transduction of Meg-
01 cells with shATXN2 or SH002 expressing virus. n=5, ** p<0.01. 
 
 
be involved in miRNA-mediated mRNA decay 37. mRNA targeted for 

degradation or translational silencing associates with GW182 (an RNAse and 

marker for P-bodies) or TIA1 (an RNA-binding protein and marker for stress 

granules). Neither GW182 nor TIA1 associated with the ATXN2/PABP/DDX6 

complex (Figure 3C). Taken together, our results show that ATXN2 associates 

with untranslated RNA and forms complexes with proteins involved in miRNA-

mediated decay.  
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Given the association with untranslated mRNA and miRNA-mediated decay, 

we next investigated whether loss of ATXN2 impacts on protein synthesis. 

Meg-01 cells were transduced with shRNA constructs targeting ATXN2 (sh93 

and sh95) or scrambled control (shc002) leading to decreased ATXN2 protein 

content in the cells (Figure 3D). Microscopically, ATXN2 knockdown did not 

alter the size or shape of Meg01 cells (Figure 3E). Compared to shc002, 

however, expression of sh93 or sh95 decreased total protein content by 

almost 50% whereas total RNA concentrations were not affected (Figure 3F). 

Incubation of transduced cells with a methionine analog to label newly 

synthesized protein revealed significantly lower methionine incorporation upon 

ATXN2 knockdown compared to shc002. Incorporation measured as mean 

fluorescence intensity was reduced by 50% with sh93 and by 70% with sh95 

(Figure 3G). These results show that loss of ATXN2 results in decreased total 

protein content in megakaryocytic cells, caused by decreased de novo protein 

synthesis. 

 

ATXN2 controls the generation of proteins implicate d in protein 

homeostasis 

The global reduction in protein synthesis suggests that translation of most 

transcripts is reduced. However, not all transcripts may be affected equally. To 

investigate which transcripts are under control of ATXN2, polyribosome 

profiling was performed on Meg-01 cells transduced with either shc002 or 

sh95 to analyze changes in the composition of untranslated and translated 

mRNA compared to shc002 (Figure 4A). Fractions 1-8 were pooled as 

subpolysomal mRNA, while fractions 9-17 were pooled as polysomal RNA 
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(Figure 4A). The RNA was hybridised to an Illumina beadchip array. To 

analyze global changes in protein expression, we focused our subsequent 

analysis on polysomal-bound mRNA and compared polysome-bound mRNA 

after ATXN2 knockdown with shc002. ANOVA analysis identified 172 

transcripts differentially expressed in the polysomal fraction in three 

independent experiments. We calculated the fold change in expression 

between mRNAs in ATXN2 knockdown cells compared to cells transduced 

with shc002 for subpolysomal fractions as well and performed non-

hierarchical, Euclidian clustering (Figure 4B-C, Supplemental Table 1). Due to 

poor hybridisation results, the subpolysomal fraction of shc002 and sh95 from 

one experiment was excluded from further analysis. 

Clustering analysis based on the polysomal fractions revealed 9 clusters that 

we ordered in 6 functional groups (Figure 4C). Following ATXN2 knockdown, 

some transcripts were either up- or down-regulated in both polysomal and 

subpolysomal RNA (group C, n=37; group F, n=21). However, in group A 

(n=43) transcripts were increased in the polysomal fraction compared to 

subpolysomal expression and in group E (n=18) active translation in the 

polysomal fraction was reduced. Groups B and D contain transcripts that 

hardly changed in the subpolysomal fraction but were up- (B, n=44) or down-

regulated (D, n=9) in polysomal mRNA suggesting a combination of 

transcriptional and translational regulation. Thus, ATXN2 knockdown altered 

the presence of specific transcripts in the polysomal, translated fraction 

compared to shc002. Gene set enrichment analysis showed that ATXN2 

knockdown lead to a significant correlation with processes involved in mRNA 

turnover and translation, affecting processes as translation initiation (p= 10-12), 
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Figure 4.  ATXN2 controls the 
generation of proteins implicated in 
protein homeostasis. (A) Polysome 
profiling after ATXN2 knockdown in Meg-
01 cells. Meg-01 cells were transduced 
with shc002 or sh95, lysed, and spun 
down over a sucrose gradient. RNA 
concentrations of fractions were 
measured and samples for determining 
ATXN2 knockdown efficiency were taken. 
RNA from subpolysomal fraction 1-8 was 
pooled as was RNA from polysomal 
fraction 9-17. After pooling, RNA from 
pooled fractions was loaded on an 
Illumina Beadchip for expression 
profiling. (B) ErmineJ analysis of 
polysomal fractions from polysome 
profiling. (C) Heatmap showing fold 
increase (red) or decrease (green)of 
mRNAs after ATXN2 knockdown 
compared to shc002. Polysomal fractions 
(in blue) and subpolysomal fractions (in 
yellow) are shown after hierarchical 
clustering. 
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translation termination (p= 10-12) and regulation of proteasomal ubiquitin-

dependent protein catabolic process (p= 10-12) (Supplemental Figure 2, 

Supplemental Table 2). Differentially expressed polysomal fractions also 

showed a significant positive correlation with both the mRNAs expressed in 

platelets 38 and the Reactome translation pathway (Supplemental figure 2, 

Supplemental Table 2). However, when comparing the amount of shared 

RNAs, only 45 of the 172 selected transcripts were shared with the platelet 

enriched transcripts, whereas 153 of the 172 mRNAs were shared with the 

Reactome translation pathway. This indicates that ATXN2 knockdown impacts 

not just platelet specific transcripts but also general translation. Of note, the 

subpolysomal fraction showed a negative correlation to the platelet 

transcriptome 38 and the Reactome translation pathway (Supplemental figure 

2, Supplemental Table 2) 

In conclusion, our results show that ATXN2 knockdown altered the 

composition of the translated, polysomal mRNA fraction in megakaryocytic 

cells thereby changing protein translation and degradation processes. 

 

Discussion 

Here, we analyzed how the RNA-binding protein ATXN2 impacts on protein 

homeostasis during megakaryopoiesis. ATXN2 is highly expressed in the first 

phase of megakaryopoiesis when cells become endomitotic and more 

translationally active. This suggests that ATXN2-dependent regulation of 

mRNA processing or translation may be involved in the generation of protein-

dense, functional platelets. Mice lacking Atxn2 contained normal numbers of 

megakaryocytes and platelets. However, platelet aggregation in response to 
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specific agonists was reduced. Strikingly, the protein content of ATXN2 

depleted megakaryocytes was almost 2-fold decreased, whereas mRNA 

levels were not significantly changed. The low protein content of ATXN2 

depleted megakaryocytes was associated with a 50% reduction in protein 

synthesis in combination with increased translation of proteins involved in 

ubiquitination and protease degradation. Before platelet shedding, 

megakaryocytes accumulate proteins in alpha granules that are crucial for 

platelet function. Failure to accumulate these proteins may underlie the 

aggregation defect observed in mouse platelets.   

 

Expression of all major platelet surface receptors was unchanged compared 

to WT which suggests that the reduced aggregation upon PMA and Aggretin A 

could be due to other factors. ATXN2 interacts with PABP and DDX6 in HEK 

293T cells, SH-SY5Y cells and also in megakaryocytes 23. The same study 

also showed that in a yeast-2-hybrid screen, ATXN2 binds directly to DDX6 

through its Lsm domain 23. While the presented data are convincing, the 

timing and functionality of this binding remain elusive. DDX6 participates in 

miRNA mediated decay and recruits the CCR4/NOT complex to mRNA to 

cause deadenylation, which subsequently leads to reduced translation and 

destabilisation of mRNA 37. However, DDX6 exerts its effect downstream of 

GW182 which has to bind to the target mRNAs first to induce miRNA 

mediated decay. GW182 binds to the PAM2 motif of PABP, occupying the 

same structure that also ATXN2 binds to 39. This concurrence for the PAM2 

motif means that binding of both GW182 and ATXN2 to PABP is impossible, 

reflected in our findings that upon immunoprecipitation with ATXN2, GW182 
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could not be co-precipitated. However, since ATXN2 is outcompeted by 

GW182 to induce RNA decay, the question remains why binding between 

ATXN2 and DDX6 occurs during the progression of mRNA decay. Direct or 

indirect interaction of ATXN2 with PABP and DDX6 may either enhance or 

inhibit the recruitment of CCR4/NOT by DDX6.  

 

Recently, ATXN2 was shown to bind to AU-rich elements thereby promoting 

RNA stability and translation 22. We also analyzed the occurrence of AU-rich 

elements in the various clusters observed in the microarray but could not 

detect any correlation. Still, the interaction of ATXN2 with DDX6 may suggest 

protection from RNA decay by DDX6. We found that protein synthesis was 

reduced upon loss of ATXN2, which also suggests a positive role of ATXN2 in 

translation regulation. The unresolved question is whether ATXN2 binds 

PABP/DDX6 in presence or absence of mRNA. It is currently unknown if 

ATXN2 sequesters PABP/DDX6 and prevents mRNA binding, or whether it 

binds mRNA and thereby inhibits PABP/DDX6 function on the same transcript.   

 

Amongst the transcripts that we found increased in the polysomal, translated 

fraction after ATXN2 knockdown were members of the ubiquitination pathway 

such as the E3 ubiquitin ligase UBEC3 and the F-box protein FBXO18. During 

megakaryopoiesis, proteins and specific RNAs are actively transported into 

the developing platelets 40;41. In a recent RNA sequencing study of human 

platelets, several RNAs coding for ubiquitination proteins were detected, 

including UBEC3 and FBXO18 42. Taking into consideration that platelets are 

capable of de novo protein synthesis and contain functional proteasomes  43 it 
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is therefore possible that the impaired aggregation observed in Atxn2-/- mice is 

caused by increased ubiquitin-mediated protein degradation. This hypothesis 

is reinforced by observations that integrin αIIbβ3 (CD41/CD61) has been 

shown to directly bind an E3 ubiquitin ligase and that protein ubiquitination 

takes place in activated platelets 44, placing protein decay directly downstream 

of the integrin signalling that was decreased in Atxn2-/- mice.  

 

In a recent publication, Yokoshi and colleagues show that ATXN2 binds to AU-

rich elements thereby promoting RNA stability and translation 22. Using 

microarray analysis we identified transcripts of which translation was reduced 

upon ATXN2 knockdown which indeed could indicate faster mRNA decay, but 

most transcripts showed increased translation upon ATXN2 knockdown. This 

seems contradictory with the conclusion that ATXN2 stimulates mRNA 

translation. It is therefore also possible that the transcripts with increased 

polysome recruitment upon ATXN2 knockdown are not those regulated by 

ATXN2, but are positively controlled by mechanisms that remain intact, or 

even increase upon loss of ATXN2.  

 

Our results clearly demonstrate a role for ATXN2 during megakaryopoiesis 

and provide the first evidence for the importance of proper protein 

accumulation for platelet reactivity. Still, there seems to be a discrepancy 

between the physiological role of ATXN2 and the pathogenicity caused by 

mutant polyglutamine ATXN2. It was assumed that the clinical manifestations 

of neurodegenerative diseases are caused by the accumulation of the mutant 

protein in the cytoplasm of affected neurons, rendering the protein 
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dysfunctional, a state comparable to a loss of function in mice with ablation of 

Atxn2. However, two independent ATXN2 knock out mice strains have been 

generated, both of which show diverse, but rather subtle, phenotypes 32;33. It 

is especially striking that even though mutant ATXN2 was discovered as a 

protein causing neurodegenerative disease, loss of the physiological protein 

does not cause severe effects in murine brain 33. Recent studies showed that 

mutant ATXN2 does not accumulate by itself, but in complexes containing 

PABP 20. Combined with our results showing that loss of ATXN2 results in 

declined de novo protein synthesis and decreased total cellular protein 

content, a strong relationship of ATXN2 with protein homeostasis emerges. It 

is therefore possible that degeneration of affected neurons in SCA2 patients is 

the result of deregulated protein synthesis caused by the accumulation of 

PABP-ATXN2 complexes. This aggregation would eventually deprive the cells 

of essential proteins, leading to impaired neuron functionality. If indeed this 

hypothesis can be confirmed is beyond the scope of this manuscript but the 

contribution of ATXN2 to regulation of protein homeostasis may provide new 

leads to unravel the mechanism behind SCA-2.  



 103 

Acknowledgements   

This work was funded by Sanquin Blood Supply, grant PPOC-09-023, The 

Netherlands Genomics Initiative (NGI-MEC), EuroSCA (LSHM-CT-2004-

503304) and the DFG (AU96/14-1).  

 

Authorship contributions and disclosures 
 
SZ, MM, SP, FdS, ED and MH performed experiments, SZ and DCT designed 

and analyzed experiments and wrote the paper, GA revised the manuscript 

and provided materials, LG and MM analyzed data and revised the 

manuscript, MvL analyzed experiments and revised the manuscript. The 

authors declare no competing financial interests. 

 

Abbreviations List 

ATXN2: ATAXIN-2 

CLEC-2: C-type lectin-like receptor 2 

WT: Wildtype mice 

BFU-E: burst-forming unit erythroid 
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Supplemental methods 

 

Antibodies and reagents 

Antibodies used were CD61-FITC, CD41-PE, KIT PerCPCy5.5, (BD 

Biosciences); CD42a-FITC, CD42b-DL649, CD42c-FITC, CD42d-FITC 

(Emfret, Eibelstadt, Germany); CD31 PECy7, CD9-APC, CD9-PE (Abcam), 

cMpl (Santa Cruz), Clec-2 (AbD Serotec, Pucheim, Germany) in a 1:1000 

dilution for all antibodies. For platelet aggregation we used phorbol myristate 

acetate (PMA 100ng/ml, Sigma-Aldrich, Zwijndrecht, the Netherlands), 

Botrocetin (10µg/mL, Sigma-Aldrich), collagen (10µg/mL), convulxin 

(0.5µg/ml, Santa Cruz, Heidelberg, Germany) or Aggretin A (30 nM, a kind gift 

of Prof. Dr. Johannes A. Eble). 

 
Human CD34 +cells and culture systems 

Donors and patients had been treated with chemotherapy and G-CSF (5-10 

µg/kg/day) and signed informed consent for the use of leftover material for 

research purposes (METCnr. 04/042, #04.17.370, AMC, Amsterdam, the 

Netherlands). CD34+ cells were isolated within 48 hours after arrival of the 

material using magnetic cell sorting (Miltenyi Biotech, Bergisch Gladbach, 

Germany) according to the manufacturer’s specifications. Purity of the 

isolated cells was determined by flow cytometry with mouse monoclonal 

antibodies raised against human CD34 or CD41 (BD Biosciences). All 

samples displayed a purity of higher than 90 % CD34 and less than 5% 

CD41. 
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Supplemental Figure 1. Differentiation status of bo ne marrow megakaryocytes. 
Cell suspensions from either WT or Atxn2-/- femur were gated on all nucleated cells 
and divided into immature ckit+/SSClow and more mature ckit+/SSChigh populations. 
Immature or mature populations were further subdivided according to surface marker 
expression based on CD31, CD61 or CD42b. 
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Supplemental Figure 2. Gene set enrichment analysis . Expression profiling from 
subpolysomal and polysomal fractions is compared with the Broad Institute data set.  
 
Supplemental Table 1 . Fold change of all transcripts in subpolysomal (1-8) or 
polysomal fractions (9-17) after ATXN2 knockdown compared to shc002. Fold 
changes are displayed to compensate for differences between independent 
experiments. 
 
Supplemental Table 2.  Overview of genes found in gene set enrichment analysis. 
Listed genes are found when comparing subpolysomal or polysomal gene expression 
after ATXN2 knockdown compared to either the platelet transcriptome as analyzed by 
Gnatenko et al or the Reactome Translation pathway. 
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 Abstract:  
In vitro generation of platelets from pluripotent stem cells is a promising 

approach to meet the demand for therapeutic platelet concentrates. To 

improve current culture systems, gaining more insight into the cytoskeletal 

changes that occur during megakaryopoiesis and platelet generation is 

crucial. Here we studied the role of tropomyosin 1 (TPM1) in 

megakaryopoiesis. We identified TPM1 as a target of the megakaryocyte-

specific transcription factor MEIS1 during megakaryopoiesis. TPM1 

knockdown in dividing immature megakaryocytes resulted in an abscission 

defect culminating in increased ploidy in later stages of differentiation. The 

abscission defect was accompanied by F-actin deposition both at the cell 

cortex and the cleavage furrow indicating aberrant cytoskeletal force 

generation. In more differentiated megakaryocytes, F-actin was mislocalized 

in the cell center following TPM1 knockdown compared to cortical F-actin in 

control cells. Finally, we found that TPM1 knockdown resulted in premature 

proplatelet formation in megakaryocytes. Using the megakaryocytic cell line 

DAMI, we could show that TPM1 knockdown caused increased F-actin 

concentrations both in suspension and upon spreading. These findings were 

accompanied by enhanced expression of the Rho kinase Rock which 

regulates intracellular force after being activated by RhoA. In conclusion, we 

provide the first evidence that TPM1 is crucial for molecular events during 

early and late megakaryopoiesis and that controlling proper F-actin dynamics 

is indispensable for proper local force generation during endomitosis and 

proplatelet generation. 
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Introduction 

Bleeding complications due to acquired thrombocytopenia are observed in 

numerous diseases as a result of radiation exposure or chemotherapy as well 

as in patients with inherited thrombocytopenias or immune trombocytopenias. 

Platelet transfusion is the standard treatment which in some cases results in 

alloimmunization. If custom-made, less immunogenic platelet transfusion 

products could be produced in vitro, this risk could be circumvented. In the 

last decade various groups have shown the efficient production and 

expansion of megakaryoblasts1, however, the later steps of megakaryopoiesis 

like polyploidization and production of platelets are far less efficient. 

Therefore, a better understanding of the cytoskeletal mechanisms underlying 

megakaryopoiesis and platelet shedding is needed. 

During differentiation, megakaryocytic progenitors become endomitotic, 

resulting in large, polyploid cells1-3, which upon terminal differentiation 

produce long processes called proplatelets, the precursor of platelets4;5. Both 

processes are dependent on cytoskeletal forces. Endomitosis depends on the 

silencing of non-muscle myosin, an actin-binding motor protein, by the 

transcription factor Runx12. Less myosin expression results in less 

constriction force at the cleavage furrow and thus inhibition of abscission. 

Proplatelet elongation on the other hand is mediated by tubulin and specific 

membranes drawn from an internal reservoir, called the demarcation 

system5;6. Although in both cases a role for actin has been proposed, its 

function is poorly understood. Tropomyosin (Tpm) has been identified as an 

actin-binding protein, both in striated muscle and non-muscle cells7. Four 

tropomyosin genes (TPM1-4) have been identified, giving rise to a multitude 
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of splice variants and protein isoforms in a tissue-specific manner8. Structural 

analysis furthermore revealed that Tpm wraps around F-actin9. Previous 

research showed that Tpm inhibits F-actin branching by Arp2/310 and limits 

the access of actin-severing proteins like cofilin11. A possible role of TPM1 as 

a regulator of megakaryopoiesis and the formation of platelets is suggested 

by genome wide association studies in healthy volunteers 12. Two SNPs within 

the TPM1 locus (rs380956612  and rs1107172013) were found to correlate with 

platelet count and size respectively, both are cis-acting on TPM1 expression 

level14. In addition, another MPV-associated SNP (rs12485738 on 3p14.3)13 

was found to be trans-acting on TPM1 expression14. The GWAS observation 

of the importance of TPM1 for megakaryopoiesis was corroborated by 

depletion of its orthologue in zebrafish, which resulted in complete abrogation 

of thrombocyte formation, whilst primitive erythropoiesis remained unaltered12. 

Given the strong association between TPM1 and proper platelet generation, it 

is imperative to improve our knowledge about the role of this protein in human 

platelet production. In the present study we provide first evidence that TPM1 

is crucial for F-actin redistribution and generation of local force in 

megakaryocytic cells and thus times the onset of endomitosis and proplatelet 

formation.  

 

Methods  

Human CD34+ cells and DAMI cells 

Peripheral blood stem cells were provided by the Sanquin Laboratory for Cell 

Therapy and obtained from leukapheresis material of healthy donors treated 

with G-CSF (2x5 µg/kg/day subcutaneously, Filgastrim, Amgen, Thousand 
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Oaks, CA) or from Hodgkin lymphoma, multiple myeloma or breast cancer 

patients in disease remission that had been treated with chemotherapy and 

G-CSF (5-10 µg/kg/day). All donors and patients signed informed consent for 

the use of leftover material for research purposes (METCnr. 04/042, 

#04.17.370, Academic Medical Centre [AMC], Amsterdam, the Netherlands). 

CD34+ cells were isolated as previously described15 and in CellGro medium 

(CellGenix, Frankfurt, Germany) supplemented with 100ng/ml thrombopoietin 

(TPO, N-plate, Amgen) and 10ng/ml interleukin 1 beta (IL-1β, Sanquin 

Pelikines) to induce megakaryocytic differentiation. DAMI cells were kept in 

IMDM medium (Invitrogen, Bleiswijk, the Netherlands) containing 10% horse 

serum (Life Technologies, Bleiswijk, the Netherlands). For adhesion 

experiments, cells were seeded onto glass coverslips and phorbol myristate 

acetate was added for 48hrs.   

 

Lentiviral particle production and transduction 

Lentiviral particles were produced in 293T cells using the third generation 

system as described before15;16. Virus titers were determined and lentiviral 

transductions of CD34+ cells were carried out as previously described15 using 

a multiplicity of transduction (MOI) of 300. DAMI cells were transduced with 

shRNA constructs using an MOI of 10 and kept overnight in IMDM with 10% 

horse serum. 48 Hours after transduction, cells were sorted for GFP-

expression using the FACSAria II Cell Sorter (BD Biosciences). GFP-positive 

cells were used for further testing. For double transductions, DAMI cells were 

first transduced with lentiviral particles containing mCherry-tagged lifeact. 

After 48 hrs in culture, a second transduction with shRNA against TPM1 or 
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with a scrambled control shRNA was performed.  Double transduced cells 

were kept in culture for an additional 48 hours after which mCherry and GFP 

expression were measured using flow cytometry (FACS Aria, Becton 

Dickinson). 

 

RNA isolation, cDNA synthesis and real-time PCR 

RNA was isolated from transduced CD34+ cells and DAMI cells 48 hours after 

transduction using the Qiagen RNeasy Micro Kit according to the 

manufacturer’s specifications (Qiagen, Venlo, The Netherlands). cDNA was 

synthesized using the Superscript III First-Strand Synthesis Kit (Invitrogen, 

Bleiswijk, The Netherlands) according to the manufacturer’s protocol followed 

by real-time PCR with specific primers and SYBR green reagent (Applied 

Biosystems, Abingdon, UK). Gene expression was calculated relative to the 

expression of a housekeeping gene (beta-glucoronidase) using the deltaCT 

method. 

 

Confocal imaging 

DAMI cells were seeded onto glass coverslips and incubated overnight with 

phorbol-myristate acetate (PMA). The next day, cells were fixed using 

paraformaldehyde (Sigma-Aldrich) followed by incubation with antibodies 

raised against β1-tubulin (Sigma-Aldrich) and actin (phalloidin-Alexa 488) 

followed by incubation with secondary antibodies against mouse labeled with 

Alexa 564. Actin was detected using a directly labeled antibody. Coverslips 

were transferred to glass slides, embedded with Mowiol and imaged on a 

confocal microscope using a 100x lens and immersion oil (Zeiss LSM 510 
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META, Zeiss, Sliedrecht, the Netherlands).  Each experiment was repeated 

three times, resulting in three independent biological replicates. For 

quantification purposes, the same amount of optical fields were counted for 

both control and knockdown conditions. Cell counts were evaluated using 2-

way ANOVA.  

 

Statistical analysis 

Results were analyzed using GraphPad Prism version 5 software (San Diego, 

CA, USA). Paired t-test and 2way ANOVA for multiple comparisons were 

used and differences were considered significant with a p value <0.05. 

 

Results and Discussion 

TPM1 is upregulated during megakaryopoiesis and its expression is 

regulated by MEIS1  

We have previously shown that the transcription factor MEIS1 is expressed in 

CD34+ hematopoietic stem and progenitor cells and that MEIS1 is 

indispensable for megakaryocyte-erythroid fate15. In the same study, TPM1 

was identified as one of the transcripts significantly upregulated by MEIS1 in 

CD34+ cells15. Examining the expression of MEIS1 and TPM1 during 

megakaryopoiesis using real-time PCR, we observed that the rise in 

expression level of MEIS1-transcripts in CD34+ cells was accompanied by an 

increased expression of TPM1-transcripts (Figure 1A). 

Among differentiated blood cells, MEIS1 is exclusively transcribed in the 

megakaryocytic lineage17;18. To map MEIS1 binding events in 

megakaryocytes, we performed chromatin immunoprecipitation combined with 
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massive parallel sequencing (ChIP-seq) in megakaryocytic cells CHRF 288-

1119 and in in vitro derived human megakaryocytes20. This identified binding 

sites for MEIS1 at the TPM1 locus (Figure 1B), suggesting that TPM1 is under 

direct control by MEIS1.  

 

TPM1 silencing results in an abscission defect, impaired cytokinesis 

and higher ploidy  

To unravel the role of TPM1 in megakaryopoiesis, TPM1 was silenced in 

human primary CD34+ cells and the megakaryoblastic cell line DAMI using 

two short hairpin RNAs, sh36 and sh39. Real-time PCR revealed a significant 

reduction of the TPM1 mRNA level in CD34+cells of 25% (±14%) and 27% 

(±14%) with sh36 and sh39, respectively, compared to the control condition. 

Similarly, the TPM1 mRNA level in DAMI cells was decreased by 39% (±10%) 

for sh36 and 33% (±18%) for sh39. It has to be taken into account that 

homozygous deletion of Tpm1 in a murine model is embryonic lethal, 

underlining the importance of Tpm1 in cellular and tissue development21. 

Thus, moderate silencing of TPM1 ensures viable cells while still allowing for 

the analysis of specific phenotypes. When these transduced CD34+ cells were 

differentiated towards megakaryocytes for four days, an abscission defect 

could be detected upon downregulation of TPM1 (Figure 1C). Groups of two 

or more cells joined together were detected due to a reduced TPM1 

expression, particularly with sh36 which gave a stronger knockdown than 

sh39 (Figure 1C). After culturing CD34+ cells for four days in the presence of 

TPO and IL-1β, cells differentiate towards immature megakaryocytes. 
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Figure 1. TPM1 is a MEIS1 target gene and contributes to endomitosis and 
proplatelet formation. (A) Real-time PCR detecting expression of MEIS1B, MEIS1D 
and TPM1 during differentiation of CD34+ cells towards megakaryocytes. Data shown 
as mean ±SEM, n=3, *p<0.05, ** p<0.01. (B) Upstream of the transcription start site 
(TSS) of the TPM1 gene there is a RUNX1 binding site and shortly downstream of 
the TSS there is a MEIS1 binding site (C) Light microscopic images of CD34+ cells 
differentiating towards megakaryocytes using a 40x magnification. Cells from 5 
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optical fields were counted, n=3, *p<0.05, ** p<0.01. (D) Confocal imaging of CD34+ 
cells differentiating four days towards megakaryocytes using a 100x magnification 
and zoom. Green: actin, magenta: β-tubulin, blue: nuclei, n=3, scale bar 5µm. (E) 
Line scan, scanning plane indicated with white bar in (D) Fluorescent intensity along 
the scanning plane is shown for shc002 and sh36. (F) Quantification of nuclei present 
in DAMI cells after TPM1 knockdown and PMA treatment, n=3, *p<0.05, ** p<0.01. 
(G) Confocal imaging of megakaryocytes cultured for seven days using a 100x 
magnification and zoom. Green: actin, magenta: β-tubulin, blue: nuclei, scale bar 
10µm. n=3, *p<0.05, ** p<0.01. (H) Line scan of megakaryocytes from (G). 
Fluorescent intensity along the scanning plane is shown for shc002, sh36 and sh39. 
 

These immature megakaryocytes, however, are still mitotic and the process of 

endomitosis has not started yet. In mitotic cells, cortical actin is below 

detection limit but strongly enriched at the cleavage furrow22. The actin 

cytoskeleton, in addition to myosin-based contractility and the microtubule 

network, drives cell division1. We found that upon TPM1 knockdown, F-actin is 

localized in the cleavage furrow, as in the control, but remarkably also at the 

cell periphery (Figure 1D and 1E) where it localized together with β-tubulin 

(Figure 1E, merge). It has been shown before that the abscission defect in 

megakaryocytes results in an incomplete cytokinesis and thus increased 

polyploidy22. When the megakaryocytic cell line DAMI was treated with 

phorbol myristate acetate (PMA) to induce polyploidization and adherence, a 

30% decrease with sh36 and a 55% reduction with sh39 in diploid cells could 

be detected upon TPM1 silencing. At the same time, the number of cells with 

≥ 8n ploidy per optical field was increased by 78% with sh36 and 84% with 

sh39 (Figure 1F). Taken together, these results suggest that TPM1 is required 

for a regulated and efficient cytokinesis in early megakaryopoiesis. Our data 

further suggest that endomitosis is controlled not only by myosin2, but also by 

other actin-binding proteins and F-actin, subsequently.   
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TPM1 controls actin dynamics during megakaryopoiesis 

In dividing endomitotic cells, actin is found at the cell cortex and the cleavage 

furrow22. In polyploid immature megakaryocytes cells cultured for seven days, 

knockdown of TPM1 with sh36 resulted in F-actin localization in the cell 

center, while in the control condition F-actin was distributed throughout the 

cell with enrichment at the cell cortex (Figure 1G and 1H). Knockdown with 

sh39 showed actin location at the cell cortex comparable to shc002, but also 

F-actin in the cell center as observed with sh36 (Figure 1G and 1H).  

In addition, other proteins which are involved in the generation of cytoskeletal 

and contractility forces such as RhoA, Rock, myosin and microtubules are 

present in the cleavage furrow in immature, mitotic megakaryocytes. These 

proteins induce localized and timely regulated forces in order to perform 

cytokinesis at a certain position in the cell2;22;23. We found that in TPM1-

reduced, immature mitotic megakaryocytes β-tubulin, a marker for 

microtubules in megakaryocytes6, is more abundant at the cell membrane 

compared to controls (Figure 1D). To investigate how TPM1 affects the actin 

cytoskeleton in megakaryocytes in detail, DAMI cells were transduced with 

the F-actin binding peptide lifeact labelled with the mCherry fluorophore24. 

Subsequently, TPM1 knockdown was performed. Flow cytometric 

quantification of double-transduced cells revealed a significant increase in 

lifeact-mCherry labelled F-actin upon TPM1 knockdown by 43% ± 6.4% and 
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Figure 2. TPM1 regulates actin distribution and polymerization. (A) Double 
transduction of DAMI cells with lifeact-mCherry and short hairpin RNA against TPM1 
(GFP), sh36 and sh39 respectively, or shc002 (control). Transduction efficiency is 
measured as the percentage of double positive cells, n=3, * p<0.05, ** p<0.01. (B) 
Double transduced DAMI cells with lifeact-mCherry and shRNA against TPM1 (GFP) 
or shc002, treated with PMA over night and imaged using confocal microscopy with a 
63x magnification, n=3, * p<0.05, ** p<0.01. Quantification of area coverage and cells 
containing stress fibres from (B), 5 optical fields were counted, paired t-test, * p<0.05, 
** p<0.01. (C) Western Blot and quantification of DAMI cells transduced with hairpin 
RNA against TPM1 (GFP) or shc002, n=3, *p<0.05, ** p<0.01. Membrane probed for 
Rock and actin as loading control. (D) Confocal images of megakaryocytic cultures 
forming proplatelets after TPM1 knockdown and seven days of culture with TPO and 
IL-1β. Lower panel: megakaryocyte forming proplatelets after 12 days in culture with 
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TPO and IL-1β. Green: F-actin, magenta: β-tubulin, blue: nuclei, 63x magnification 
was used. Quantification of proplatelet-forming cells per 300 cells counted, n=3, 
*p<0.05, ** p<0.01, scale bar 20µm. 
 

71% ± 9.3% with sh36 and sh39, respectively (Figure 2A). Next, we studied 

whether TPM1 influences the F-actin bundle formation which is necessary for 

maintaining the cell shape and spreading. TPM1 was depleted in lifeact-

mCherry transduced DAMI cells followed by addition of PMA to the culture 

medium to induce cell spreading on glass slides. Live-cell confocal imaging 

revealed that cells with reduced TPM1 expression form significantly more 

stress fibers (sh36: 3.8±1.4, sh39: 4.4±1.5) than control cells (shc002: 

1.8±0.6) (Figure 2B). Increased stress fiber formation is characteristic for 

enhanced activity of the small GTPase RhoA, as described in many different 

cell types25;26 including megakaryocytes27. RhoA is well known as a regulator 

of the actin cytoskeleton during cell migration and spreading23;26. Intriguingly, 

an abscission defect, higher polyploidy, and F-actin mislocalization at the cell 

periphery, as observed for TPM1 downregulation (Figure 2A), have also been 

shown in human epithelial cells with increased RhoA activity23;26.  TPM1-

downregulated DAMI cells spread more than control cells resulting in a 2-fold 

higher surface area coverage per cell with sh36 compared to shc002 and 40% 

more area coverage with sh39 (Figure 2B). DAMI cells with reduced TPM1 

expression also show a significant increase in the activity of the Rho kinase 

Rock, which is activated by active RhoA in many cell types including 

megakaryocytes (Figure 2C)26;27. In summary, TPM1 downregulation in 

megakaryocytes leads to increased localization of both the F-actin (as shown 

here) and microtubule cytoskeleton at the cell periphery. This may result in 

higher tension exerted on the cell membrane. TPM1 silencing also causes 
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enhanced stress fiber formation, activity of the RhoA effector Rock but also 

cell spreading. These findings may suggest an increased activity of RhoA, 

which is described to be an actin regulating protein and is also involved in 

force generation22;27. Moreover, cells which spread more and have thus a 

larger surface area, generate higher RhoA cytoskeletal-mediated tension28.  

 

TPM1 silencing results in abnormal proplatelet generation 

Confocal imaging of immature megakaryocytes cultured for seven days after 

TPM1 downregulation revealed substantial amounts of proplatelet-forming 

cells per optical field whilst such events were negligible in control cells (Figure 

2D). Furthermore, proplatelets detected in cultures of TPM1 knockdown cells 

were irregular in shape and size, unlike the highly organized “beads on a 

string” proplatelets5 of regular cells cultured for 12 days to allow terminal 

differentiation (last panel in Figure 2D). These findings suggest that TPM1 is 

required for adequate proplatelet formation, a late event during 

megakaryopoiesis. 

Taken together, our data show that reduced TPM1 expression in immature 

megakaryocytes causes altered and increased localization of F-actin and 

microtubules. 

This change in F-actin and microtubule localization may cause an increase in 

cytoskeletal forces at the periphery of the whole cell. Immunofluorescence 

and biochemical studies further underscore that TPM1 depletion may result in 

increased cellular forces, as deduced for instance from enhanced stress fiber 

formation and Rock activity. Consequently, higher forces are exerted on the 

plasma membrane along the cell periphery and not only in the cleavage 
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furrow resulting in the loss of the localized force which drives cytokinesis 

under normal conditions. Another consequence is an uncontrolled, excessive 

proplatelet formation, which is well described to be regulated by microtubule 

cytoskeletal forces1. 

We identify TPM1 as novel regulator of actin dynamics during early and late 

megakaryopoiesis. TPM1 may contribute to the regulation of cytoskeletal 

forces and ensure efficient endomitosis and proplatelet formation. Our 

findings improve the understanding of the cytoskeletal mechanisms that 

govern megakaryopoiesis. Improving our understanding of the cytoskeletal 

forces driving endomitosis and proplatelet formation will be useful for in vitro 

platelet generation approaches and may increase the efficiency of these 

systems. 
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Supplemental methods 

DNA constructs 

The lentiviral knock down vector SIN.PPT.CMV.GFP.U3Nhe1 was a kind gift 

from NA Kootstra (AMC). We cloned in a cassette containing a U6 promoter 

with the appropriate short hairpin RNA (shRNA) sequence. The shRNA 

sequences used against TPM1 are: 

sh36:CCGGCGGAGAGGTCAGTAACTAAATCTCGAGATTTAGTTACTGACC

TCTCCGTTTTTG, sh39: 

CCGGCAACGATATGACTTCCATGTACTCGAGTACATG 

GAAGTCATATCGTTGTTTTTG. A non-targeting shRNA was used as control:  

shc002: 5’-CAACAAGATGAAGAGCACCAA-3’ (all from Sigma TRC1 library, 

Sigma, Aldrich, Zwijndrecht, the Netherlands). All vectors were verified by 

sequencing. Lifeact-mCherry was a kind gift from S Huveneers (Sanquin 

Blood Supply, Amsterdam, the Netherlands). 

 

Real-time PCR primers 

GUS (β-glucoronidase) primer forward: 5’-GAAAATATGT 

GGTTGGAGAGCTCATT-3’, GUS primer reverse: 5’-

CCGAGTGAAGATCCCCTTTTTA-3, TPM1 primer forward: 5’-

GCTGGATCAGACTTTACTGGAG-3’, TPM1 primer  reverse: 5’-

TGGATGTTTCTGTGACAGTGG-3’, MEIS1B-specific primer forward: 5’-

AGGAACACCTTATAATCATGATGGAC-3’, and MEIS1B reverse: 5’-

ATATTCATGCCCATTCCACTCATAG-3’  
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Abstract  

BACKGROUND: Recent studies showed that Mirasol pathogen reduction 

treatment leads to increased P-selectin expression and increased oxygen and 

glucose consumption in resting platelets. This study investigates the effect of 

PRT on platelet activation.  

 

STUDY DESIGN AND METHODS: Untreated or Mirasol-treated platelets 

were analysed at different time points during storage. Microaggregation upon 

stimulation with PMA, convulxin and ristocetin was measured. Alpha granule 

contents and release upon thrombin stimulation were assessed by flow 

cytometry and Western blotting. Platelet spreading was determined on 

collagen-coated glass slides.  

 

RESULTS: Mirasol PRT led to spontaneous aggregation (hyper-reactivity), as 

measured by flow cytometry in the absence of agonist throughout storage 

time. PMA-induced aggregation was significantly higher in Mirasol PRT 

platelets compared to controls. Aggregation in response to convulxin and 

ristocetin was significantly lower and directly influenced by storage time after 

Mirasol PRT, compared to untreated stored platelet concentrates. Despite the 

reported hyper-reactivity of resting platelets, platelet activation with thrombin 

at day 8 after Mirasol PRT resulted in less P-selectin positive platelets. 

Furthermore, platelet factor 4 (PF4) secretion was reduced upon thrombin 

stimulation at day 8 after PRT compared to controls. Significantly decreased 

spreading of Mirasol PRT platelets over collagen-coated slides was observed 

directly after PRT and persisted throughout storage. 

 

CONCLUSION: Mirasol PRT leads to hyper-reactive platelets, probably 

caused by continuous basal degranulation through storage time. This results 

in a reduction in the degranulation capacity upon acute stimulation, which 

influences platelet spreading, but not overtly microaggregation. The clinical 

relevance needs to be investigated. 
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Introduction 

Pathogen-reduction treatment (PRT) is of great importance for platelet 

concentrates, because they can only be used for up to 7 days after 

preparation, making extensive microbial and protozoan screening a challenge. 

Furthermore, platelet concentrates have to be stored at room temperature, 

which increases the chance of inoculum survival. Improved donor screening 

and pathogen testing of transfusion products has greatly reduced the risk of 

transfusion-mediated infections1;2. However, a residual risk of pathogen 

transmission through transfusion products remains3-6. To further increase 

safety, new technologies aimed at the reduction of pathogens have been 

developed. Several PRT systems have been developed on the basis of either 

ultraviolet (UV) light alone, or in combination with cross-linking agents. Mirasol 

PRT uses a combination of riboflavin (Vitamin B2) with subsequent UV light 

illumination, which induces damage to nucleated cells in three different ways. 

First, UV light causes thymine dimerization leading to DNA damage. Second, 

overall cell damage is generated by reactive oxygen species, which are 

formed between riboflavin after UV-illumination and oxygen in the platelet 

transfusion product. Finally, riboflavin intercalates into nucleic acid strands 

and oxidizes guanine bases upon illumination resulting in more damage to the 

cells7-9.   

Mirasol PRT efficacy has been shown by spiking platelet concentrates with 

viruses or bacteria followed by PRT resulting in successful pathogen 

reduction10;11. Several studies have subsequently assessed the quality of PRT 

platelets (PRT-PLTs) in resting state, stored for up to seven days after PRT. 

Increased expression of P-selectin (CD62P), higher lactate concentrations 

and increased glucose and oxygen consumption, as well as lower ATP, were 

found over storage time after PRT12-16. Proteomic analysis also revealed a 

PRT-specific increased phosphorylation of p38MAPK17, a protein involved in 

granule secretion and clot retraction18. A randomized controlled clinical trial 

evaluating the performance and safety of Mirasol PRT-PLTs showed that the 

corrected count increment (CCI) after transfusion of PRT-PLTs was 

significantly lower when compared to reference PLTs19. No significant 

bleeding risk was detected, although this study was too small to reach 
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substantial power. Larger studies in the Netherlands (PREPARES study) and 

Italy (IPTAS study) are currently being performed to study the clinical 

efficiency of Mirasol PRT. 

Platelet activation and aggregation is regulated by specific agonists binding to 

receptor molecules on the platelet surface such as β1 and β3 integrins, GPVI 

and vWF receptor. Upon vascular damage, the exposed subendothelium is 

rich in von Willebrand factor (vWF) and collagen. Adhesion to vWF via the 

vWF receptor on the platelet surface slows down platelets at the site of 

damage, followed by firm adhesion through platelet integrin α2β1 and GPVI-

mediated binding to collagen. Collagen binding induces cytoskeletal 

remodelling, leading to platelet spreading and activation. Upon platelet 

activation, alpha and dense granules fuse with the platelet membrane and 

release their contents such as platelet factor 4 (PF4) and ADP, attracting and 

activating more platelets. Following alpha granule fusion, molecules present 

on the granule membrane are exposed at the platelet surface, amongst others 

CD62P, subunits of the vWF receptor, CD31 (PECAM) and αIIbβ3 integrin 

subunits (fibrinogen receptor)20-25. Thrombin, generated through the 

coagulation system, is a potent platelet activator when binding to its receptors 

PAR1 and PAR4, inducing an increased release of alpha granule contents, 

calcium and ADP26;27. All these pathways ultimately synergize to activate 

platelet integrin αIIbβ3, which binds to fibrinogen and is essential for thrombus 

formation. 

As it is known that Mirasol PRT affects the quality of resting platelets, it is 

crucial to determine the effects of PRT on platelet activation in response to 

agonists. Here, we used extensive in vitro testing to determine the 

functionality of Mirasol PRT-PLTs.  

 

Materials and methods 

Preparation of platelet concentrate transfusion products and Mirasol 

PRT  

Whole blood (target volume, 500 mL) was collected in CPD anticoagulant in a 

bottom and top system (C3941, Fresenius, Emmer-Compascuum, The 

Netherlands). After overnight hold, the units were centrifuged and a buffy coat 
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(BC) of 50 mL and a hematocrit of 42% was produced. Five BCs and a unit of 

plasma were pooled in a pooling system (C5000, Fresenius) and after 

centrifugation the platelet-rich plasma was passed through a leukoreduction 

filter to a storage bag to make the final platelet concentrate. This represents 

one standard platelet concentrate or unit as routinely produced at Sanquin 

Blood Bank. We pooled six platelet concentrates in a 2-L container (R4R2041, 

Fenwal, Mont Saint Guibert, Belgium) and split them in 6 equal units to 

minimize donor variation. Three of these units were left untreated while the 

other three were Mirasol-treated (TerumoBCT, Zaventem, Belgium) by adding 

35 mL of a solution of 500 mmol/L riboflavin and illuminating with ultraviolet-B 

light with a total energy of 6.2 J/cm2. The units were stored on a flat bed 

shaker at room temperature away from direct light sources. At day 2, 5 and 8 

of storage, one independent set of Mirasol-treated and control concentrates 

was used for in vitro experiments as described below. This experimental set-

up was performed a total of three times (n=3).  

 

Flow cytometry phenotyping of resting platelets and flow cytometry 

based platelet aggregation assay (FCA) 

 1x106 platelets were incubated in 100�l PBS + 1% human serum albumin 

(HSA) with a cocktail of antibodies directed against known platelet receptors, 

using a 1:200 dilution for 10 minutes at room temperature. Samples were 

subsequently diluted 1:10 with 900µl PBS + 1% HSA and measured on the 

flow cytometer specified below. Antibodies used were: CD61-FITC, CD41-

PerCP Cy5.5, CD42b-APC, CD62P-APC (all from BD Biosciences, San Jose, 

CA, USA) and CD31-Pacific Blue (Biolegend, San Diego, CA, USA).  

FCA was conducted as previously described28. In brief, platelets were labelled 

with carboxyfluorescein diacetate succinimidyl ester (CFSE) or with PKH26 

for 15 minutes at room temperature. Labelled platelets were washed and 

incubated with or without agonists in the presence of plasma. Agonists used 

to induce aggregation were PMA, convulxin and ristocetin, as described and 

specified previously28. Incubation was conducted at 37oC with shaking. 

Subsequently, platelets were fixed at different time points in 0.5% 

paraformaldehyde (PFA) and samples were measured by flow cytometry 
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(LSRII + HTS, BD Biosciences). Data was analyzed with FlowJo software 

version 9.2 (Tree Star Inc., Ashland, OR, USA).  

 

Platelet degranulation  

Platelets were centrifuged (450xg, 20 minutes) in warm Piperazine-N,N′-

bis(2-ethanesulfonic acid (PIPES) saline glucose buffer containing 300µM 

prostaglandin E1 (Calbiotech, Spring Valley, CA, USA) and washed once in 

the same buffer. After centrifugation, platelets were resuspended in warm 

PIPES saline glucose buffer. 0.02U/ml thrombin was added to the same 

amount of either control or Mirasol PRT-PLT suspensions to induce alpha 

granule release. Releasate was collected over a time period of four hours. 

Samples were taken at day 2, 5 and 8 of storage for flow cytometry analysis 

and Western blotting as specified below. 

Flow cytometry samples were prepared by incubation with monoclonal CD62P 

antibody (Sanquin Pelikines, Sanquin, Amsterdam, The Netherlands) followed 

by fixation with 1% paraformaldehyde (PFA). Samples were measured on a 

LSR II flow cytometer (BD Biosciences, San Jose, CA, USA) and the 

percentage of CD62P positive platelets over time was used as readout. 

Protein extracts for Western blotting analysis were obtained by centrifugation 

of platelet suspensions at 450xg before and after incubation with thrombin for 

up to 4 hours. Platelets were resuspended in lysis buffer containing 10% 

glycerol and 1% NP-40. To measure PF4 release, supernatants were 

collected after centrifugation and protein was precipitated using four volumes 

of ice-cold acetone (Bufa, IJsselstein, The Netherlands), followed by overnight 

precipitation at -20oC. Samples were then centrifuged for 30 minutes at 

20,000xg and pellets resuspended in lysis buffer containing glycerol and NP-

40. Platelet lysates and releasate samples were subsequently separated on 

4-20% gradient gels (BioRad, Veenendaal, The Netherlands), transferred onto 

nitrocellulose membranes (IBlot, Invitrogen, Bleiswijk, The Netherlands) and 

probed for PF4(Abcam, Cambridge, UK), and actin (Sigma Aldrich, 

Zwijndrecht, The Netherlands) followed by goat-anti mouse HRP secondary 

antibody (Dako, Glostrup, Denmark). Membranes were developed by 

Enhanced Chemiluminescence (Pierce, Rockford, IL, USA). Quantitation was 
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performed after measuring band intensity from three independent experiments 

by using Fiji software29, setting respective controls to 100 per time-point, day 

and experiment analysed. 

 

Collagen-spreading 

Glass slides were coated with collagen I solution (Stem Cell Technologies, 

Grenoble, France) over night at 4oC. The next day, control or Mirasol PRT-

PLTs were added to the glass slides and fixed with 1% paraformaldehyde 

(Applied Biosystems, Darmstadt, Germany), either directly after seeding or 

after 30 minutes incubation time. Platelets were stained for actin (Phalloidin-

633, Molecular probes, Invitrogen, Bleiswijk, The Netherlands) and imaged 

using a confocal microscope (LSM 510, Carl Zeiss, Sliedrecht, The 

Netherlands). Surface area coverage was measured from three independent 

experiments using Fiji software29 on three representative optical fields per 

condition.  

 

Statistical analysis 

Results were analyzed using GraphPad Prism version 5 software (San Diego, 

CA, USA). Paired t-test was used and differences were considered significant 

with a p value <0.05.  

 

Results 

 

PRT leads to platelet hyper-reactivity 

Mirasol PRT and control platelets were sampled at day 2, 5 and 8 of storage, 

in three independent experiments. Previous reports showed increased alpha 

granule fusion with the platelet membrane after PRT in resting platelets13. In 

accordance with these studies, we found that the percentage of CD62P 

positive platelets was overall elevated on Mirasol PRT-PLTs when compared 

to controls throughout storage time (Fig.1). These results suggest that Mirasol 

PRT induces mild basal degranulation in resting-state platelets. To confirm 

this, we explored the expression of known platelet receptors which are also 

contained in platelet granules, and that upon granule fusion relocate to the 
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platelet surface. �IIb�3 Integrin (CD41 and CD61) increased throughout 

storage time in Mirasol PRT-PLTs, although this increase was significant only 

for CD61 at day 5 of storage (Fig.1). There was also a significant increase in 

CD42b, one of the subunits of the vWF receptor, at day 5 of storage (Fig.1). 

Expression of CD31, however, was not significantly altered (Fig.1), probably 

due to its lower abundance compared to the other receptors analysed. These 

results imply relocation of receptor molecules to the platelet membrane due to 

the basal degranulation found in Mirasol PRT-PLTs.  

Next, aggregation of PRT-PLTs was assessed using a novel flow-cytometry 

based platelet aggregation assay28. Compared to controls, Mirasol PRT-PLTs 

showed spontaneous aggregation without addition of agonists throughout 

storage (Fig.2, Unstimulated). In the presence of agonists, PRT-PLTs differed 

in response compared to control platelets. Induction of aggregation with PMA, 

which binds to and activates �IIb�3 integrin, led to hyper-reactivity in Mirasol 

PRT-PLTs at day 2 of storage and normalised upon subsequent storage (Fig. 

2). The aggregation capacity of Mirasol PRT-PLTs upon activation with 

convulxin, which binds to and activates GPVI, was lower compared to controls 

(Fig. 2). The same effect was observed with ristocetin, which mediates vWF 

binding to GPIb-IX-V (Fig. 2). In summary, we found that Mirasol PRT leads to 

hyper-reactivity resulting in spontaneous aggregation and alpha granule 

fusion with the platelet membrane in resting platelets. This hyper-reactivity 

was observed on the first days after PRT upon integrin-dependent platelet 

activation, whereas vWF and GPVI dependent aggregation were reduced 

upon storage.  

PRT induces exhaustion of the alpha granule content over storage time  

Next, platelet activation through the thrombin receptors PAR1 and PAR 4 was 

investigated. The reactivity of PRT-PLTs to thrombin was assessed by 

measuring the increase in CD62P positive platelets over a time course of 4 

hours. Upon addition of thrombin, the increase in CD62P positive platelets at 

day 2 and 5 of storage was equal for Mirasol PRT-PLT and controls (Fig.3A). 

At day 8, however, significantly less CD62P positive platelets were detected 

upon thrombin addition compared to controls (Fig.3A).  In parallel, the ability 

of platelets to secrete alpha granule contents was determined by the release 

of the alpha granule protein PF4. To ensure that differences in released PF4 
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were due to the treatment of the platelets and not to fluctuations in the amount 

of platelets used, we also probed the platelet pellet for the cytoskeletal protein 

actin and calculated the release of PF4 relative to actin (Fig. 3B). At day 2 and 

5 of storage, Mirasol PRT-PLTs secrete equal amounts of PF4 upon 

stimulation with thrombin compared to controls (Fig.3B & C). At day 8, 

however, a significant decrease in PF4 secretion was detected in PRT-PLTs 

compared to controls (Fig.3B & C). This effect was also seen, although to a 

lesser extent, when platelet concentrates were treated with UV light only in 

the absence of riboflavin (data not shown). Furthermore, riboflavin addition 

without Furthermore, riboflavin addition without UV illumination did not affect 

the platelet concentrates as measured by the increase in CD62P positive 

platelets or PF4 release upon thrombin stimulation 

 

 

 

Fig. 1.  Surface marker expression in resting platelets. Surface marker 
expression in resting platelets was measured with flow cytometry and is depicted as 
percentage of CD62P positive platelets or mean fluorescence intensity (MFI) as 
measured in three independent experiments. Untreated controls of each experiment 
were set to 100% and represented by the grey filling, and the variable of Mirasol 
treated samples is shown as percentage of controls. * p<0.05  
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(data not shown). In order to assess whether thrombin-mediated alpha 

granule fusion with the membrane was impaired in Mirasol PRT-PLTs or 

whether alpha granule contents of PRT-PLTs are reduced during storage 

time, we evaluated the amount of PF4 retained in the platelet lysates prior to 

thrombin addition. Equal amounts of PF4 compared to actin were measured in 

control and Mirasol 

 

 
Fig. 2. Flow cytometry-based platelet aggregation test. Aggregation in resting 
state without addition of agonists measuring the percentage of aggregates by flow 
cytometry over an incubation time of 6 minutes is depicted in the upper panel 
(Unstimulated). Aggregation of platelets from untreated controls (■) and Mirasol PRT 
(□) units upon addition of agonists PMA, convulxin and ristocetin over an incubation 
time of 5 minutes is depicted below. Aggregation was measured by flow cytometry as 
percentage of double colored events. Mean and SEM of three independent 
experiments are shown. * p<0.05 
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PRT-PLTs on day 2 (Fig.3D). At day 5 and 8 of storage, a tendency towards 

less PF4 retention in Mirasol PRT-PLTs was detected compared to controls, 

although significance was not reached (Fig.3D). 

 

Spreading on collagen is impaired in Mirasol PRT-PLTs 

Adhesion and spreading on subendothelial collagen is a crucial first step in 

wound closure, which prompted us to test whether PRT-PLTs are still capable 

of this interaction. Control and PRT-PLTs were incubated on collagen I-coated 

glass-slides followed by actin-staining, and the platelet area coverage was 

assessed using confocal microscopy. After 30 minutes of incubation, a 65% 

decrease in area coverage was detected in PRT-PLTs compared to controls 

at day 2 after PRT (Fig. 4A&B). Decreased spreading was persistent over the 

whole storage period of 8 days (Fig. 4A&B), indicating that PRT has a direct 

effect on the capacity of cytoskeletal remodelling in platelets following 

adhesion to collagen. 

Taken together, these results show that Mirasol PRT leads to hyper-reactivity 

of platelets, probably caused by continuous basal degranulation through 

storage time culminating in a reduced degranulation capacity upon acute 

stimulation, which influences platelet spreading, but not overtly 

microaggregation.  

 

Discussion 

A crucial step in initiating wound closure is the adhesion and spreading of 

platelets to collagen exposed in the subendothelium at sites of damage26;27. 

The major collagen receptor on platelets is GPVI30. Our experimental setup 

used collagen I-coated glass surfaces to specifically study spreading induced 

by collagen under static conditions. We observed that Mirasol PRT negatively 

affects the capacity of platelets to spread over collagen as early as day 2 of 

storage, persisting over the storage time of 8 days. Furthermore, stimulation 

of GPVI by convulxin31 led to significantly decreased microaggregation after 8 

days of storage. This strongly suggests that PRT has a specific deleterious 

effect on GPVI signalling. These results may also indicate that reduced  
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Fig. 3. Alpha granule fusion with the platelet membrane and granule content release. 
(A) Control (■) or Mirasol PRT (□) platelets were activated with thrombin for 4 hours. CD62P 
expression was measured with flow cytometry and the percentage of CD62P positive platelets 
are displayed. (B) PF4 secretion relative to actin in control (■) or Mirasol PRT-PLTs (□) 
activated with thrombin for 4 hours at day 2, 5 and 8. PF4 secretion was measured relative to 
actin for control and Mirasol PRT-PLT. PF4 secretion from Mirasol PRT-PLTs is shown 
relative to control. Control is set to 100% and represented by grey filling. (C) Representative 
images of immunodetection of PF4 release upon activation with thrombin in control or Mirasol 
PRT platelets 2, 5 and 8 days after PRT and actin as control for equal loading. (D) 
Immunodetection with PF4 in control or Mirasol PRT platelet lysates at day 2, 5 and 8. * 
p<0.05, ** p<0.01, n.s.: not significant 
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spreading on collagen could be due to defective GPVI-dependent signalling 

and/or cytoskeletal rearrangement. Adherence of platelets is further facilitated 

by subendothelial vWF binding to the vWF receptor on the platelet surface. 

The expression of the vWF receptor subunit CD42b (GPIb�) was only 

significantly increased by Mirasol PRT at day 5 of storage. On the other hand, 

vWF-receptor function, as tested by aggregation in response to ristocetin, was 

lower compared to controls. Mirasol PRT-PLT not only display defects in 

collagen-mediated adhesion, but also reduced vWF receptor function, which 

is important for initial adherence of platelets to a damaged vessel.  

Another functional characteristic of platelets is to aggregate with each other in 

order to form thrombi and facilitate wound closure. This type of aggregation is 

induced and mediated by fibrinogen, a component of the coagulation cascade 

binding to CD41 and CD61 (integrin αIIbβ3) on the platelet surface. We also 

detected increased CD61 expression in resting platelets during storage. 

Aggregation in the presence of PMA, which induces integrin αIIbβ3 activation, 

resulted in significantly higher aggregate formation at day 2 of storage and  

 

 
Fig. 4. Platelet spreading on collagen-coated glass slides. (A & B) Control (■) or 
Mirasol PRT (□) platelets were seeded onto glass-slides coated with collagen I. 
Samples were taken 2, 5 and 8 days after PRT. Directly after seeding and after 30 
minutes incubation, platelets were fixed and stained for actin. Imaging was performed 
on a confocal microscope using 100-fold magnification. Scale bars represent 10�M. 
Area surface coverage was calculated from three representative images in three 
independent experiments. * p<0.05, ** p<0.01 
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aggregation comparable to controls over the rest of the storage time. This can 

be explained by the detected hyper-reactivity of PRT-PLTs and suggest that 

integrin function is not deleteriously affected by Mirasol PRT. In accordance 

with our findings, a previous study investigated Mirasol PRT-PLTs under flow 

over rabbit aorta endothelium. It was found that at a light dose of 6.2 J per 

cm2, which was also used in our study, adhesion, spreading and thrombus 

formation of Mirasol PRT-PLTs was similar to controls13 indicating that 

impaired GPVI and vWF receptor signalling may be compensated for by 

integrin-mediated adhesion. In addition, a study employing impedance 

aggregometry described no defect in thrombus formation of Mirasol PRT-

PLTs32. These studies underline that platelet adherence to sites of wounding 

and thrombus formation are multi-factorial processes, which are influenced by 

a multitude of positive and negative signals in vivo. Therefore, it is possible 

that Mirasol PRT-PLTs retain enough functional capacity when transfused. 

The specific functional facets of Mirasol PRT-PLTs as a transfusion product 

however should still be closely monitored in all clinical studies that are 

currently conducted.    

Platelet PAR1 and PAR4 receptors bind and are activated by the cleaving 

actions of thrombin, resulting in activation and subsequent fusion of alpha 

granules with the platelet membrane, which can be measured by an increase 

in the alpha granule membrane protein CD62P33. Subsequently, alpha 

granule contents, such as PF4, are released. At day 8 of storage, less CD62P 

positive platelets were detected in response to thrombin in Mirasol PRT-PLTs 

compared to controls. In parallel, PF4 release upon thrombin stimulation was 

also significantly lower at day 8 of storage compared to controls. Vice versa, 

resting platelets displayed an increased population positive for CD62P, most 

prominently at day 5 and day 8. Taken together, these results strongly 

suggest that resting PRT-PLTs are hyper-reactive and therefore degranulate 

continuously during storage time. This mild but gradual secretion ultimately 

leads to severely reduced granule content in PRT-PLTs resulting in 

decreased granule release in response to agonists.  

Transfusion product safety has greatly improved over time, but residual risks 

of pathogen transmission persist. The emergence of pathogen reduction 

treatments (PRT) offers an effective way to disable replication of pathogens in 
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platelet concentrates, thereby ensuring safe transfusions. Previous research 

showed that PRT efficiently inhibits pathogen replication10;11 but also impairs 

the quality of the stored platelets after PRT in vitro13;14;34.  

Other aspects where PRT was clearly beneficial include the improvement of 

safety and decreased side effects of platelet transfusions caused by residual 

amounts of leukocytes, which can cause antibody generation against the 

human leukocyte antigen (HLA)35. These antibodies may cause graft rejection 

after transplantation36 or platelet refractoriness, shown as poor increment in 

platelet counts after transfusion. While leukoreduction greatly decreased the 

risk for alloimmunization and transfusion-associated graft-versus-host 

disease, a residual risk remains37. Mirasol PRT-PLTs has been shown to 

completely prevent alloimmunization after platelet transfusions and therefore 

reduced the amount of rejected transplants in a rat heart transplantation 

study36.  

Furthermore, PRT is of great importance in a globalized society with 

increasing transcontinental travel. Mirasol efficiently inhibits pathogen 

replication not only of bacteria and viruses, but also of parasites such as 

Trypanosoma cruzi3 and Plasmodium falciparum as well as Plasmodium 

yoelii4. While PRT can prevent transfusion-transmitted infections with these 

parasites in endemic countries, it has also become of great importance in 

non-endemic countries, such as the United Kingdom, where de novo 

infections with malaria were reported5. Taken these considerations into 

account, improving the safety of transfusion units using PRT is clearly 

beneficial.  

Our study shows that Mirasol PRT leads to hyper-reactive platelets, which 

spontaneously aggregate and degranulate over storage time.  

Preliminary results from a patient study indicated lower increment of Mirasol 

PRT-PLTs compared to controls38. It would be interesting to study if storage 

time after PRT correlates with these lower increments and evaluate the 

clinical consequences after transfusion of Mirasol PRT-PLTs on the 

prevention or treatment of bleeding. We are therefore currently conducting a 

large patient study with bleeding as the primary endpoint [PREPAReS] to 

investigate the clinical relevance of these findings.  
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The purpose of this thesis was to characterize the megakaryocyte specific 

transcription factor MEIS1 and some of its target genes to elucidate their role 

in the differentiation of hematopoietic stem cells towards megakaryocytes and 

functional platelets. The need to increase our understanding of these 

processes is reflected in the fact that current attempts to produce platelets for 

transfusion purposes are still inefficient and costly.  

 

Transcription factors orchestrate megakaryocytic lineage determination 

 

Significant progress has been made in understanding the transcriptional 

networks that govern the differentiation of hematopoietic progenitor cells into 

terminally differentiated megakaryocytes, able to produce platelets. Crucial 

findings involved the discovery of the GATA1 – PU.1 antagonism causing a 

lineage fate decision in common myeloid progenitors (CMPs)1;2. A recent 

publication also shows that Friend of GATA1 (FOG1) not only acts as a 

cofactor for GATA1, but primes CMPs towards a MEP fate, which is finally 

determined by GATA13. Furthermore, in chapter 2, we show that the 

transcription factor MEIS1 also contributes to the lineage fate decision at the 

stage of the CMP4. The precise mechanism by which GATA1 and PU.1 exert 

their effects is still under debate. GATA1 induces a lineage bias towards a 

megakaryocyte-erythroid progenitor (MEP) fate. PU.1 on the other hand 

promotes a granulocyte-monocyte progenitor (GMP) fate1;2. While an indirect 

relationship between GATA1 and PU.1 has been assumed in which a decline 

in PU.1 accompanied by stable GATA1 expression promotes erythroid 

differentiation, both transcription factors are also capable to interact directly 

with each other and bind DNA. It is believed that in this case, the recruitment 

of cofactors such as CBP or pRB to the complex determine if target genes are 

expressed or repressed2.  

 

MEIS1 has been found expressed in hematopoietic stem and progenitor 

cells5-7. By over expressing MEIS1 in sorted fractions of hematopoietic stem 

and progenitor cells, we could show that it has a specific effect on lineage fate 

of CMPs, directing them towards a MEP fate4. These findings are in line with 

murine and zebrafish studies where Meis1 ablation resulted in a poorly 
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developed hematopoietic compartment, lack of megakaryocytes and 

erythrocytes, clearly underlining the importance of Meis1 in the development 

of these lineages8-10. 

  

The impact of MEIS1 and GATA1 on fate decisions became clear when these 

transcription factors were misexpressed in GMPs. We discovered that MEIS1 

expression alone was sufficient to redirect GMPs towards a MEP fate and the 

same finding was made by Iwasaki and colleagues for GATA14;11. FOG1, 

GATA1 and MEIS1 thereby prove to be potent transcriptional inducers of 

gene signatures associated with a MEP fate. Although both crucial for the 

same cell fate decisions, the relationship between MEIS1, FOG1 and GATA1 

in hematopoietic progenitor cells needs to be investigated in more detail. One 

study reports down regulation of gata1 in meis1-deficient zebrafish indicating 

that gata1 is under control of meis112. Another study also using zebrafish 

provides evidence that gata1 acts independent of meis110. Next to these 

conflicting results, nothing is known so far about the relationship between fog1 

and meis1. As results may vary depending on the model system used and 

whether primitive or definitive hematopoiesis is studied, more research is 

needed to elucidate functional interactions between GATA1, FOG1 and 

MEIS1 in lineage fate of human hematopoietic progenitor cells.   

 

First evidence for a cumulative relationship between gata1 and meis1 comes 

from a recent study conducted in zebrafish analyzing the targets of microRNA 

miR144. In this study, both gata1 and meis1 expression were decreased 

during primitive hematopoiesis upon miR144 over expression. Zebrafish 

presented with diminished blood cell counts and lower hemoglobin, consistent 

with earlier results obtained in Gata1-deficient mice and zebrafish. Injection of 

meis1 could rescue the phenotype to some extent, but only co-injection of 

both meis1 and gata1 together was able to rescue the phenotype 

completely13.  

 

Given the strong impact of GATA1 and MEIS1 on erythroid and 

megakaryocytic lineage fate, these transcription factors could be of putative 

use to improve megakaryocytic and platelet yield in in vitro culture systems. 
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We demonstrate that MEIS1 expression is regulated in time: high in HSC, low 

in hematopoietic progenitors, and increasing in expression again during 

megakaryopoiesis14.  

This highly regulated expression pattern further underlines the importance of 

MEIS for megakaryopoiesis. We have conducted expression profiling both in 

CD34+ cells overexpressing MEIS14 and in the megakaryoblastic cell line 

DAMI after MEIS1 knockdown. Genes following MEIS1 expression from these 

arrays were compared with genome-wide association studies analyzing single 

nucleotide polymorphisms associated with platelet count or mean platelet 

volume15;16. We found several putative MEIS1 target genes associated with 

these traits. Among these MEIS1 targets were the RNA-binding protein 

Ataxin2 (ATXN2) and the actin-binding protein Tropomyosin 1 (TPM1). We 

show in chapter 3 and chapter 4 that both targets fulfill crucial roles in 

megakaryopoiesis as well as in the generation of functional platelets. This 

highlights the importance of MEIS1 and its target genes in megakaryopoiesis 

and makes MEIS1 specifically useful for improving platelet yield in in vitro 

platelet generation systems.  

 

Exploiting transcription factors for the generation of platelet transfusion 

products in vitro 

 

A consistent challenge with in vitro megakaryopoiesis lies in the insufficient 

amount of mature megakaryocytes generated from input cells. 

We and others have shown that cord blood and apheresis derived CD34+ 

cells are mainly comprised of CMP and GMP cells and less than 5% stem 

cells and MEP4;17;18. While the stem cell, CMP and MEP fraction all hold the 

potential to contribute to megakaryopoiesis, the GMP fraction, which can 

represent up to 50% of all CD34+ cells4, is committed towards a different 

lineage and lost for platelet production using classical culture methods. 

Megakaryocyte cultures based on CD34+ cells would therefore clearly benefit 

from a more efficient lineage commitment towards a megakaryocytic fate. 

Targeted expression of MEIS1 and GATA1 in CD34+ cultures could therefore 

be beneficial in directing the majority of cells towards a MEP fate and limiting 

other lineage choices. Subsequent differentiation of the MEP cells into 
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megakaryocytes would then lead to higher platelet yields and more efficient 

culture systems. A similar approach has been used recently by Riddell and 

colleagues. They were able to reprogram murine CMPs and even committed 

lymphoid cells towards a HSC fate using the transcription factors Run1t1, Hlf, 

Lmo2, Prdm5, Pbx1, and Zfp37. Interestingly, they show that addition of 

Meis1 and Mycn improve reprogramming efficiency19. These results show that 

Meis1 is a potent regulator of cell fate and a useful target for expression 

systems leading to the generation of megakaryocytes and platelets. 

 

Exploiting forced expression of specific proteins to alter lineage fate is also 

used in the generation of induced pluripotent stem cells (iPS). IPS cells are of 

specific interest for the field as they offer the possibility to generate 

megakaryocytes and platelets, subsequently, from very limited source 

material and putatively any cell. After the initial paper from Takahashi using a 

4-factor based reprogramming method including Oct3/4, Sox2, Klf4 and c-

myc20, advances to the system have been made trying to encompass the 

transforming ability of c-myc. To minimize the advent of genetic instability 

caused by c-myc expression, reprogramming protocols have been developed 

in which c-myc is either substituted by myc-family members with lower 

transforming capacity or using transient expression systems21;22.  

However, several studies have now shown that c-myc expression is 

particularly beneficial when attempting to differentiate iPS cells into 

megakaryocytes22;23. C-myc is particularly is specifically needed during early 

stages of differentiation, increasing the megakaryocytic cell pool. Prolonged 

expression or over expression of c-myc on the other hand decreased 

megakaryocyte maturity, underlining the importance of developing controlled 

expression systems23;24.  

 

To date, expression systems based on non-integrating RNA-virus prove a 

promising alternative to retroviral vectors when generating iPS cells22;23. 

Furthermore, electroporation of plasmid vectors has been shown to 

successfully reprogram both fibroblasts and cord blood cells circumventing 

stable integration and the risk of genetic instability25. These controlled and 

transient expression systems could also be used to express MEIS1 and / or 
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GATA1 during early hematopoietic differentiation states. Transient expression 

of these two transcription factors could positively influence accumulation of 

MEP-biased cells and inhibit granulocytic fate. MEP-biased cells can then be 

further differentiated towards megakaryocytes.  

 

Understanding lineage commitment and fate bias induced by transcription 

factors is crucial to improve in vitro megakaryopoiesis, but induction of gene 

expression does not always equal protein synthesis. Although platelets could 

be generated from CD34+ cells and iPS cells, functional assays revealed less 

efficient aggregation in response to specific agonists. These findings 

correlated with the cytoplasmic differentiation state of the generated 

megakaryocytes and altered expression of platelet surface receptors such as 

GPIb23;26. These findings suggest that cytoplasmic maturation during 

megakaryopoiesis defines platelet generation and reactivity. 

 

Cytoplasmic maturation of megakaryocytes and consequences for 

platelet function 

It is assumed that mRNA translation plays a critical role during 

megakaryopoiesis27 However, evidence supporting this hypothesis remains 

scarce. Megakaryocytes are large, polyploid cells and thus far it is believed 

that the increase in cytoplasmic features and nuclear material that accompany 

endomitosis facilitate a faster and more efficient protein accumulation. 

Accumulated proteins are then packaged into functional granules and stored 

in developing platelets27. 

 

Protein accumulation is depending on the rate of de novo synthesis compared 

to the frequency of decay mediated by lysososmes and the proteasome. 

Recently, efforts have been made to unravel the contribution of these 

processes to protein homeostasis in megakaryocytes and platelet generation.  

 

In chapter 3, we show that disturbed protein homeostasis during 

megakaryopoiesis directly impacts on platelet reactivity. The RNA-binding 

protein ATXN2 is most abundant in immature megakaryocytes, but negligible 

during terminal megakaryocytic differentiation. At this stage, immature 



 163 

megakaryocytes, also termed stage II megakaryocytes or megakaryoblasts, 

are in early stages of polyploidy and exhibit small granules in their cytoplasm, 

most likely precursors of future alpha granules28. When ATXN2 was silenced 

lentivirally, de novo protein synthesis decreased and total cellular protein 

content was reduced. These dramatic intracellular defects were reflected in 

functional aggregation defects detected in platelets of Atxn2-deficient mice, 

but were independent of megakaryocyte differentiation or lineage 

determination. Our results show that proper translational regulation during 

early megakaryopoiesis is crucial to ensure the generation of functional 

platelets.  

 

A recent publication showed that ATXN2 stabilizes specific target mRNAs by 

binding to AU-rich elements. This stabilization leads to an increase in the 

abundance of protein translated from those target mRNAs29. Yokoshi and 

colleagues performed gene ontology studies and found that ATXN2 targets 

were associated with posttranscriptional processes such as polyadenylation, 

3’ end processing and RNA splicing29. When we analyzed how the 

composition of translated versus untranslated mRNA was altered following 

ATXN2 knockdown, we also found that ATXN2 silencing had a specifically 

strong impact on translated mRNAs. Furthermore, gene ontology revealed 

that in ATXN2 knockdown megakaryocytes, the translation of transcripts 

associated with mRNA transport and de novo protein synthesis were affected 

most which is in line with the findings from Yokoshi and colleagues29. It is 

therefore possible that ATXN2 is most abundant in immature megakaryocytes 

to stabilize mRNAs coding for proteins associated with translation and mRNA 

turnover processes. By ensuring accumulation of these proteins, sufficient 

protein synthesis for alpha granule biogenesis is ensured.   

 

Next to de novo protein synthesis, protein degradation is another factor that 

needs to be regulated to match protein demand within a cell. We found that 

ATXN2 knockdown increased the translation of mRNAs coding for two 

proteins of the ubiquitination pathway. One of these proteins was a ubiquitin 

ligase E3 (UBEC3). This is of specific interest in combination with the 

aggregation defect observed in Atxn2 deficient platelets upon integrin-
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mediated stimulation. Another ubiquitin ligase has been described to be 

activated by integrin signaling30 thus increased concentrations of UBEC3 lead 

to increased protein degradation in activated platelets which might ultimately 

cause reduced aggregation.  

 

The importance of the proteasome in megakaryopoiesis and platelets in 

particular has been described by others as well.  A recent publication showed 

that the proteasome is needed for proplatelet formation31. Mice deficient for a 

proteasome subunit (Psmc1) presented with thrombocytopenia and bleeding 

and died shortly after birth. These results could be directly related to the 

thrombocytopenia detected in multiple myeloma patients treated with 

proteasome inhibitors such as bortezomib. Weyrich and colleagues also 

hypothesized that next to severely decreased platelet counts in their 

transgenic mouse, platelet function may also be impaired, due to altered 

protein composition in the absence of a functional proteasome.  

  

Clinical results supporting our observations came from a study investigating 

patients with a mutation in the ANKRD26 gene encoding an ankyrin repeat 

domain protein. Physiologically, ANKRD26 expression decreases during 

megakaryopoiesis by binding of the transcription factors RUNX1 and FLI1. In 

patients with mutated ANKRD26, however, RUNX1 and FLI1 can no longer 

bind to the ANKRD26 locus and the protein is expressed throughout 

megakaryopoiesis32. Continuous expression leads to defects in proplatelet 

formation and patients suffer from thrombocytopenia and bleeding tendencies. 

Recent observations found that the defect stems from increased MAPK 

signaling, evidenced by increased proplatelet formation upon MAPK 

inhibition32. Furthermore, their megakaryocytes and platelets exhibit an 

accumulation of polyubiquitinated and proteasome proteins indicative of 

deregulated protein decay33. Serum thrombopoietin concentration was 

elevated and the bone marrow megakaryopoiesis was defective, displaying 

increased amounts of immature megakaryocytes34. Although the mechanism 

behind these alterations is currently unknown, a connection between correct 

megakaryopoiesis, platelet generation and the proteasome is likely.  
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Cytoskeletal rearrangements during megakaryopoiesis 

 

Next to protein homeostasis, the events leading to the onset of both 

endomitosis and proplatelet generation need to be investigated in more detail. 

So far, the contribution of myosin IIB, RhoA and Rock to endomitosis have 

been described35. 

  

In chapter 4, we analyze the contribution of the actin-binding protein TPM1 to 

megakaryopoiesis. A strong indication that TPM1 plays an important role in 

platelet biogenesis came from a GWAS study in healthy volunteers where two 

single nucleotide polymorphisms in TPM1 where found to be associated with 

platelet count and mean platelet volume, respectively15;16. Furthermore, we 

detected TPM1 as a putative target of the megakaryocyte specific 

transcription factor MEIS1 in an earlier study4. ChIP-Seq analysis indeed 

revealed MEIS1 binding sites in both the promoter region and intragenic of 

TPM1 demonstrating that TPM1 is under control of MEIS1. In chapter 4, we 

also show that TPM1 expression increases during megakaryopoiesis. TPM1 

has been described as a rate-limiting factor for other actin binding proteins 

like cofilin36 or Arp2/337, indicating that increased TPM1 in late stages of 

megakaryopoiesis prevents F-actin turnover. While TPM1 limits access of 

certain proteins to F-actin, the protein does not inhibit myosin from binding38 

which still allows contractile force39. Interestingly, Lordier and colleagues have 

shown that the onset of endomitosis coincides with a decrease in myosin IIB 

(MYH10)35. This decrease was shown to be due to the transcription factor 

RUNX1, which bound to the MYH10 locus and silenced MYH10 expression35. 

We, as well as Lordier and colleagues, found that endomitosis is 

accompanied by altered F-actin distribution. While dividing cells show a clear 

accumulation of F-actin at the cleavage furrow and an almost absent signal 

for F-actin at the cell cortex, endomitotic megakaryocytes fail to accumulate F-

actin at the cleavage furrow but present with increased cortical F-actin 

instead39. Upon knockdown of TPM1 in CD34+ cells, we detected that already 

in early stages of megakaryocytic lineage commitment after four days of 

culture, F-actin was mislocalized at the cell cortex. However, F-actin 

accumulation at the cleavage furrow could still be detected. In line with these 
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observation it has been shown that silencing of the actin-polymerizing protein 

mDia2 leads to binucleate cells and contractile forces at abnormal sites in the 

cell40, resembling the phenotype we describe in chapter 4. Furthermore, F-

actin was decreased at the contractile ring of the cells40. Combined, these 

results suggest that the onset of endomitosis may be dependent on both F-

actin and myosin. While myosin decreases and thus contractile forces 

become limited, F-actin is bound by TPM1 thereby limiting reorganization of 

actin away from the cell cortex and towards the contractile ring. 

 

Actin-binding proteins are activated by Rho GTPases. The Rho GTPase 

RhoA and its effectors have been studied in both human and murine 

megakaryopoiesis. RhoA is activated by the guanine exchange factor GEF-H1 

which is downregulated during megakaryopoiesis41 indicating less activation 

of RhoA in mature megakaryocytes. These results are in agreement with 

findings from Chang and colleagues, who describe that RhoA is less 

expressed in mature megakaryocytes42. They and others furthermore show 

that expression of a dominant negative form of RhoA or inhibition of RhoA 

increased proplatelet formation42;43.It was also shown that inhibition of the 

RhoA effector Rock increased proplatelet formation. In chapter 4, we show 

that in primary human megkaryocytes, TPM1 knockdown led to premature 

proplatelet formation. TPM1 knockdown in the megakaryocytic cell line DAMI 

however was accompanied by increased Rock expression which in turn 

suggests elevated rather than less RhoA activity. While these findings may be 

contradictory at first sight, they have been described by others as well. Suzuki 

and colleagues used a conditional knockout approach to deplete RhoA 

specifically in murine megakaryocytes. They detected 

macrothrombocytopenia and faster platelet clearance from the peripheral 

blood, but no effect on proplatelet formation44. These conflicting results could 

be due to a variety of factors. First, approaches to investigate RhoA and Rock 

were significantly different. Chang expressed dominant negative RhoA in 

human megakaryocytic cells, Avanzi employed inhibitors, Suzuki perfomed 

experiments on murine megakaryocytes depleted for RhoA and we analyzed 

a megakaryoblastic cell line. Depending on the approach, RhoA is transiently 

inhibited, outcompeted or depleted which could result in different outcomes. 
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Furthermore, both murine and human cells were used which may lead to 

different outcomes as human and murine systems are not always 

comparable.  

 

In our case, increased Rock expression is a consequence of TPM1 

knockdown which allows for yet another option. If TPM1 limits access of other 

binding proteins to F-actin, it would be possible that TPM1 knockdown allows 

for more binding of these proteins. Furthermore, increased binding 

opportunities could result in more demand of specific actin-binding proteins 

and their activators which could even increase their expression. One of the 

proteins limited by TPM1 is the actin-severing protein cofilin36. Cofilin is also 

an effector of Rock and thus RhoA. The effect of cofilin and actin 

depolymerizing factor Adf has been investigated before. Mice deficient for 

both cofilin and Adf displayed less proplatelet formation per megakaryocyte, 

shorter proplatelets and less budding along the forming proplatelets45. It was 

also found that F-actin accumulation was disturbed. While cofilin depletion led 

to less proplatelet formation, in our case an increase in binding possibilities for 

cofilin could be the result of increased Rock expression. While this increase 

would at first sight also result in less F-actin and therefore contradict our 

findings, other actin-binding proteins like the formin mDia may also increase 

upon TPM1 knockdown due to feedback loops in response for increased 

binding opportunity. In this case, TPM1 knockdown would induce disordered 

F-actin dynamics which results in aberrant proplatelet formation as seen in 

chapter 4. 

 

Improving the safety of donor-derived platelet transfusion products 

 

Until the intricate events regulating megkaryocyte differentiation and platelet 

generation are sufficiently understood and can be exploited for in vitro platelet 

production systems, efforts are made to increase the quality and safety of 

donor-derived platelet transfusion products. Platelet transfusions are 

administered to patients suffering from severely decreased platelet counts, a 

state referred to as thrombocytopenia. Thrombocytopenia can be caused by 

either reduced platelet production, increased platelet consumption or loss and 
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is found in various disorders such as leukemia, immunethrombocytopenia, 

HIV, aplastic anemia or after chemotherapy.  

 

Currently, platelet transfusion products are derived from blood donations. 

However, a decline in donor numbers has been recorded in the United States 

over the past years46-48. At the same time, Sanquin Blood Supply detected a 

decline in the use of red blood cell units for transfusion purposes while the 

amount of platelet transfusion products remained constant 

(http://www.sanquin.nl/repository/documenten/nl/productdienst/161844/Bloedkatern_februari_

2014.pdf). This decline is linked to changes in blood transfusion guidelines, 

improved surgical procedures and improved medical treatments. While 

shortages in donations may therefore not prove a challenge for blood supply 

in the Netherlands, other factors specifically related to platelet transfusion 

products do.  

 

 

Another point to be considered with platelet transfusion units lies in the limited 

storage time of a maximum of seven days combined with storage at room 

temperature which increases the risk of bacterial growth.  

While bacterial testing of blood donations is feasible, it also requires time and 

results may at times be available only after a transfusion unit has been given 

to the patient49;50. In the Netherlands, the BacT/Alert system is used to detect 

both aerobic and anaerobic contamination. However, platelet concentrates 

are released for use in patients before screening is completely finished, due to 

long growing phases for some bacteria. Thereby, the chance of transfusing a 

contaminated product is still a risk50. Screening for parasites and virus is also 

more difficult due to so-called window periods51-53 during which a donor is 

already infected but might have negative screening tests and may therefore 

give blood. Blood donation centers reacted with the establishment of donor 

deferral procedures54. Deferral time is based on the asymptomatic phase of a 

specific pathogen and whether the donor has been a visitor to the infected 

region or a former resident. Deferral time can range from six months for 

malaria to one year for leishmania54. 
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An alternative approach to increase the safety of platelet transfusion products 

is presented by pathogen reduction treatments (PRT). By using PRT, any 

bacterial or protozoan inoculum that could be present in a platelet transfusion 

product is inactivated. Several systems from various suppliers are currently 

available, most are based on UV-light55, and some in combination with an 

intercalating agent56;57. The efficacy of pathogen reduction treatments against 

bacterial inoculum has been shown58;59. Studies also reported a reduced risk 

of alloimmunization after radiation60;61.  

 

These treatments might also affect the quality of the platelet transfusion 

product62-67. Furthermore, we show in chapter 5 that Mirasol PRT consisting 

of adding riboflavin followed by UV light irradiation caused defects in 

spreading and degranulation upon platelet activation, closely correlated with 

storage time after PRT 64;67-70. Patient studies are currently conducted to 

investigate if a decline in platelet quality due to pathogen reduction treatment 

is reflected in increased bleeding or faster demand for follow-up transfusions 

[PREPARES]. If indeed more transfusions per patient are needed to correct 

for higher platelet turnover due to hyper-reactivity and continuous 

degranulation, the efficacy of pathogen reduction has to be re-evaluated. 

However, pathogen reduction treatment may increase the safety of platelet 

transfusion products to the point that deferral time is redundant.   

 

While in a world of global travel the use of PRT definitely improves transfusion 

safety, the method of how PRT is applied to platelet transfusion products 

could be adjusted. To minimize damage to the platelets over storage time 

after PRT, it should be carried out shortly before use of the platelet unit to 

ensure transfusion of platelets with good quality. A possible risk of this 

method could lie in the chance that during storage and before irradiation, 

residual bacteria were able to multiply, further increasing contamination. 

However, studies in which platelet transfusion units were spiked with high and 

low titers of both virus and several strains of bacteria reported that PRT 

eliminated bacteria in all cases58;71. These results prove the efficiency of PRT 

in pathogen reduction. 
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Platelet transfusion products also bear the risk of alloimmunization and 

platelet refractoriness. Immunization can occur through residual leukocytes 

(HLA) in the transfusion product or through antigens on the platelet surface 

(HLA and HPA)72;73. Immunization can result in graft versus host reactions 

and platelet refractoriness60;74. Adding leukocyte filters and irradiation to the 

process of  preparing platelet transfusion products have greatly diminished 

leukocyte-based immunization75, but a residual risk remains based on 

antigens presented on the platelet surface. A recent study has addressed this 

issue by silencing HLA on platelets using RNA interference on 

megakaryocytes76. HLA-deficient megakaryocytes were not lysed in the 

presence of HLA antibodies and produced regular amounts of platelets when 

transplanted into a murine recipient.  

 

A putative risk factor of genetically modified platelets lies in their transforming 

capacity, specifically in iPS derived platelets. Current initiatives to produce 

platelets in vivo make use of iPS cells and thereby use gene expression 

vectors which carry the potential of inducing genomic instability. Although 

platelets do not contain DNA, RNA is present77. Studies showed that RNA can 

be transferred from activated platelets into endothelial cells78;79. Furthermore, 

the transferred RNA is functional in the recipient cells79. It is possible that 

during proplatelet generation RNA from inducing vectors may enter the 

platelet and could thus be transferred into endothelial cells upon platelet 

activation. Irradiation of iPS-derived platelets would provide a simple step in 

ensuring that these expression vectors and putative residual mRNA is 

inactivated and thereby improve transfusion safety from in vitro generated 

platelets. 

 

Concluding remarks 

The in vitro generation of platelets for transfusion purposes is an intriguing 

opportunity and would enable an unlimited supply. However, current culture 

systems are inefficient and costly80;81. To improve the yield of in vitro 

megakaryocyte cultures, we need to increase our knowledge about the key 

factors that drive megakaryocytic differentiation and platelet generation. A 

recent PubMed search revealed a total of 213,707 scientific articles on the 
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term “platelet”, compared to 10,428 articles on “megakaryocyte” showing that 

results related to megakaryocytes add up to only 5% of publications on 

platelet biology. Furthermore, while in red blood cell biology the importance of 

posttranscriptional modifications to the generation of functional erythrocytes 

has been long acknowledged, little is known about protein homeostasis in 

megakaryocytes.  

For an efficient production of platelets in vitro, we must first increase our 

understanding of megakaryopoiesis and subsequently improve current culture 

methods. Still, promising advances have been made by using specific platelet 

bioreactor systems to improve platelet yield and by implementing iPS cell 

approaches for megakaryopoiesis22;23;82;83. Furthermore, the safety of iPS cell 

generated platelets can be improved using already existing and improving 

pathogen reduction systems. In conclusion, current data suggests that in vitro 

platelet generation can be achieved, if we expand our understanding of 

megakaryopoiesis. 
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Thesis summary for non-expert readers 
 
This thesis explores the contribution of new factors – proteins and pathogen 

reduction treatment – to megakaryopoiesis and platelet functionality. 

 

Platelets are small particles in our blood, responsible for wound closure and 

blood clotting. They are derived from large cells residing in the bone marrow 

called megakaryocytes. Platelets are circulating through the blood in an 

inactive state. But when a blood vessel is damaged, platelets react to the 

damage by getting activated and close the wound to stop bleeding. To fulfill 

this role in wound closure and bleeding, a sufficient amount of platelets is 

needed. In a healthy individual, the body maintains the amount of platelets by 

itself but certain diseases can cause a drop in the amount of platelets, a 

situation called thrombocytopenia. Thrombocytopenia can be caused by very 

different factors, for example after chemotherapy or as a result of an immune 

reaction that destroys platelets. In these cases, patients need to be given 

platelet transfusions. Currently, platelet transfusion units are obtained from 

from blood donations. While this approach has been reliable and working for 

decades, it also has some room for improvement.  

This is why researchers have worked on approaches to achieve platelet 

generation in a culture system, or in vitro, for transfusion purposes. Such a 

system has clear advantages. For example the possibility to generate 

platelets on demand or developing platelets for patients with specific needs. 

Another positive aspect lies in the reduction of adverse immune reactions 

against transfused platelets, a process called alloimmunization, by producing 

platelets lacking these immunogenic structures. Last but not least, if blood 

banks were able to generate platelets in a closed system from a constant 

source, this would nearly eliminate the chance of infecting a recipient through 

contaminated transfusion products.  

 

However, current approaches cannot deliver sufficient numbers of 

megakaryocytes and platelets yet. Researches are able to differentiate 

megakaryocytes from hematopoietic stem cells and study the cells in 

relatively small amounts, but these culture methods used for research 
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purposes cannot just be scaled up to make transfusion products. In order to 

make in vitro platelet transfusion products profitable for blood banks, we need 

to design culture systems supporting the production of vast amounts of 

megakaryocytes, the platelet progenitor cells from little starting material 

followed by the generation of large quantities of functional platelets.   

 

In the human body, the source of all blood cells including megakaryocytes are 

hematopoietic stem cells (HSC). HSCs are immature hematopoietic cells 

which have the ability to self renew or develop into blood cells depending on 

specific stimuli. These stimuli come from other cells in the bone marrow such 

as supporting mesenchymal stromal cells or bone cells, called osteoblasts. 

Depending on the signals from surrounding cells, the HSC gradually develops 

more features of a certain blood cell and looses the stem cell potential. This 

process is called differentiation.  

 

The secreted factors driving differentiation result in signaling cascades in the 

HSC and lead to changes in the nucleus of the HSC. It is the nucleus that 

contains all genetic material of a cell, the DNA. Although each cell of our body 

contains the same DNA, not all of it is used in each cell. Rather, specific parts 

of the DNA are active in a specific cell. Depending on the active DNA a cell 

gets its identity, for example being a liver cell, a lung cell or a megakaryocyte. 

Special proteins called transcription factors (TF) control which parts of DNA in 

a cell are active. They are shuttled into the nucleus and bind to the DNA in 

response to factors from the outside. Because of their crucial role in 

determining a cell fate, a lot of TFs have been investigated in the last years. 

Important findings have been made, such as the discovery that TFs do not 

work alone on one piece of DNA, but in groups. Also, single TFs are being 

reused during the differentiation of a HSC into a blood cell and in combination 

with other TFs form new groups which then bind new parts of DNA. While the 

role of a lot of TFs has been investigated, the function of others is still not 

completely clear.  

 

The TF MEIS1 is such a transcription factor with a currently unclear role in the 

generation of blood cells. While other groups have shown that MEIS1 plays a 
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role in HSCs, we found that its action does not stop there. When HSCs start 

differentiating, they go through a few stages of development and each stage 

brings them closer to a blood cell and makes them less of a stem cell. These 

cells in intermediate phases of differentiation are called progenitor cells and 

MEIS1 plays an important role in them as well. In chapter 2  we show that if 

MEIS1 is present in a progenitor cell, this cell is destined to become either a 

red blood cell or a megakaryocyte and can no longer become a white blood 

cell or an immune cell. The way MEIS1 achieves this is by binding to specific 

parts of DNA in the progenitor cell which control genes. MEIS1 regulates 

genes by binding to them which activates the gene or inhibits it resulting in the 

induction or inhibition of protein synthesis. Thereby MEIS1 enables red blood 

cell and megakaryocyte development while at the same time prevents white 

blood cell or immune cell differentiation.  

 

Earlier experiments we and other groups performed have also shown that 

MEIS1 is not only present in stem and progenitor cells, but also in 

megakaryocytes themselves. Not only is MEIS1 present in megakaryocytes, it 

is also present only in these cells when we compared all blood cells with each 

other. When blood cells are fully mature, MEIS1 can only be found in 

megakaryocytes. Because MEIS1 is a transcription factor that regulates 

genes and ultimately the way a cell differentiates, we next wanted to know 

more about what genes MEIS1 will bind to in megakaryocytes and what the 

function of these genes is. When a gene is bound by a transcription factor, the 

gene is read by specific proteins which also make a copy of the gene. This 

process is called transcription and once the gene is completely read, the 

copy, called mRNA, is transported out of the nucleus and into the cytoplasm 

of the cell. While the nucleus keeps and protects the DNA, the cytoplasm 

contains many different specialized areas which all work together to keep the 

cell alive and let it respond to signals from other cells. Many different 

processes are active in the cell for these purpose and they are all conducted 

by proteins. But since the environment of a cell and the signals it receives can 

change all the time, the proteins responding to all this input need to be 

updated continuously. The copy of a gene that is made in the nucleus does 

exactly this. This copy holds the information to make a new protein, and once 
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the copy is transported into the cytoplasm, it will be read again by specialized 

machinery that translates the information from the nucleus into making one 

specific protein. This means that if we investigate which genes MEIS1 binds 

to in megakaryocytes, we can find out which proteins are encoded in those 

genes. Because MEIS1 is so specific for megakaryocytes we can hypothesize 

that MEIS1 target genes play a role in megakaryocyte differentiation and by 

analyzing their function we will understand this process better. To find MEIS1 

target genes, we conducted a method in which MEIS1 was deleted from 

megakaryocytic cells. In the absence of MEIS1 we then analyzed which other 

genes are also less or more read. From these genes that are responding to 

changes in MEIS1 availability we chose two which have not been studied in 

megakaryocytes yet. Our studies show that both targets, ATXN2 and TPM1 

are contributing to key events during megakaryopoiesis.  

 

Compared to the differentiation of other cells, megakaryopoiesis contains 

several unique features. The first characteristic of megakaryopoiesis is 

endomitosis. Most cells divide in a way that gives rise to two daughter cells of 

equal size with one nucleus each containing the cells’ DNA. However, 

immature megakaryocytes at one point during their differentiation do not 

divide completely to form two daughter cells but stop division after their 

nuclear material is doubled. This incomplete division creates one cell with two 

nuclei and is called endomitosis. Immature megakaryocytes repeat this 

process until the cells increase both in size and in their nuclear material to a 

point that mature megakaryocytes can be found with the nuclear equivalent of 

14 cells. This increase in nuclear material is accompanied by an increase in 

cell size, eventually giving the cell its name, MEGA-karyocyte. We still need to 

learn more about why megakaryocytes are endomitotic and which factors are 

responsible for this process. So far, it is believed that by containing more 

nuclei, the cell can produce more copies of genes (transcription) which are 

then translated into more protein. The protein masses generated in this way 

are then packaged and transported into what will become blood platelets.  

  

We found that ATXN2, one of the MEIS1 targets, is also present in 

megakaryocytic cells that become endomitotic. ATXN2 can bind the copies 
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made from DNA that leave the nucleus called mRNA. Another group has 

shown that by binding mRNA, ATXN2 stabilizes them to ensure they can be 

translated into protein well enough. In chapter 3 , we show that when ATXN2 

is deleted from megakaryocytic cells, these cells end up having less protein 

inside of them compared to cells that still contain ATXN2. This lack of protein 

also has consequences for platelets derived from ATXN2-deleted 

megakaryocytes. When we analyzed platelets from a mouse strain that has 

no ATXN2, they reacted less well to activation, a trigger that is the first step 

for wound closure. We could thereby show that it is important to make sure 

that protein synthesis is working properly during megakaryopoiesis, both in 

the human body and in cultured megakaryocytes for if protein synthesis is not 

optimal, it results in platelets of lesser quality.     

 

The second MEIS1 target we studied is called TPM1. TPM1 is known to bind 

to actin, a protein of the cytoskeleton. Like human bodies, every cell has a 

cytoskeleton, structures that make sure the cell holds its shape. The 

cytoskeleton is flexible, though and can be build up and destroyed depending 

on the environment. Still, this flexibility needs to be regulated to keep cells 

from collapsing. Proteins that regulate flexibility can do so in many ways. In 

the case of TPM1, this happens by TPM1 winding around actin fibres and 

thereby protecting the fiber from being destroyed or deformed by the works of 

other proteins. Other groups have shown that endomitosis is due to 

incomplete division after the nucleus of a cell has doubled and that this 

incomplete division is due to less contraction between the two daughter cells. 

Contraction in a cell depends mostly on myosin and actin, which are also 

responsible for muscle contraction. And just like in a muscle, if contraction is 

not complete, a function cannot be fulfilled. For example, when trying to grab 

something and the muscles in our arm and hand do not contract fully, 

grabbing is not possible. While other groups have shown that myosin levels 

are lower in endomitotic cells which causes less contraction, they were not 

sure about if actin also is affected. In chapter 4 , we show that less TPM1, and 

thereby less protection of actin, causes endomitosis in megakaryocytic cells. 

Our findings show that correct amounts and correct position of actin is evenly 

important for endomitosis as myosin.  
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Another feature of megakaryocytes is their shape change once the cell is fully 

differentiated. During this process, the megakaryocyte develops long 

protrusions with bead-like nodes, called proplatelets. These proplatelets are 

pushed forward through the cytoskeleton. Again, while some contributing 

proteins have been discovered already, like tubulin, more research is needed 

to understand the entire process of proplatelet formation. It is in the process of 

proplatelet formation that we found a second role for TPM1 as described in 

chapter 4 . Cells with lower TPM1 levels spontaneously began to make 

proplatelets although their differentiation was not far enough yet. Because the 

cell was actually not advanced enough, these premature proplatelets were 

misshapen. Still, we were able to show that actin, and proteins controlling 

actin, are involved in proplatelet generation. Proplatelets will protrude a blood 

vessel and extend into the flowing blood inside the vessel which will rip them 

off from their mother cell. This way, proplatelet fragments enter the blood 

circulation where they will be divided into smaller pieces, the actual platelets.  

 

Because it is currently not possible to make platelets for transfusion purposes, 

methods to improve the quality and safety of donor-derived platelets are 

developed and improved constantly. One of those methods is called pathogen 

reduction treatment (PRT). Platelet transfusion products are kept at room 

temperature which also could provide growth and survival of virus and 

bacteria. These contaminants can be transferred into transfusion products 

through donors that have been infected but are still asymptomatic and 

therefore can give blood. Testing for contaminations is a standard procedure, 

but results can only be obtained after a few days, sometimes even after the 

transfusion product has been given to a patient. While transfusion transmitted 

diseases are rare, blood banks are of course trying to completely exclude any 

risk of such infections. Pathogen reduction works by adding Vitamin B2 to the 

transfusion product and then irradating with UV-light. This treatment destroys 

all viral or bacterial contaminations that could be present. However, it was not 

clear if the platelets themselves would be harmed by the treatment as well. 

Like explained before, platelets are normally inactive and resting but become 

activated when they encounter blood vessel damage. This activation is 
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important for the platelet to adhere to and close a wound. Research so far had 

shown that PRT does not harm resting platelets, but data on activation after 

PRT were missing. In chapter 5 , we report that PRT does influence platelet 

activation. We show that the platelets are getting lightly activated by PRT 

already and begin “leaking” while being kept in the transfusion bag. The 

leaking causes the platelets to respond less to actual activation which means 

that in an actual bleeding situation, a patient that has been given PRT treated 

platelets would be at risk for bleeding more. We also show that the effect of 

PRT on platelet activation becomes more pronounced over storage time 

showing that platelets that are used shortly after PRT are responding well to 

activation. 

 

In summary, this thesis provides new insight into the mechanisms that drive 

the differentiation of a HSC into a megakaryocyte. We also provide insight 

and possible tools to improve the generation of platelets in vitro to make 

transfusion products in the future.  
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Nederlandse samenvatting voor niet-ingewijden  
 
Dit proefschrift onderzoekt de bijdrage van nieuwe factoren - eiwitten en een 

pathogeenreductie methode - op megakaryopoïese en de functionaliteit van 

bloedplaatjes. 

 

Bloedplaatjes zijn cellen in het bloed die verantwoordelijk zijn voor 

wondsluiting en bloedstolling. Ze worden gemaakt door grote voorlopercellen 

in het beenmerg, genoemd megakaryocyten. Bloedplaatjes circuleren door 

het bloed in een inactieve toestand. Wanneer een bloedvat wordt beschadigd, 

worden bloedplaatjes geactiveerd door de schade en sluiten de wond af om 

de bloeding te stoppen. Om deze rol in wondsluiting en bloedstolling naar 

behoren te vervullen, is een bepaalde hoeveelheid bloedplaatjes nodig. In een 

gezond persoon is er een evenwicht tussen aanmaak en afbraak van 

bloedplaatjes maar bij bepaalde ziektes treedt er een daling op in het aantal 

bloedplaatjes, een toestand genaamd trombocytopenie. Trombocytopenie kan 

worden veroorzaakt door verschillende factoren, bijvoorbeeld na 

chemotherapie of als gevolg van een immuunreactie die bloedplaatjes 

vernietigt. In dat geval is een transfusie met bloedplaatjes noodzakelijk. 

Momenteel worden bloedplaatjes transfusie producten gemaakt van 

bloeddonaties van gezonde vrijwilligers. Hoewel deze aanpak betrouwbaar is 

en al tientallen jaren gebruikt wordt, is er ook enige ruimte voor verbetering. 

 
Onderzoekers werken aan methodes om bloedplaatjes voor transfusie 

doeleinden aan te maken in een kweeksysteem buiten het lichaam (in vitro). 

Een dergelijk systeem heeft duidelijke voordelen. Bloedplaatjes kunnen 

bijvoorbeeld op verzoek of voor patiënten met specifieke behoeften gemaakt 

worden. Ook kunnen ongewenste immuunreacties tegen bloedplaatjes, een 

proces genaamd immunisatie, voorkomen worden door het produceren van 

bloedplaatjes waarbij deze immunogenen ontbreken. Tenslotte, als 

bloedbanken bloedplaatjes in een gesloten systeem zouden kunnen maken, 

wordt daardoor de kans op besmetting van een ontvanger door een besmet 

transfusieprodukt geëlimineerd. 
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Echter, de huidige kweekmethodes leveren nog niet voldoende aantallen 

megakaryocyten en bloedplaatjes op. Onderzoekers kunnen megakaryocyten 

vanuit bloed (hematopoietische) stamcellen kweken en vervolgens de cellen 

in kleine hoeveelheiden bestuderen, maar deze kweekmethodes kunnen niet 

makkelijk worden opgeschaald om transfusie producten te maken. Om in vitro 

bloedplaatjestransfusie producten efficient en kostendekkend door 

bloedbanken te laten maken, moeten we kweeksystemen ontwikkelen voor de 

productie van grote hoeveelheden van megakaryocyten. Hierbij zouden 

megakaryocyten, de voorlopers van bloedplaatjes, uit een kleine hoeveelheid 

uitgangsmateriaal gekweekt kunnen worden, gevolgd door de productie van 

grote hoeveelheden functionele bloedplaatjes. 

 

In het menselijk lichaam zijn hematopoietische stamcellen (HSC) de bron van 

alle bloedcellen, waaronder ook megakaryocyten. HSCs zijn onrijpe voorloper 

cellen die zichzelf kunnen vernieuwen of zich kunnen ontwikkelen tot 

bloedcellen afhankelijk van specifieke prikkels. Deze prikkels komen vanuit 

andere cellen in het beenmerg zoals mesenchymale stromale cellen of 

botcellen. Afhankelijk van de signalen van de omringende cellen ontwikkelt de 

HSC geleidelijk meer eigenschappen van een bepaalde bloedcel en verliest 

zijn stamcel potentieel. Dit proces heet differentiatie. 

 

De signalen uit de omgeving leiden tot veranderingen in de HSC, die weer 

leiden tot veranderingen in de kern van de HSC. In de kern van een cel is het 

genetisch materiaal, het DNA, opgeslagen. Hoewel elke cel van ons lichaam 

hetzelfde DNA bevat, wordt niet alle DNA in elke cel gebruikt. Integendeel, 

alleen specifieke stukken van het DNA zijn actief in een specifieke cel. 

Afhankelijk van het actieve DNA ontwikkelt een cel zijn identiteit, bijvoorbeeld 

als een levercel, een longcel of megakaryocyt. Speciale eiwitten genaamd 

transcriptiefactoren (TF) controleren welke stukken DNA in een cel actief zijn. 

Door signalen van buitenaf worden specifieke TF in de kern gelaten en binden 

aan het DNA. Vanwege hun cruciale rol in het bepalen van het lot van de cel 

werd in de afgelopen jaren veel onderzoek gedaan naar TF. Belangrijke 

bevindingen zijn inmiddels gepubliceerd, zoals de ontdekking dat TF in 

groepen aan een stuk DNA binden en niet alleen. Ook worden enkele TF 
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hergebruikt tijdens de differentiatie van HSC in een bloedcel. In combinatie 

met andere TF worden nieuwe groepen aangemaakt die vervolgens nieuwe 

delen van DNA binden. Hoewel de rol van veel TFs al onderzocht is, is de 

functie van anderen nog niet volledig duidelijk. 

 

MEIS1 een transcriptiefactor met een nog onduidelijke rol in de productie van 

bloedcellen. Terwijl andere onderzoeksgroepen aangetoond hebben dat 

MEIS1 een rol speelt in de HSC, konden wij laten zien dat MEIS1 ook in 

latere cellen belangrijk is. Wanneer HSC differentiëren, worden verschillende 

stadia van ontwikkeling doorlopen. Elk stadium brengt hen dichter bij een 

bloedcel en verwijdert ze verder van een stamcel. Cellen in intermediaire 

stadia van differentiatie worden voorlopercellen genoemd, en ook hier speelt 

MEIS1 een belangrijke rol. In hoofdstuk 2  zien wij dat als MEIS1 aanwezig is 

in een voorlopercel deze cel bestemd is om een rode bloedcel of 

megakaryocyt te worden. MEIS1 bereikt dit door binding aan specifieke 

stukken van DNA in de voorlopercel die genen genoemd worden. Door 

binding van MEIS1 wordt een gen geactiveerd of geremd wat uiteindelijk 

resulteert in de inductie of inhibitie van eiwitsynthese. Op deze manier 

bevordert MEIS1 de ontwikkeling van rode bloedcellen en megakaryocyten 

terwijl tegelijkertijd de aanmaak van witte bloedcellen onmogelijk wordt. 

 

Uit eerdere experimenten die wij en andere groepen uitgevoerd hebben werd 

duidelijk dat MEIS1 niet alleen aanwezig is in stamcellen en voorlopercel, 

maar ook in megakaryocyten zelf. Deze studies laten ook zien dat MEIS1 

alleen aanwezig is in megakaryocyten, en niet in andere type bloedcellen. 

Omdat MEIS1 een is transcriptiefactor die genen reguleert en dus de manier 

waarop een cel differentieert, wilden wij meer weten over de genen die door 

MEIS1 gebonden worden in megakaryocyten en wat de functie van deze 

genen is. Wanneer een gen wordt gebonden door een transcriptiefactor, 

wordt het gen gelezen en een kopie gemaakt van de informatie. Dit proces 

wordt transcriptie genoemd en zodra het gen volledig gelezen is wordt de 

kopie, genaamd mRNA, uit de kern en in het cytoplasma van de cel 

getransporteerd. Terwijl de kern het DNA houdt en beschermt, bevat het 

cytoplasma gespecialiseerde gebieden die allemaal samenwerken om de 
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cellen levende te houden en reacties te geven op signalen van buitenaf. 

Verschillende processen zijn actief in de cel voor deze doeleinden en ze 

worden allemaal uitgevoerd door eiwitten. Omdat een cel continu signalen 

ontvangt van de omgeving zijn eiwitten belangrijk om op deze informatie te 

reageren en moeten voortdurend worden geactualiseerd. De kopie van een 

gen in de kern is precies hiervoor bedoeld. De kopie bevat de informatie om 

een nieuw eiwit te maken. Wanneer de kopie in het cytoplasma terecht komt, 

wordt deze weer door gespecialiseerde machines gelezen en vertaalt naar 

een specifiek eiwit. Door te focussen op de genen die MEIS1 in 

megakaryocyten bindt kunnen we te weten komen welke eiwitten zijn 

gecodeerd in de genen. Omdat MEIS1 specifiek voor megakaryocyten is 

zouden MEIS1 target genen een rol kunnen spelen bij de differentiatie van 

megakaryocyten. Door het analyseren van de eiwitfunctie zouden we het 

proces van megakaryopoiese beter kunnen begrijpen. Om MEIS1 target 

genen te identificeren gebruiken we een methode waarbij MEIS1 in een 

megakaryocytaire cellijn uitgeschakeld wordt. Vervolgens worden de cellen 

met lagere MEIS1 expressie geanalyseerd om te onderzoeken welke andere 

genen nu minder of meer aanwezig zijn. Genen die reageren op 

veranderingen in MEIS1 expressie zijn interessante targets en we er twee 

gekozen die tot nu toe een onbekende rol spelen in megakaryocyten. Onze 

studies tonen aan dat zowel ATXN2 en TPM1 bijdragen aan cruciale 

gebeurtenissen tijdens megakaryopoïese. 

 

Vergeleken met de differentiatie van andere cellen, bevat de 

megakaryopoïese unieke kenmerken. Het eerste kenmerk van 

megakaryopoïese is endomitose. De meeste cellen delen op een manier 

waarbij uit een cel twee dochtercellen met gelijke afmetingen en even veel 

DNA gemaakt wordt. Op een bepaad moment in de differentiatie van onrijpe 

megakaryocyten delen deze echter niet volledig om twee dochtercellen aan te 

maken maar stoppen met de deling nadat hun DNA verdubbeld is. Door deze 

onvolledige deling ontstaat een cel met twee kernen. Dit proces wordt 

endomitose genoemd. Onrijpe megakaryocyten herhalen dit proces zodat de 

cellen zowel in omvang als in nucleair materiaal toenemen totdat de 

megakaryocyten volledig uitgerijpt zijn. Deze toename in kernmateriaal, 
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gepaard met een toename in celgrootte, geeft de cel ook zijn naam, MEGA-

karyocyt. Tot nu toe is nog niet helemaal duidelijk waarom megakaryocyten 

endomitotisch zijn en welke factoren verantwoordelijk zijn voor dit proces. Het 

wordt aangenomen dat de toename in kernen leidt tot meer kopieën van 

genen (een proces genaamd transcriptie) die vervolgens worden vertaald 

naar meer eiwit (translatie). De eiwitten, die op deze manier aangemaakt 

worden, kunnen vervolgens verpakt en vervoerd worden in de voorlopers van 

de bloedplaatjes die zich uit een megakaryocyt ontwikkelen. 

  

Ons onderzoek laat zien dat ATXN2, een van de MEIS1 targets, ook 

aanwezig is in endomitotische megakaryocytische cellen. ATXN2 is een eiwit 

dat de kopieën van DNA kan binden die de kern verlaten (genoemd mRNA). 

Een andere groep heeft aangetoond dat door deze binding van ATXN2 aan 

mRNA een stabilisatie plaats vindt die ervoor zorgt dat mRNAs kunnen 

worden vertaald in eiwit. In hoofdstuk 3  laten we zien dat wanneer wij 

ATXN2 kunstmatig verminderen in megakaryocytische cellen, deze cellen 

uiteindelijk minder eiwitten bevatten vergeleken met controle cellen. Dit 

gebrek aan eiwit heeft ook gevolgen voor bloedplaatjes die gemaakt worden 

van megakaryocyten met minder ATXN2. Toen wij bloedplaatjes 

analyseerden van muizen die geen ATXN2 hebben vonden wij minder 

klontering (aggregatie) op specifieke signalen. Bloedplaatjes aggregatie is 

een belangrijke stap in het proces van wondsluiting en bloedstolling. We laten 

zien dat ATXN2 de eiwitsynthese in immature megakaryocyten steunt, zowel 

in het menselijk lichaam en in gekweekte megakaryocyten. 

TPM1 is het tweede MEIS1 target dat we in dit project bestudeerden. TPM1 

bindt actine, een eiwit van het cytoskelet. Elke cel heeft een cytoskelet, net 

als het menselijk lichaam. Het cytoskelet zorgt ervoor dat de cel zijn vorm 

behoudt, is flexibel, en kan dus worden opgebouwd en vernietigd afhankelijk 

van de omgeving. Deze flexibiliteit wordt gereguleerd door specifieke eiwitten 

zoals TPM1. TPM1 windt zich langs de actine vezels en beschermt op deze 

manier de vezels voor afbraak of vervorming door andere eiwitten. Andere 

groepen hebben aangetoond dat endomitose door onvolledige splitsing na de 

verdubbeling van de kern verdubbeld ontstaat en dat deze onvolledige 

splitsing door minder krimp tussen de twee dochtercellen veroorzaakt wordt. 
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Krimp in een cel wordt uitgeoefend door myosine en actine, die ook 

verantwoordelijk zijn voor het samentrekken van de spieren. En net als in een 

spier leidt onvoldoende samentrekking tot een onvoldoende functie. Als wij 

bijvoorbeeld proberen om iets te grijpen en de spieren in onze arm en hand 

kunnen niet volledig samentrekken, dan is grijpen niet mogelijk. Terwijl andere 

groepen hebben aangetoond dat myosine verminderd is in endomitotische 

cellen wat minder krimp veroorzaakt, waren ze er niet zeker van of actine 

deze processen ook beïnvloedt. In hoofdstuk 4  laten we zien dat minder 

TPM1, en daardoor minder bescherming van actine, endomitose veroorzaakt 

in megakaryocytische cellen. Onze bevindingen tonen aan dat de juiste 

hoeveelheden en de juiste positie van actine even belangrijk zijn voor 

endomitose als myosine. 

 

Een ander kenmerk van megakaryocyten is het veranderen van de celvorm 

zodra de cel volledig is gedifferentieerd. Op dit moment ontwikkelt een 

megakaryocyt lange uitsteeksels met bolletjes (beads on a string model), 

genaamd proplaatjes. Deze proplaatjes worden aangemaakt door het 

cytoskelet. Ook hier is de bijdrage van sommige eiwitten zoals tubuline al 

goed bestudeerd, maar is ook meer onderzoek nodig om het gehele proces 

van proplaatjes formatie te begrijpen. In het proces van proplaatjes formatie 

vonden wij dan ook een tweede rol voor TPM1 zoals beschreven in 

hoofdstuk 4 . Cellen met lagere TPM1 expressie beginnen proplaatjes te 

maken nog voordat ze helemaal gedifferentieerd zijn. Omdat de cel niet 

genoeg gevorderd is, zijn deze voortijdige proplaatjes dan ook misvormt. Een 

rijpe megakaryocyt steekt zijn proplaatjes uiteindelijk in een bloedvat  dus in 

het stromende bloed waardoor de proplaatjes van de megakaryocyt 

afgesnoerd worden. Op deze manier belanden proplaatjes fragmenten in de 

bloedsomloop waar ze delen in kleinere stukjes, de eigenlijke bloedplaatjes. 

 

Omdat het momenteel niet mogelijk is om bloedplaatjes voor transfusie 

doeleinden te maken, worden nieuwe methodes ontwikkeld om de kwaliteit en 

veiligheid van donor-bloedplaatjes te verbeteren. Een van die methodes wordt 

pathogeenreductie behandeling (PRT) genoemd. Bloedplaatjes 

transfusieproducten worden bewaard bij kamertemperatuur, waardoor ook de 
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groei en het overleven van virussen en bacteriën gefaciliteerd wordt. Deze 

verontreinigingen in de transfusieproducten kunnen ontstaan door middel van 

donoren die besmet, maar nog geen symptomen tonen en daarom bloed 

kunnen geven. Het testen op verontreinigingen is een standaard procedure, 

maar de resultaten zijn er pas na een paar dagen, soms zelfs nadat het 

transfusie product is gegeven aan een patiënt. Terwijl transfusie 

overdraagbare besmettingen zeldzaam zijn, willen bloedbanken het risico van 

dergelijke infecties volledig kunnen uitsluiten. Pathogeenreductie werkt door 

het toevoegen van vitamine B2 aan het transfusie product en vervolgens een 

bestraling met UV-licht. Deze behandeling vernietigt alle virale of bacteriële 

verontreinigingen die aanwezig kunnen zijn. Het is tot nu toe echter niet 

duidelijk of de plaatjes zelf door de behandeling ook worden beschadigd. 

Bloedplaatjes zijn normaal gesproken niet actief maar stromen door ons bloed 

in een rustende vorm. Alleen als ze een beschadigd bloedvat tegenkomen 

worden ze geactiveerd. Deze activering is belangrijk voor de bloedplaatjes om 

aan het bloedvat te gaan hechten en de wond te sluiten. Onderzoek tot 

dusver heeft aangetoond dat PRT de rustende bloedplaatjes in de 

transfusieproducten amper aantast, maar data over de invloed op PRT op 

bloedplaatjesactivering ontbreekt. In hoofdstuk 5 , laten we zien dat PRT 

invloed heeft op bloedplaatjesactivering. We laten zien dat de bloedplaatjes 

door PRT lichtjes geactiveerd worden en beginnen te "lekken", terwijl ze in de 

transfusie zak worden bewaard. Het lekken zorgt ervoor dat de bloedplaatjes 

vervolgens minder reageren op echte activering. Dit betekent dat bij een 

bloeding een patiënt die PRT behandelde bloedplaatjes heeft ontvangen 

risico loopt op meer bloedverlies. We tonen ook aan dat het effect van PRT 

op bloedplaatjesactivatie toeneemt hoe langer de bloedplaatjes bewaard 

worden. Bloedplaatjes die gebruikt worden kort na PRT reageren goed op 

activatie. 

 

Samengevat geeft dit proefschrift nieuwe inzichten in de mechanismen die de 

differentiatie van een stamcel naar een megakaryocyt beinvloeden. We geven 

ook inzicht en mogelijke opties ter verbetering van de productie van 

bloedplaatjes voor toekomstige in vitro transfusie producten. 
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keer zweten. En terecht. Je scherpe kijk op alle hoofdstukken in het 

proefschrift en de experimenten die we hiervoor gedaan hebben, heeft me 
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onnodige proeven bespaard en liet me focussen op de noodzakelijke en 

belangrijke punten. Dank! 

 

Ook wil ik graag Prof. Dr. J.J. Zwaginga, Prof. Dr. W.H. Ouwehand, Prof. 

Dr. K. Freson en Prof. Dr. M.H.J van Oers  bedanken voor het zitting nemen 

in mijn promotiecommissie. 

 

Mein Dank geht auch an Herrn Prof. Dr. Auburger . Vielen Dank, dass Sie 

sich dazu bereiterklärt haben, Ihre Sca2-Mäuse mit uns zu teilen. Mit Ihrer 

Hilfe konnten wir unsere Daten in einen gröβeren Kontext einordnen und der 

zugehörigen Publikation mehr Impact verleihen. Danke, dass Sie als 

Opponent an meiner Prüfungskommission teilnehmen.  

 

Peter, dank voor je input voor ons TPM1 stuk. Je enorme kennis van het 

cytoskelett en actine liet ons met andere ogen naar onze data kijken. Ik heb 

veel van je kunnen leren en je hebt me op artikelen en methodes gewezen die 

in ons veld minder bekend zijn.  

 

Marieke , je bent een paar maanden na mij bij Sanquin begonnen als hoofd 

van de nieuwe afdeling “Hematopoiese”, waarin ik terecht kwam. Je kritische 

kijk op en het continu ter discussie stellen van proeven en conclusies hebben 

de vier artikelen in het proefschrift naar een nieuw level gebracht. We waren 

het niet altijd eens met elkaar, en dat was goed zo. Door onze “sparring 

sessions” heb ik geleerd nieuwe proeven te bedenken en voor mijn ideeën op 

te komen. Je had het zeker niet altijd makkelijk met mijn soms über-

enthousiaste manier van doen, maar ja, iemand moet de mega’s wel bekend 

en beroemd maken in een groep met allemaal rode bloedcel vrienden. Aber 

warum schreibe ich diesen Text denn auf holländisch, wenn du so gut 

deutsch sprichst? Vielen Dank für all deine Hilfe und Zeit, Marieke. Ich habe 

viel von dir gelernt. 

 

Franca , moppie, virus-goddess en paranymph. Van jou heb ik 

megakaryocyten leren kweken, facsen en aankleuren. En wat hebben we nog 

allemaal beleefd in de laatste jaren. Virus oogsten om half zeven op een 
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vrijdagochtend met “Monster Magnet” op de radio, nog meer virus maken en 

oh ja, soms hebben we ook wat virus gemaakt ;) Dan nog transducties 

inzetten, titraties, Western Blots, RNA isolaties, polysome profiling, actine 

scheidingen,… Phew! Zonder je hulp was het proefschrift niet afgekomen. 

“Bedankt” is niet genoeg. Voel je bij deze dik geknuffeld. Ons project is nu 

helaas over en ik wens je heel veel succes en plezier toe met de volgende 

uitdagingen. Je bent een kweekexpert en heel nauwkeurig op het lab, ik weet 

dat het je gaat lukken. Tenminste, als er maar goede muziek is ;) 

 

Antje , mein Vorbild und Paranymphe ;) Na, dann hat dein Chef ja sein Ziel 

erreicht als er dich vor vier Jahren bei mir „gedumpt“ hat. Nicht allein hab ich 

eine gute Freundin gewonnen, ich hab auch noch meinen Mentor gefunden. 

Jep, Mentor. Und auf einmal hilfst du uns auch noch beim letzten Chapter. Ich 

hab doch gesagt, dass ich dich noch zu den Megakaryocyten kriege ;) Danke 

für’s zuhören, beruhigen, trösten und aufpäppeln wenn’s mal nicht lief im Lab 

oder sonstwo. Danke für kritische Fragen und gute Ideen. Danke, dass ich auf 

deiner Couch pennen und bis halb vier Uhr morgens mit dir quatschen 

konnte. Oh stimmt nicht, halb fünf war’s! 

 

“The other megakaryocyte and platelet group”: Laura, Marjolein and Iris.  

Laura , not only did you keep a close eye on my progress as a member of my 

PhD committee, we also published two papers together. I learned a lot from 

you about platelets, mouse megakaryocytes and thoroughly scanning our 

paper drafts for all those hidden little errors. Muchas gracias por todo tu 

esfuerzo. To Mirasol and ATXN2! 

Another big thank you, although “thank you” will not quite cut it, goes to my 

all-nighter companion Marjolein  aka “M”. Thank you so much for helping me 

with the analysis and staying up all night for ATXN2. I had fun hanging out 

with you up there in Y4. 

Iris , thanks for your input in Mirasol, teaching me about platelet activation and 

the chitchat in the metro every once in a while.  

 

Melanie Halbach, Ewa Damrath und Suzana Gispert:  Vielen Dank für eure 

Hilfe mit den Mäusen. Unsere Fliessbandarbeit war schon ne interessante 
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Erfahrung. Wir können jetzt definitiv sagen, dass die Tiere effizient genutzt 

wurden. 

 

Pieter , hartelijk dank voor je hulp met Mirasol. Dankzij jou heb ik veel kunnen 

leren over transfusieproducten en “out of the box” kunnen kijken naar de 

ontwikkeling van transfusieproducten. Leuk! Voor mij als basic researcher een 

waardevolle ervaring. 

 

Dirk Geerts . Graag wil ik je bedanken voor alle short hairpin vectoren en je 

bijdrage aan MEIS1. Dank ook voor de champagne!  

 

Ook wil ik het tweede lid van mijn PhD committee bedanken. Sander , dank 

voor je kritische kijk op mijn vooruitgang en mijn tijdslijn. Je enthousiasme 

over megas en plaatjes is besmettelijk en ik vond het heel leuk om met je te 

brainstormen.  

Dank ook aan jou, Annemarie . Je hebt me laten zien hoe Mass-Spec 

monsters opgewerkt worden, heel erg spannend. Veel succes met je 

proefschrift en de mega-kweken.   

 

Carlijn Kuijk , bedankt dat je de CD34 organisatie van me wilde overnemen. 

Ook heb ik het idee dat het inmiddels iets drukker is dan toen ;)  

Nu we het over CD34 materiaal hebben, gaat mijn dank natuurlijk ook uit aan 

het laboratorium voor celtherapie. Ada, Anahid, Aster, Erica, Leone, 

Margreeth, Tamara, Marijke, Jolanda en John.  Jullie hoorden bij mijn 

wekelijkse ritme: Gezellig even op visite komen en op het witte bord spieken. 

Is er materiaal deze week? Is de donor niet te oud? Of te jong? Is het 

percentage CD34 hoog genoeg? Dank voor jullie hulp. 

 

Marten Hansen , daar sta je dan… als laatste vertegenwoordiger van de 

coolste cel in ons lichaam binnen de afdeling HEP. Fijn dat we je tijdens je 

sollicitatiegesprek enthousiast konden maken voor deze cellen die alles doen 

wat normale cellen niet doen (endomitose!). Uiteindelijk kon ik van jou ook 

nog een beetje leren over iPS en hoe men van IPS megas maakt. Niet 

makkelijk, namelijk ;) Thanks! 
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Thanks to our “Ex-neighbours” at P111: Lussy, Aicha, Aniska (yo nymph!), 

Onno, Jalenka, Gilian and Tamara . I could hear you laughing through 2 

walls and more than once. Is there anything else I need to say about the good 

spirits coming from your room?????  

  

Special thanks also to my platelet-partner in crime, Mister Rick (y) Kapur. Btw, 

you still owe me a Margarita. Thanks for the good times in the lab and during 

ASH. You are right, ASH rocks. But Gordon still rocks more ;) As do platelets, 

of course. They rock big time! Thanks as well for expanding my whiskey 

repertoire. And not to forget, thanks for introducing me to the NY Sour. All the 

best for Toronto, be sure I will come visit! 

 

Fräulein Helga!  We may have met at work, but managed to never actually 

talk much about it. And why would we when there is so much more to 

discuss? Shopping, speakeasies, cocktails, shoes, vintage, music, parties… 

Iceland! And now that you have moved back there, I finally have a chance to 

explore all this in Iceland, too. Not that I can afford any of it… Oh well, then 

we will probably just swing by to admire the little wonder you recently 

produced. I saw it got great reviews online ;) And how could I not mention 

you, Daði . Especially since you can mix some wicked drinks. Thanks for the 

continuous supply of espresso martini’s and G&T’s! Looking forward to seeing 

you in your natural habitat: cruising Iceland in a truck. 

 

Dank ook aan onze secretaresses Anita en Mo . Vluchten, treintickets, 

cursussen, congressen, Hulshoff dozen aanvragen? Jullie regelen het 

allemaal en zorgden daarvoor, dat ik altijd alles op tijd voor elkaar had. 

Bovendien was het ook nog gezellig om eens bij jullie langs te komen. Anita, 

mijn Pinterest verslaving heb ik aan jou te danken ;) 

 

Thanks to the “Ex-P112 crew”: Remco, Marion, Irma, Elina, Maja, Felipe, 

Kim, Sofieke, Edith, Kat and Klaske . Our office is gone now, but I will 

always remember the good atmosphere we had there. We shared laughs, 

frustrations and the occasional strong liquor to rinse it all down. Happy days! 
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Thanks to all my colleagues now AGW-ing at U2: Fiamma, Natasja, Pleun, 

Anne, Aurelie, Ben, Emile, Martijn, Barbera, Gestur , Monika, Derk, Carlijn 

Voermans, Esther, Magda, Fernanda, Giso, Jesse, San der, John, 

Florentine, Esther and Nahuel.  Thanks for discussions and questions during 

my presentations and in the lab. Thanks for making me look at my data from a 

different angle and providing fresh ideas, thanks for helping me out with 

reagents and a kind word when needed. And most of all, thanks for having 

coffee with me and / or a chat each time I would come to the big, big city from 

faraway Friesland.  

 

Some of you may have laughed about the fact that I seemed to always have a 

student working with me. But in the end, they all contributed to the 

publications in this book. So of course I would like to thank Raymond, 

Svitlana, Maikel, Juliette, Daan and Nizar . Your work provided first data on 

phenotypes and helped us figure out which way a project would go. You all 

worked incredibly hard and motivated. All the best for all of you! 

Sjoert . Je was een gezellige ML-II buddy. Dank voor je bijdrage aan het 

MEIS1 artikel. Je data van de MEIS1 knockdown fenotype speelt een 

belangrijke rol in dit hoofdstuk. Heel veel succes toegewenst met het afronden 

van je eigen proefschrift. Het gaat je zeker lukken. 

 

In de afgelopen vier jaar heb ik miljoenen cellen met virus groen of rood 

gekleurd. Of met antistoffen gemarkeerd. En dan? Leuk en aardig, al die 

kleurtjes maar daar heb je niks aan als er niemand is die de kleurtjes van 

elkaar scheiden kan. Dank dus aan Erik, Tomasz en Mark  van de central 

facility. Wie had gedacht dat cellen sorten en facsen zo gezellig kan zijn?  

 

En dan? De cellen zijn gesorteerd, groeien hard en opeens sta je daar met 

een paar miljoen meer dan een week geleden. What to do? Invriezen! 

Bewaren voor later! Dat ik mijn bevroren goodies op kon vragen, heb ik aan 

de cryobiologie  te danken. Ein extra-Dankeschön für “Gezelligheid” an die 

verrückten Holländer Vincent en Werner !  

 



 208 

Mein Ex-el Chefe: Uwe (Mister Uwe-Puwe) Andag . Ohne Dich wäre es nie 

so weit mit mir gekommen. Und das ist eine gute Sache. Danke!  

Fjouwer jier lyn ha ik ek noch in nije famylje derby krigen. Tank oan de 

famylje de Vries / Slager / Bergsma / Tabak ! Jimme boartsje in wichtige rol 

yn myn libben. Net allinne myn Nederlânsk is tanksij jimme better wurden, ek 

learde ik fuortendaliks in nije taal derby. De moaiste tal dy't der is neffens Kor: 

Frysk! Mar noch soad wichtiger is dat ik my troch jimme hjir thús fiel yn dit 

kikkerlandje. Tank jimme wol!  

Und dann möchte ich mich natürlich bei meinen Eltern, Rosemarie und 

Horst Zeddies  bedanken. Danke, dass ihr mich von klein auf immer ermutigt 

habt meine Grenzen zu erforschen. Mich nicht mit dem ersten besten 

zufrieden zu geben sondern Neues zu erleben, mutig zu sein. Ohne euch 

wäre ich nie so weit gekommen. Ihr seid immer für mich da und dafür kann ich 

gar nicht genug danke sagen. Dieses Buch ist auch euer Verdienst!  

Danke auch meinem Bruder Martin . Kleiner Bruder? Schon lange nicht mehr. 

Du weißt alles über Filme und gute Musik und High-End Cocktail Bars. Genau 

dir richtigen Themen, wenn ich mal echt nix mehr hören wollte von 

Wissenschaft.  

 

Myn leave skat, Kor . Tank foar alles. Al fjouwer jier stipe do my, hâld do 

rekkening mei wittenskip en hasto it op do nommen om tusken Grins / Fryslân 

en Haarlem hinne en wer te ride. Dit haadstik yn us libben is no om, ik sjoch 

út nei it folgjende haadstik tegearre mei dyn. Dikke tut!  



 209 

PPPhhhDDD   PPPooorrrtttfffooollliiiooo   SSSaaabbbrrriiinnnaaa   ZZZeeeddddddiiieeesss  

 
PhD period: November 2009 – May 2014  

Promotor: Prof. Dr. Ellen van der Schoot  

Co-Promotor: Dr. Daphne Thijssen-Timmer 

 

Attended Courses 
 
         Year         ECTS 
- Advanced Immunology      2010  2.9 

- The AMC World of Science     2011  0.7 

- Browsing Genomes with ENSEMBL    2012  0.3 

- Reference Manager      2012  0.3 

- Scientific writing in English     2013  1.5 

 
Seminars. Workshops, Masterclasses 
 
         Year         ECTS 
- Department meetings      2009-2014 4.5 

- Journal Club       2009-2014 3.0 

- Staff meeting       2009-2014 3.0 

- Master classes (6x)      2009-2014 3.0 

 
Poster Presentations 
 

Year            ECTS 

- Gordon Conference on the cell biology of 
megakaryocytes and platelets, Galveston, Texas, USA  

“The role of the transcription factor MEIS1 in megakaryopoiesis”  

2010 1.5 

- ISEH, Society for Hematology and Stem Cells annual 
meeting, Amsterdam, The Netherlands  

„The transcription factor MEIS1 regulates megakaryocyte-
erythrocyte fate by inducing FOG1 expression” 

2012 1.5 

- ASH, American Society of Hematology annual meeting,                                  
Atlanta, Georgia, USA  

“MEIS1 induces a megakaryocyte-erythroid fate by upregulation of 
FOG1 and GATA1 expression” 

2012 1.5 
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Oral Presentations, national and international 
        
                Year            ECTS

  

- ISBT, International Society for Blood transfusion, 
Amsterdam, The Netherlands  

“Degranulation and spreading defects in stored platelets after 
Mirasol pathogen-reduction treatment” 

2013 1.5 

- Gordon Conference on the cell biology of 
megakaryocytes and platelets,                      
Galveston, Texas, USA  

“The RNA-binding protein ATAXIN-2 regulates megakaryocytic 
differentiation” 

2013 1.5 

- DSSCR, Dutch Stem Cell Meeting,           
Amsterdam, The Netherlands  

“The transcription factor MEIS1 regulates early erythroid and 
megakaryocytic cell fate by upregulation of GATA1”  

2013 1.5 

- EHA, European Hematology Association Congress, 
Amsterdam, The Netherlands  

“The transcription factor MEIS1 regulates commitment towards 
the megakaryocyte-erythrocyte lineage by regulating GATA1 
expression” 

2012 1.5 

- NVvH, Dutch Hematology Association annual 
congress,                                                                    
Papendal / Arnhem, The Netherlands  

  

“The transcription factor MEIS1 is required for human erythroid 
development” 

2011 1.0 

“The transcription factor MEIS1 regulates early erythroid and 
megakaryocytic cell fate”  

2012 1.0 

“The RNA-binding protein ATAXIN-2 regulates megakaryocytic 
differentiation” 

2013 1.0 
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Teaching / Supervising 
Year       ECTS 

- Lecturing        -                   - 
          
- Supervising Master Students 

o Raymond Baalhuis, 6 months    2011  2.0 
“The role of MEIS1 in platelets” 
 
o Svitlana Podliesna, 6 months    2012  2.0 
“ATXN-2 is involved in translational regulation in  
megakaryocytes and platelets” 
 
o Maikel Fennis, 3 months     2012  1.5 
“The role of TPM1 in megakaryopoiesis” 
 
o Nizar Hami, 6 months     2013  2.0

  
“The role of TPM1 in megakaryopoiesis” 
 

- Supervising Bachelor students 
o Juliette Postma, Daan Panneman, 4 weeks  2012  1.5 
“The effect of TPM1 on megakaryocytic polyploidization”  
 

 
Total          
 41.7 

 
Additional tasks  

 Year   
 
Coordinator for cord blood and mobilized peripheral  blood   2011 - 2013 

derived stem and progenitor cells, Sanquin Research ,  

Department of Hematopoiesis, Amsterdam, The Netherl ands 

Duties: organizing supply and isolation of CD34+ cells derived  

from cord blood and mobilized peripheral blood for  

research purposes 

 

DJOB committee member (De jonge onderzoekers borrel ),  2012 - 2013  

Sanquin Research, Amsterdam, The Netherlands 

Duties: Organizing talks on career-related topics for  

PhD students & Post-Docs, representative for Sanquin  

PhD students on career events, organization of Sanquin  

Science Day meeting 
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