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SUMMARY 

Platelets are continuously produced from megakaryocytes (MK) in the bone marrow by a 

cytoskeleton-driven process of which the molecular regulation is not fully understood.  

As revealed in this thesis, MK/ platelet-specific Profilin1 (Pfn1) deficiency results in micro-

thrombocytopenia, a hallmark of the Wiskott-Aldrich syndrome (WAS) in humans, due to 

accelerated platelet turnover and premature platelet release into the bone marrow. Both 

Pfn1-deficient mouse platelets and platelets isolated from WAS patients contained abnormal-

ly organized and hyper-stable microtubules. These results reveal an unexpected function of 

Pfn1 as a regulator of microtubule organization and point to a previously unrecognized 

mechanism underlying the platelet formation defect in WAS patients.  

In contrast, Twinfilin2a (Twf2a) was established as a central regulator of platelet reactivity 

and turnover. Twf2a-deficient mice revealed an age-dependent macrothrombocytopenia that 

could be explained by a markedly decreased platelet half-life, likely due to the pronounced 

hyper-reactivity of Twf2a-/- platelets. The latter was characterized by sustained integrin acti-

vation and thrombin generation in vitro that translated into accelerated thrombus formation in 

vivo. To further elucidate mechanisms of integrin activation, Rap1-GTP-interacting adaptor 

molecule (RIAM)-null mice were generated. Despite the proposed critical role of RIAM for 

platelet integrin activation, no alterations in this process could be found and it was concluded 

that RIAM is dispensable for the activation of β1 and β3 integrins, at least in platelets. These 

findings change the current mechanistic understanding of platelet integrin activation.  

Outside-in signaling by integrins and other surface receptors was supposed to regulate MK 

migration, but also the temporal and spatial formation of proplatelet protrusions. In this the-

sis, phospholipase D (PLD) was revealed as critical regulator of actin dynamics and podo-

some formation in MKs. Hence, the unaltered platelet counts and production in Pld1/2-/- mice 

and the absence of a premature platelet release in the bone marrow of Itga2-/- mice question 

the role of podosomes in platelet production and raise the need to reconsider the proposed 

inhibitory signaling by α2β1 integrins on proplatelet formation.  

Non-muscle myosin IIA (NMMIIA) has been implicated as a downstream effector of the in-

hibitory signals transmitted via α2β1 integrins. Besides Rho-GTPase signaling, also Mg2+ 

and transient receptor potential melastatin-like 7 (TRPM7) channel α-kinase are known 

regulators of NMMIIA activity. In this thesis, TRPM7 was identified as major regulator of Mg2+ 

homeostasis in MKs and platelets. Furthermore, decreased [Mg2+]i led to deregulated 

NMMIIA activity and altered cytoskeletal dynamics that impaired thrombopoiesis and resulted 

in macrothrombocytopenia in humans and mice.  
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ZUSAMMENFASSUNG 

Thrombozyten werden kontinuierlich durch einen Zytoskelett-getriebenen Prozess von  

Megakaryozyten (MK) im Knochenmark gebildet. Die zugrunde liegenden molekularen Me-

chanismen sind jedoch weitestgehend unverstanden.  

In dieser Thesis konnte gezeigt werden, dass eine MK/ Thrombozyten-spezifische Profilin1 

(Pfn1) Defizienz eine Mikrothrombozytopenie verursacht, die das Hauptmerkmal des Wiskott-

Aldrich Syndroms (WAS) im Menschen ist. Die reduzierte Thrombozytenzahl konnte auf eine 

beschleunigte Entfernung der Thrombozyten aus der Zirkulation sowie deren vorzeitige 

Freisetzung im Knochenmark zurückgeführt werden. Sowohl Thrombozyten von Pfn1-

defizienten Mäusen, als auch von Patienten mit WAS wiesen abnormal organisierte und 

hyper-stabile Mikrotubuli auf. Die im Rahmen dieser Thesis gewonnenen Ergebnisse zeigen 

eine unerwartete Funktion von Pfn1 als Regulator der Mikrotubuliorganisation und weisen auf 

einen bisher nicht erkannten Mechanismus hin, welcher dem Thrombozytenproduktionsde-

fekt in Patienten mit WAS zugrunde liegt.  

Im Gegensatz hierzu konnte Twinfilin2a (Twf2a) als zentraler Regulator der Thrombozyten-

reaktivität und Lebenspanne etabliert werden. Mäuse mit einer Twf2a Defizienz zeigten eine 

progressive Makrothrombozytopenie, die durch eine stark reduzierte Lebenspanne der 

Thrombozyten erklärt werden konnte. Letzteres war höchstwahrscheinlich durch eine erhöhte 

Empfindlichkeit von Twf2a-defizienten Thrombozyten gegenüber von aktivierenden Stimuli 

bedingt. Die Hyperreaktivität von Twf2a-defizienten Thrombozyten zeigte sich durch eine 

verlängerte Aktivierung der Integrine und erhöhter Thrombingenerierung in vitro sowie be-

schleunigter Thrombusbildung in vivo.  

Um die Mechanismen der Integrinaktivierung besser zu charakterisieren, wurden Rap1-GTP-

interacting adaptor molecule (RIAM)-null Mäuse generiert. Obwohl RIAM eine zentrale Rolle 

in der thrombozytären Integrinaktivierung zugeschriebenen wurde, konnten keine Defekte in 

diesem Prozess in RIAM-null Thrombozyten identifiziert werden. Dies führte zu der Schluss-

folgerung, dass RIAM für die Aktivierung von β1 und β3 Integrinen in Thrombozyten nicht 

benötigt wird. Diese Erkenntnisse verändern das gegenwärtige mechanistische Verständnis 

der Integrinaktivierung in Thrombozyten. 

Die outside-in Signalgebung durch Integrine und andere Oberflächenrezeptoren reguliert die 

Migration sowie die zeitliche und räumliche Bildung von proplatelets durch MKs. In dieser 

Thesis konnte gezeigt werden, dass Phospholipase D (PLD) ein zentraler Regulator der 

Aktindynamik und Podosomenbildung in MKs ist. Die normale Thrombozytenzahl und  

-Produktion in Pld1/2-/- Mäusen sowie die fehlende vorzeitige Freisetzung von Thrombozyten 
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im Knochenmark von Itga2-/- Mäusen, stellen die Funktion von Podosomen in der Throm-

bozytenproduktion in Frage. Ferner zeigen diese Ergebnisse, dass die Rolle der inhibitori-

schen Signalgebung durch α2β1 Integrine in der proplatelet-Bildung noch einmal überdacht 

werden muss.  

Non-muscle myosin IIA (NMMIIA) wird als Effektorprotein im α2β1 Integrinsignalweg ange-

sehen. Neben Signalen, die durch Rho-GTPasen vermittelt werden, regulieren auch Mg2+ 

und die α-Kinase des transient receptor potential melastatin-like 7 (TRPM7) Kanals die Akti-

vität von NMMIIA. Im Rahmen dieser Thesis wurde TRPM7 als Hauptregulator der Mg2+ 

Homöostase in MKs und Thrombozyten identifiziert. Darüber hinaus führten erniedrigte intra-

zelluläre Mg2+ Konzentrationen zu einer veränderten NMMIIA Aktivität und Zytoskelettdyna-

mik. Diese Defekte beeinträchtigten die Thrombopoese und verursachten eine Makrothrom-

bozytopenie im Menschen und der Maus.  
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1. INTRODUCTION 

1.1. Megakaryocytes 

With an average diameter of up to 50-100 μm, megakaryocytes (MKs) are the largest cells 

within the bone marrow (BM). Their main function is the production of blood platelets, which 

maintain the vascular integrity but also play roles in other biological processes. During pro-

platelet formation, a mature MK is thought to release up to 5000 platelets in vivo.1,2 Under  

in vitro conditions, however, these values are markedly lower as for example only 10% of 

human MKs (up to 30% for mouse MKs) form proplatelet protrusions in culture, which yields 

on average 10-100 platelets per CD34+-derived MK.3  

1.1.1. Megakaryopoiesis 

Like all cells of the hematopoietic system, MKs are derived from multipotent hematopoietic 

stem cells (HSC) in the BM. During their maturation, MKs migrate from the osteoblastic 

niche, which is enriched in collagen I and fibronectin, to the vascular niche close to BM si-

nusoids, rich in collagen IV, laminin, von Willebrand-factor (vWF) and fibrinogen.4-6 Besides 

the structural information, these niches are defined by gradients of chemokines such as 

interleukin (IL) 1, IL3, IL6, IL11, c-kit ligand, and thrombopoietin (Thpo), calcium and oxy-

gen.6-9 The key cytokine for megakaryopoiesis, Thpo, and its receptor c-Mpl (myeloprolifera-

tive leukemia virus oncogene), however, were rather shown to stimulate the generation of 

MKs by HSC than to regulate MK maturation.7 In addition, mature MKs were recently shown 

to regulate HSC quiescence through the secretion of platelet factor 4 (PF4/ chemokine (C-X-

C motif) ligand (CXCL) 4) and transforming growth factor-β1 (TGF-β1), which both negatively 

regulated HSC cell cycle activity.10,11  

During their maturation, young MKs undergo several replication cycles without terminal cyto-

kinesis, a process called endomitosis.12 Polyploidization is enabled through Runt-related 

transcription factor 1 (RUNX1)-mediated silencing of non-muscle myosin heavy chain 

(MYH) 10 expression. The latter is required for cytokinesis and its inhibition facilitates the 

switch from mitosis to endomitosis.13-15 Due to the unique endoreplication process, the mul-

tilobed nucleus of a mature MK can contain up to 128 sets of chromosomes (128 N).16 MK 

polyploidy is thought to enable the cytoplasmic expansion of mature MKs through an in-

creased protein synthesis.17 During this phase, platelet-specific granules and the invaginat-

ed, formerly demarcation membrane system (IMS/DMS), are formed.18,19 The cytoplasmic 

invaginations, leading to the establishment of the IMS, require highly structured and complex 

changes in the cytoskeleton of MKs. These cytoskeletal rearrangements are exerted by actin 
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filament assembly via the Wiskott-Aldrich-syndrome protein (WASp)/ WASp family verprolin-

homologous protein (WAVE) pathway or the cell division control protein 42 (Cdc42) interact-

ing protein 4 (CIP4) and are essential to provide sufficient amounts of membranes for platelet 

formation.19,20 Furthermore, in a more recent study, Eckly and colleagues showed that some 

of the membranes of the IMS are derived from the Golgi apparatus and not only from the 

plasma membrane as previously thought.21  

1.1.2. Thrombopoiesis 

Similar to MK differentiation, migration of MKs towards BM sinusoids is tightly regulated by 

an elaborate system of chemokines, such as stromal cell-derived factor-1α (SDF1α/ 

CXCL12), angiopoietin 1 (Ang-1), and Thpo.22-25 Recently, Niswander and colleagues pro-

vided further evidence for an important role of SDF1α and its downstream signaling through 

the CXCR4 receptor in MK migration, as intravenous administration of SDF1α increased the 

association of MKs with the endothelium of BM sinusoids and circulating platelet numbers.23  

MK migration and platelet release strongly depend on cytoskeletal rearrangements, but also 

on the degradation of extracellular matrix (ECM) components, to facilitate the penetration of 

the basal membrane of the endothelial barrier.26 Schachtner et al. and others have recently 

shown that MKs form podosomes that mediate the degradation of ECM components through 

the secretion of matrix metalloproteases (MMP) and may serve MK migration.26-28 Besides 

MKs, also macrophages, dendritic cells and osteoclasts have been shown to form podo-

somes.28 Structurally, podosomes consist of a filamentous actin (F-actin)-rich core region 

(Fig. 1), where the actin remodeling-promoting proteins actin-related protein (Arp) 2/3, 

WASp, tyrosine kinase substrate with five Src-homology (SH) 3 domains (Tks5) and ArfGAP 

with SH3 domain, ankyrin repeat and pleckstrin homology (PH) domain 1 (ASAP1) can be 

found (Fig. 1). The core is surrounded by a ring structure consisting of integrins and associ-

ated proteins such as vinculin, talin-1 (Tln-1), paxillin, zyxin, α-actinin and non-muscle myo-

sin IIA (NMMIIA).29,30 Certain conditions further induce the organization of podosome super-

structures such as clusters, belts or rosettes.26,27 Despite a similar structural organization of 

invadopodia and podosomes, they differ in their lifetime. While podosomes persist for up to 

12 minutes, invadopodia could be observed for more than 10 hours. Of note, focal adhesions 

persist on average for up to one hour.31 Although podosomes mainly consist of integrins, 

actin and the respective accessory proteins, microtubules were shown to play a critical role in 

regulating podosome dynamics and half-life.32,33 For example, treatment of macrophages 

with nocodazole (a toxin that induces microtubule disassembly) inhibited podosome for-

mation, which was restored after washout of the toxin.32,33 



INTRODUCTION 

 
 
	

3	
	

	 	

Figure 1 | Schematic model of podosome organization. Podosomes are F-actin-rich protrusions 
that are characterized by a filamentous actin (F-actin)-rich core region and a peripheral ring structure. 
Podosomes serve cell migration by mediating the degradation of components of the extracellular 
matrix. While the core mainly consists of F-actin and actin remodeling-promoting proteins such as 
actin-related protein (Arp) 2/3, Wiskott-Aldrich syndrome protein (WASp), tyrosine kinase substrate 
with five Src-homology (SH) 3 domains (Tks5) and ArfGAP with SH3 domain, ankyrin repeat and 
pleckstrin homology (PH) domain 1 (ASAP1), integrins and associated proteins such as vinculin, talin, 
paxillin, zyxin, α-actinin and non-muscle myosin IIA (NMMIIA) predominate in the ring structure. (taken 
from van den Dries et al. Nat Commun 2013)34 

Furthermore, microtubules were implicated to stabilize and thereby extend the half-life of 

podosomes in macrophages and osteoclasts.33,35 However, in osteoclasts disruption of mi-

crotubules did not interfere with podosome formation, but resulted in a reduced organization 

of podosomes into belts.36 Despite controlling podosome superstructure and stability, micro-

tubules may in addition also serve the transport of MMPs and integrins to the core.29  

1.1.2.1. Phospholipase D in podosome formation 

Podosome formation and thus actin rearrangement is tightly regulated by various cytoskeletal 

proteins, such as Arp2/3, WASp, phospholipase (PL) D1/2, profilin (Pfn) 1 and Ras-homo-

logue-guanine triphosphatases (Rho-GTPases) that become activated downstream of lipid 

signaling cascades.37-40 Among others, the latter process involves PLD, an intracellular en-

zyme that catalyzes the conversion of the membrane lipid phosphatidylcholine into choline 

and phosphatidic acid (PA) in response to various stimuli such as hormones, growth factors 

or neurotransmitter, but also downstream of integrins.37,41 Moreover, PLD has been reported 

to interfere with actin dynamics and to play a role in cell migration and phagocytosis by re-

cruiting specific actin-remodeling molecules to the leading edge of cells through the spatially 

and temporally regulated generation of PA.38,42 Further evidence for a crucial role of PLD in 
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actin dynamics was recently provided by Ali et al. showing that macrophages deficient in 

PLD display abnormal actin rearrangements, resulting in reduced numbers of irregularly-

shaped podosomes and defective phagocytic capacity.43 Even though platelets of mice lack-

ing either or both PLD isoforms (PLD1 and PLD2) have been extensively studied, the role of 

PLD in megakaryo- and thrombopoiesis, in particular during podosome formation of MKs has 

not been investigated.44-46  

Located next to BM sinusoids, mature MKs start to form protrusions, so-called proplatelets 

that reach into the vessel lumen (Fig. 2). Podosomes are also thought to be critical for proper 

proplatelet formation, as MKs lacking WASp are unable to form podosomes on collagen I, 

which is considered to account for the premature release of platelets into the BM compart-

ment of Wasp-/- mice.26,27  

1.1.2.2. Proplatelet formation  

Proplatelet formation starts at a single spot of the MK membrane from which a pseudopod is 

extended. This pseudopod tapers into a thin tubule, the proplatelet shaft (2-4 μm diameter) 

that contains a central microtubule bundle, intermitted by bulbous swellings that contain 

actin.47,48 MK polarization is a prerequisite for the directed formation of proplatelet protrusion 

and Zhang et al. revealed that endothelial sphingosine 1-phosphate (S1p) and its receptor on 

MKs (S1pR1) are critical for guided proplatelet-formation into BM sinusoids.49 Once a pro-

platelet has passed the endothelial barrier, the dynein-dependent sliding of antiparallel micro-

tubules serves the transport of organelles and granules from the MK body to the sprouting 

platelets, besides promoting the elongation of proplatelet protrusions.50-52 In contrast to the 

microtubule-driven protrusions, actin-dependent branching of existing protrusions increases 

the number of proplatelet tips and consequently the number of preplatelets that are shed-off 

by the circulating blood.48,53,54 The critical role of the actin cytoskeleton for platelet production 

was further revealed in studies using knockout mouse models for actin-associated 

proteins.55,56  

Besides initial reports on proplatelet formation in situ using histology and transmission elec-

tron microscopy (TEM), recent advances in intravital microscopy allowed real time visualiza-

tion of this process in the BM of living animals.49,57,58 Although shear forces prevailing in the 

circulation have been implicated in this process, the precise mechanisms by which larger 

fragments, so-called preplatelets, are released from proplatelet tips, still remain elusive 

(Fig. 2).40,58-60 Recent findings, however, point to a critical role of sphingosine kinase 2-medi-

ated reorganization of the microtubule cytoskeleton, as MKs deficient in this protein show an 
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altered microtubule stability and cannot sufficiently release preplatelets from proplatelet tips 

in vivo (conference communication of Prof. Steffen Massberg).61 The shed preplatelets were 

shown to circulate as beaded or as barbell-shaped platelet pairs and were larger in size than 

‘normal’ platelets.62,63 These findings supported earlier observations where it was speculated 

that final platelet maturation occurs in the circulation.62,63  

Besides the classical lineage commitment that is characterized by the maturation-associated 

endoreplication and expression of MK markers, very recently a new lineage of diploid plate-

let-forming cells (DPFCs) was identified as the source of the very first platelets in the devel-

oping mouse embryo.64,65 It is still unclear, whether the beforehand-described mechanisms of 

proplatelet formation by MKs similarly apply for platelet release by DPFCs. Moreover, further 

studies are required to decipher the role of DPFC-derived platelets in embryogenesis. 

1.1.2.3. Rupture-type platelet production 

Calculations of platelet consumption and production in humans and mice suggested that 

platelet production via the classical process of proplatelet formation is sufficient to maintain 

platelet count in normal physiology.58,66,67 Furthermore, it was recently shown that aged plate-

lets that have lost sialic acid from their surface are cleared from the circulation by hepato-

cytes. Thereby, desialylated platelets are recognized by the Ashwell-Morell receptor and 

signaling-induced phagoycytosis in turn stimulates Thpo production by hepatocytes, thus reg-

ulating platelet biogenesis in normal physiology.68 However, these mechanisms may not be 

efficient enough to produce sufficient platelet numbers under conditions of increased platelet 

consumption, such as inflammation/ infection, immune thrombocytopenia, or traumatic blood 

loss. Nishimura et al. recently identified an IL-1α-induced rupture-type mechanism for platelet 

production that yields 20-fold higher numbers of released platelet particles as compared with 

the classical mechanism of proplatelet formation during the same period of time (Fig. 2).69,70 

This provides for the first time an explanation of how MKs can maintain platelet mass equilib-

rium and quickly restore platelet numbers under pathological conditions associated with 

increased platelet turnover.  

The mechanism of rupture-type platelet formation strongly resembles key features of Fas-

ligand (FasL)-induced apoptosis, including activation of caspase-3, disorganization of the 

cytoskeleton, and membrane blebbing. However, in stark contrast to typical FasL-induced 

apoptosis, rupture-type platelet formation is relatively quick (within an hour versus >80 min) 

and results in the release of a large number of phosphatidylserine (PS)-negative particles. 

These particles carry an increased content of β1-tubulin, which is reminiscent of disor-
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ganized α- and β-tubulin expression, and has not been described for apoptotic cells (Fig. 2). 

The increased formation of membrane blebs was accompanied by a reduction in MK mem-

brane stiffness that could be reverted by caspase inhibitors. The activation of caspase-3 

represents a central step in rupture-type platelet release, as caspase-3-deficient MKs could 

not use this alternative pathway for platelet production.69,70  

 
Figure 2 | Current models of platelet production. In normal physiology (left panel), platelets are 
continuously produced by megakaryocytes (MKs) via the classical process of proplatelet for-
mation.40,49,58 Under these conditions, thrombopoietin (Thpo) drives megakaryopoiesis by signaling 
through its receptor c-Mpl, but Thpo is dispensable for proplatelet formation, which is a cell-autono-
mous process and presumably regulated by the vascular niche.22-25,71,72 Inhibition of caspase-3 and a 
well-organized orchestration of microtubule dynamics (green) are prerequisites for proper proplatelet 
formation and protrusion into bone marrow (BM) sinusoids, where preplatelets are released and fur-
ther mature within the circulation.14,48,58 Proplatelet formation is a rather slow process with low yields of 
platelets per period of time, but is sufficient to compensate for the continuous loss of aged platelets. 
Under conditions of increased platelet loss or consumption (right panel), e.g., as a result of excessive 
blood loss or in the setting of infection/inflammation, this mechanism might not be sufficient to ensure 
appropriate platelet supply. Under these conditions, interleukin-1α (IL-1α) levels increase rapidly and 
trigger rupture-type platelet formation via the IL-1R1 receptor on MKs. IL-1α signaling leads to a 
deregulated expression and organization of β1-tubulin (green) as well as to the activation of  
caspase-3, which in turn leads to a reduction of MK membrane stiffness. Together, these processes 
lead to the formation of multiple membrane blebs that are predominantly released into BM sinusoids to 
quickly replenish platelet numbers.69 (Nieswandt & Stritt J Cell Biol 2015)70 

1.2. Platelets 

With an average size of 2-3 μm and a discoid shape, platelets represent the smallest cor-

puscular component of the blood. In a healthy human individual 0.15-0.30 x 106 and in mice 

up to 1.0 x 106 platelets per μL blood are present in the circulation, respectively. Although 

these numbers are already quite high, platelets in the circulation only represent two third of 

the overall platelet population with one third being reversibly sequestered in the spleen. The 

average life span of a circulating platelet is 10 days in humans and 5 days in mice, respec-

tively. Aged platelets are cleared from the circulation by macrophages in the reticulo-

endothelial system of the spleen and liver.  
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1.2.1. Platelet morphology 

Platelets are delimited by a plasma membrane that contains embedded glycoproteins (GP) 

and several invaginations, the so-called open canalicular system (OCS), remnants of the 

endoplasmic reticulum represented by the closed-channel dense tubular system (DTS) and a 

highly organized cytoskeleton that preserves cellular integrity and shape.  

 
Figure 3 | Platelet morphol-
ogy. (a) Ultrastructural charac-
teristics of platelets. (modified 
from Fitch-Tewfik & Flaumen-
haft Front Endocrinol 2013)73 
(b) Cytoskeletal organization of 
platelets (Image by Prof. John 
Hartwig, Boston, USA).  

The OCS is thought to serve three major functions: (1) the uptake of extracellular compo-

nents and release of granule contents;74 (2) a membrane reservoir, which is required for filo- 

and lamellipodia formation and (3) storage site for glycoproteins (Fig. 3a).75 In contrast, the 

DTS is primarily believed to serve as a Ca2+ reservoir.76  

In addition, platelets harbor numerous organelles such as α- and dense-granules, lyso-

somes, peroxisomes, glycogen stores, and mitochondria (Fig. 3a).76-79 α-granules (40-80 per 

platelet with an average size of 200-500 nm) are the most abundant granules in the platelet 

cytoplasm (Fig. 3a) and contain proteins necessary for platelet adhesion (e.g. fibrinogen, 

fibronectin, vWF), coagulation factors (FV, FXIII), PF4, P-selectin or platelet-derived growth 

factor (PDGF), but also glycoproteins such as αIIbβ3 integrins. Dense-granules are smaller 

(200-300 nm), less numerous (Fig. 3a), but also contain a large number of hemostatically 

active but inorganic molecules such as catecholamines, 5-hydroxytryptamine (5-HT, seroto-

nin), adenosine diphosphate (ADP), adenosine triphosphate (ATP) and Ca2+.80 

1.3. The cytoskeleton and its implication in platelet production and function 

The cytoskeleton consists of a highly interconnected structure of filamentous polymers and 

associated proteins that enables a eukaryotic cell to cope with deforming forces, allows 

active transport of intracellular cargos and facilitates the change of cell shape, which is re-

quired for movement. This is achieved by integrating specific functions of a multitude of 

cytoplasmic proteins and organelles. Although the name cytoskeleton indicates that it is a 

stable and rigid structure it is a highly adaptive and dynamic network, whose components are 

in a constant equlibrium of assembly and disassembly. This network consists of three major 

types of filaments: microtubules, intermediate, and actin filaments (microfilaments).81,82  
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1.3.1. Microtubule cytoskeleton 

The tubulin cytoskeleton consists of different α- and β-tubulin isoforms that, in their GTP-

bound state, form heterodimers and can be further assembled into long and polarized (plus- 

(β-subunit is exposed) and minus-end (α-subunit is exposed)) protofilaments. Thirteen proto-

filaments can further associate laterally and thereby build microtubules, which present as 

long (up to 50 μm in length) hollow cylinders with an average diameter of 24 nm.83,84 Microtu-

bule polymerization is initiated at a microtubule-organizing center (MTOC) that contains a γ-

tubulin-ring complex (γ-TuRC).85 The presence of γ-tubulin within the marginal band of plate-

lets suggests that the γ-TuRC also acts as nucleation core for the assembly of microtubules 

in these cells.86 Microtubules exist in a steady state of assembly and disassembly termed 

dynamic instability. In general, assembly can occur at both, the plus- and minus-end even 

though it occurs much faster at the plus-end.87 Hydrolysis of the GTP bound to the β-subunit 

of the polymerized heterodimer decreases the filament stability and leads to microtubule 

depolymerization. Once the microtubule tip (plus-end) contains GDP-tubulin a rapid depoly-

merization occurs, which is termed ‘catastrophe’ that can be rescued by the addition of new 

GTP-tubulin heterodimers.88 However, microtubule stability can also be regulated via post-

translational modifications such as acetylation, detyrosination, polyglutamylation or polyglyc-

ylation.89 The addition of an acetyl-residue to lysine 40 of the α-tubulin subunit is known to 

indicate stable microtubules. Acetylation is mostly mediated via the α-tubulin N-acetyltrans-

ferase 1 (α-TAT1), while deacetylation is mainly accomplished by histone-deacetylases 6/5 

(HDAC5/6) and the nicotinamide adenine dinucleotide (NAD)-dependent deacetylase  

sirtuin-2 (SIRT2).90-93 Similarly, removal of the C-terminal tyrosine from the α-tubulin subunit 

leads to the exposure of the preceding C-terminal glutamate, another indicator for stable 

microtubules. The enzyme mediating the detyrosination still needs to be identified, while the 

enzyme mediating the addition of a tyrosine, the tubulin-tyrosine ligase (TTL) is already 

known.89,94 Polyglutamylation and polyglycylation can occur on both the α- and β-tubulin 

subunits and are mediated via TTL-like family member enzymes (TTLLs) that add a γ-linked 

glutamine or glycine to one or more of the five C-terminal glutamates.89  

The temporal and spatial coordination of microtubule dynamics is essential as microtubules 

do not only maintain the structure of the cell, but are also of critical importance for cell migra-

tion, mitosis, meiosis, developmental processes and for the transportation of intracellular 

cargos. The latter is mediated towards the plus-end via kinesins and towards the minus-end 

via dyneins.95  
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Figure 4 | Variants in TUBB1 cause distinct alterations of the microtubule cytoskeleton. (a, b) 
Resting (a) or on fibrinogen (15 min, 100 μg μL-1) spread platelets (b) from healthy controls and pa-
tients with a F260S or R282* variant, respectively, were fixed, stained for the indicated proteins and 
analyzed by confocal microscopy. (c, d) Platelets were pretreated (30 min) with 10 μM colchicine and 
allowed to adhere to poly-L-lysine-coated coverslips (c) or to spread (15 min, 100 μg μL-1) on fibrino-
gen (d). Subsequently, platelets were processed for immunostaining and analyzed by confocal mi-
croscopy. Scale bars, 3 μm. Experiments were performed in the lab of Dr. Paquita Nurden in Pessac, 
France (Stritt et al., unpublished observations). 

In platelets, microtubules are organized into the characteristic marginal band that consists of 

8-12 microtubule coils in the platelet periphery that maintains the discoid shape of resting 

platelets (Fig. 3b). Consequently, microtubule disassembly, e.g. by incubation below 16°C or 

treatment with microtubule destabilizing toxins such as colchicine or nocodazole leads to a 

spherical platelet shape.78 The critical role of microtubules for maintaining a discoid platelet 

shape was further confirmed by a knockout mouse model lacking the hematopoietic lineage-

specific β1-tubulin that displayed a macrothrombocyopenia with spherical platelets with a 
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markedly reduced number of discontinuous microtubule coils within the marginal band.96 

Similarly, in humans a single point mutation changing phenylalanine 260 to a serine causes 

hereditary macrothrombocytopenia with spherical platelets, a reduced number of microtu-

bules within the marginal band and a bleeding diathesis (Fig. 4).97 However, this is not true 

for all patients with variants in TUBB1, as patients with a R282* mutation display macro-

thrombocytopenia, with hyper-aggregable platelets that contain an increased number of 

aberrantly organized microtubules with an altered stability (Fig. 4).  

1.3.2.  Actin cytoskeleton 

The actin cytoskeleton is involved in many cellular processes such as cell division, exo- and 

endocytosis, cell motility, cell polarization and the formation of cell protrusions. F-actin is 

composed of monomeric, globular actin (G-actin) molecules, of which in mammals, three 

isoforms have been identified: the mainly muscle specific α-actin and the ubiquitously ex-

pressed β- and γ-actin isoforms.82 Due to the structure of G-actin molecules, assembly re-

sults in polarized filaments, with a barbed (+) and pointed (-) end. The typical helix structure 

is achieved by a 166° rotation of two parallel F-actin strands, which yields a F-actin microfil-

ament with an average diameter of 7 nm (Fig. 5). Actin filament nucleation can either occur 

de novo mediated by formin family members such as the mammalian diaphanous 1 protein 

(mDia1, DIAPH1) or from pre-existing filaments through the Arp2/3 complex.98-100 Either 

activation of formins by small GTPases or binding of adenomatous polyposis coli (APC) can 

overcome the inhibitory effects of Pfn1 and capping proteins (CP) on spontaneous actin 

nucleation.98,99 Secondly, the Arp2/3 complex (consisting of Arp2, Arp3 and ARPC1-ARPC5) 

can be activated by binding of WASp family members via their central/acidic (CA) region, 

while the verproline homology motif (V) of WASp associates with an actin monomer and the 

Arp2/3 complex binds to existing actin filaments.100 The assembly or growth of actin filaments 

is accelerated by high-energy G-actin monomers, which are bound to ATP, leading to stabili-

zation of the monomers.101-103 Upon addition to the growing filament, ATP is rapidly hydro-

lyzed into ADP and inorganic phosphate (Pi). Dissociation of the γ-phosphate is a rather slow 

process, but results in destabilization and is an indicator for the age of the filaments 

(Fig. 5).104 
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Figure 5 | Schematic overview of a proposed model of actin dynamics (not all involved proteins 
are depicted). Actin filaments consist of G-actin monomers, which can be divided into three energetic 
states: ATP-G-actin (bright green), ADP-Pi-G-actin (orange) and ADP-G-actin (light blue). Cofilin 
(grey) severs and depolymerizes ADP-G-actin from actin filaments. Severing results in free barbed 
ends (+), on the one hand, providing a new target available for polymerization and on the other hand, 
providing a new target for disassembly at the newly provided pointed end (-). Twinfilin (light and dark 
green) competes with cofilin in binding to ADP-G-actin monomers and since twinfilin has a higher 
affinity for ADP-G-actin, this interaction is preferred. Moreover, twinfilin was shown to interact with 
heterodimeric capping protein (red). Profilin (dark blue) is a nucleotide exchange factor for G-actin 
monomers replenishing the pool of high-energy ATP-G-actin bricks for the assembly of actin filaments. 
Furthermore, twinfilin, profilin as well as cofilin were shown to interact with phosphatidylinositol-4,5-
bisphosphate (PIP2, in pink), which results in a down-regulation of the sequestering function of twinfilin 
and profilin on G-actin monomers and the severing activity of cofilin.105-107  

Platelets contain over two million actin molecules, which are present in a dynamic monomer-

polymer equilibrium.108,109 Approximately 40% of the total actin monomers are present in the 

filamentous form in a resting platelet and constitute 2,000-5,000 actin filaments.110 The re-

maining 60% monomeric actin is stored in stoichiometric 1:1 complexes with β4-thymosin 

(Tmsb4X), Pfn1, Twinfilin1/2a (Twf1/2a), and other actin sequestering proteins and becomes 

incorporated into filaments upon platelet activation (Fig. 5).111,112 The actin filaments of rest-

ing platelets are highly cross-linked and form a stiff network through numerous actin cross-

linking molecules such as filamin A (FlnA), spectrins or α-actinin.113,114 FlnA recruits and posi-

tions numerous proteins including Ras homolog gene family, member A (RhoA), Ras-related 

C3 botulinum toxin substrate 1 (Rac1), p21/Cdc42/Rac1-activated kinase (PAK1) and many 

others. However, the association of FlnA with the cytoplasmic tail of GPIbα was shown to be 
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of particular importance for the structural organization of resting platelets as more than 90% 

of FlnA forms complexes with GPIbα.108,115 

1.3.2.1. Regulation of actin dynamics 

The temporal and spatial dynamics of the well-organized cytoskeletal architecture that main-

tains platelet shape and facilitates the elaborate process of platelet production via proplatelet 

formation or rupture-type platelet release by MKs (Fig. 2) needs to be tightly regulated. Be-

sides others, the actin nucleating and assembly promoting proteins such as WASp, Arp2/3 or 

formins, actin monomer sequestering proteins such as Tmsb4X, Pfn1 or Twf1/2a and actin 

filament severing proteins like cofilin or cyclase-associated proteins (CAP) work in concert to 

control this highly dynamic network (Fig. 5). 

1.3.2.2. Profilin 

In 1977, Pfn was first identified in calf spleen, but shortly afterwards it was found in all inves-

tigated tissues and species.116 During evolution, multicellular organisms seem to have in-

creased the number of Pfn genes or improved the transcriptional regulation, thereby enabling 

the control of the expression pattern and expanding the functions of Pfns.117 In mammals, 4 

different Pfn isoforms have evolved, partially with a tissue-specific expression pattern. Be-

sides the well-described ubiquitously expressed Pfn1, the brain-specific Pfn2 (with two sub-

isoforms Pfn2a and 2b), and more recently, the mainly testis-specific Pfn3 and 4 were identi-

fied.116,118-121 Remarkably, the sequence homology of Pfns between different species is rather 

low, however, the structure and functions of the proteins are highly conserved.122 Despite its 

small size of only 15 kDa, Pfn harbors, in addition to its actin-binding domain, a domain for 

binding of phosphatidylinositides, with a strong preference of phosphatidylinositol-4,5-

bisphosphate (PIP2) and a poly-L-proline (PLP) binding domain, which is required for its 

interaction with other ligands (Fig. 6).105,123-125  

Pfn was first identified as a small actin-binding protein (molar ratio of 1:1) and was initially 

thought to function as an ATP-G-actin sequestering protein, thus interfering with F-actin 

assembly.116 This point of view changed dramatically over time, with the observation of Pfn’s 

nucleotide exchange factor activity on G-actin monomers, transforming the low energy ADP-

G-actin into polymerization-capable ATP-G-actin monomers.126 Moreover, Pfns were shown 

to regulate the addition of new monomers to growing actin filaments. Accordingly, the hitherto 

mainly sequestering function was replaced by a polymerization-promoting function.127,128 

Further support for this observation is provided by the cellular concentration of Pfn, which is 

only sufficient to sequester approximately 20% of cellular actin monomers.129 In conclusion, 
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Pfns are required to replenish the pool of ATP-G-actin, thus providing new bricks for the 

assembly of actin filaments. Profilactin (profilin bound to ATP-G-actin) can associate with 

free barbed ends and incorporate new monomers into growing actin filaments (Fig. 5).  

As mentioned above, besides its actin-binding domain, Pfn is endowed with a domain that 

binds to phosphoinositides (preferentially PIP2), which in turn affects actin and ligand binding, 

as well as PLCγ1 activity.105,123,130,131 Beside G-actin and PIP2, Pfn interacts with a large 

number of other proteins that contain a PLP stretch (Fig. 6). Among these are for example 

proteins involved in membrane trafficking, such as synapsin, clathrin, and dynamin, or pro-

teins present in focal contacts, such as mammalian enabled orthologue (Mena) or vasodila-

tor-stimulated phosphoprotein (VASP).123,132,133 Furthermore, Pfn is involved in the regulation 

of signaling pathways of small Rho-GTPases, e.g. as shown by the interaction with N-WASp, 

WASp-interacting protein (WIP), downstream of Cdc42 or mDia1, a known effector of RhoA 

(Fig. 6).134-136 The essential role of Pfn in actin dynamics and consequently in development, 

has been revealed in Drosophila melanogaster and mice.137,138 In Drosophila, deletion of 

Pfn1 resulted in late, in mice in early embryonic lethality thus indicating an essential biologi-

cal function in mitosis and signaling.138 Since the Pfn1 knockout mouse displayed embryonic 

lethality, no study on the phenotype of the Pfn1 knockout in an adult mammalian animal has 

been reported to date.  

 
Figure 6 | Schematic domain architecture and interacting proteins of profilin (not all interaction 
partners are depicted). Profilin consists of a N- and C-terminal poly-L-proline (PLP) binding domain, a 
central actin binding site with an overlapping binding site for phosphatidylinositides, exhibiting a strong 
preference for phosphatidylinositol-4,5-bisphosphate (PIP2) and another PIP2-binding site that over-
laps with the PLP-binding domain in the C-terminus. The N- and C-terminal PLP-binding sites allow 
the association with the numerous interaction partners of profilin, such as the Wiskott-Aldrich syn-
drome protein (WASp), mammalian Diaphanous (mDia), mammalian Enabled (Mena), dynamin, 
WASp family verprolin-homologous protein (WAVE) or hematopoietic protein 2 (Hem2).123 Binding of 
profilin to PIP2 on the one hand prevents phospholipase-mediated hydrolysis to inositol-1,4,5-triphos-
phate (IP3) and diacylglycerol (DAG) and on the other hand inhibits the association with actin mono-
mers. W3A, Y6D, R74D, H133S, and R136D highlight point mutants of profilin that specifically disrupt 
the function of single domains.139,140  
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1.3.2.3. Twinfilin 

The mechanisms by which G-actin monomers are transported from the pointed end of F-actin 

filaments to places of rapid actin turnover remained enigmatic until Twf was described. Hu-

man Twf was first identified in 1994 and initially thought to represent the catalytic domain of 

the atypical protein kinase (PK) C.141-143 Twf homologues have been identified in human, 

mouse, and Caenorhabditis elegans, but not in plants.144 With a molecular weight of approx-

imately 40 kDa and consisting of two actin depolymerizing factor-homology (ADF-H) domains 

connected by a short linker region and an additional C-terminal tail, Twf also belongs to the 

class of small actin-binding proteins (Fig. 5).145,146 Although the sequence homology of Twf’s 

ADF-H domains and ADF/cofilin is rather low, their crystal structures are almost superimpos-

able.144,147 While unicellular organisms and lower animals, such as Saccharomyces cervesiae 

or Drosophila melanogaster only have one Twf isoform, in mammals the ubiquitously ex-

pressed Twf1 and Twf2a, as well as the muscle-specific Twf2b have been identified.148-150 

Although Twf contains two ADF-H domains, it interacts with G-actin in a molar ratio of 1:1 

with an approximately 10-fold higher affinity for ADP-G-actin compared to ATP-G-actin.107,144 

Nevertheless, both ADF-H domains are able to bind G-actin.149,151 Twf was shown to inhibit 

actin filament growth by two distinct mechanisms: on the one hand, Twf inhibits barbed end 

growth by capping of actin filaments barbed ends (Fig. 5) and on the other hand, it inhibits 

pointed end growth by sequestering G-actin monomers, thus reducing the pool of free mon-

omers. 144,152 Moreover, Twfs interact with heterodimeric CPs and at least in yeast, this inter-

action was reported to be important for its proper function in actin dynamics (Fig. 5).153 Of 

note, binding of CPs to actin filament barbed ends inhibits both depolymerization as well as 

the addition of new monomers. However, the Twf-CP interaction is thought to localize ADP-

G-actin monomers close to places of rapid actin turnover, thus providing new bricks for the 

growth of actin filaments.149,153,154 Similarly, upon ADF/cofilin-mediated dissociation of G-actin 

monomers from actin filaments, Twf is thought to compete with ADF/cofilin in binding of these 

monomers.148,151,155 In addition, Twf also interacts with PIP2 and this interaction in turn inhibits 

its actin monomer sequestering function.106  

In vivo, Twf-deficiency in yeast resulted in mild alterations in the cortical actin patches and a 

defective budding pattern.144 However, the combination of a cofilin or Pfn functional mutant 

with a Twf deficiency in yeast resulted in synthetic lethality.144 In contrast, Drosophila mela-

nogaster mutants lacking Twf displayed a reduced body size, were less active, exhibited a 

retarded development and a rough eye phenotype. Most prominent was the aberrant, often 

bend and rough bristle morphology, which was due to an uncontrolled polymerization of 

actin.156 In 2011, Nevalainen et al. generated a global Twf2a-deficient mouse line (Twf2a-/-) 
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and studied the morphology and histology of different organs. However, they could not find 

major differences as compared to the corresponding controls, which led to the conclusion 

that Twf2a is dispensable for mouse development.150 Nevertheless, they hypothesized that 

the functionally redundant Twf1 isoform might compensate for the lack of Twf2a.149,150 Simi-

larly, a MK- and platelet-specific Twf1-deficient mouse did not reveal any defects in MK 

maturation, thrombopoiesis, platelet function, or actin assembly thus further suggesting that 

the two Twf isoforms can compensate for each other (Stritt et al., unpublished observations). 

1.3.2.4. Transient receptor potential melastatin-like 7 channel 

Besides actin filament assembly, also its contraction and organization into superstructures 

like stress fibers are prerequisites for cell movement. NMMIIA, a member of the myosin-

motor superfamily, is an actin-binding/ cross-linking protein that exerts contractile forces, and 

thus constitutes an important regulator of cytoskeletal reorganization, intracellular trafficking 

and cell locomotion. Members of the myosin superfamily mediate these effects by generating 

tension, via sliding and movement of actin filaments.157 NMMIIA as well as the other myosin 

family members consist of two heavy chains (230 kDa), two regulatory light chains (RLCs; 

20 kDa) that serve the regulation of NMMIIA activity and two structure-stabilizing essential 

light chains (ELCs; 17 kDa).158 The activity of NMMIIA is regulated via serine/threonine phos-

phorylation of the heavy and light chains.159-161 While activating phosphorylations occur on 

Ser19 and Thr18 of the ELCs, phosphorylations on the NMMIIA heavy chain C-term either 

prevent the formation or lead to the dissociation of myosin cross-linked actin filaments. Be-

sides PKC (Ser1916) and casein kinase II (Ser1943), NMMIIA heavy chain can be phos-

phorylated by the transient receptor potential melastatin-like 7 (TRPM7) channel on Thr1800, 

Ser1803 and Ser1808 (Fig. 7).159,162,163 Moreover, it has recently been shown that the intra-

cellular magnesium concentration ([Mg2+]i) also contributes to the regulation of actomyosin 

contractility by modulating the affinity of NMMIIA to actin and the ADP-release from 

NMMIIA.164 Of note, Mg2+ is the second most abundant cation in mammalian cells and its 

concentration is critical for many physiological processes including development, cell prolif-

eration, migration, protein synthesis and consequently needs to be tightly regulated.165 

The ubiquitously expressed TRPM7 channel (213 kDa), consists of six transmembrane do-

mains and a C-terminal atypical serine threonine α-kinase domain (Fig. 7). Four TRPM7 

subunits are though to constitute one channel pore by forming a superstructure consisting of 

their transmembrane domains five and six.166-169 In normal physiology, the channel pore 

conducts small inward currents via the influx of divalent Mg2+ and Ca2+, but also trace metal 

cations (Zn2+, Ni2+, Ba2+ and Co2+) according to their concentration gradients. However, upon 
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membrane depolarization when membrane potentials become positively charged, monova-

lent intracellular cations are rectified outward through TRPM7.170,171 

 

 

 
Figure 7 | Schematic model of TRPM7 function. 
The transient receptor potential melastatin-like 7 
(TRPM7) channel is covalently fused to an α-
kinase domain and interferes with cytoskeletal 
dynamics by both phosphorylation of non-muscle 
myosin heavy chain IIA (NMMIIA) and through the 
regulation of [Mg2+]i. Besides this, [Mg2+]i interferes 
with many cellular processes including develop-
ment, cell proliferation, migration and protein 
synthesis.  

TRPM7 is ubiquitously expressed with the highest protein levels in the heart, bone, liver and 

fatty tissue. TRPM7 channel and kinase domain, but not its kinase activity are critical for 

embryonic development.172-174 Overexpression or increased channel activity of TRPM7 pro-

moted cell death, thus highlighting the importance of tightly regulated TRPM7 expression 

levels.175,176 In contrast, knockdown or cell-specific TRPM7 knockout approaches resulted in 

impaired cytoskeletal organization, cell migration, proliferation, polarization and survival. In 

agreement with this, Liu et al. described impaired cell polarization and undirected cell loco-

motion in the developing Xenopus laevis embryo in the absence of TRPM7, presumably 

caused by a dysregulation of the small Rho-GTPases Cdc42 and Rac1, but not RhoA.177 

Together, these defects could partially be explained by increased NMMIIA-mediated contrac-

tility of the actin cytoskeleton.173,177-186 Interestingly, several variants of NMMIIA similarly 

altered the contractility of the actomyosin complex in MKs, thereby interfering with proplatelet 

formation in humans and mice.187 During megakaryopoiesis NMMIIA activity is suppressed 

by phosphorylation of its C-terminus, enabling MK polyploidization and ultimately proplatelet 

formation. However, for proper platelet fission and sizing, NMMIIA needs to be re-activated 

under shear stress in the circulation.187,188 Although both α-kinase and channel activity of 

TRPM7 have been proposed to regulate cytoskeletal dynamics, channel activity alone was 

sufficient to restore cell polarization, morphology and migration.177,184,189 Consequently, the 

differential role of the TRPM7 channel versus kinase activity in the regulation of the cytoskel-

eton still remains unclear. 

In line with these findings, the expression of TRPM7 has also been positively correlated to 

tumor size and tendency of breast cancer cells to metastasize.186 Likewise, TRPM7 has also 

been implicated in infract progression during ischemic stroke by inducing a Ca2+ overload in 
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neurons and promoting neuronal cell death.190 In addition, recent studies by Du et al. and 

Sah et al., revealed a role of TRPM7 in the development of atrial fibrillation in mice by regu-

lating myofibroblast dedifferentiation and cardiac automaticity by controlling the expression of 

hyperpolarization activated cyclic nucleotide gated potassium channel 4 (HCN4).179,180,191  

1.3.3. The actin cytoskeleton in the pathogenesis of platelet disorders 

The importance of the cytoskeleton for platelet production and function is impressively 

demonstrated by the clinical symptoms of patients suffering from the Wiskott-Aldrich-

syndrome (WAS) or MYH9-related disorders (MYH9-RD). WAS is an X-linked inherited dis-

order characterized by microthrombocytopenia, immunodeficiency, eczema and an increased 

risk of autoimmune disorders and cancer (Online Mendelian Inheritance in Man; Accession 

number #301000).192 WAS is caused by mutations within the WAS gene that encodes the 

WAS protein and which was reported to be involved in the signal transduction from mem-

brane receptors to the actin cytoskeleton. The WAS protein was shown to regulate the activi-

ty of the Arp2/3 complex, thereby enabling the nucleation of new actin filaments.193 Conse-

quently, WASp is an important regulator of actin assembly and is constitutively associated 

with WIP in resting and activated platelets to prevent its degradation.194-196 The severe phe-

notype found in these patients underscores the important role of the actin cytoskeleton for 

the proper function of platelets, but also other cell types. Remarkably, WASp-deficient mice 

resembled only partially the WAS phenotype. WASp-deficient mice displayed a premature 

platelet release into the BM, but only a moderate thrombocytopenia with an unaltered platelet 

size.27,197 Similarly, a patient carrying a mutation in the WIP gene or WIP-deficient mice that 

also lack WASp in platelets have an unaltered platelet size and suffer from thrombocytopenia 

partially caused by increased platelet clearance.196,198,199 The reason for the discrepancy in 

platelet phenotypes between WAS patients and WASp-deficient mice remains enigmatic and 

the molecular link between WAS mutations and microthrombocytopenia is unknown.  

While a reduced number and size of platelets are the central feature of the WAS, MYH9-RDs 

are characterized by macrothrombocytopenia with less but bigger platelets, inclusion bodies 

in leukocytes (Döhle-bodies) and a moderate bleeding tendency.200 In addition to the hemato-

logical symptoms, some patients suffering from MYH9-RD develop hearing loss, cataracts, 

and renal failure. MYH9-RDs are caused by mutations within the MYH9 gene on chromo-

some 22 in humans and chromosome 15 in mice and cause four overlapping syndromes: the 

May-Hegglin anomaly, Epstein syndrome, Fechtner syndrome, and Sebastian platelet syn-

drome.200-202 Of note, while mutations within the NMMIIA head domain mainly affect actin 

filament sliding and ATPase activity, variants in the tail region impair the protein structure 
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and actomyosin filament formation.157 It is rather unlikely that MYH9-associated macrothrom-

bocytopenia is attributed to impaired protein expression, since a considerable amount of 

mutant NMMIIA is found in cells of humans suffering form MYH9-RD, even though often 

clustered into small aggregates in leukocytes. This suggests that variants in MYH9 rather 

affect NMMIIA activity than expression levels, thereby exerting dominant negative effects on 

thrombopoiesis.203,204 In line with this, MKs from patients and mutant mice suffering from 

MYH9-RD displayed markedly reduced numbers of proplatelet extensions with less tips of 

increased size. Furthermore, treatment with the NMMIIA ATPase inhibitor blebbistatin could 

not phenocopy MKs from patients with MYH9-RD, but rather supported the notion of an 

increased NMMIIA activity, since it could restore proplatelet formation of patient MKs.205,206 

Excitingly, similar to the WAS syndrome, MK-specific Myh9-deficient knockout mice did not 

fully reproduce the findings on the patient MKs, showing an increased percentage of pro-

platelet forming MKs with an reduced number of enlarged proplatelet tips.56 In contrast, 

knockin mice, carrying point mutations found in the NMMIIA head and tail domain of patients, 

recapitulated key features of MYH9-RD also with regards to MK biology.205  

1.4. The role of platelets in thrombus formation 

In normal physiology, platelets never come into contact with components of the thrombogenic 

ECM such as collagens or laminins. However, upon injury or pathological alterations (e.g. 

rupture of an atherosclerotic plaque) of the endothelial barrier ECM components become 

exposed to the flowing blood, activate platelets and allow platelet adhesion. In detail, platelet 

activation and thrombus formation can be divided into three distinct steps: (I) tethering, (II) 

activation/ granule release and (III) firm adhesion/ platelet aggregation (Fig. 8). Tethering of 

platelets occurs under intermediate or high shear forces (1,000-10,000 s-1), which are pre-

dominantly present in arterioles or stenosed arteries. During this process, platelets are de-

celerated by the transient interaction of platelet GPIb-V-IX and vWF immobilized on collagen 

leading to ‘rolling’ of the platelets (Fig. 8).207-209 The important role of the vWF-GPIb-complex 

interaction for thrombus formation is reflected by the severe macrothrombocytopenia and 

bleeding disorder found in patients suffering from the Bernard-Soulier syndrome, caused by 

absent or dysfunctional GPIb-V-IX complexes. Interestingly, besides mediating platelet adhe-

sion, the GPIb-complex can also induce intracellular signaling leading to a weak activation of 

αIIbβ3 integrins.210 The underlying signaling network is still not completely understood, how-

ever, there is evidence that among others, PLD1 may play a role therein.44  
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Figure 8 | Schematic overview of thrombus formation. Upon endothelial damage, components of 
the extracellular matrix (ECM) become exposed and under high shear flow platelets tether by the 
interaction of glycoprotein (GP) Ib-V-IX and collagen-bound von Willebrand factor (vWF). The interac-
tion of GPVI with collagen leads to the activation of αIIbβ3 and α2β1 integrins and to the release of 
second wave mediators such as adenosine diphosphate (ADP), thromboxane A2, etc. Locally pro-
duced thrombin (triggered by tissue factor (TF) and exposure of phosphatidylserine (light blue)) con-
tributes to the cellular activation. Finally, integrins mediate firm adhesion through binding to ECM 
components and aggregation of platelets via the interaction of fibrinogen and activated αIIbβ3 integ-
rins. (kindly provided by Martina Morowski)211 

Of note, the affinity of the GPIb-complex towards vWF is too weak to mediate firm adhesion 

and rather serves the deceleration and localization of platelets in close proximity to the ves-

sel wall, which is reflected by the ‘rolling’ of platelets and enables the interaction of the plate-

let GPVI receptor with collagens of the ECM (Fig. 8).212 

1.4.1. (Hem)immunoreceptor tyrosine-based activation motif signaling in platelets 

Cross-linking of the central activating platelet receptor GPVI by collagens induces down-

stream signaling via the Src family kinases Fyn- and Lyn that phosphorylate the non-

covalently associated intracellular immunoreceptor tyrosine-based activation motif (ITAM)-

bearing Fc receptor (FcR) γ chain.212-214 Fyn- and Lyn-mediated phosphorylation of the YxxL-

motifs leads to the recruitment and activation of the spleen tyrosine kinase (Syk), that in turn 

triggers the activation of other downstream signaling molecules, such as the linker of activat-

ed T-cells (LAT), the SH2 domain-containing leukocyte protein of 76 kDa (SLP-76) or growth 

factor receptor-bound protein 2 (Grb2), ultimately culminating in the activation of effector 

molecules such as PLCγ2 or phosphoinositide-3 kinase (PI3K).212-214 Activated PLCγ2 hydro-

lyses PIP2 into inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG). Binding of IP3 to the 

IP3 receptor on the membranes of the endoplasmatic reticulum induces the release of Ca2+. 

The stromal interaction molecule 1 (STIM1) serves as a sensor for the Ca2+ levels within the 
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store and induces store operated Ca2+ entry (SOCE) through Ca2+ release-activated calcium 

channel protein 1 (Orai1) upon store depletion.215 The increase in cytosolic Ca2+ and locally 

generated DAG work in concert to activate PKC and Ca2+-dependent DAG-regulated guanine 

nucleotide exchange factor I (CalDAG-GEFI). While CalDAG-GEFI and PI3K play important 

roles in integrin activation, PKCs are involved in platelet spreading, granule release and 

contribute to the activation of CalDAG-GEFI (Fig. 9).216 The hemITAM bearing C-type lectin 

receptor 2 (CLEC-2) utilizes a similar signaling pathway, involving Src family kinases and Syk 

that culminates in the activation of PLCγ2.213,217,218 

1.4.2. G-protein-coupled receptor signaling in platelets 

The temporally and spatially controlled generation and release of second wave mediators 

leads to the recruitment of additional platelets into the growing thrombus. Among the re-

leased second wave mediators, ADP binds to the P2Y1 and P2Y12 receptors that activate Gq 
and Gi, respectively, whereas thromboxane A2 (TxA2) and thrombin stimulate the TxA2 (TP) 

and protease-activated receptors (PAR) 1/3 or PAR3/4 receptors and signal mainly through 

Gq and G12/13 (Fig. 9).219-221 Signaling through G-protein-coupled receptors (GCPR) leads to 

amplification of platelet activation by inducing the generation of TxA2 and release of ADP and 

ATP. Signaling through Gq culminates in the activation of PLCβ isoforms, generation of IP3 

and DAG via hydrolysis of PIP2, which subsequently leads to the increase of the cytoplasmic 

Ca2+ concentration, activation of PKC and consequently to the activation of integrins and 

granule release (Fig. 9 and 10).221,222 Furthermore, very recently, Gq signaling was shown to 

be critical for the proper phosphorylation of protein kinase B (Akt) downstream of Gi-

signaling.223 In contrast, activation of G12/13 family members leads to the activation of Rho-

GEFs that activate RhoA and culminates in increased phosphorylation of myosin light chain 

(MLC) through RhoA kinase (ROCK)-mediated inhibition of the myosin phosphatase. Activat-

ed MLC in turn induces the reorganization of the platelet cytoskeleton, known as shape 

change.224 Moreover, stimulation of the Gi-coupled P2Y12 receptor inhibits adenylyl cyclase 

activity and activates PI3K, which in turn generates phosphatidylinositol-3,4,5-triphosphate 

that activates multiple downstream effectors such as Akt and ultimately leads to integrin 

activation.225,226 Interestingly, the epinephrine receptor (α2A) couples to Gi-type Gz proteins 

and inhibits adenylyl cyclase activity (Fig. 9). However, stimulation of Gz alone is not suffi-

cient to induce platelet activation, but potentiates other responses.227  

In contrast, activation of thrombin depends on the coagulation cascade. Thrombin catalyzes 

the conversion of fibrinogen to fibrin and acts as a potent activator of platelets. Its generation 

can be initiated by two distinct pathways (intrinsic and extrinsic coagulation pathway), both of 
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which culminate in the cleavage and activation of the proenzyme prothrombin (FII) to throm-

bin.228,229  

 
Figure 9 | G-protein-coupled receptor signaling in platelets. Second wave mediators of platelet 
activation in combination with locally produced thrombin, signal through G-protein-coupled receptors 
(GPCR), such as the thromboxane A2 (TxA2) receptor TP, P2Y12 adenosine diphosphate (ADP)-
receptor, serotonin (5-HT)-receptor 2A, adrenergic α2A-receptor or the protease-activated receptors 1-
4 (PAR1-4) on platelets. GPCR-signaling via G12/13, Gq, Gi and Gz protein mediates cytoskeletal rear-
rangements, shape change as well as integrin activation, aggregation and degranulation. Rho-specific 
guanine nucleotide exchange factor (Rho-GEF); guanosine triphosphate (GTP); mammalian diapha-
nous 1 protein (mDia); RhoA kinase (ROCK); myosin light chain (MLC); phosphorylation (P); phospho-
lipase Cβ (PLCβ); phosphatidylinositol-4,5-bisphosphate (PIP2); inositol-1,4,5-triphosphate (IP3); 
diacylglycerol (DAG); protein kinase C (PKC); Ca2+-dependent DAG-regulated GEF I (CalDAG-GEFI); 
Ras-proximate-1 (Rap1); Rap1-GTP-interacting adaptor molecule (RIAM); phosphoinositide-3-kinase 
(PI3K); phosphatidylinositol-3,4,5-trisphosphate (PIP3); protein kinase B (Akt); adenosine triphosphate 
(ATP); cyclic adenosine monophosphate (cAMP). (modified from Offermanns Circ Res 2006)221 

Finally, GPVI and PAR signaling act synergistically to fully activate platelets and mediate firm 

adhesion mainly through binding of α2β1 integrins to collagen and αIIbβ3 integrins to fibrino-

gen and collagen-bound vWF. Platelet aggregation is mainly mediated through binding and 

cross-linking of activated αIIbβ3 integrins to fibrinogen. The activation of platelets in general 

is characterized by a marked rearrangement of the actin and tubulin cytoskeleton, resulting in 

the formation of membrane protrusions, so-called filopodia and lamellipodia.230 
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1.4.3. Platelet integrin activation 

Platelet adhesion and aggregation is essential for hemostasis, however, uncontrolled aggre-

gation responses in injured vessels can cause life threatening disease states such as myo-

cardial infarction or stroke.231,232 Heterodimeric receptors of the β1 and β3 integrin families 

are crucially involved in these processes.233 Platelets express three different β1 and two β3 

integrin heterodimers, serving the adhesion to different ECM components, such as collagen 

(α2β1 integrin), fibronectin (α5β1 integrin), laminin (α6β1 integrin), vitronectin (αvβ3 integrin) 

or fibrinogen and vWF (αIIbβ3 integrin).215  

In resting platelets, integrins are expressed in a low-affinity state, but in response to cellular 

activation they shift to a high-affinity state and efficiently bind their ligands, most notably 

components of the ECM and other receptors.234-236 This so-called inside-out activation is 

triggered by the binding of Tln-1 and kindlins to NPYX-motifs at the intracellular tail of the 

integrin β-subunit.237-239 The mechanisms of Tln-1 recruitment to integrins have been exten-

sively studied and the small CalDAG-GEFI-activated GTPase Ras-proximate-1 (Rap1) and 

its downstream effector Rap1-GTP-interacting adaptor molecule (RIAM) have been implicat-

ed therein (Fig. 9 and 10).240-243  

1.4.3.1. Rap1-GTP-interacting adaptor molecule 

RIAM is a member of the Mig-10/RIAM/Lamellipodin (MRL) family, which display a character-

istic domain architecture consisting of a N-terminal coiled-coil region, a central Ras-

association (RA) and PH domain and a C-terminal proline-rich domain.244,245 Due to its inter-

action with the tryptophan-tryptophan domain of amyloid beta (A4) precursor protein binding, 

family B, member 1 (Apbb1), it was initially termed Apbb1-interacting protein (Apbb1ip).246 

On protein level, RIAM was shown to be broadly expressed in many tissues and cell 

types.238,245,247-249 Subsequently, RIAM was identified as a Rap1-GTP-binding protein that is 

involved in β1 and β2 integrin activation in T-cells (Fig. 10).245  

The presence of a RA and an adjacent PH domain suggests that RIAM serves as a proximity 

detector for Rap1-GTP and PIP2. In agreement with this, RIAM was found to bind to the C-

terminal rod domain of Tln-1, a cytoskeletal protein that associates with β3 integrin tails, 

which constitutes one of the very final steps of integrin activation.237,238 A very recent study by 

Yang and colleagues revealed a novel RIAM binding site on the N-terminal Tln-1 head, which 

is important for the association with β3 integrin tails.250 Binding of RIAM to the Tln-1 head 

inhibits binding of RIAM to the Tln-1 tail, which in turn would sterically block the association 

of the Tln-1 head with integrin tails. Consequently, masking of the Tln-1 head by RIAM in-



INTRODUCTION 

 
 
	

23	
	

	 	

creases the association of Tln-1 with integrin tails.250 Studies on the platelet αIIbβ3 integrin in 

cell lines revealed that RIAM, as well as its Rap1 and Tln-1 binding sites are required for 

αIIbβ3 integrin activation.240,241 Together, RIAM’s RA domain leads to Tln-1 recruitment to 

membrane microdomains rich in PIP2, which increases the binding of Tln-1 to the β integrin 

subunit and ultimately leads to integrin activation (Fig. 10).242 

 
Figure 10 | Mechanism of Talin-1 recruitment to β integrin tails by RIAM. Platelet stimulation and 
signaling through (hem)ITAM- and/or Gq-coupled receptors (depicted) culminates in the activation of 
phospholipase (PL) C isoforms and consequently in the generation of inositol-1,4,5-triphosphate (IP3) 
and diacylglycerol (DAG) via hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2). Subsequently, 
IP3 leads to an increase in the cytoplasmic Ca2+ concentration and together with DAG work in concert 
to activate protein kinase (PK) C and Ca2+-dependent DAG-regulated guanine nucleotide exchange 
factor I (CalDAG-GEFI). CalDAG-GEFI transforms Ras-proximate-1 (Rap1) to an active GTP-bound 
state, which in turn recruits its effector, Rap1-GTP-interacting adaptor molecule (RIAM). RIAM binds 
its binding partner talin-1 (Tln-1) and recruits it to PIP2-rich microdomains at the plasma membrane. 
This enables Tln-1 binding to the β integrin tail and Tln-1-induced activation of integrins. Similarly, 
kindlin-3 is indispensable for integrin activation, however, the molecular mechanisms and the precise 
role of Tln-1 and kindlin-3 remain elusive. (taken from Shattil et al. Nat Rev Mol Cell Biol 2010)251 

It is important to note that the above-described findings on the function of RIAM were mostly 

generated by knockdown and overexpression studies in cancer cell lines in vitro, which may 

not represent the optimal model. In support of this, a recent study by Hernandez-Varas and 

colleagues revealed that knockdown of RIAM in melanoma cells resulted in only mildly im-

paired activation of β1 integrins and diminished, but not abolished Tln-1 recruitment.252 

In addition, RIAM was also shown to interact with Ena/VASP-family members and Pfn, there-

by linking RIAM to the actin cytoskeleton.245 In support of this, overexpression of RIAM in-

creased lamellipodia formation and cell spreading, while RIAM knockdown resulted in re-

duced F-actin levels and impaired cell migration and invasion.245,248,252  
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2. AIM OF THE STUDY 

Despite recent advances in intravital microscopy and the real time visualization of proplatelet 

formation by MK within the BM of mice, the process of thrombopoiesis as well as the proteins 

involved in its regulation are still poorly understood. Proplatelet formation requires tightly 

regulated, highly structured rearrangements of the MK cytoskeleton. Pfn1 and Twf2a belong 

to the class of small actin-binding proteins and were shown to promote (Pfn1), or inhibit actin 

assembly (Twf2a). Nevertheless, the role of Pfn1 and Twf2a in megakaryopoiesis and 

thrombopoiesis are entirely unknown. Therefore, the investigation of the biological roles of 

Pfn1 and Twf2a in platelet production and function were the first aims of this study.  

It is still unclear how MKs reach the vascular niche, where proplatelet formation and release 

occurs. It is believed that either MKs or their precursors migrate from the osteoblastic to the 

vascular niche. Functional integrins, the ability to degrade components of the ECM as well as 

actomyosin contractility are all prerequisites for cell locomotion. RIAM was shown to be 

critical for platelet αIIbβ3 integrin activation in different in vitro cell culture approaches, yet no 

studies using genetic RIAM knockouts were reported. Thus, to elucidate the role of RIAM in 

platelet integrin activation, using the first knockout mouse model was a further aim of this 

thesis.  

Integrins are central components of podosomes, which are thought to be critical for the ex-

tension of proplatelet protrusions from MKs across the endothelial barrier. PLDs were re-

vealed as important mediators of podosome formation in macrophages. Another aim of this 

dissertation was to assess the role of PLD1/2 in podosome formation and the requirement of 

podosomes for proplatelet formation.  

Finally, actomyosin contractility is critical for migration, proplatelet formation and platelet 

abscission within the circulation. Mg2+ has been implicated as a regulator of actomyosin 

contractility and platelet reactivity by controlling Ca2+ influx and the affinity of NMMIIA to 

actin. Interestingly, the regulatory network controlling [Mg2+]i in MKs and platelets is entirely 

unknown. TRPM7, a Mg2+ and Ca2+ permeable cation channel that regulates NMMIIA activity 

via its α-kinase domain could be involved in MK and platelet Mg2+ homeostasis. Hence, in the 

course of this thesis, the role of TRPM7 in the regulation of MK Mg2+ homeostasis as well as 

the role of [Mg2+]i in the orchestration of cytoskeletal rearrangements in MKs were analyzed. 
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3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Chemicals 

A23187 AppliChem (Darmstadt, Germany) 

Acetic acid Roth (Karlsruhe, Germany) 

Adenosine diphosphate (ADP)   Sigma-Aldrich (Steinheim, Germany) 

3-amino-9-ethylcarbazole (AEC) solution   EUROPA (Cambridge, UK) 

Agarose       Roth (Karlsruhe, Germany) 

Alexa F488      Molecular Probes (Eugene, USA) 

Alexa F647      Molecular Probes (Eugene, USA) 

Ammonium persulfate (APS)    Roth (Karlsruhe, Germany) 

Ampicillin      Roth (Karlsruhe, Germany) 

Apyrase (grade III)      Sigma-Aldrich (Steinheim, Germany) 

Aquatex® aqueous mounting medium  VWR Int. GmbH (Vienna, Austria) 

Adenosine triphosphate (ATP)   Fermentas (St. Leon-Rot, Germany) 

β-mercaptoethanol     Roth (Karlsruhe, Germany) 

Blebbistatin      Sigma-Aldrich (Steinheim, Germany) 

Botrocetin      Pentapharm Ltd. (Basel, CH) 

Bovine serum albumin (BSA)    AppliChem (Darmstadt, Germany) 

Sigma-Aldrich (Steinheim, Germany) 

Bromophenol blue     Sigma-Aldrich (Steinheim, Germany) 

Cacodylate       AppliChem (Darmstadt, Germany) 

Calcium chloride      Roth (Karlsruhe, Germany) 

Ciliobrevin D      Merck Millipore (Darmstadt, Germany)  

Chloroform      AppliChem (Darmstadt, Germany) 

Clodrosomes Clodronate Liposomes (Haarlem, The 

Netherlands) 

Collagen Horm® suspension + SKF sol. Takeda (Linz, Austria) 

Complete protease inhibitors (+EDTA) Roche Diagnostics (Mannheim, Germany) 

Convulxin (CVX)     Enzo Life Sciences (New York, USA) 

Cryo-Gel      Leica Microsystems (Wetzlar, Germany) 

Cytochalasin B     AppliChem (Darmstadt, Germany) 

Cytochalasin D     AppliChem (Darmstadt, Germany)  

Dade® Innovin (tissue factor) Siemens Healthcare Diagnostics (Deer-

field, USA) 
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4',6-diamidino-2-phenylindole (DAPI)  Invitrogen (Karlsruhe, Germany) 

Dimethyl sulfoxide (DMSO)    Sigma-Aldrich (Steinheim, Germany) 

Disodiumhydrogenphosphate    Roth (Karlsruhe, Germany) 

Dry milk, fat-free     AppliChem (Darmstadt, Germany) 

Deoxynucleotide triphosphates (dNTP) mix  Fermentas (St. Leon-Rot, Germany) 

DyLight-488      Pierce (Rockford, USA) 

DyLight-649      Pierce (Rockford, USA) 

Ethylenediaminetetraacetic acid (EDTA)  AppliChem (Darmstadt, Germany) 

Ethylene glycol tetraacetic acid (EGTA)  Sigma-Aldrich (Steinheim, Germany) 

Eukitt® quick-hardening mounting medium  Sigma-Aldrich (Steinheim, Germany) 

Enhanced chemiluminescence (ECL)   MoBiTec (Göttingen, Germany) 

detection substrate 

Eosin        Roth (Karlsruhe, Germany) 

Embed-812      EMS (Hatfield, USA) 

Ethanol       Roth (Karlsruhe, Germany) 

Ethidium bromide      Roth (Karlsruhe, Germany) 

Fentanyl  Janssen-Cilag GmbH (Neuss, Germany) 

Fibrinogen from human plasma (F3879)  Sigma-Aldrich (Steinheim, Germany) 

Fibrinogen from human plasma (F4883)  Sigma-Aldrich (Steinheim, Germany) 

Flumazenil  Delta Select GmbH (Dreieich, Germany) 

Fluorescein-isothiocyanate (FITC)    Molecular Probes (Oregon, USA) 

Fluoroshield™      Sigma-Aldrich (Steinheim, Germany) 

Fluorshield™ with DAPI    Sigma-Aldrich (Steinheim, Germany) 

GeneRuler DNA Ladder Mix    Fermentas (St. Leon-Rot, Germany) 

Giemsa 20x      Sigma-Aldrich (Steinheim, Germany) 

Glucose       Roth (Karlsruhe, Germany) 

Glutaraldehyde      EMS (Hatfield, USA) 

Glycerol       Roth (Karlsruhe, Germany)  

Hematoxylin       Sigma-Aldrich (Steinheim, Germany) 

Histopaque®-1077 (human PBMCs)   Sigma-Aldrich (Steinheim, Germany) 

Histopaque®-1119 (murine PBMCs)   Sigma-Aldrich (Steinheim, Germany) 

N-2-Hydroxyethylpiperazine- 

N'-2-ethanesulfonic acid (HEPES)   Roth (Karlsruhe, Germany) 

High molecular weight heparin    Ratiopharm (Ulm, Germany) 

Igepal®CA-630     Sigma-Aldrich (Steinheim, Germany) 
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Immobilon-P transfer membrane, PVDF Merck Millipore (Darmstadt Germany) 

Integrilin® (Eptifibatide)  Millennium Pharmaceuticals Inc. 

(Cambridge, USA) 

Iron-III-chloride hexahydrate (FeCl3 6H2O)  Roth (Karlsruhe, Germany) 

Isofluran CP®      cp-pharma (Burgdorf, Germany) 

Isopropanol       Roth (Karlsruhe, Germany) 

Jasplakinolide      AppliChem (Darmstadt, Germany) 

Kanamycin sulfate     Roth (Karlsruhe, Germany  

Ketamine      Parke-Davis (Berlin, Germany)  

Latrunculin A      AppliChem (Darmstadt, Germany) 

Lead citrate      EMS (Hatfield, USA) 

Loading Dye solution, 6x    Fermentas (St. Leon-Rot, Germany) 

Magnesium chloride     Roth (Karlsruhe, Germany) 

Magnesium sulfate      Roth (Karlsruhe, Germany) 

Manganase chloride     Roth (Karlsruhe, Germany) 

May-Gruenwald’s solution     Roth (Karlsruhe, Germany 

Medetomidine (Dormitor)    Pfizer (Karlsruhe, Germany)  

Methanol      Roth (Karlsruhe, Germany) 

Midazolam (Dormicum)  Roche (Grenzach-Wyhlen, Germany) 

Midori Green™     Biozym Scientific (Oldenburg, Germany) 

Naloxon      Delta Select GmbH (Dreieich, Germany) 

3-(N-morpholino) propanesulfonic acid (MOPS) AppliChem (Darmstadt, Germany) 

Nonidet P-40 (NP-40)   Roche Diagnostics (Mannheim, Germany) 

Osmium tetroxide      Merck Millipore (Darmstadt, Germany) 

PageRuler® Prestained Protein Ladder  Fermentas (St. Leon-Rot, Germany) 

Paraformaldehyde (PFA)    Roth (Karlsruhe, Germany)  

Phalloidin      AppliChem (Darmstadt, Germany) 

Phalloidin-Atto647N     Sigma-Aldrich (Steinheim, Germany) 

Phalloidin-FITC     Enzo Life Sciences (New York, USA) 

Phalloidin-rhodamine     Invitrogen (Karlsruhe, Germany) 

Phenol/chloroform/isoamyl alcohol   AppliChem (Darmstadt, Germany) 

Phorbol 12-myristate 13-acetate (PMA)   Sigma-Aldrich (Steinheim, Germany) 

Piperazine-N,N′-bis(2-ethanesulfonic acid)   Roth (Karlsruhe, Germany) 

(PIPES) 

Poly-L-lysine       Sigma-Aldrich (Steinheim, Germany) 
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Potassium acetate      Roth (Karlsruhe, Germany) 

Potassium chloride      Roth (Karlsruhe, Germany) 

Prolong Antifade      Invitrogen (Karlsruhe, Germany) 

Propidium iodide (PI)     Invitrogen (Karlsruhe, Germany) 

Propylen oxide      Merck Millipore (Darmstadt, Germany) 

Prostacyclin (PGI2)     Calbiochem (Bad Soden, Germany) Pro-

tease Inhibitor Cocktail    Sigma-Aldrich (Steinheim, Germany) 

Proteinase K      Fermentas (St. Leon-Rot, Germany) 

Protein G Sepharose     GE Healthcare (Uppsala, Sweden)  

Refludan® (Lepirudin) Bayer Schering Pharma AG (Wuppertal, 

Germany) 

RNase A      Fermentas (St. Leon-Rot, Germany) 

R-phycoerythrin (PE)     EUROPA (Cambridge, UK) 

Rotiphorese Gel 30% (PAA)    Roth (Karlsruhe, Germany) 

Sodium azide      Sigma-Aldrich (Steinheim, Germany) 

Sodium chloride      AppliChem (Darmstadt, Germany) 

Sodium citrate      AppliChem (Darmstadt, Germany) 

Sodiumdihydrogenphosphate    Roth (Karlsruhe, Germany) 

Sodium dodecyl sulfate (SDS)   Sigma-Aldrich (Steinheim, Germany) 

Sodium hydroxide      AppliChem (Darmstadt, Germany) 

Sodium orthovanadate    Sigma-Aldrich (Steinheim, Germany) 

Sucrose      Sigma-Aldrich (Steinheim, Germany) 

Sulfonic acid, 2N  AppliChem (Darmstadt, Germany) 

10x Taq Buffer (+KCl, -MgCl2)   Fermentas (St. Leon-Rot, Germany) 

Taq-Polymerase     Fermentas (St. Leon-Rot, Germany) 

Taxol       AppliChem (Darmstadt, Germany) 

Tetramethylethylenediamine (TEMED)  Roth (Karlsruhe, Germany) 

3,3,5,5-tetramethylbenzidine (TMB)    EUROPA (Cambridge, UK) 

Thrombin from human plasma   Roche Diagnostics (Mannheim, Germany) 

Sigma-Aldrich (Steinheim, Germany) 

Tissue Freezing Medium®    Jung Leica (Wetzlar, Germany) 

Tris(hydroxymethyl)aminomethane (TRIS)  Roth (Karlsruhe, Germany) 

Trition X-100      Sigma-Aldrich (Steinheim, Germany) 

TRIzol®      Invitrogen (Karlsruhe, Germany) 

Tween 20®      Roth (Karlsruhe, Germany) 
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U46619       Alexis Biochemicals (San Diego, USA) 

Uranyl acetate     EMS (Hatfield, USA) 

Vectashield hardset mounting medium  Vector Labs, Inc. (Burlingame, USA) 

Water, nuclease-free     Roth (Karlsruhe, Germany) 

Western Lightning® Plus-ECL   PerkinElmer (Baesweiler, Germany) 

Xylazine      Bayer (Leverkusen, Germany) 

3.1.2. Cell culture material 

Cryo-tubes       Roth (Karlsruhe, Germany) 

Dulbecco's phosphate-buffered saline (DPBS)  Gibco (Karlsruhe, Germany) 

Dulbecco's Modified Eagle Media (DMEM)  Gibco (Karlsruhe, Germany) 

Fetal calf serum (FCS)     Perbio (Bonn, Germany) 

Gene Pulser/MicroPulser Cuvettes   Bio-Rad Laboratories (Munich, Germany) 

Hirudin       Schering (Berlin, Germany) 

Iscove's Modified Dulbecco's Media (IMDM) Gibco (Karlsruhe, Germany) 

Lipofectamine 3000     Invitrogen (Karlsruhe, Germany) 

Nonessential amino acids     Gibco (Karlsruhe, Germany) 

Penicillin/streptomycin     Gibco (Karlsruhe, Germany) 

Polyethylenimine     Sigma-Aldrich (Steinheim, Germany) 

Puromycine      Sigma-Aldrich (Steinheim, Germany) 

Recombinant mouse IL-3    BioLegend (San Diego, USA) 

Recombinant mouse IL-6    BioLegend (San Diego, USA) 

Recombinant mouse stem cell factor (SCF)  BioLegend (San Diego, USA) 

RetroNectin®      Clontech (Mountain View, USA) 

Roswell Park Memorial Institute (RPMI) 1640 Gibco (Karlsruhe, Germany) 

StemPro®-34       Gibco (Karlsruhe, Germany) 

Thrombopoietin (Thpo)    Biosource (Solingen, Germany) 

Tissue culture dishes (100/20 mm)    Greiner (Frickenhausen, Germany) 

Tissue culture flasks (T25/75/175)   Greiner (Frickenhausen, Germany) 

0.05% Trypsin-EDTA     Gibco (Karlsruhe, Germany) 

6/12/24/48/96-well plates     Greiner (Frickenhausen, Germany) 

All unstated chemicals were purchased from AppliChem (Darmstadt, Germany), Sigma-

Aldrich (Steinheim, Germany) or Roth (Karlsruhe, Germany). Rhodocytin (Rhd) was kindly 

provided by J. Eble (University Hospital Frankfurt, Germany). Collagen-related peptide (CRP) 
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was a generous gift from Paul Bray (Baylor College, USA). Annexin V (Anxa5) was gener-

ously provided by Jonathan F. Tait (Medical Center Washington, USA) and conjugated in our 

lab. Primers were obtained from Metabion (Planegg-Martinsried, Germany)  

3.1.3. Kits 

3,3’-diaminobenzidine Peroxidase Substrate Kit  Vector Labs, Inc. (Burlingame, USA) 

Dynal® Mouse CD4 Negative Isolation Kit  Invitrogen (Karlsruhe, Germany) 

MagniSort SVN negative depletion beads  eBioscience Inc. (San Diego, USA) 

MicroBCA      Thermo Scientific (Rockford, USA) 

Mouse Thrombopoietin DuoSet   R&D Systems (Wiesbaden, Germany) 

NucleoSpin® Plasmid     Macherey-Nagel (Düren, Germany)  

Plasmid Maxi Kit     Qiagen (Hilden, Germany) 

RNeasy Mini Kit      Qiagen (Hilden, Germany) 

SuperScript® First-Strand Synthesis System Invitrogen (Karlsruhe, Germany) 

QuickChange® Site-directed Mutagenesis Kit Stratagene (Amsterdam, Netherlands) 

QIAquick Gel Extraction Kit     Qiagen (Hilden, Germany) 

3.1.4. Molecular cloning 

Competent TOP10 E. coli    Iba Lifesciences (Göttingen, Germany) 

Fast-Alkine Phosphatase    Fermentas (St. Leon-Rot, Germany) 

Polynucleotide kinase (PNK)    Fermentas (St. Leon-Rot, Germany) 

T4-DNA Ligase     Fermentas (St. Leon-Rot, Germany) 

FastDigest® BbsI, AgeI, BamHI   Fermentas (St. Leon-Rot, Germany) 

Restriction Enzymes (AgeI, BamHI, NotI, SgfI Fermentas (St. Leon-Rot, Germany) 

EcoRV, HpaI, SalI, NcoI, PstI, KpnI, PmeI, BbsI) 

3.1.5. Plasmids 

pCMV6-Entry-Pfn1     OriGene (Rockville, USA) 

pCMV-AC-Fc-S     OriGene (Rockville, USA) 

pCMV-AC-GFP-Actb     OriGene (Rockville, USA) 

pCMV-AC-GFP-Tubb1    OriGene (Rockville, USA) 

pcoPE       kindly provided by Prof. Axel Rethwilm 

pcoPG4      kindly provided by Prof. Axel Rethwilm 

pcoPP       kindly provided by Prof. Axel Rethwilm 

pF1K-DIAPH1      Promega (Mannheim, Germany) 
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pIRES2-EGFP     kindly provided by Dr. Attila Braun 

pTW22      kindly provided by Prof. Axel Rethwilm 

pcDNA3.1-TRPM7      kindly provided by Dr. Vladimir Chubanov 

px330       kindly provided by Prof. Cord Brakebusch 

px458       kindly provided by Prof. Cord Brakebusch 

px459       kindly provided by Prof. Cord Brakebusch 

3.1.6. Antibodies 

3.1.6.1.  Commercially purchased antibodies 

Antibody Host organism Manufacturer 

anti-acetylated-tubulin mouse Santa Cruz (Dallas, USA) 

anti-α-tubulin (B-5-1-2) mouse Sigma-Aldrich (Steinheim, Germany) 

anti-β-actin mouse Sigma-Aldrich (Steinheim, Germany) 

anti-β-actin rabbit Sigma-Aldrich (Steinheim, Germany) 

anti-β-tubulin mouse Sigma-Aldrich (Steinheim, Germany) 

anti-CD3 rat BioLegend (San Diego, USA) 

anti-CD11b rat BioLegend (San Diego, USA) 

anti-CD29 (9EG7) Rat BD Biosciences (Heidelberg, Germany) 

anti-CD45R/B220 rat BioLegend (San Diego, USA) 

anti-CD105 rat BioLegend (San Diego, USA) 

anti-Diap1 rabbit Abcam (Cambridge, UK) 

anti-Diap2 rabbit Abcam (Cambridge, UK) 

anti-Diap3 rabbit Cell Signaling (Denver, USA) 

anti-FlnA rabbit Cell Signaling (Denver, USA) 

anti-GAPDH rabbit Sigma-Aldrich (Steinheim, Germany) 

anti-Glu-tubulin rabbit Merck Millipore (Darmstadt, Germany) 

anti-RAPH1 rat Merck Millipore (Darmstadt, Germany) 

anti-Ly-6G/C (Gr1) rat BioLegend (San Diego, USA) 

anti-MagT1 rabbit Abgent (San Diego, USA) 

anti-Myosin IIa rabbit Cell Signaling (Denver, USA) 

anti-phospho-ASAP rabbit Rockland Inc. (Limerick, USA) 

anti-Profilin1 mouse Sigma-Aldrich (Steinheim, Germany) 

anti-Profilin1 (B-10) mouse Santa Cruz (Dallas, USA) 

anti-Profilin1 rabbit Sigma-Aldrich (Steinheim, Germany) 
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Antibody Host organism Manufacturer 

anti-RIAM rabbit Epitomics (Burlingame, USA) 

anti-Tln (C-20) goat Santa Cruz (Dallas, USA) 

anti-TER-119 rat BioLegend (San Diego, USA) 

anti-Twf1 rabbit * 

anti-Twf1/2 rabbit * 

anti-Tyr-tubulin (YL1/2) rat Merck Millipore (Darmstadt, Germany) 

anti-vinculin rabbit Santa Cruz (Dallas, USA) 

anti-vWF mouse DAKO (Hamburg, Germany) 

anti-WASp rabbit Cell Signaling (Denver, USA) 

platelet depletion antibody rat Emfret Analytics (Eibelstadt, Germany) 

 

Antibody conjugates Host organism Manufacturer 

anti-α-tubulin-Alexa F488 mouse Invitrogen (Karlsruhe, Germany) 

anti-CD29-FITC (HMβ1-1) hamster BioLegend (San Diego, USA) 

anti-mouse IgG-Cy3 donkey Jackson Immuno (Suffolk, UK) 

anti-mouse IgG-Alexa F405 donkey Jackson Immuno (Suffolk, UK) 

anti-mouse IgG-Alexa F488 goat Invitrogen (Karlsruhe, Germany) 

anti-mouse IgG-HRP rat DAKO (Hamburg, Germany) 

anti-goat IgG-Cy3 donkey BioLegend (San Diego, USA) 

anti-rabbit IgG-Cy3 goat Jackson Immuno (Suffolk, UK) 

anti-rabbit IgG-Alexa F647 goat Invitrogen (Karlsruhe, Germany) 

anti-rabbit IgG-Alexa F488 donkey Invitrogen (Karlsruhe, Germany) 

anti-rabbit IgG-HRP goat Cell Signaling (Denver, USA) 

anti-rabbit IgG-HRP donkey Jackson Immuno (Suffolk, UK) 

anti-rat IgG-Cy3 goat BioLegend (San Diego, USA) 

anti-rat IgG-Cy3 donkey Jackson Immuno (Suffolk, UK) 

anti-rat IgG-Alexa F405 donkey Jackson Immuno (Suffolk, UK) 

anti-rat IgG-Alexa F488 goat Invitrogen (Karlsruhe, Germany) 

anti-rat IgG-HRP goat Dianova 

* Anti-Twf1 and anti-Twf1/2 antibodies were generously provided by Pekka Lappalainen 

(Helsinki, Finland). 
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2.1.6.2  Home made monoclonal antibodies (conjugations are not mentioned) 

Antibody Clone Isotype Antigen Described in 

p0p3 7A9 IgG2a GPIbα 253 

p0p4 15E2 IgG2b GPIbα 254 

p0p5 13G12 IgG1 GPIbα 255 

p0p/B 57E12 IgG2b GPIbα 256 

p0p1 3G6 IgG1 GPIbβ 253 

DOM2 89H11 IgG2a GPV 254 

p0p6 56F8 IgG2b GPIX 254 

JAQ1 98A3 IgG2a GPVI 257 

INU1 11E9 IgG1 CLEC-2 258 

ULF1 97H1 IgG2a CD9 254 

JER1 10B6 IgG1 CD84 259 

LEN1 12C6 IgG2b α2 247 

MWReg30 5D7 IgG1 αIIb 247,253 

BAR-1 25B11 IgG1 α5 247 

EDL-1 57B10 IgG2a β3 247,254 

JON/A 4H5 IgG2b αIIbβ3 247,255 

JON6 14A3 IgG2b αIIbβ3 unpublished 

WUG 1.9 5C8 IgG1 P-selectin unpublished 

HB.197™ 2.4G2 IgG2b FcgR 260 

3.1.7. Buffers and Media 

All buffers were prepared and diluted using aquabidest. 

o Acid-Citrate-Dextrose (ACD) Buffer, pH 4.5 

Trisodium citrate dehydrate    85 mM 

Anhydrous citric acid     65 mM 

Anhydrous glucose     110 mM 

o Actin-Depolymerization Buffer 

PIPES, pH 6.9      0.1 mM 

MgSO4       1 mM 

CaCl2        10 mM 

Cytochalasin D      5 μM 
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o Actin-Stabilization/Lysis Buffer: 

PIPES, pH 6.9      0.1 M 

Glycerol      30% 

DMSO       5% 

MgSO4       1 mM 

EGTA        1 mM 

Triton X-100       1% 

ATP        1 mM 

Protease inhibitors      1x 

o Blocking Buffer (Western blot) 

BSA or fat-free dry milk     5% 

in Washing Buffer 

o Blocking Buffer (Immunohistochemistry) 

Tween 20®      0.1% 

BSA       3% 

Rat serum      0.3% 

in PBS 

o CATCH Buffer 

HEPES      25 mM 

EDTA       3 mM 

BSA       3.5% 

in PBS 

o Coomassie Staining Solution 

Acetic acid       10% 

Methanol       40% 

Coomassie Brilliant blue     0.01% 

o Coomassie Destaining Solution 

Acetic acid       10% 

H2O        50% 

Methanol       40% 
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o Coupling Buffer 2x, pH 9.0 

NaHCO3       167 mM 

Na2CO3       80 mM 

o Cytoskeleton Extraction Buffer 

1x PHEM special (John Hartwig) 

Triton X-100      0.75% 

Phalloidin      1 μM 

Taxol       1 μM 

o Cytoskeleton Extraction Washing Buffer 

1x PHEM special (John Hartwig) 

Phalloidin      0.1 μM 

Taxol       0.1 μM 

o Cytoskeleton Extraction Fixation Buffer 

1x PHEM special (John Hartwig) 

Glutaraldehyde     1% 

Phalloidin      0.1 μM 

Taxol       0.1 μM 

o Decalcification Buffer, pH 7.4 

EDTA        10% 

in PBS 

o EDTA Buffer, pH 8.0  

EDTA        1 mM 

o FACS Buffer 

FCS       1% 

NaN3       0.02% 

in PBS 

o Freezing-Medium 

DMEM 

FCS        50% 

DMSO       10% 
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o IP Buffer 

TRIS/HCl (pH 8.0)      15 mM 

NaCl        155 mM 

EDTA        1 mM 

NaN3        0.005% 

o Karnovsky Fixation Buffer, pH 7.2 

Paraformaldehyde      2% 

Glutardialdehyde      2.5% 

Cacodylate       0.1 M 

o Laemmli Buffer (for SDS-PAGE) 

TRIS        40 mM 

Glycine      0.95 M 

SDS        0.5% 

o LB Medium 

Peptone (pancreatic digested)   10 g L-1 

Yeast extract      5 g L-1 

NaCl       171 mM 

o LB Plates 

LB-Medium 

Agar       15 g L-1 

o LINKER Buffer 

TRIS/HCl pH 8.0     50 mM  

NaCl       100 mM 

EDTA       1 mM 

o Low salt PIPES Buffer (for Co-IPs) 

PIPES pH 7.0      20 mM 

MgCl2       2 mM 

EGTA       1 mM 

GTP       1 mM 

Protease inhibitors     1 x  

Freshly added PMSF     0.5 mM 
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o Lysis Buffer 

TRIS base       100 mM 

EDTA (0.5 M)      5 mM 

NaCl        200 mM  

SDS        0.2% 

added Proteinase K (20 mg mL-1)    100 μg mL-1 

o MK Medium (fetal liver cells):  

IMDM 

FCS       10% 

Nonessential amino acids     1% 

Penicillin/streptomycin    1% 

Thpo        0.5% 

o MK Medium (BM MKs):  

IMDM 

FCS        10% 

Nonessential amino acids     1% 

Penicillin/streptomycin     1% 

Thpo        0.5% 

Hirudin       0.1% 

o MK Medium (BM MKs Boston):  

StemPro®-34  

L-Glutamine      2 mM 

Nutrient      2.6% 

Penicillin/streptomycin    1% 

o PBS/EDTA (for platelet lysates) 

EDTA       5 mM 

in PBS 

o PHEM Buffer, pH 6.8 

PIPES        100 mM 

HEPES       5.25 mM 

EGTA        10 mM 

MgCl2        20 mM 
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o PHEM Complete Buffer, pH 7.2 

PHEM Fixation Buffer 

Igepal®CA-630     0.1% 

in PHEM 

o PHEM Fixation Buffer 

PFA       4% 

in PHEM 

o 10x PHEM special (John Hartwig), pH 6.9 

PIPES        600 mM 

HEPES       250 mM 

EGTA        100 mM 

MgSO4       20 mM 

o Phosphate-buffered-Saline (PBS), pH 7.14 

NaCl        137 mM 

KCl        2.7 mM 

KH2PO4       1.5 mM 

Na2HPO4 x 2H2O      8 mM 

o SDS Sample Buffer, 2x 

β-mercaptoethanol (for red. conditions)   10% 

TRIS buffer (1.25 M), pH 6.8     10% 

Glycerin       20% 

SDS        4% 

Bromophenolblue      0.02% 

o Separating Gel Buffer (Western Blot), pH 8.8 

TRIS/HCl      1.5 M 

o Solution I (Mini preps) 

Glucose      50 mM 

TRIS base      25 mM 

EDTA       10 mM 

o Solution II (Mini preps) 

NaOH       0.2 M 

SDS       1% 
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o Solution III (Mini preps) 

Potassium acetate     3 M 

o Stacking Gel Buffer (Western Blot), pH 6.8 

TRIS/HCl      0.5 M 

o Stripping Buffer (Western Blot), pH 6.8 

TRIS/HCl      62.5 mM 

SDS       2% 

β-mercaptoethanol     100 mM 

o Sodium-Citrate-Buffer, pH 6.0 

Sodium Citrate     10 mM 

Tween 20®      0.05% 

o Storage Buffer, pH 7.0 

TRIS        20 mM 

NaCl        0.9% 

BSA        0.5% 

NaN3        0.09% 

o 50x TAE 

TRIS base       0.2 M 

Acetic acid       5.7% 

EDTA (0.5 M)       10% 

o TE-Buffer 

TRIS base       10 mM 

EDTA        1 mM 

o Transfer-Buffer (semi-dry blot) 

TRIS ultra      48 mM 

Glycine      39 mM 

Methanol      20% 

o TRIS-Buffered Saline (TBS), pH 7.3 

NaCl        137 mM 

TRIS/HCl       20 mM 
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o TRIS-EDTA-Buffer, pH 9.0  

TRIS       10 mM 

EDTA       1 mM 

Tween 20®      0.05% 

o Tyrode’s Buffer, pH 7.3 

NaCl        137 mM 

KCl        2.7 mM 

NaHCO3       12 mM 

NaH2PO4       0.43 mM 

Glucose       0.1% 

Hepes       5 mM 

BSA        0.35% 

CaCl2        2 mM 

MgCl2        1 mM 

o Washing Buffer (ELISA) 

PBS 

Tween 20®       0.05% 

o Washing Buffer (Western Blot) 

TBS 

Tween 20®       0.1% 
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3.2. Methods 

3.2.1. Mutagenesis and molecular cloning 

3.2.1.1. Mutagenesis 

Mutant Pfn1 and DIAPH1 constructs were generated with the help of QuickChange® Site-

directed Mutagenesis Kit according to the manufacturer’s protocol. Briefly, mutagenesis 

polymerase chain reaction was performed on the pCMV6-Entry-Pfn1, pF1K-DIAPH1 and 

pcDNA3.1-TRPM7 vectors with the following primers: 

Pfn1_Mut_W3A_for   5’ CGATCGCCATGGCCGGGGCGAACGCCTACATCGAC 3’ 

Pfn1_Mut_W3A_rev   5’ GTCGATGTAGGCGTTCGCCCCGGCCATGGCGATCG 3’ 

Pfn1_Mut_Y6D_for   5’ GCCGGGTGGAACGCCGACATCGACAGCCTTATG 3’ 

Pfn1_Mut_Y6D_rev   5’ CATAAGGCTGTCGATGTCGGCGTTCCACCCGGC 3’ 

Pfn1_Mut_R74E_for   5’ CAGAAATGTTCTGTGATCGAGGACTCACTGCTGC 3’ 

Pfn1_Mut_R74E_rev   5’ GCAGCAGTGAGTCCTCGATCACAGAACATTTCTG 3’ 

Pfn1_Mut_Y129F_for  5’ GATCAACAAGAAATGTTTTGAAATGGCCTCTCACC 3’ 

Pfn1_Mut_Y129F_rev 5’ GGTGAGAGGCCATTTCAAAACATTTCTTGTTGATC 3’ 

Pfn1_Mut_H133S_for  5’ GTTATGAAATGGCCTCTAGCCTGCGGCGTTCCCAG 3’ 

Pfn1_Mut_H133S_rev  5’ CTGGGAACGCCGCAGGCTAGAGGCCATTTCATAAC 3’ 

Pfn1_Mut_R136D_for  5’ GCCTCTCACCTGCGGGATTCCCAGTACTGAACG 3’ 

Pfn1_Mut_R136D_rev  5’ CGTTCAGTACTGGGAATCCCGCAGGTGAGAGGC 3’ 

DIAPH1_Mut_R1213*_for  5’ GTCAGGGGCAGCATTCTGACGGAAGAGAGGGCC 3’ 

DIAPH1_Mut_R1213*_rev  5’ GGCCCTCTCTTCCGTCAGAATGCTGCCCCTGAC 3’ 

Trpm7_Mut_C721G_for  5’ CTGGAGTAATTCAACCGGCCTTAAGTTAGCAG 3’ 

Trpm7_Mut_C721G_rev  5’ CTGCTAACTTAAGGCCGGTTGAATTACTCCAG 3’ 

Subsequent to the PCR, the reaction was incubated with DpnI to digest the maternal plasmid 

DNA, while the newly synthetized, methylated plasmids grossly remained intact. The digest-

ed PCR product was then used for transformation of TOP10 E. coli cells. Sequencing con-

firmed the success of the mutagenesis.  

3.2.1.2. Molecular cloning of mutant constructs 

For the generation of mutant Pfn1 constructs or vectors enabling the expression of fluoro-

phore-tagged cytoskeletal components, standard techniques for molecular cloning as de-
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scribed before were used. All ligations were performed at 16°C over night using T4 DNA 

ligase (Fermentas). First, a NotI linker (5’ AGCGGCCGCT 3’) was inserted into the pIRES2-

EGFP vector (kindly provided by Dr. Attila Braun) via blunt end digestion with EcoRV. Next, 

pSSVCV was generated by ligating a 6,502 bp BamHI-NotI fragment of the pTW22 vector 

with a 1,315 bp BamHI-NotI fragment of the pIRES2-EGFP vector to insert the IRES-EGFP 

cassette into the pTW22 vector (kindly provided by Prof. Axel Rethwilm) downstream of the 

SFFVU3 promoter. Of note, all linkers were purchased as single strand oligos and were by 

dimerized by heating and cooling in LINKER buffer and phosphorylated using PNK.  

Prior to the site-directed mutagenesis, a BamHI linker (5’ CCGGATCCGG 3’) was ligated into 

the Pfn1 open reading frame (ORF)-containing pCMV6 vector (OriGene) downstream of the 

Pfn1 ORF via EcoRV digestion. The mutant Pfn1 cDNAs were inserted into the viral carrying 

vector by ligating a 522 bp BamHI fragment of the respective pCMV6 W3A, Y6D, R74D, 

Y129F, H133S and R136D Pfn1 mutants with the BamHI-linearized pSSVCV vector. Due to 

the non-directed ligation, the correct orientation of the inserts was verified by KpnI digestion. 

A correctly inserted mutant yielded a 7,354, 964 and a 21 bp fragment, while an incorrectly 

orientated insert resulted in a 7,354, 531 and a 454 bp fragment. The newly generated vec-

tors were named pSSW3A, pSSY6D, pSSR74D, pSSY129F, pSSH133S and pSSR136D 

respectively. 

After sequence confirmation of the mutation a 3,825 bp SgfI-PmeI fragment of the pF1K 

vector containing the DIAPH1 open reading frame or the R1213* variant were gel purified 

and cloned into a 5,894 bp SgfI-PmeI fragment of the pCMV6-Fc-S (PS100054, OriGene) 

mammalian expression vector. The newly generated vectors were named pSSDIAWT and 

pSSDIAR1213* respectively. 

3.2.1.3. Molecular cloning of fluorophore-conjugated Tubb1 and Actb  

To insert the Tubb1-TurboGFP expression cassette (OriGene) into the pSSVCV vector, first a 

SalI linker (5’ AAGTCGACTT 3’) was cloned into pCMV-AC-GFP-Tubb1 via blunt end diges-

tion with PmeI (àpCMV-AC-GFP-Tubb1-SalI link). Subsequently, a 2,116 bp BamHI-SalI 

fragment of the pCMV-AC-GFP-Tubb1-SalI link vector was cloned into a 6,452 bp BamHI-

SalI fragment of the pSSVCV vector. The resulting vector was named pSSTubb1.  

To insert the Actb expression cassette (OriGene) into the foamy viral expression vector, a 

1,178 bp BamHI-XhoI fragment of the pCMV-AC-GFP-Actb vector was ligated into a 

7,163 bp BamHI-XhoI fragment of the pSSTubb1 vector. The resulting vector was named 

pSSActb. 
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3.2.1.4. Molecular cloning of CRISPR constructs 

In order to generate knockout cell lines using the clustered regularly interspaced short palin-

dromic repeats (CRISPR) Cas9 technology, each two antiparallel DNA oligos containing BbsI 

restriction sites were designed with the help of ZiFiT Targeter Version 4.2. The oligos (17 bp) 

were directed against exons of the genes of interest and encoded for the so-called guide 

RNA (gRNA) of the CRISPR-Cas system. The following oligos were purchased, dimerized by 

heating and cooling in LINKER buffer and phosphorylated using polynucleotide kinase: 

RhoA_hogui_Ex3_for  5’ ACA CCG GTA GGA GAG GGG CCT CG 3’ 

RhoA_hogui_Ex3_rev  5’ AAA ACG AGG CCC CTC TCC TAC CG 3’ 

RhoA_hogui_Ex4_for  5’ ACA CCG TGC CCA TCA TCC TGG TG 3’ 

RhoA_hogui_Ex4_rev  5’ AAA ACA CCA GGA TGA TGG GCA CG 3’ 

Bin2_hogui_Ex3_for   5’ ACA CCG GTC CTT GTA CAG CTT GG 3’ 

Bin2_hogui_Ex3_rev   5’ AAA ACC AAG CTG TAC AAG GAC CG 3’ 

Bin2_hogui_Ex4_for   5’ ACA CCG CTG TAG ATC TCC TGC AG 3’ 

Bin2_hogui_Ex4_rev   5’ AAA ACT GCA GGA GAT CTA CAG CG 3’ 

Trpm7_hogui_Ex5_for  5’ ACA CCG CTT AAA GAA TGG CAA AG 3’ 

Trpm7_hogui_Ex5_rev 5’ AAA ACT TTG CCA TTC TTT AAG CG 3’ 

Trpm7_hogui_Ex5.1_for  5’ ACA CCG TTA TTT CTG TAC ATG GG 3’ 

Trpm7_hogui_Ex5.1_rev 5’ AAA ACC CAT GTA CAG AAA TAA C 3’ 

Subsequently, the dimerized and phosphorylated gRNAs were ligated into BbsI-linearized 

px330, px458 and px459 vectors and transformed into TOP10 E. coli. Successful insertion of 

the gRNAs was monitored via double digestion of the Mini DNA with BbsI and AgeI, as inser-

tion of the gRNA lead to the disruption of the BbsI restriction site. 

3.2.1.5. Transformation 

For transformation chemically competent TOP10 E. coli bacteria (Iba Lifesciences; F- mcrA 

(mrr-hsdRMS-mcrBC) 80lacZ M15 lacX74 recA1 ara 139 (ara-leu)7697 galU galK rpsL (StrR) 

endA1 nupG) were incubated for 30 min on ice with 10 ng of the ligated vectors. Transfor-

mation was then triggered by a 90 s heat shock at 42°C with subsequent incubation on ice 

for 5 min. Thereafter, bacteria were supplied with 1 mL LB-medium and incubated for 1 h at 
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450 rpm and 37°C. Positive clones were selected by plating the transformation mixture on 

LB-agar plates containing antibiotics. 

3.2.1.6. Mini preps 

Overnight cultures (3 mL LB-medium supplemented with antibiotics) were incubated over 

night at 37°C and 225 rpm. The next day, cells were pelleted by centrifugation (30 s; 

11,000 rpm), resuspended in 200 μL Solution I and lysed by the addition of 250 μL Solution II 

(5 min). Lysis was stopped and proteins were precipitated by the addition of Solution III. Cell 

debris was pelleted by centrifugation for 5 min at 11,000 rpm and 4°C and DNA was precipi-

tated by mixing the cleared lysate with 500 μL isopropanol. After another centrifugation step 

(10 min, 14,000 rpm and 4°C) the DNA pellet was dried by the addition of 500 μL 70% etha-

nol and reconstituted in TE-Buffer.  

3.2.2. Cell culture, virus production and generation of knockout cell lines 

3.2.2.1. Cultivation of mammalian cell lines (HEK293FT, MEF, K562, Jurkat) 

Adherent Human Embryonic Kidney (HEK) 293FT cells and primary or immortalized Mouse 

Embryonic Fibroblasts (MEF) were grown in Dulbecco’s modified Eagle medium (containing 

10% fetal calf serum (FCS), 100 U mL-1 of penicillin, 0.1 mg mL-1 of streptomycin) at 37°C, 

5% CO2. 

Human Jurkat T-cells (clone E6-1) were grown in suspension in RPMI-1640 medium sup-

plemented with 10% FCS and 100 U mL-1 of penicillin, 0.1 mg mL-1 of streptomycin at 37°C, 

5% CO2.  

The human immortalized myelogenous leukemia cell line K562 were grown in suspension in 

RPMI-1640 medium supplemented with 10% FCS and 100 U mL-1 of penicillin, 0.1 mg mL-1 

of streptomycin at 37°C, 5% CO2. 10 mL of 2 x 105 cells per mL were seeded and the day 

after stimulated for 72 h either with 1.5% DMSO for erythroid, 100 nM PMA for megakaryo-

cytic or 10 nM staurosporine for monocytic differentiation. 

Hematopoietic stem cells were isolated from male mouse BM single cell suspensions using a 

magnetic bead-based negative depletion kit (anti-rat-IgG Dynabeads, Invitrogen or Mag-

niSort, eBioscience) in combination with (biotinylated) rat-anti-mouse antibodies directed 

against CD45R/B220, TER-119, CD3, Ly-6G/C and CD11b (each 0.5 μg per 107 cells). Ex-

periments were performed according to the manufacturer’s protocol. Cells were cultured in 

Iscove’s modified Dulbecco medium (supplemented with 10% FCS, 100 U mL-1 of penicillin, 

0.1 mg mL-1 of streptomycin, 100 ng mL-1 mouse SCF, 100 ng mL-1 Thpo, 10 ng mL-1 mouse 
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IL-3, 10 ng mL-1 mouse IL-6) at 37°C, 5% CO2 in 12 well cell culture plates coated with 20 μg 

RetroNectin® CH-296 [1 mg mL-1] in 500 μL sterile PBS.  

3.2.2.2. Isolation and immortalization of MEFs 

Embryos from time-mated mice (13.5-14.5 days post coitum) carrying the Cre-recombinase 

under a 4-hydroxytamoxifen-inducible promoter (Cre-ERT) were dissected and heads and all 

red tissues were removed. The remaining tissues were washed once in sterile PBS, trans-

ferred into 1 mL of Trypsin-EDTA solution, minced with a scissor and incubated for 5 min at 

37°C. To increase the number of single cells the samples were further homogenized by 

squeezing through a syringe (26 gauge cannula). To stop the reaction 9 mL culture medium 

were added and the cells were grown over night. The next day, medium was changed and 

the day after the superconfluent culture was washed once with PBS, cells were detached by 

incubation with Trypsin-EDTA solution at 37°C and 3 x 105 cells were seeded per 6 cm dish. 

The remaining cells were either frozen in cryo medium (50% FCS, 40% DMEM, 10% DMSO) 

or used for genotyping. To immortalize the MEFs, each three days the cells were passaged 

and 3 x 105 cells were seeded per 6 cm dish for 20 consecutive passages. Immortalized 

clones were cryo preserved. 

3.2.2.3. Induction of Cre expression 

To induce the expression of the Cre-recombinase and hence ablate expression of Pfn1 

immortalized and primary MEFs (Pfn1fl/fl Cre-ERT+/- and Pfn1fl/fl Cre-ERT+/+) were seeded in 6 

well plates [2 x 105 cells per well] and repeatedly treated with 10 μM Z-4-hydroxytamoxifen 

(each 24 h for three days).  

3.2.2.4. Transfection 

For expression studies of constructs 5 x 105 HEK cells were seeded per well of 6 well plate. 

The next day, medium was exchanged and cells were transfected by the addition of 100 μL 

transfection mix (2.5 μg plasmid DNA coding for the different mutants and 7.5 μg polyethyl-

enimine in 100 μL DMEM without supplements incubated for 20 min at room temperature 

(RT)). After 24 h the transfection mix-containing medium was replaced by DMEM supple-

mented with antibiotics and 10% FCS. After different time points the cells were washed once 

with PBS and protein lysates were generated or cells were processed for immunostaining 

and confocal microscopy.  
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3.2.2.5. Electroporation and generation of knockout cell lines 

Transfection of a log phase culture of K562 and Jurkat T-cells was achieved through electro-

poration. To this end the cells were washed once in serum-free culture medium (1,200 rpm, 

5 min) and their concentration was set to 2.5 x 107 (K562) or 5 x 107 (Jurkat) cells per mL 

respectively. Each 400 μL were then mixed with 20 μg plasmid DNA, transferred to a 4 mm 

spacing electroporation cuvette and shot with a Biorad® GenePulser II at 250 V, 950 μF and 

indefinite resistance using a exponential decay wave form. Subsequently, the cuvette was 

flicked to obtain a homogenous mixture of the cells and was allowed to rest for 10 min at RT. 

Next, the cells, without debris, were transferred to 7.6 mL of complete RPMI-1640 culture 

medium. After 24 h, selection was started by the addition of 1 μg mL-1 puromycin, which was 

resupplemented each 24 h for two days. The surviving cells were subcloned, cultivated and 

upon expansion some of the cells were used to test for the presence of larger insertions or 

deletions via PCR.  

3.2.2.6. Isolation of genomic DNA from cell lines 

The cell pellet was incubated for 2 h at 56°C and 1,400 rpm in 250 μL of lysis buffer. Cellular 

proteins and lipids were removed by the addition of 250 μL of phenol/chloroform/isoamyl 

alcohol (25:24:1). Samples were shaken well and centrifuged for 10 min at 10,000 rpm in an 

Eppendorf 5417R tabletop centrifuge at RT. After the centrifugation, the aqueous nucleic acid 

containing upper phase was transferred into a new cap containing 250 μL isopropanol to 

precipitate the DNA/RNA. Subsequently, the nucleic acids were spun down by centrifugation 

for 15 min at 14,000 rpm and 4°C. The pellet was washed and dehydrated by the addition of 

500 μL 70% ethanol with subsequent centrifugation for 15 min at 14,000 rpm. Before dissolv-

ing the pellet in 50 μL TE buffer, the pellet was allowed to dry for 30 min at 37°C.  

3.2.2.7. Genotyping of mutant cell lines with polymerase chain reaction (PCR) 

PCR mix for RhoA, Bin2, and Trpm7: 

1.0 μL   DNA sample 

2.5 μL   10x Taq Buffer (+KCl, -MgCl2) 

2.5 μL    MgCl2 [25 mM] 

0.5 μL   dNTPs [10 mM] 

0.1 μL    forward Primer [1 μg mL-1] 

0.1 μL    reverse Primer [1 μg mL-1] 

0.25 μL  native Taq-Polymerase [5 U μL-1] 

18.05 μL  H2O  
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PCR program: 

Temperature [°C] Time [s] Repeats 

96 180 1 cycle 

94 30 35 cycles 

58 30 35 cycles 

72 60 35 cycles 

72 300 1 cycle 

22 ∞ 1 cycle 

 

Primer RhoA exon 3 (annealing temperature 58°C): 

RhoA_Ex3_hu_for:  5’ GGC GGG CAC CTG TAG TC 3’ 

RhoA_Ex3_hu_rev:  5’ CAC CGT GCC CTG CCT AG 3’ 

Expected band size: 661 bp for the WT exon three of the RhoA gene 

Primer RhoA exon 4 (annealing temperature 58°C): 

RhoA_Ex4_hu_for:  5’ CCC ACC TAC AGA GAT GCT CAG 3’ 

RhoA_Ex4_hu_rev:  5’ TTC TCA GGC CAG CAG TCC 3’ 

Expected band size: 619 bp for the WT exon four of the RhoA gene 

Primer Bin2 exon 3 (annealing temperature 58°C): 

Bin2_Ex3_hu_for:  5’ GGC GGG CAC CTG TAG TC 3’ 

Bin2_Ex3_hu_rev:  5’ CAC CGT GCC CTG CCT AG 3’ 

Expected band size: 436 bp for the WT exon three of the Bin2 gene 

Primer Bin2 exon 4 (annealing temperature 58°C): 

Bin2_Ex4_hu_for:  5’ CCC ACC TAC AGA GAT GCT CAG 3’ 

Bin2_Ex4_hu_rev:  5’ TTC TCA GGC CAG CAG TCC 3’ 

Expected band size: 622 bp for the WT exon four of the Bin2 gene 

Primer Trpm7 exon 17 (annealing temperature 58°C): 

TRPM7_Ex5_hu_for:  5’ CCG ATC CTC TTC AGC CAG TC 3’ 

TRPM7_Ex5_hu_rev:  5’ GGC CTG TAA TCC CAG CTA CTC 3’ 

Expected band size: 763 bp for the WT exon five of the Trpm7 gene 
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3.2.2.8. Production of viral particles 

To generate viral particles for transduction of different cells (HSCs or MEFs) HEK cells were 

seeded at a density of 6 x 106 per 10 cm dish one day prior to transfection (10 μg of the 

carrier plasmids, 5 μg pcoPG4, 1 μg pcoPP and pcoPE in 2 mL serum-free DMEM with 

51 μg polyethylenimine). The next day, medium was replaced and after another 48 h the 

supernatant containing viral particles was collected and cleared from cell debris by filtrating 

through a 0.22 μm filter. The viral particle-containing supernatant was centrifuged for 3 h at 

4°C and 10,000 rpm and 40 fold concentrated by resuspending the barely visible pellet in 

1 mL PBS. Each 200 μL aliquots were immediately frozen and stored at -80°C.  

3.2.2.9. Titration of viral particles 

The number of viral particles was determined by seeding 2 x 104 cells in 1 mL per well of 12 

well plate the day prior to transduction. The next day, serial dilutions (ranging from 10-1-10-5) 

of the concentrated frozen viral particles were added to the wells. After another 72 h the 

supernatant medium was discarded, cells were washed once with PBS, trypsinized and 

washed once more in PBS (1,200 rpm for 5 min). The pellet was resuspended in 500 μL PBS 

supplemented with 0.1% BSA and the percentage of transduced, GFP-positive cells was 

determined by flow cytometry. 

3.2.3. Genetically modified mice 

Conditional Pfn1-deficient mice were generated by intercrossing Pfn1fl/fl mice (exon 2 flanked 

by loxP sites) with mice carrying the Cre-recombinase under the platelet factor 4 (Pf4) pro-

moter.40,261 Pfn1fl/fl mice were obtained from EUCOMM (European Conditional Mouse Muta-

genesis Program, Strain ID EM:03711) and Pf4-Cre mice were kindly provided by Dr. Radek 

Skoda. All mice used in experiments were 12- to 16 weeks old and sex-matched, if not stated 

otherwise. For experiments on MKs, only male animals were used.  

WASp-null197 and WIP-null262 mice were maintained on a C57Bl/6 background and were 

kindly provided by Hérve Falet. Approval for animal research was granted by the Harvard 

Medical Area Standing Committee, according to the National Institutes of Health standards 

and as outlined in the Institute for Laboratory Animal Research Guide for Care and Use of 

Laboratory Animals.  

Conditional Twf1-deficient mice were generated by intercrossing Twf1fl/fl mice (exon 3 flanked 

by loxP sites) with mice carrying the Cre-recombinase under the Pf4 promoter.261 Twf1fl/fl 

mice were obtained from EUCOMM (Strain ID EM:05232). Constitutive Twf2a-deficient mice 

were kindly provided by Prof. Pekka Lappalainen and have been described earlier.150 
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Constitutive PLD1/2 double-deficient mice were kindly provided by Drs. David Stegner and 

Ina Thielmann and have been described earlier.45 

Conditional Trpm7-deficient mice were generated by intercrossing Trpm7fl/fl mice (exon 17 

flanked by loxP sites) with mice carrying the Cre-recombinase under the Pf4 promoter.172,261 

Trpm7fl/fl mice were generously provided by Prof. David Clapham. 

Exons 3 to 6 of Apbb1ip gene were replaced with a LacZ-p(A); Neo-p(A) cassette by homol-

ogous recombination. The replacement leads to a deletion of amino acids 25 – 234 and 

encompasses the coiled-coiled region, a PLP stretch and parts of the RA-domain. In addition, 

the deletion induces a frame shift mutation after amino acid 24 of Apbb1ip gene and leads to 

a non-functional protein with a premature stop codon. Apbb1ip+/- mice were generated by 

injection of embryonic stem cell clone 16066A-D5 (Knockout Mouse Project (KOMP)) into 

C57Bl/6 blastocysts. Germ-line transmission was obtained by backcrossing the resulting 

chimeric mice with C57Bl/6 mice.247 All animal experiments were approved by the district 

government of Lower Frankonia (Bezirksregierung Unterfranken). 

3.2.4. Genotyping of mice 

3.2.4.1. Isolation of genomic mouse DNA 

A 5 mm² piece of mouse ear was incubated overnight at 56°C and 900 rpm or for 3 h at 56°C 

and 1,400 rpm in 500 μL of lysis buffer. Cellular proteins and lipids were removed by the 

addition of 500 μL of phenol/chloroform/isoamyl alcohol (25:24:1). Samples were mixed well 

and centrifuged for 10 min at 10,000 rpm in an Eppendorf 5417R tabletop centrifuge at RT. 

After centrifugation, the aqueous nucleic acid containing upper phase was transferred into a 

new cap containing 500 μL isopropanol to precipitate the DNA/RNA. Subsequently, the nu-

cleic acids were spun down by centrifugation for 15 min at 14,000 rpm and 4°C. The pellet 

was washed and dehydrated by the addition of 500 μL 70% ethanol with subsequent centrif-

ugation for 15 min at 14,000 rpm. Before dissolving the pellet in 100 μL TE buffer, the pellet 

was allowed to dry for 30 min at 37°C.  

3.2.4.2. Polymerase chain reaction (PCR) 

Separate PCR reactions were performed to amplify the WT/ floxed Pfn1/ Trpm7 or the tar-

geted Twf2a/ PLD1/2/ Apbb1ip loci and to control the presence of the Cre-recombinase 

cassette under control of the Pf4 promoter on Chromosome 9.261  
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PCR mix for Pfn1, Twf2a WT, Apbb1ip WT/ KO: 

2.0 μL   DNA sample 

2.0 μL   10x Taq Buffer (+KCl, -MgCl2) 

1.2 μL    MgCl2 [25 mM] 

0.4 μL   dNTPs [10 mM] 

0.1 μL    forward Primer [1 μg mL-1] 

0.1 μL    reverse Primer [1 μg mL-1]  

0.125 μL  native Taq-Polymerase [5 U μL-1] 

14.075 μL  H2O  

PCR program Pfn1, Trpm7, Twf2a WT, Apbb1ip WT/ KO: 

Temperature [°C] Time [s] Repeats 

96 180 1 cycle 

94 30 35 cycles 

55.5-69.0 30 35 cycles 

72 60 35 cycles 

72 300 1 cycle 

22 ∞ 1 cycle 

Primer Pfn1 (annealing temperature 55.5°C): 

Pfn1_i2_f2:  5’ TTC TGA CTC TGG CTC CCC AG 3’ 

Pfn1_i2_r2:  5’ GCT AGG AAC GGC TGT GAT GC 3’ 

Expected band sizes: 187 bp for the WT and 221 bp for the floxed Pfn1 allele 

Primer Twf2a WT (annealing temperature 69.0°C): 

Twf2a_Ex1_for: 5’ CCA GGA CCA AGA GGA GAA CTC CGA C 3’ 

Twf2a_Int1_rev: 5’ CCC AGC TAT GTA CAA CAG TCT GTT CTG CC 3’ 

Expected band sizes: 249 bp for the WT Twf2a allele 

Primer Apbb1ip WT (annealing temperature 62.8°C): 

Apbb1ip_for:  5’ GAT GCC CTC ATG GCA GAT C 3’ 

Apbb1ip_rev:  5’ CTA CGG GTG GAG GTG GTA AAG 3’ 

Expected band sizes: 208 bp for the WT Apbb1ip allele 
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Primer Apbb1ip KO (annealing temperature 66.9°C): 

Apbb1ip_NeoInF: 5’ TTC GGC TAT GAC TGG GCA CAA CAG 3’ 

Apbb1ip_NeoInR: 5’ TAC TTT CTC GGC AGG AGC AAG GTG 3’ 

Expected band sizes: 282 bp for the targeted Apbb1ip allele 

PCR mix for PLD1/2 WT: 

1.0 μL   DNA sample 

2.5 μL   10x Taq Buffer (+KCl, -MgCl2) 

2.5 μL    MgCl2 [25 mM]  

0.5 μL   dNTPs [10 mM] 

0.5 μL    forward Primer (1:10 in H2O, [0.1 μg mL-1]) 

0.5 μL    reverse Primer (1:10 in H2O, [0.1 μg mL-1]) 

0.25 μL  native Taq-Polymerase [5 U μL-1] 

17.25 μL  H2O 

PCR program PLD1/2 WT: 

Temperature [°C] Time [s] Repeats 

96 300 1 cycle 

94 30 35 cycles 

59-66 30 35 cycles 

72 45 35 cycles 

72 30 1 cycle 

22 ∞ 1 cycle 

Primer PLD1 WT (annealing temperature 66.0°C): 

PLD1_WT_for:    5´ TGT GCA AGT GCG TGT GGG CA 3´ 

PLD1_WT_rev:   5´ ACA GGG CAC CCA CAG GAG CA 3´  

Expected band size: 283 bp for WT samples 

Primer PLD2 WT (annealing temperature 59.0°C): 

PLD2_WT_for:    5´ AAG CAA CAC CAC ACA TTC CA 3´ 

PLD2_WT_rev:   5´ CTT CCC GAC TCA CAG CTT TC 3´  

Expected band size: 445 bp for WT samples 
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PCR mix for PF4-Cre: 

2.0 μL   DNA sample 

2.5 μL   10x Taq Buffer (+KCl, -MgCl2) 

2.5 μL    MgCl2 [25 mM]  

0.5 μL   dNTPs [10 mM] 

1.0 μL    forward Primer (1:10 in H2O, [0.1 μg mL-1]) 

1.0 μL    reverse Primer (1:10 in H2O, [0.1 μg mL-1]) 

0.25 μL  native Taq-Polymerase [5 U μL-1] 

15.25 μL  H2O 

 

PCR program PF4-Cre: 

Temperature [°C] Time [s] Repeats 

96 300 1 cycle 

94 30 35 cycles 

48.5 30 35 cycles 

72 45 35 cycles 

72 30 1 cycle 

22 ∞ 1 cycle 

 

Primer PF4-Cre: 

PF4 for:    5´ CCC ATA CAG CAC ACC TTT TG 3´ 

PF4 rev:   5´ TGC ACA GTC AGC AGG TT 3´  

Expected band size: 450 bp for positive samples 

PCR mix for Genetrap (Twf2a KO, PLD1/2 KO): 

1.0 μL   DNA sample 

2.5 μL   10x Taq Buffer (+KCl, -MgCl2) 

2.5 μL    MgCl2 [25 mM]  

0.5 μL   dNTPs [10 mM] 

0.05 μL   forward Primer [0.1 μg mL-1] 

0.05 μL   reverse Primer [0.1 μg mL-1] 

0.25 μL  native Taq-Polymerase [5 U μL-1] 

18.15 μL  H2O 
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PCR program: 

Temperature [°C] Time [s] Repeats 

96 180 1 cycle 

94 30 35 cycles 

51.4 30 35 cycles 

72 60 35 cycles 

72 600 1 cycle 

22 ∞ 1 cycle 

 

Primer Genetrap: 

Genetrap_for:    5´ TTA TCG ATG AGC GTG GTG GTT ATG C 3´ 

Genetrap_rev:   5´ GCG CGT ACA TCG GGC AAA TAA TAT 3´  

Expected band size: 680 bp for positive samples 

3.2.4.3. RNA preparation from platelets 

For each genotype, at least three animals were bled under isoflurane anesthesia up to 1 mL 

into 300 μL heparin (in TBS [20 U mL-1]). After blood withdrawal the samples were supplied 

with another 300 μL heparin [20 U mL-1] and centrifuged for 6 min at 800 rpm in an Eppen-

dorf 5415C centrifuge. The upper phase and the buffy coat, with some erythrocytes was 

transferred into a tube containing 300 μL heparin [20 U mL-1] and centrifuged once more for 

6 min at 800 rpm. Finally, only the upper phase without any erythrocytes was transferred into 

an empty cap and platelets were pelleted by centrifugation for 5 min at 2,800 rpm (Eppendorf 

5417R). The pellets were resuspended and pooled in a total volume of 250 μL IP-buffer 

supplied with 1% NP-40, vortexed and incubated for 10 min at RT. After the addition of 1 mL 

TRIzol® reagent, the samples were incubated for 10 min at RT. Further, 250 μL of chloro-

form were added and the samples were incubated for 10 min at RT and afterwards centri-

fuged for 10 min at 10,000 rpm (Eppendorf 5417R) and 4°C. The upper phase was then 

transferred into a tube containing 1 mL of chloroform/isoamyl alcohol (24:1), vortexed for 

2 min and centrifuged for 10 min at 10,000 rpm and 4°C. Thereafter, the upper phase was 

pipetted into a new tube containing 1 mL of ice cold isopropanol, mixed well and incubated 

for 30 min on ice. The nucleic acids were pelleted by centrifugation for 10 min at 14,000 rpm 

(Eppendorf 5417R) and 4°C, washed once with 70% ethanol (10 min, 14,000 rpm, 4°C), 

dried at RT for 30 min and finally resuspended in 20 μL RNase free water. The RNA content 

of the samples was determined using a NanoDrop (Thermo Scientific) device.  
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3.2.4.4. RNA preparation from tissues using RNeasy® Kit 

Animals were anesthetized, sacrificed by cervical dislocation and organs were immediately 

removed, washed once with sterile PBS and cut into small pieces of ~30 mg. The tissue 

pieces were transferred into 600 μL of RLT buffer, homogenized using a stirrer and cell 

fragments were pelleted by centrifugation for 3 min at 14,000 rpm (Eppendorf 5417R). The 

supernatant was mixed with an equal volume of 70% ethanol and subsequently 600 μL of the 

mixture were added onto an RNeasy spin column. The column was centrifuged for 15 s at 

14,000 rpm and the procedure was repeated with the residual sample volume. The column 

was washed once with 700 μL RW1 buffer (15 s, 14,000 rpm) and twice with 500 μL RPE 

buffer (15 s, 14000 rpm). To elute the RNA, 40 μL of RNase free water were added, incubat-

ed for 1 min and finally spun down (1 min, 14,000 rpm). The RNA concentration and quality 

was assessed using NanoDrop.  

3.2.4.5. Semiquantitative reverse transcription PCR (RT-PCR) 

For reverse transcription PCR, two different Mastermixes were prepared: 

Mastermix 1:  

1.0 μg    RNA  

2.0 μL    oligo dT Primer [0.5 μg μL-1] 

x μL   ad 20 μL H2O 

Mastermix 1 was denaturated for 10 min at 70°C and subsequently cooled on ice. 

Mastermix 2: 

5.0 μL    5x first strand buffer 

2.0 μM   0.1 M DTT [0.1 M] 

1.0 μL   dNTPs [10 mM] 

0.1 μL   RNAse inhibitors [5 U mL-1] 

Mastermix 1 and 2 were pooled and 1 μL of SuperScript® II Reverse Transcriptase 

[200 U μL-1] was added. Amplification was performed for 1 to 2 h at 42°C in a thermomixer 

and afterwards the reaction was aborted by incubation of the samples at 70°C for 10 min. 

The generated cDNAs were stored at -20°C. The mRNA expression levels were determined 

by PCR, optimal annealing temperature for the used primers was identified via gradient PCR. 

Gapdh expression was determined as control. 
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PCR mix for semi-quantitative RT-PCR: 

2.0 μL   cDNA sample 

2.0 μL   10x Taq Buffer (+KCl, -MgCl2) 

1.2 μL    MgCl2 [25 mM] 

0.4 μL   dNTPs [10 mM] 

0.1 μL    forward Primer [1 μg mL-1] 

0.1 μL    reverse Primer [1 μg mL-1] 

0.125 μL  native Taq-Polymerase [5 U μL-1] 

14.075 μL  H2O  

 

PCR program: 

Temperature [°C] Time [s] Repeats 

96 180 1 cycle 

94 30 35 cycles 

48-70 30 35 cycles 

72 60 35 cycles 

72 300 1 cycle 

22 ∞ 1 cycle 

 

RT-PCR Primer: 

Pfn1 (annealing temperature 63.0°C): 

Pfn1_RT_forw: 5‘ GCC ATC GTA GGC TAC AAG GAC TCG 3‘ 

Pfn1_RT_rev:   5‘ CCA CCG TGG ACA CCT TCT TTG C 3‘ 

Expected product sizes: 305 bp for WT and 113 bp for Pfn1-/- mRNA. 

Pfn2 (annealing temperature 62.0°C): 

Pfn2_RT_forw:  5‘ GCT ACG TGG ATA ACC TGA TGT GCG 3‘ 

Pfn2_RT_rev:   5‘ CCC TAA TAC TTA ACA GTC TGC CTA GC 3‘ 

Expected product size: 436 bp for the WT allele. 

Pfn3 (annealing temperature 62.5°C): 

Pfn3_RT_forw:  5‘ GCA AGC ACA AGT TGC TGG GAC TG 3‘  

Pfn3_RT_rev:   5‘ GAC CCG TCT GCA GAA AGG TGT GC 3‘ 

Expected product size: 224 bp for the WT allele. 
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Pfn4 (annealing temperature 63.0°C): 

Pfn4_RT_forw:  5‘ GCT GGG GAC GAA ACA CGT GG 3‘ 

Pfn4_RT_rev:   5‘ CTT CTC TGT GGC TTC CAC GCA GAC 3‘ 

Expected product size: 322 bp for the WT allele.  

Twf1 (annealing temperature 53.2°C): 

Twf1_RT_forw: 5‘ TAC CGC ACC CTG CGC CGG A 3‘ 

Twf1_RT_rev:  5‘ TCT GTA TTT CCC GTT TCT GGC TCG G 3‘ 

Expected product sizes: 346 bp for the WT and 179 bp for the Cre-recombined Twf1 allele. 

Twf2a (annealing temperature 58.0°C): 

Twf2a_RT_forw: 5‘ CCA GGA CCA AGA GGA GAA CTC C 3‘ 

Twf2a/b_RT_rev: 5‘ CTT TGA TAA GTC GGA TGG AGC CAG C 3‘ 

Expected product size: 274 bp for the WT allele. 

Twf2b (annealing temperature 66.0°C): 

Twf2b_RT_forw: 5‘ CAC CAG CAG ACC CAA ACT CTT CCC T 3‘ 

Twf2a/b_RT_rev: 5‘ CTT TGA TAA GTC GGA TGG AGC CAG C 3‘ 

Expected product size: 248 bp for the WT allele. 

GAPDH (annealing temperature 60.8°C): 

GAPDH_RT_forw: 5‘ GCA AAG TGG AGA TTG TTG CCA T 3‘ 

GAPDH_RT_rev: 5‘ CCT TGA CTG TGC CGT TGA ATT T 3‘ 

Expected product size: 108 bp for the WT allele. 

DIAPH1 (annealing temperature 55.5°C) 

DIAPH1_RT_forw: 5’ CAA GCT GCG GAT GAT GC 3’ 

DIAPH1_RT_rev: 5’ GGA CAC CTT GGC AGG AAC 3’ 

Expected product size: 448 bp fragment containing DIAPH1 c.3637. 

MagT1 (annealing temperature 58.0°C) 

MagT1_RT_forw: 5’ TCG GAC CGT GCT GGA AGA AA 3’ 

MagT1_RT_rev: 5’ GAG CTT TAA CAA GAC GAC GG 3’ 

Expected product size: 255 bp fragment. 

Tusc3 (annealing temperature 58.0°C) 

Tusc3_RT_forw: 5’ TAC TGG TAG CTT TCC CTT CC 3’ 

Tusc3_RT_rev: 5’ ATT CTT CGT TAG CCT GCC TG 3’ 

Expected product size: 263 bp fragment. 
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Acdp1 (annealing temperature 58.0°C) 

Acdp1_RT_forw: 5’ TGT TCG TCA AAG ACT TGG CC 3’ 

Acdp1_RT_rev: 5’ GGA TCT CCG ACT TGA TGA TC 3’ 

Expected product size: 261 bp fragment. 

Acdp2 (annealing temperature 58.0°C) 

Acdp2_RT_forw: 5’ AAG ACT TGG CCT TCG TGG AT 3’ 

Acdp2_RT_rev: 5’ ACA GGT CTG TCT CAT CCA AG 3’ 

Expected product size: 270 bp fragment. 

Acdp3 (annealing temperature 58.0°C) 

Acdp3_RT_forw: 5’ ATA CCA AAC TGG ACG CTG TC 3’ 

Acdp3_RT_rev: 5’ CAG ACA CCT TGA ATA AGG AG 3’ 

Expected product size: 267 bp fragment. 

Acdp4 (annealing temperature 58.0°C) 

Acdp4_RT_forw: 5’ CTA CAC TCG CAT TCC TGT GT 3’ 

Acdp4_RT_rev: 5’ GAT GAC GTC CTC CAG AGT GA 3’ 

Expected product size: 289 bp fragment. 

Nipa1 (annealing temperature 58.0°C) 

Nipa1_RT_forw: 5’ TAG TGA ACG GGT CCA CGT TC 3’ 

Nipa1_RT_rev: 5’ TTA GCA GAC AGC CCA ACT TG 3’ 

Expected product size: 267 bp fragment. 

Nipa2 (annealing temperature 58.0°C) 

Nipa2_RT_forw: 5’ GAA CTA CTC TGC CGT GGT TA 3’ 

Nipa2_RT_rev: 5’ TCA TAG CCA ATC CCA GAC CA 3’ 

Expected product size: 262 bp fragment. 

Nipa3 (annealing temperature 58.0°C) 

Nipa3_RT_forw: 5’ CAA TCT GTA TGT GGG CTT GG 3’ 

Nipa3_RT_rev: 5’ TTA TGA GAA CGC TCA GAG CC 3’ 

Expected product size: 233 bp fragment. 
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Nipa4 (annealing temperature 58.0°C) 

Nipa4_RT_forw: 5’ ACC TTG ATC ACC TGG CAA GA 3’ 

Nipa4_RT_rev: 5’ TCG CAG GTG CAA ATG CAT AG 3’ 

Expected product size: 259 bp fragment. 

Slc41A1 (annealing temperature 58.0°C) 

Slc41A1_RT_forw: 5’ CTC CTT TTC CAT TGG ACT GC 3’ 

Slc41A1_RT_rev: 5’ ATC ATC CGC CAG AGC TCC TT 3’ 

Expected product size: 246 bp fragment. 

Slc41A2 (annealing temperature 58.0°C) 

Slc41A2_RT_forw: 5’ CAT GGC TCT GCA GAT ATT GG 3’ 

Slc41A2_RT_rev: 5’ GTA TGA TGG CTG CCA CAG CT 3’ 

Expected product size: 311 bp fragment. 

Slc41A3 (annealing temperature 58.0°C) 

Slc41A3_RT_forw: 5’ GAG ACG TCC CTG ATC ATT GG 3’ 

Slc41A3_RT_rev: 5’ CAT CGA TTT GCC CCA GTG TT 3’ 

Expected product size: 226 bp fragment. 

Trpm6 (annealing temperature 58.0°C) 

Trpm6_RT_forw: 5’ TGT GGG CGG TGC TCA TGA AG 3’ 

Trpm6_RT_rev: 5’ CAA GCC ATT CGT GCA CGC TG 3’ 

Expected product size: 450 bp fragment. 

Trpm7 (annealing temperature 58.0°C) 

Trpm7_RT_forw: 5’ GAG CCC AAC AGA TGC TTA TGG 3’ 

Trpm7_RT_rev: 5’ GGC CCG CCT TCA AAT ATC AAA G 3’ 

Expected product size: 550 bp fragment. 

Actb (annealing temperature 58.0°C) 

Actb_RT_forw: 5’ GTG GGC CGC TCT AGG CAC CAA 3’ 

Actb_RT_rev:  5’ CTC TTT GAT GTC ACG CAC GAT TTC 3’ 

Expected product size: 500 bp fragment. 
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3.2.4.6. Agarose gel electrophoresis 

The PCR products were separated on agarose gels with different densities. In parallel, a 

marker with a range from 100 to 10,000 bp was run on the gels to control the size of the 

products. 1.5 g of agarose were added to 150 mL TAE buffer and boiled in microwave for 

approximately 3 min. The dissolved agarose was allowed to cool down to 60°C, DNA was 

marked by the addition of 50 μL L-1 ethidium bromide or Midori Green™ and the gel was 

poured into a sleigh containing a comb. The cast gel was then laid into a chamber filled with 

TAE buffer. The PCR products were diluted in 6x Loading Dye and each 20 μL were loaded 

onto the gels. The samples were separated for 30-45 min at 130 V. For big gels, 4 g agarose 

in 400 mL TAE buffer were used. The big gels were run at 160 V. Finally, the DNA/ethidium 

bromide/Midori Green™ was visualized under ultra violet light and pictures were taken with a 

camera (Herolab GmbH, Germany). 

3.2.4.7. Immunoblotting 

PRP was prepared as described above. To remove residual serum albumin, platelets were 

washed twice with 5 mM EDTA in PBS. For Western blotting, platelet counts of washed 

platelet were determined using a Sysmex KX 21-N cell analyzer (Sysmex Deutschland 

GmbH) and counts were adjusted to 1.0 x 106 platelets per μL using IP-buffer containing 1% 

NP-40. After an incubation time of 10 min on ice, the samples were mixed with an equal 

volume of reducing 2x Loading Dye and boiled for 5 min at 95°C. The denatured platelet 

lysates were then separated by sodium dodecyl sulfate- (SDS) polyacrylamide gel electro-

phoresis (PAGE) and blotted onto polyvinylidene difluoride (PVDF) membranes and incubat-

ed with anti-Pfn1 [1 μg mL-1], anti-Twf1 [1 μg mL-1], anti-Twf1/2 [1 μg mL-1], anti-RIAM 

[1 μg mL-1], anti-myosin IIa [1 μg mL-1], anti-FlnA [1 μg mL-1], anti-Diap1 [1 μg mL-1], anti-

Diap2 [1 μg mL-1], anti-Diap3 [1 μg mL-1], anti-RAPH1 [1 μg mL-1], anti-α-tubulin  

[0.5 μg mL-1], anti-β-tubulin [0.5 μg mL-1], anti-acetylated-tubulin [0.2 μg mL-1], anti-

detyrosinated (Glu)-tubulin [1 μg mL-1], anti-MagT1 [1 μg mL-1], or anti-WASp [1 μg mL-1] 

antibodies overnight at 4°C. For visualization, horseradish peroxidase-conjugated secondary 

antibodies and enhanced chemiluminescence solution were used. Detection was performed 

using a MultiImage® II FC Light Cabinet (Alpha Innotech cooperation) device. GPIIIa, Gapdh 

or β-actin levels were determined as loading controls.  

3.2.4.8. Co-Immunoprecipitation 

Washed resting or CRP-treated platelets were lysed by sonification under low-salt conditions 

in PIPES (pH 7.0) buffer, supplemented with 1 x protease inhibitors (PI) and [0.5 mM] phe-

nylmethylsulphonylfluorid (PMSF). Platelet lysates were precleared by incubation with protein 
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G-sepharose for 1 h at 4°C under agitation. WASp was precipitated by incubation of the 

cleared lysates with mouse anti-WASp antibody (3 μg)-coated protein G-sepharose overnight 

at 4°C. Supernatant (SN) was collected and the sepharose pellet was washed extensively 

with PIPES buffer supplemented with PI (5 min at 2,800 rpm) before 2x Laemmli buffer was 

added. Samples (total lysate, immunoprecipitation (IP) and SN) were separated by SDS-

PAGE and immunoblotted with a rabbit anti-Pfn1 [1 μg mL-1] or a rabbit anti-WASp  

[1 μg mL-1] antibody.  

3.2.5. In vitro analysis of platelet function 

3.2.5.1. Purification of platelets from whole blood of mice 

Mice were bled under isoflurane anesthesia up to 1 mL in 300 μL heparin [20 U mL-1] or ACD 

buffer. 300 μL of heparin [20 U mL-1] were added and the samples were centrifuged for 6 min 

at 800 rpm. Subsequently, the upper phase and the buffy coat with some erythrocytes were 

transferred into 300 μL heparin [20 U mL-1]. To further purify the platelets centrifugation was 

repeated (6 min, 800 rpm) and only the upper phase without any erythrocytes was pipetted 

into a new tube containing 2 μL of apyrase [0.02 U mL-1, f.c.] and 5 μL PGI2 [0.1 μg mL-1, 

f.c.]. Platelets were spun down (5 min, 2,800 rpm), resuspended in 1 mL of Tyrode’s buffer 

without Ca2+, containing 2 μL of apyrase [0.02 U mL-1, f.c.] and 5 μL PGI2 [0.1 μg mL-1, f.c.] 

and allowed to rest for 5 min at 37°C. The washing step was repeated twice, before the pellet 

was resuspended in an appropriate volume of Ca2+-free Tyrode’s buffer containing apyrase 

[0.02 U mL-1, f.c.] and the platelets were allowed to rest for 30 min prior to experiments. 

3.2.5.2. Purification of platelets from whole blood of humans  

Fresh blood samples of patients and healthy volunteers were collected in 1/10 volume of 

acid-citrate-dextrose and centrifuged for 10 min at 200 g. PRP without any erythrocytes was 

collected, supplemented with 2 μL of apyrase [0.02 U mL-1, f.c.] and 5 μL PGI2 [0.1 μg mL-1, 

f.c.], per mL PRP. Prior to immunofluorescence staining the platelets were pelleted by cen-

trifugation for 10 min at 800 g and washed twice with Tyrode’s-HEPES buffer containing 2 μL 

apyrase [0.02 U mL-1, f.c.] and 5 μL PGI2 [0.1 μg mL-1, f.c.]. The samples were allowed to 

rest for 30 min at 37°C. 

3.2.5.3. Purification of peripheral blood mononuclear cells (PBMC)  

3 mL Histopaque®-1077 were added to a 15 mL Falcon tube and 3 mL of whole blood were 

carefully layered on top (for studies with patients the left overs from platelet purification were 

used). Samples were centrifuged for 30 min at 400 g and RT with the brake set to 0 allowing 

the rotor to swing out. Erythrocytes aggregated through crosslinking with polysucrose and 
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granulocytes became slightly hypertonic and therefore both pelleted during centrifugation. 

The mononuclear cells got stuck at the interface between the Histopaque-1077 and the 

platelet-rich plasma. The upper phase was removed to within 0.5 cm of the opaque interface. 

The mononuclear cell within the opaque interface were immediately supplied with 10 mL 

DPBS and washed by centrifugation for 10 min at 250 g and RT. The supernatant was dis-

carded, the pellet resuspended in 5 mL DPBS and the cell number was determined with a 

blood cell analyzer (Sysmex/Coulter). Samples were centrifuged once more for 10 min at 

250 g and cells were used for immunoblotting, immunostaining, or DNA extraction for se-

quencing.  

3.2.5.4. Determination of platelet size and count 

50 μL of blood was withdrawn from the retro-orbital plexus in 300 μL heparin [20 U mL-1]. 

The sample was filled up with 650 μL Tyrode’s buffer without Ca2+ (1:20 dilution). Platelet 

count and size were assessed by incubating diluted, heparinized blood with fluorophore-

conjugated antibodies directed against platelet-specific epitopes and subsequently analyzed 

using flow cytometry (FACSCalibur, BD Biosciences). Forward scatter (FSC) and the counts 

per second were determined. Alternatively, platelet count and size were measured in hepa-

rinized blood in a Sysmex analyzer. 

3.2.5.5. Preparation of blood smears 

Blood smears were generated by placing a 5 μL drop of venous blood at one end of a glass 

slide and pulling the blood drop longitudinally across the slide using a second glass slide at a 

45° angle. Slides were allowed to dry, fixed with May-Gruenwald’s solution and stained with 

Giemsa’s solution according to Pappenheim.  

3.2.5.6. Pappenheim stain of blood smears 

Air-dried blood smears were stained for 7 min in May-Gruenwald’s solution and counter-

stained for 10 min in Giemsa working solution. Samples were rinsed thoroughly with phos-

phate buffered saline and allowed to dry. Slides were cleaned with methanol and analyzed 

with an inverted Leica DMI 4000 B microscope.  

3.2.5.7. Platelet glycoprotein expression  

The expression levels of the most prominent platelet glycoproteins were determined by incu-

bating heparinized blood with fluorophore-conjugated monoclonal antibodies and fluores-

cence intensities were analyzed by flow cytometry. The expression levels [mean fluores-

cence intensity (MFI)] of KO platelets were compared with those of WT controls. 
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3.2.5.8. Integrin recruitment 

Surface exposure of the most prominent platelet integrins was determined in resting and 

activated (thrombin 0.1 U mL-1, f.c.) platelets by incubating heparinized blood/ washed plate-

lets (50,000 μL-1) with fluorophore-conjugated monoclonal antibodies. The relative change in 

surface prevalence was determined by flow cytometry. 

3.2.5.9. Platelet granule content  

Surface and cytoplasmic prevalence of vWF, P-selectin, fibrinogen and fibronectin were 

determined by flow cytometry. To this end, 5 x 106 platelets were fixed for 30 min in 1% PFA 

in PBS or fixed and permeabilized in the presence of 1% PFA and 0.1% NP40 in PBS. Sub-

sequently, platelets were washed with 4 mL PBS, spun down for 5 min at 1,200 rpm and 

stained with FITC-conjugated monoclonal antibodies for 15 min at RT. The reaction was 

aborted by the addition of 500 μL PBS. 

3.2.5.10. Platelet integrin activation and degranulation 

50 μL of blood were withdrawn under isoflurane anesthesia, diluted in 300 μL heparin 

[20 U mL-1] and washed twice (5 min, 2,800 rpm) with 1 mL of Ca2+-free Tyrode’s buffer. After 

the final washing step, the washed blood or washed platelets was resuspended in an appro-

priate volume of Ca2+-containing Tyrode’s buffer. Washed blood of WT and mutant mice was 

incubated with fluorophore-conjugated antibodies directed against activated β1 integrins 

(9EG7-FITC) or αIIbβ3 integrins (PE-conjugated JON/A) and against P-selectin (FITC-

labeled WUG 1.9). Subsequently, the samples were activated with different agonists such as 

ADP, U46619 (a stable thromboxane A2 analogue), thrombin, CRP and the snake venom 

toxins convulxin (CVX) and rhodocytin (Rhd). While CVX and CRP activate platelets via 

GPVI, Rhd signals through the CLEC-2. The other agonists, (ADP, U46619 and thrombin) 

signal via GPCR. The reaction was stopped after an incubation for 7 min at 37°C and 7 min 

at RT by the addition of 500 μL PBS. This experiment monitors the signaling-dependent 

activation of αIIbβ3 integrins and the process of degranulation (determined by P-selectin 

exposure).  

3.2.5.11. Aggregometry 

In aggregometry, light transmission of a washed platelet suspension was monitored over 

time (10 min) using a four-channel aggregometer (APACT, Laborgeräte und Analysensys-

teme, Hamburg). 1.5 x 105 platelets per μL in 150 μL Ca2+-containing Tyrode’s buffer sup-

plied with 100 μg mL-1 human fibrinogen were activated with different concentrations of ago-

nists (1.6 μL, 100-fold-concentrated), specific for GPVI signaling, such as collagen, CRP and 
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CVX, or GPCR-related agonists represented by ADP, U46619, thrombin or PAR-4-peptide. 

For stimulation with thrombin, Ca2+-containing Tyrode’s buffer without human fibrinogen was 

used. Aggregation studies with ADP were performed in platelet-rich plasma [1.5 x 105 plate-

lets per μL]. Aggregation was expressed as arbitrary units with the light transmission of 

160 μL Tyrode’s buffer with Ca2+ and fibrinogen set as 100%.  

3.2.5.12. Platelet adhesion under flow conditions  

Rectangular coverslips (24 x 60 mm) were coated overnight at 37°C with 70 μg mL-1 fibrillar 

type I collagen and prior to the experiment blocked for 1 h with 1% BSA. Mice were bled up 

to 1 mL in 300 μL heparin [20 U mL-1], the blood was diluted 3:1 with Ca2+-containing 

Tyrode’s and incubated for 5 min at 37°C with DyLight-488-conjugated anti-GPIX derivative 

[0.2 μg mL-1]. A transparent flow chamber with a slit depth of 50 μm was covered with a 

collagen-coated and blocked cover slip and perfused for 4 min with the prepared blood using 

a pulse-free pump and different wall shear rates, reflecting the blood flow in different vessel 

types (1,000 s-1, 1,700 s-1). Subsequently, the chamber was perfused for 75 s with Tyrode’s 

buffer at the same shear rate and at least five phase-contrast and fluorescent pictures were 

taken using a Zeiss Axiovert 200 inverted microscope (40x/0.60 objective) equipped with a 

CoolSNAP-EZ camera (Visitron). The recorded phase-contrast and fluorescence pictures 

were analyzed off-line using Metavue software. 

3.2.5.13. Platelet spreading on fibrinogen  

The ability of platelets to adhere and form filo- and lamellipodia on a fibrinogen-coated sur-

face, in response to thrombin, was assessed by a spreading assay. Rectangular coverslips 

(24 x 50/60 mm) were coated with 10 μg human fibrinogen [100 μL of 100 μg mL-1] overnight 

at 4°C in a humid chamber. Slides were blocked with 1% BSA in PBS for 1 h at RT. 30 μL of 

washed platelets [3 x 105 per μL] were mixed with 70 μL Ca2+-free Tyrode’s buffer, activated 

with 0.01 U mL-1 thrombin and immediately allowed to spread on the fibrinogen-coated co-

verslips at RT. After different time intervals, the adherent platelets were fixed with 300 μL 

4% PFA for 5 min and differential interference contrast (DIC) microscopy pictures were taken 

using an inverted microscope Zeiss HBO 100 (Axiovert 200M, Zeiss). For analysis, the 

phase abundance of the different spreading stages (1, resting; 2, formation of filopodia; 3, 

formation of filopodia and lamellipodia; 4, fully spread) was determined. In addition, for visu-

alization of the spreading process, time-lapse videos were recorded by taking pictures every 

5 s for 20 min. Similar experiments were performed with the GPVI-specific agonist CRP 

[6 μg mL-1]. 
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3.2.5.14. Platelet spreading on von Willebrand factor  

GPIb signaling was specifically addressed by allowing platelets [3 x 105 per μL] to spread on 

a vWF matrix. Coverslips were coated overnight at 4°C with anti-human vWF antibody 

[4 μg mL-1], blocked for 1 h with 1% BSA in PBS and afterwards incubated with 100 μL hepa-

rinized mouse plasma for 2 h at 37°C. 30 μL washed platelets adjusted to a concentration of 

0.3 x 106 platelets per μL were mixed with 70 μL Ca2+-containing Tyrode’s buffer, incubated 

for 10 min with integrilin [40 μg mL-1] to block αIIbβ3 integrins. Platelets were stimulated with 

botrocetin [2 μg mL-1] to enhance GPIb binding and allowed to adhere. Spreading was 

stopped after the respective time points by the addition of 300 μL 4% PFA in PBS. Analysis 

was performed by DIC microscopy.  

3.2.5.15. Stimulated emission depletion and confocal microscopy  

Subsequent to the spreading assays on fibrinogen, CRP or vWF platelets were fixed and 

permeabilized in PHEM complete buffer for 20 min at RT and blocked for 2 h at 37°C with 5% 

BSA in PBS. The platelets were further incubated for at least 1 h with fluorophore-labeled 

antibodies directed against anti-α-tubulin [0.5 μg mL-1], anti-β-tubulin [1 μg mL-1] and anti-

acetylated-tubulin [1 μg mL-1] to label the microtubules, anti-profilin1 [1 μg mL-1], anti-myosin 

IIa [1 μg mL-1], anti-WASp [1 μg mL-1], anti-Diap1 [1 μg mL-1], or anti-vWF [1 μg mL-1] to label 

the α-granules and Atto647N-conjugated phalloidin [170 nM] to stain for F-actin. After intense 

washing unlabeled primary antibodies were detected with the respective fluorophore-

conjugated secondary antibodies [0.33 μg mL-1]. Confocal (Leica TCS SP5) microscopy and 

a 100x oil objective was used to determine the number and size of vWF-containing granules 

per platelet, to evaluate the subcellular localization of proteins, as well as the structure of the 

cytoskeleton. To visualize the cytoskeleton of resting platelets, 30 μL washed platelets 

[3 x 105 per μL] were mixed with 70 μL PHEM complete buffer and allowed to adhere to poly-

L-lysine-coated coverslips and processed as described above. For stimulated emission 

depletion (STED) microscopy (Leica TCS STED) samples were similarly processed as de-

scribed above for confocal microscopy. Images were further processed using Image J soft-

ware (National Institute of Health, USA).  

3.2.5.16. Platelet clot retraction 

Mice were bled up to 700 μL in 70 μL sodium citrate [0.129 mM] and PRP was isolated by 

centrifugation at 1,800 rpm for 5 min. Plasma was collected and platelets were resuspended 

in 1 mL Ca2+-free Tyrode’s buffer supplemented with 2 μL of apyrase [0.02 U mL-1, f.c.] and 

5 μL PGI2 [0.1 μg mL-1, f.c.]. Platelet count was determined and 7.5 x 107 platelets were 

resuspended in 250 μL plasma. PRP [3 x 105 platelets per μL] was recalcified by adding 
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20 mM CaCl2 and supplemented with 1 μL of red blood cells to visualize the clot. Clot for-

mation was initiated by the addition of 4 U mL-1 thrombin (Sigma). Clot formation and retrac-

tion was recorded up to 4 h and the residual serum volume was determined.  

3.2.5.17. TEM of platelets 

Platelets ultrastructure was investigated by TEM. PRP was prepared and mixed in 1:2 ratio 

with 5% glutaraldehyde in PBS for 10 min at 37°C and for 1 h at RT. Platelets were spun 

down at 1,500 g for 5 min, washed three times with cacodylate buffer and incubated for 1 h at 

RT with 1% OsO4 in cacodylate buffer. Afterwards, the samples were washed twice with 

cacodylate buffer and H2Obidest and 2% uranyl acetate (in H2O) was added for 1 h at 4°C. 

Then, platelets were dehydrated by a graded ethanol series (3x 70%, 5 min; 3x 95%, 15 min; 

3x 100%, 15 min), incubated twice for 10 min with propylenoxide and afterwards transferred 

in a 1:1 mixture of propylenoxide and epon for 1 h under rotation. After this step, epon was 

added twice and samples were incubated overnight at RT. Epon was allowed to harden for 

48 h at 60°C. Ultrathin sections were prepared, stained with 2% uranyl acetate (in ethanol) 

and lead citrate (in H2O) and examined at 80 kV under a EM900 (Zeiss).  

3.2.5.18. Platelet actin polymerization 

The ability of platelets to incorporate G-actin monomers into F-actin filaments was assessed 

in a F-actin assembly assay. Washed platelets [5 x 105 per μL] were diluted (50 μL: 50 μL) in 

Tyrode’s with Ca2+ and stained with 10 μL DyLight-649-labeled a-GPIX antibody derivative by 

incubation for 3 min at 37°C and 400 rpm in a thermomixer (Eppendorf). Thereafter, the 

samples were divided into two separate subsets: a resting and an activated sample 

(ADP+U46, thrombin, CRP, CVX, Rhd; 2 min, 37°C, 400 rpm). After activation, the platelets 

were fixed for 10 min at 37°C and 400 rpm with 0.55 volumes of 10% PFA and spun down by 

centrifugation for 5 min at 2,800 rpm (HERAEUS Multifuge 3S-R, Thermo Scientific). The 

pellets were permeabilized in 55 μL Tyrode’s with Ca2+ supplied with 0.1% Triton X-100 and 

stained with 10 μM phalloidin-FITC for 30 min at RT. The reaction was aborted by the addi-

tion of 500 μL PBS. To remove residual fluorophore-conjugated phalloidin, the platelets were 

washed once (5 min at 2,800 rpm) and resuspended in 500 μL PBS. Mean fluorescence 

FITC-intensity was assessed using flow cytometry. 

3.2.5.19. Sedimentation of the actin/microtubule cytoskeleton 

190 μL of resting or toxin-treated [10 μM colchicine, 200 ng mL-1 TSA] platelets [3 x 105 per 

μL] were lysed by the addition of 20 μL 10x PHEM buffer containing 1% Triton X-100, 60 μM 

taxol, 20 μM phalloidin and protease inhibitors. 105 μL served as whole cell lysate. Polymer-
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ized and soluble fractions were separated by centrifugation for 30 min at 100,000 g and 37°C 

in a TLA-100 rotor (Beckman Coulter). Total platelet lysates, soluble supernatant (S) and 

insoluble pellets (P) were supplemented with SDS-PAGE buffer containing   5% β-mercapto-

ethanol and incubated for 5 min at 95°C. Samples were separated by SDS-PAGE, blotted 

onto PVDF membranes and probed with anti-α-tubulin [0.5 μg mL-1], anti-β-tubulin  

[1 μg mL-1], anti-acetylated tubulin [1 μg mL-1], or anti-β-actin [1 μg mL-1] antibodies.  

3.2.5.20. Cold-induced microtubule disassembly 

Microtubules were depolymerized by incubation of washed platelets [3 x 105 per μL] for 3 h at 

4°C. Microtubule reassembly was then allowed by subsequent rewarming at 37°C for 30 min. 

Samples maintained at 4°C and 37°C, as well as rewarmed platelets were fixed and perme-

abilized in PHEM buffer supplemented with 4% PFA and 0.1% Igepal CA-630, and allowed to 

adhere to poly-L-lysine-coated coverslips. Samples were immunostained using an anti-β-

tubulin [2.5 μg mL-1], anti-acetylated-tubulin [1.7 μg mL-1] or anti-α-tubulin Alexa F488 anti-

body [3.33 μg mL-1] and visualized with a Leica TCS SP5 confocal microscope (Leica Mi-

crosystems).  

3.2.5.21. TEM of the platelet cytoskeleton  

The cytoskeleton of resting and spread platelets (15 min either on vWF, fibrinogen or CRP) 

was visualized by TEM. To prepare samples of resting platelets, washed platelets were spun 

(5 min at 280 g) onto poly-L-lysine-coated coverslips in PHEM buffer supplemented with 

0.75% Triton X-100, 1 μM phalloidin, 1 μM taxol and 0.1% glutaraldehyde. After washing with 

PHEM buffer containing 0.1 μM phalloidin and taxol, adherent platelets were fixed for 10 min 

in PHEM buffer supplemented with 1% glutaraldehyde. To prepare samples of spread plate-

lets, washed platelets were spun (5 min at 280 g) onto fibrinogen- [100 μg mL-1], CRP- 

[10 μg mL-1] or plasma vWF-coated slides in Tyrode’s-HEPES buffer, stimulated with 

0.01 U mL-1 thrombin or 1 U mL-1 botrocetin, and incubated for 15 min at RT. To stop the 

reaction, coverslips were incubated for 5 min with PHEM buffer containing 0.75%  

Triton X-100, 0.1% glutaraldehyde, 1 μM phalloidin and taxol. After a quick washing step with 

PHEM buffer containing 0.1 μM phalloidin and taxol, adherent platelets were fixed for 10 min 

in PHEM buffer supplemented with 1% glutaraldehyde. Coverslips were extensively washed 

in ultra-pure water, rapidly frozen in a liquid helium-cooled copper block, transferred to a 

liquid N2-cooled stage, freeze-dried at -90°C and metal cast with 1.2 nm of tantalum-tungsten 

with rotation at 45° and 3 nm of carbon at 90° without rotation. Replicas were floated, picked 

up on formvar-carbon-coated grids and examined in a JEOL 1200-EX TEM at 80 kV.  
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3.2.5.22. Inductively coupled plasma mass spectrometry (ICP-MS) 

The cation content of 4 x 107 platelets was analyzed by ICP-MS of platelets from PRP. ICP-

MS analysis was performed by ALS Scandinavia AB (Lulea, Sweden).  

3.2.6. In vivo analysis of platelet function 

3.2.6.1. Tail bleeding time 

Mice were anesthetized by intraperitoneal injection of triple narcotics (Midazolam [5 μg g-1], 

Medetomidine [0.5 μg g-1], Fentanyl [0.05 μg g-1]) and a 1 mm segment of the tail tip was 

removed using a scalpel. Tail bleeding was monitored by gently absorbing blood on filter 

paper at 20 s intervals without making contact with the wound site. Bleeding was determined 

to have ceased when no blood was observed on the paper. Experiments were stopped after 

20 min by cauterization and anesthesia was antagonized by injection of Atipam [2.5 μg g-1], 

Flumazenil [0.5 μg g-1] and Naloxon [1.2 μg g-1]. 

3.2.6.2. FeCl3-induced injury of mesenteric arterioles 

The mesentery of 3- to 4-week old anesthetized mice (ketamine/xylazine [100/5 mg kg-1]) 

was exposed by a midline abdominal. Endothelial damage in mesenteric arterioles was 

induced by application of a 3 mm2 filter paper soaked with 20/13% FeCl3. Arterioles were 

visualized using a Zeiss Axiovert 200 inverted microscope equipped with a 100-W HBO 

fluorescent lamp source and a CoolSNAP-EZ camera (Visitron). Digital images were record-

ed and analyzed using the Metavue software. Adhesion and aggregation of fluorescently 

labeled platelets (Dylight-488–conjugated anti-GPIX derivative) was monitored until complete 

occlusion occurred (blood flow stopped for > 2 min). Experiments were performed by Sarah 

Schießl (Twf2a) and Karen Wolf (RIAM) in our laboratory. 

3.2.6.3. Determination of platelet life span 

The clearance of platelets from the circulation was determined by the retro-orbital injection of 

5 μg DyLight 488-labeled anti-GPIX derivative in PBS into mice. The percentage of labeled 

platelets is determined by daily blood withdrawal (50 μL) and subsequent analysis by flow 

cytometry.  

3.2.6.4. Macrophage depletion with Clodronate 

Anesthetized female and male mice were retro-orbitally injected with clodronate-

encapsulated or PBS-encapsulated liposomes [2 μL per g body weight]. 50 μL of blood were 

taken at 0, 24, 48, 72 and 96 h after injection and, subsequently, platelet counts and size 

were determined by flow cytometry.  
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3.2.6.5. Splenectomy of mice 

Platelet count and size of female and male mice was determined by flow cytometry before 

surgical splenectomy. The surgical site on anesthetized mice was sterilely prepared and a 

1 cm paramedian incision over the left upper quadrant was made. After the spleen was iden-

tified, blood supply was stopped by ligation of vascular pedicles with surgical suture material 

and the spleen was removed. Mice were monitored for 48 h for signs of internal bleeding and 

infection. After a recovery period of 6 days, platelet counts and size were followed over time 

by flow cytometry.  

3.2.7. In vitro analysis of MKs 

3.2.7.1. Measurement of Thpo levels in mouse serum  

Thpo ELISA was performed according to the manufacturer’s protocol (R&D Mouse Thrombo-

poietin DuoSet). Briefly, a MaxiSorp® 96 well plate was coated overnight at RT with  

2 μg mL-1 rat anti-mouse Thpo antibody. On the next day, the plate was washed three times 

with washing buffer and blocked with 1% BSA in PBS for 1 h at RT. Meanwhile, the sera 

were prepared: Mice were bled from the retro-orbital plexus with heparin-free capillaries and 

the blood was allowed to clot. The provided Thpo standard was prepared according to the 

manufacturer’s advice. Afterwards the sera were collected and immediately applied as dupli-

cates onto the anti-Thpo-IgG coated 96-well plate and incubated for 2 h at RT. The plate was 

washed three times, incubated for 2 h with 200 ng mL-1 biotinylated goat anti-mouse Thpo 

antibodies, washed three times and incubated for 20 min at RT with HRP-conjugated strep-

tavidin. After another three washing steps, TMB, a HRP substrate, was added and incubated 

for 20 min at RT. The reaction was stopped by the addition of 50 μL 2 N H2SO4. Intensities 

and concentrations of the samples were determined using a Multiskan Ascent (96/384) plate 

reader (MTX Lab Systems).  

3.2.7.2. In vitro differentiation of MKs from fetal liver cells 

The ability of MKs to form proplatelets was investigated by culture, differentiation, enrichment 

and staining of MKs, derived from fetal liver cells. For this, the livers of 13.5-14.5 days old 

mouse embryos were isolated from time-mated mice and homogenized in MK-medium using 

a syringe with 18G and 22G needles. The single cell suspensions were centrifuged (900 rpm, 

5 min), resuspended in MK-medium containing Thpo [50 ng mL-1, f.c.] and cultured for 72 h 

at 37°C and 5% CO2. On day three of culture, MKs were enriched by a two step BSA density 

gradient (prepared by overlaying to 37°C prewarmed 3% BSA with an equal volume of 1.5% 

BSA in PBS). The cultured cells were gently overlaid on the BSA gradient and allowed to 
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sediment for 45 min at RT. The lowest 500-800 μL contained the biggest cells and the MKs 

were collected, centrifuged (200 g, 5 min), and finally resuspended in MK-medium supple-

mented with Thpo [50 ng mL-1, f.c.]. Thereafter, the cells were cultivated overnight at 37°C 

and 5% CO2 in 12-well plates. On day four, the percentage of proplatelet-forming MKs was 

determined by determining the total number of MKs as well as the number of proplatelet-

forming MKs under a light microscope.  

3.2.7.3. Isolation and in vitro differentiation of BM MKs 

Hematopoietic stem cells were isolated from male mouse BM single cell suspensions using a 

magnetic bead-based negative depletion kit (anti-rat-IgG Dynabeads, Invitrogen or Mag-

niSort, eBioscience) in combination with (biotinylated) rat-anti-mouse antibodies directed 

against CD45R/B220, TER-119, CD3, Ly-6G/C and CD11b (each 0.5 μg per 107 cells). Ex-

periments were performed according to the manufacturer’s protocol. Cells were cultured in 

MK medium supplemented with 50 μg mL-1 recombinant hirudin and 0.5% Thpo f.c. at 37°C, 

5% CO2 for 3 days, prior to MK enrichment using a two-step BSA density gradient. On day 4, 

the percentage of proplatelet-forming MKs was determined using a light microscope (Zeiss) 

or MKs were used for spreading experiments or processed for immunofluorescence staining.  

3.2.7.4. MK culture from whole BM (Boston protocol) 

A single cell suspension of the BM in StemPro®-34 serum-free medium (Gibco®) including 

2 mM L-Glutamine and supplemented with 2.6% StemPro®-34 Nutrient Supplement, 40x 

(Gibco®) was prepared and passed through a 50 μm cell strainer. Cells were washed once 

(5 min at 200 g) and resuspended in 5 mL culture medium, supplemented with 50 ng mL-1 

SCF f.c. After 48 h incubation in 2 wells of a 6 well plate, medium was replaced (5 min at 

200 g) by culture media supplemented with 50 ng mL-1 SCF and Thpo f.c. After further 48 h 

medium is replaced by culture media supplemented with 50 ng mL-1 Thpo f.c. On the next 

day, MKs are enriched by a two-step BSA density gradient and resuspended in culture me-

dia. Analysis of proplatelet formation, MK spreading, patch clamp measurements, ICP-MS, or 

preparation of lysates was performed after another 24 h. 

3.2.7.5. Electrophysiology  

Patch clamp experiments were performed at a whole-cell configuration. Currents were elicit-

ed by a ramp protocol from -100 mV to +100 mV over 50 ms acquired at 0.5 Hz and a hold-

ing potential of 0 mV. Inward currents were extracted at -80 mV, outward currents at +80 mV 

and plotted versus time. Data were normalized to cell size as pA pF-1. Capacitance was 

measured using the automated capacitance cancellation function of the EPC10 (HEKA, 



MATERIAL AND METHODS 

 
 
	

70	
	

	 	

Lambrecht, Germany). Nominally Mg2+-free extracellular solution contained 140 mM NaCl, 

3 mM CaCl2, 2.8 mM KCl, 0 mM MgCl2, 10 mM HEPES-NaOH, 11 mM glucose (pH 7.2, 

300 mOsm). Intracellular solution contained 120 mM Cs-glutamate, 8 mM NaCl, 1 mM MgCl2, 

10 mM HEPES, 10 mM BAPTA, 5 mM EDTA (pH 7.2, 300 mOsm). Experiments were per-

formed in collaboration with Dr. Vladimir Chubanov from the Walther-Straub-Institute for 

Pharmacology and Toxicology, Ludwig-Maximilians University Munich. 

3.2.7.6. MK spreading 

In vitro cultivated BM MKs were allowed to adhere and spread at 37°C and 5% CO2 on co-

verslips coated with fibrillar collagen type I [50 μg mL-1], fibrinogen [100 μg mL-1] or CRP  

[6-10 μg mL-1] for the indicated time points. MK spreading was stopped by fixation and per-

meabilization of the cells using PHEM buffer supplemented with 4% PFA and 0.1% IGEPAL® 

CA-630. Samples were processed for immunofluorescence staining. 

3.2.7.7. Immunofluorescence staining of cultured MKs 

To visualize the cytoskeleton, the cultured MKs were spun onto glass slides (Shandon Cyto-

spin 4, Thermo Scientific) or allowed to spread on different matrices, fixed and permeabilized 

in PHEM buffer supplemented with 4% PFA and 0.1% IGEPAL® CA-630 and blocked with 

1% BSA in PBS. F-actin was stained using phalloidin-Atto647N [170 nM] and tubulin was 

either stained with anti-α-tubulin-Alexa F488 [3.33 μg mL-1] or anti-acetylated-tubulin 

[2 μg mL-1] antibodies. Anti-phospho-ASAP [10 μg mL-1], anti-WASp [10 μg mL-1], anti-

vinculin [4 μg mL-1] or anti-myosin IIa [10 μg mL-1] antibody stainings served as podosome 

markers. Nuclei were stained using DAPI [1 μg μL-1] prior to mounting of samples with 

Fluoroshield. Visualization was performed with a Leica TCS SP5 confocal microscope (Leica 

Microsystems). 

3.2.7.8. Ultrastructural analysis of MKs using TEM 

For TEM on BM samples, the femora of young (6-weeks) and old (12-weeks) mice were 

isolated and fixed overnight at 4°C in Karnovsky fixation buffer. Thereafter, femora were 

decalcified for three consecutive days. Contrasting, embedding and analysis of the samples 

was performed as described above for platelets.  
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3.2.8. In vivo analysis of MKs 

3.2.8.1. Sample preparation for histology  

Number, structure and location of MKs were assessed using conventional histology as well 

as specific GPIb-immunostainings and TEM. Spleen and femora of 6- and 12-week-old 

knockout and WT mice were isolated and fixed overnight in 4% PFA in PBS at 4°C. Femora 

were decalcified for 2 weeks in decalcification buffer, which was exchanged every two days. 

After decalcification, spleens and femora were dehydrated in an automated tissue processor 

(Leica ASP200S) and embedded in paraffin. Using immunohistochemistry (IHC), MKs and 

platelets were specifically stained in these tissues with HRP-conjugated anti-GPIb antibodies. 

3.2.8.2. Histology – hematoxylin and eosin (HE) staining of paraffin sections  

After embedding in paraffin, 3 μm thick sections of the formalin-fixed paraffin embedded 

spleens and femora were prepared, immobilized on glass slides and allowed to dry overnight 

at 37°C. On the following day, deparaffinization and rehydration was performed using xylene 

(2 x 5 min), followed by a graded alcohol series (100%, 96%, 90%, 80% and 70%, each 

2 min) and finally the slides were transferred into H2Obidest (2 min). Sections were stained with 

hematoxylin for 15 s and blueing was carried out for approximately 10 min with tap water. As 

counterstaining 0.05% Eosin (2 min) was used. Slides were washed once with H2Obidest and 

dehydrated by a graded alcohol series (70%, 80%, 90%, 96% and 100%, each 2 min) fol-

lowed by xylene (2 times 5 min). The sections were mounted using Eukitt®, a xylene-based 

mounting medium. Analysis was performed with an inverted Leica DMI 4000 B microscope.  

3.2.8.3. Histology – immunohistochemistry on paraffin sections  

3 μm sections of formalin fixed paraffin embedded spleens were cut using a rotation micro-

tome (HM 355, Microm) and incubated overnight at 37°C. The next day, deparaffinization 

(2 x 5 min xylene) and rehydration (each 2 min 100%, 96%, 90%, 80%, 70% ethanol and 

H2O) was performed. Heat induced antigen retrieval was performed in EDTA-buffer (pH 8.0) 

for 10 min at 97°C in a heat steamer (Braun). After boiling, the samples were allowed to cool 

down for 20 min at RT and endogenous HRP was blocked by incubating the slides for 10 min 

in 3% H2O2 solution. After three washing steps (1 min each, in washing buffer), the slides 

were incubated with blocking solution for 1 h at RT. Antibody incubation was performed 

overnight at 4°C with a 1:1 mixture of HRP-conjugated 13G12 and 7A9 (1:1,000), directed 

against GPIb, in blocking solution. The next day, the slides were washed three times for 

5 min and incubated with the substrates DAB or AEC. Staining was aborted by transferring 

the slides into washing buffer for 5 min. Counterstaining was performed with hematoxylin for 

15 s and blueing was carried out for approximately 10 min with tap water. Slides stained with 
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AEC were immediately mounted using Aquatex® and a cover slip. After DAB staining, the 

slides were dehydrated by a graded alcohol series and permanently covered with Eukitt®. 

Analysis was performed with an inverted Leica DMI 4000 B microscope.  

3.2.8.4. Immunostaining on cryosections  

Excised spleens were covered with Tissue Freezing Medium® and immediately frozen in 

liquid nitrogen. Samples were stored at -80°C until further processing. 5 μm thick cryo-

sections were prepared using a cryostat (CM1900, Leica) and immobilized on glass slides. 

The sections were fixed with ice cold aceton (-20°C) for 20 min, air dried, washed three times 

(5 min) in PBS and endogenous peroxidase was blocked by incubation for 20 min with 0.03% 

H2O2 in PBS. Thereafter, the sections were incubated for 1 h at RT with blocking buffer and 

stained for 2 h at RT with a 1:1 mixture of HRP-labeled 15E2 and 3G6 anti-GPIb antibodies 

(1:750 in blocking buffer). After three washing steps in PBS (each 5 min) detection was 

carried out using AEC as substrate. Staining intensity was controlled by observing the slides 

through a light microscope. When the desired intensity was reached, the slides were washed 

with PBS for 5 min to stop the staining and counterstaining with hematoxylin and blueing in 

tap water (app. 10 min) was carried out. Analysis was performed with an inverted Leica DMI 

4000 B microscope.  

3.2.8.5. Immunofluorescence staining on whole femora cryosections 

Femora and spleen of mice were isolated, fixed with 4% PFA and 5 mM sucrose for 1 h 

under agitation, transferred into 10% sucrose in PBS and dehydrated using a graded sucrose 

series (each 24 h in 10%, 20% and 30% sucrose in PBS, respectively). Subsequently, the 

samples were embedded in Cryo-Gel and shock frozen in liquid nitrogen. Frozen samples 

were stored at -80°C. Seven-micrometer-thick cryosections were generated using the Cry-

oJane tape transfer system (Leica Biosystems) and probed with Alexa F488-conjugated anti-

GPIb antibodies 7A9 and 13G12 [1.33 μg mL-1], to specifically label platelets and MKs, and 

Alexa F647-conjugated anti-CD105 antibodies [3.33 μg mL-1] to stain the endothelium. Nuclei 

were stained using DAPI (4’,6-diamidino-2-phenylindole) [1 μg mL-1]. Samples were visual-

ized with a Leica TCS SP5 confocal microscope (Leica Microsystems).  

3.2.8.6. Two-photon intravital microscopy of the BM 

Mice were anesthetized and a 1 cm incision was made along the midline to expose the fron-

toparietal skull while carefully avoiding damage to the bone tissue. The mouse was placed on 

a customized metal stage equipped with a stereotactic holder to immobilize its head.40,49 

Bone marrow vasculature was visualized by injection of tetramethylrhodamine dextran 
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(8 μg g-1 body weight, 2 MDa, Molecular Probes). Platelets and MKs were antibody-stained 

(0.6 μg g-1 body weight anti-GPIX-Alexa F488). Images were acquired with a fluorescence 

microscope equipped with a 20x water objective with a numerical aperture of 0.95 and a TriM 

Scope II multiphoton system (LaVision BioTec), controlled by ImSpector Pro-V380 software 

(LaVision BioTec). Emission was detected with HQ535/50-nm and ET605/70-nm filters. A 

tunable broad-band Ti:Sa laser (Chameleon, Coherent) was used at 760 nm to capture Alexa 

F488 and rhodamine dextran fluorescence. ImageJ software (NIH) was used to generate 

movies. Two-photon intravital microscopy was performed by Judith M. M. van Eeuwijk. 

3.2.8.7. Platelet depletion 

Circulating platelets were depleted by injection of 1.25 μg anti-GPIbα-antibodies (Emfret) per 

g body weight and platelet counts were monitored for 10 days. To this end, each day 50 μL 

of blood were withdrawn from anesthetized mice in 300 μL heparin [20 U mL-1]. Analysis was 

performed by flow cytometry. 

3.2.8.8. Determination of MK ploidy 

To determine the ploidy of BM MKs, both femora of mice were isolated and the BM was 

flushed out in CATCH buffer and homogenized using a syringe with a 22G needle. One-tenth 

of the suspension was spun down (5 min at 1,200 rpm) and the pellet was resuspended in 

400 μL of CATCH:PBS 5% FCS (1:1 mixture), containing 0.02 μg μL-1 anti-FcγR antibody 

(2.4G2) to block unspecific binding sites. Samples were incubated on ice for 15 min and 

afterwards stained with 200 μL of FITC-conjugated anti-GPIIb antibody (5D7-FITC) for an-

other 20 min on ice. Thereafter, the samples were washed with 1 mL of CATCH:PBS 5% 

FCS, centrifuged for 5 min at 1,200 rpm, resuspended in 250 μL 5 mM EDTA in PBS and 

fixed for 10 min on ice by the addition of 250 μL 1% PFA in PBS. Permeabilization in 500 μL 

of PBS 0.1% Tween 20® (10 min on ice) was performed after a washing step with 3 mL PBS 

(10 min at 1,200 rpm). After permeabilization the washing step was repeated, the pellet was 

resuspended in propidium iodide staining solution (50 μg mL-1 propidium iodide and 

100 μg mL-1 RNaseA in PBS) and incubated overnight at 4°C avoiding light exposure. Analy-

sis was performed by flow cytometry and FlowJo software (Tree Star Inc., Ashland, USA). 

3.2.9. Flow cytometric analysis of immune cells 

1x106 cells were pelleted in FACS buffer by centrifugation for 3 min at 480 g. The superna-

tantwas discarded and cells were resuspend in 25 μL FACS buffer supplemented with 2.4G2 

antibody (10 μg mL-1 f.c.) and incubated for at least 15 min on ice. Next, 25 μL of the diluted 

antibodies in FACS buffer were added, yielding a total volume of 50 μL. Samples were incu-
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bate for 15 min on ice in the dark and cells were washed in FACS buffer. Cells were resus-

pended in 300 μL FACS buffer and analyzed on a FACSCalibur (BD Biosciences).  

3.2.10. Data analysis 

The presented results are mean ± standard deviation (s.d.) from at least three independent 

experiments per group, if not stated otherwise. Differences between WT and knockout mice 

were statistically analyzed using the unpaired Student’s t-test. P-values < 0.05 were consid-

ered as statistically significant: ***P< 0.001; **P< 0.01; *P< 0.05. Results with a P-value 

> 0.05 were considered as non-significant (NS).  
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4. RESULTS 

4.1. Megakaryocyte-specific Profilin1-deficiency alters microtubule stability and 

causes a Wiskott-Aldrich syndrome-like platelet defect 

4.1.1. Pfn1fl/fl-Pf4Cre mice recapitulate key features of the WAS 

Pfn isoform expression in murine platelets was assessed by RT-PCR, which yielded a Pfn1 

band at 305 bp, whereas other Pfn isoforms were not detected (Fig. 11a). Since the constitu-

tive knockout of Pfn1 resulted in early embryonic lethality,138 Pfn1fl/fl-Pf4Cre mice (further re-

ferred to as Pfn1-/-) were engineered that lack Pfn1 expression specifically in MKs and plate-

lets. Complete loss of Pfn1 in mutant platelets (Fig. 11b) and BM MKs (Fig. 11c) was con-

firmed by Western blot analysis.  

 
Figure 11 | Pfn1, but not other Pfn isoforms are expressed in platelets. (a) RT-PCR of Pfn 
isoforms in control mouse platelets, Pfn1-/- platelets and control heart. Expected band size for Pfn1 in 
control platelets 305 bp and 113 bp in Pfn1-/- platelets. No other isoforms were detected in platelets. 
(b) Whole platelet or (c) BM MK proteins were separated by SDS-PAGE and immunoblotted with an 
anti-Pfn1 antibody. (Bender* & Stritt* et al. Nat Commun 2014)40 

Pfn1-/- mice (12-weeks old) displayed a microthrombocytopenia with a reduction in platelet 

count of about ~40% (Fig. 12a) and on average smaller-sized platelets (Fig. 12b, forward 

scatter signal) with a highly variable and frequently very thin platelet shape (Fig. 12c). Analy-

sis of the platelet area on TEM images (Fig. 12d) and blood smears (Fig. 12e) confirmed the 

reduced size of platelets in Pfn1-/- mice. This microthrombocytopenia was also observed in 6-

weeks old mice and thus appeared to be an age-independent phenotype (Fig. 12f, g). Of 

note, heterozygous mice displayed normal platelet counts but still significantly smaller plate-

lets, albeit not as pronounced as in Pfn1-/- mice (Fig. 12h, i). Despite the altered platelet 

morphology and size the distribution of α- and dense granules was not affected (1.53 ± 1.01 
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in controls versus 1.51 ± 0.93 granules per μm2 in Pfn1-/- platelets). Thus, Pfn1-/- mice repre-

sent the first mouse model of microthrombocytopenia, a hallmark of WAS in humans,192 that 

could not be reproduced in WASp- or WIP-deficient mice which presented with normal-sized 

platelets.197,263 

 
Figure 12 | Microthrombocytopenia in Pfn1-/- mice. (a, b) Fluorescence-activated cell sorter anal-
yses. (a) Peripheral platelet counts. (b) Platelet size. Values are mean ± s.d. (n = 6). (c) TEM analysis 
of resting platelets. Scale bars, 1 μm. (d) Measurement of platelet area by means of TEM images. (e) 
Microthrombocytopenia in Pfn1-/- mice shown in blood smears. Scale bars, 10 μm. (f, g) Peripheral 
platelet counts (f) and size (g) of 6-weeks old mice. Values are mean ± s.d (n = 7). (h, i) Peripheral 
platelet counts (h) and size (i) of control, Pfn1+/- and Pfn1-/- mice. Values are mean ± s.d. (n = 5). FSC, 
forward scatter. Unpaired Student’s t-test: ***P< 0.001; **P< 0.01; *P< 0.05; NS, non-significant. 
Images are representative of at least 6 individuals. (Bender* & Stritt* et al. Nat Commun 2014)40 

4.1.2. Accelerated clearance and premature release in Pfn1-/- mice 

Next, the cause of the observed thrombocytopenia was assessed. Reduced platelet numbers 

could either result from impaired platelet production, accelerated clearance or a combination 

of both. Pfn1-/- mice had a strongly decreased in vivo platelet life span (Fig. 13a, T1/2 of con-

trol platelets: 58.4 h, T1/2 of Pfn1-/- platelets: 24.7 h). Of note, splenectomy had no long-term 

effect on platelet counts in Pfn1-/- mice (Fig. 13b), thus indicating that the accelerated platelet 
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clearance is not mediated by splenic macrophages. However, depletion of macrophages 

within the whole body using clodronate-encapsulated liposomes strongly increased platelet 

counts in Pfn1-/- mice demonstrating that macrophages preferentially remove Pfn1-/- platelets 

from the circulation (Fig. 13c). In agreement with this observation Pfn1-/- platelets showed an 

increased prevalence of surface bound IgA and IgG1 (Fig. 13d), which might explain the 

accelerated clearance of Pfn1-/- platelets by macrophages. Moreover, it was recently shown 

that aged, desialylated platelets are removed from the circulation by the Ashwell-Morell 

receptor on hepatocytes.68 Hence it would be interesting to determine desialylation of Pfn1-/- 

platelets. 

 
Figure 13 | Altered platelet survival in Pfn1-/- mice. (a) Platelet life span was measured by injection 
of a DyLight 488 α-GPIX derivative. Values are mean ± s.d. (n = 5). Platelet counts were monitored 
over time after (b) splenectomy and (c) clodronate-encapsulated liposome-mediated macrophage 
depletion. (d) Determination of platelet-bound immunoglobulins (Ig) relative to a non-specific Ig. Un-
paired Student’s t-test: ***P< 0.001; **P< 0.01; *P< 0.05; NS, non-significant. (Bender* & Stritt* et al. 
Nat Commun 2014)40 

Despite the accelerated platelet clearance the mice did not develop splenomegaly (Fig. 14a), 

suggesting that the thrombocytopenia is not attributed to BM failure. In contrast, the plasma 

Thpo levels (Fig. 14b) as well as the number of MKs in the spleen (Fig. 14c) and BM 

(Fig. 14d) were moderately increased in Pfn1-/- mice. The increased plasma Thpo concentra-

tion is consistent with the reciprocal model of circulating plasma Thpo to MK/ platelet mass. 

In addition, this finding together with the report on the Ashwell-Morell receptor-mediated 

regulation of Thpo levels by Grozovsky et al. further highlight the need to determine 

desialylation of Pfn1-/- platelets.68 Furthermore, the increased Thpo concentration in Pfn1-/- 

mice resulted in a slightly elevated ploidy of BM MKs (Fig. 14e), indicating an increased 
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proportion of mature MKs and excluding defective MK maturation as cause for the observed 

thrombocytopenia.  

 

Although the accelerated clearance of Pfn1-/- platelets clearly contributed to the observed 

thrombocytopenia, it was not sufficient to explain a platelet count reduction of 50-60%. 

Therefore, thrombopoiesis and MK ultrastructure were analyzed. Interestingly, besides the 

microthrombocytopenia, also the ultrastructure of Pfn1-null BM MKs revealed similarities to 

that of WASp-null MKs.27 Pfn1-null BM MKs either could be categorized as (I) MKs with 

normally distributed granules and a well-developed IMS (Fig. 15a, lower left), a membrane 

reservoir for future platelets, or as (II) MKs with signs of fragmentation (Fig. 15a, lower and 

upper right). Strikingly, immunostaining on BM cross-sections of intact femora (Fig. 15b, c) 

and intravital two-photon microscopy (dashed arrows in Fig. 15d) confirmed that the majority 

of Pfn1-/- MKs released platelets into the BM compartment next to the sinusoids, a defect that 

was also seen in WASp-deficient mice although to a lesser extent (Fig. 15e and 27). In addi-

tion, two-photon microscopy revealed an increased activity of macrophages within the BM of 

Pfn1-/- mice. This clearly suggests that macrophages remove the prematurely released plate-

lets from the BM. The premature platelet release appeared not to be caused by defective 

proplatelet formation as revealed by two-photon microscopy (Fig. 15d) and in an in vitro 

proplatelet formation assay (Fig. 15f), nor to an aberrant localization of MKs within the BM 

(Fig. 15g). It still not clear whether the platelets released into the BM of Pfn1-/- mice can make 

their way into the circulation and contribute to platelet counts.  

Figure 14 | Increased numbers of MKs in Pfn1-/- mice. 
(a) Spleen to body weight ratio was measured. Values 
are mean ± s.d. (n = 6). (b-d) Plasma thrombopoietin 
(Thpo) concentration (b), MK numbers in the spleen (c) 
and BM (d) per visual observed field (VOF, 328 x 
246 μm) were determined. (e) Flow cytometric measure-
ment of MK ploidy. Values are mean ± s.d. (n = 10). 
Unpaired Student’s t-test: ***P< 0.001; **P< 0.01;  
*P< 0.05. (Bender* & Stritt* et al. Nat Commun 2014)40 
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Figure 15 | Premature platelet release into the BM compartment. (a) TEM analysis of BM MKs 
(upper left: control MK). Scale bar, 2 μm (upper left). Scale bar, 1 μm (lower left). Scale bar, 5 μm 
(upper right). Scale bar, 2 μm (lower right). PP, proplatelet; DMS, demarcation membrane system; 
BMC, BM cell; black arrows indicate cytoplasmic fragmentation. (b) Confocal images of im-
munostained BM. Scale bars, 50 μm (left panel). Scale bars, 15 μm (right panel). MKs, proplatelets 
and platelets are shown by GPIbα staining in green color. Endoglin staining (red) labels vessels. DAPI, 
blue. (c) MK morphology was determined on confocal images with immunostained MKs and vessels. 
Norm, round MKs; Pre, MKs that pre-released proplatelets or platelets into BM. Values are mean ± 
s.d. (n = 252 versus 383 MKs). (d) Intravital two-photon microscopy of BM MKs in the skull. Arrow 
shows (normal) proplatelet formation into BM sinusoids; dashed arrow indicates pre-released platelets 
within the BM. Scale bars represent 25 μm. Two-photon intravital microscopy was performed by Judith 
M. M. van Eeuwijk. (e) Confocal images of immunostained BM from Wasp-/- mice. Scale bars, 50 μm 
(n = 6). (f) Normal proplatelet formation (PPF) of Pfn1-deficient BM MKs. Values are mean ± s.d. (n = 
6). (g) MK localization was determined on confocal images with immunostained MKs and vessels. 
MKs closer than 1 μm to the vessel were counted as MKs at the sinusoids. Sin, sinusoid; BC, BM 
compartment. Values are mean ± s.d. (n = 252 versus 383 MKs). Images are representative of at least 
6 individuals. Unpaired Student’s t-test: ***P< 0.001; **P< 0.01; NS, non-significant. (Bender* & Stritt* 
et al. Nat Commun 2014)40 

4.1.3. Abolished podosome formation might account for the premature platelet 

release in the BM of Pfn1-/- mice 

Podosomes, F-actin-rich matrix contacts, have been proposed as an indicator of MK motility 

and the ability to extend proplatelets through the basal membrane into the blood stream.26 To 

test podosome formation, MKs were allowed to spread on a collagen I matrix and stained for 

F-actin-rich podosomes and for p-ASAP, WASp or vinculin, as podosomal markers  

(Fig. 16a-c). Pfn1-/- MKs barely formed podosomes as compared to control MKs. In addition, 

mutant MKs spread on fibrinogen contained an enormous amount of acetylated tubulin, 
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which has been associated with increased microtubule stability (Fig. 16d).264 These results 

suggested that the thrombocytopenia in Pfn1-/- mice is caused by both accelerated platelet 

clearing by macrophages and the premature platelet release into the BM due to altered cyto-

skeletal dynamics and consequently impaired proplatelet extension through the basal mem-

brane. 

 

4.1.4. Cytoskeletal alterations in Pfn1-/- platelets  

To assess this in more detail, the cytoskeletal organization of circulating Pfn1-/- platelets was 

analyzed. Rapid-freezing electron microscopic analysis of Pfn1-/- platelets revealed that their 

actin scaffold was partially disrupted (Fig. 17a; actin cytoskeleton of Pfn1+/+ platelets  

(n = 102): 98% intact, 2% partially disrupted; actin cytoskeleton of Pfn1-/- platelets (n = 116): 

7.7% intact, 75.9% partially disrupted, 16.4% completely disrupted (as depicted in Fig. 17a)). 

Since Pfn1 has been described as an important regulator of the actin cytoskeleton,265 actin 

levels and assembly in platelets were determined. Total actin content in count-adjusted 

platelets was reduced (Fig. 17b) and this was also evident by a reduced F-actin content per 

Figure 16 | Defective podosome formation in Pfn1-/- 

MKs Confocal images of BM-derived MKs spread (3 h) on 
collagen I (a-c) or fibrinogen (d) and stained for F-actin, 
DAPI and phospho-ASAP (a), WASp (b), vinculin (c) or 
acetylated-tubulin (d). Scale bars, 25 μm. Images are 
representative of at least 6 individuals. (Bender* & Stritt* et 
al. Nat Commun 2014)40 
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platelet (Fig. 17c). Unexpectedly, actin assembly after platelet activation with different ago-

nists was only slightly decreased in Pfn1-/- platelets (Fig. 17d). In contrast, other actin-

regulatory proteins have been shown to have a more pronounced effect on F-actin assem-

bly.266 Surprisingly, the total tubulin content was increased in Pfn1-/- MKs (Fig. 11c) and 

platelets (Fig. 17b). This also became evident by a higher number of microtubule coils, orga-

nized into a characteristic ring structure, designated as the marginal band (Fig. 17a, e, f).  

 
Figure 17 | Pfn1 deficiency causes altered microtubule structure. (a) Visualization of the cyto-
skeleton in resting platelets on poly-L-lysine. Scale bars, 0.5 μm. Asterisk indicates disrupted actin 
scaffold. Arrow indicates thickened microtubule ring (marginal band). (b) Densitometric assessment of 
β-actin and α-tubulin content of platelet lysates. Values are mean ± s.d. (n = 4). (c, d) F-actin content 
of resting (c) or activated platelets (d) was determined by flow cytometry. Values are mean ± s.d.  
(n = 6). Thr, thrombin; Rhd, rhodocytin; CRP, collagen-related peptide. (e) TEM analysis of resting 
control and Pfn1-/- platelets. Scale bars, 1 μm. i, ii and iv show altered microtubule distribution as 
revealed by not perpendicular, but diagonally cut microtubules. iii and v illustrate mutant platelets with 
abnormal high numbers of microtubule coils. (f) Number of microtubule coils were determined from at 
least 120 platelets per condition. (g) Confocal images of resting platelets. Values are mean ± s.d. (n = 
6). Images are representative of at least 6 individuals. Unpaired Student’s t-test: ***P< 0.001; 
**P< 0.01; *P< 0.05. Images in a were acquired by Prof. John Hartwig, Boston, USA. (Bender* & Stritt* 
et al. Nat Commun 2014)40 

Furthermore, the marginal band often appeared to have an altered morphology in mutant 

platelets, most frequently twisted into a figure of eight (Fig. 17g). Next, platelets with twisted 

microtubules were quantified by analyzing resting platelets on poly-L-lysine stained for α-

tubulin. 55.7% of Pfn1-/- platelets (n = 582) contained bent or twisted microtubules whereas 

only 2.7% of control platelets (n = 1037) showed an aberrant morphology of microtubules 

(Fig. 22d). Together these results reveal a novel and unexpected role of Pfn1 in the regula-

tion of the microtubule cytoskeleton. 
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4.1.5. Pfn1 co-localizes to microtubules  

Next, the localization of Pfn1 in MKs and platelets was analyzed to test whether Pfn1 may 

directly interfere with microtubule organization. Pfn1 was strongly expressed in the MK body 

and proplatelets (Fig. 18a), whereas a ring-shaped expression close to the membrane was 

observed in resting platelets, which was reminiscent of the platelet marginal band (Fig. 18b). 

A weak Pfn1 localization was found in the platelet cytoplasm, generally in small foci. In hu-

man platelets from healthy donors a similar Pfn1 localization was seen (Fig. 18c). 

 
Figure 18 | Pfn1 co-localizes to microtubules. (a) Determination of Pfn1 expression in cultured fetal 
liver-derived Pfn1+/+ MKs with formed proplatelets. α-tubulin, green; Pfn1, cyan; DAPI, blue; F-actin, 
red. Scale bar, 10 μm. (b-f) Pfn1 localization in resting Pfn1+/+ mouse (b) and human (c) platelets, 
spread mouse platelets (d, e) after 15 min on fibrinogen or in resting Pfn1+/+ platelets after cold-
storage for 3.5 h (f). Scale bars, 3 μm (in b-f). Images are representative of at least 6 individuals. 
(Bender* & Stritt* et al. Nat Commun 2014)40 

After spreading of mouse platelets on fibrinogen, Pfn1 was redistributed in the cells but still 

strongly co-localized with α-tubulin (Fig. 18d) and was present in zones devoid of F-actin 

(Fig. 18e), thus indicating that Pfn1 might be associated to microtubules and interferes with 

microtubule organization. To further test whether Pfn1 can associate to microtubules its 

localization was assessed upon cold-induced depolymerization of microtubules in control 

platelets. After incubation of platelets at 4°C, microtubules were completely disassembled 
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and Pfn1 was re-localized to the cytoplasm, indicating that the localization of Pfn1 might be 

microtubule-dependent (Fig. 18f).  

4.1.6. Increased stability of microtubules in Pfn1-/- platelets 

To further investigate the organization and rearrangement of microtubules in Pfn1-/- platelets, 

spreading experiments on different matrices were performed. Mutant platelets showed a 

delayed and aberrant spreading on fibrinogen with a reduced F-actin content (Fig. 19a, 

dashed arrows in lower panel) and disorganized microtubules that were randomly dispersed 

or twisted and failed to constrict into the cell center (Fig. 19a, arrow in lower panels).  

 
indicates disorganized microtubules. Arrows in b denote thickened peripheral microtubule coils in 
Pfn1-/- platelets. (c) Quantification of filopodia per spread platelet on vWF. Values are mean ± s.d.  
(n = 6). (d) Platelets were pretreated with 10 μM colchicine (colchi) and spread (15 min) on vWF. (e) 
Platelets were spread (15 min) on collagen-related peptide (CRP). Arrow indicates disintegrated 
appearing microtubule coils that could not be reorganized upon spreading. Scale bars, 3 μm (in confo-
cal images) Scale bars, 1 μm (in TEM images). Images are representative of at least 6 individuals. 
Unpaired Student’s t-test: ***P< 0.001. TEM images were acquired by Prof. John Hartwig, Boston, 
USA. (Bender* & Stritt* et al. Nat Commun 2014)40 

Similarly to fibrinogen-coated surfaces (only 0.8% ± 0.4% of Pfn1-/- versus 20.7% ± 0.3% of 

control platelets formed filopodia at 15 min time point), Pfn1-/- platelets could not form filopo-

dia on a vWF matrix (only 0.7% ± 0.5% of Pfn1-/- versus 60.0% ± 3.6% of control platelets 

had formed filopodia at the 15 min time point) and maintained their thick marginal band 

Figure 19 | Altered organization and in-
creased stability of microtubules in 
Pfn1-/- platelets. Control and Pfn1-/- pla-
telets spread (15 min) on fibrinogen (a) or 
von Willebrand factor (vWF; b) were 
stained for F-actin (red) and α-tubulin 
(green) and analyzed by confocal micros-
copy (upper panels) or processed for 
rapid-freezing electron microscopic analy-
sis of the cytoskeleton (lower panels). 
Dashed arrows in a highlight the defective 
cortical F-actin meshwork and the arrow 
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(Fig. 19b, arrows in lower panel and Fig. 19c), even after colchicine treatment (Fig. 19d). 

Likewise, on a surface coated with CRP spread platelets could not reorganize their microtu-

bule coils (Fig. 19e, arrow in lower panel). This represented the first evidence that Pfn1 is 

crucial for filopodia formation in platelets. 

4.1.7. Hyper-acetylated microtubules as consequence of their increased stability 

Microtubules in Pfn1-/- platelets were highly acetylated (Fig. 20a, b) and could withstand 

disassembly upon incubation at 4°C (Fig. 20c) or treatment with the microtubule-destabilizing 

toxin, colchicine (Fig. 20d), suggesting an increased microtubule stability. Therefore, it was 

tested whether toxin-induced stabilization of microtubules could mimic the tubulin phenotype 

observed in Pfn1-/- platelets.  

 
Figure 20 | Acetylation causes aberrant organization of microtubules in Pfn1-/- platelets. (a, b) 
Resting (a) or spread (b) platelets were stained for acetylated-tubulin (green). vWF, von Willebrand 
factor; CRP, collagen-related peptide. (c, d) Microtubules were challenged by cold-incubation (c) or 
colchicine (10 μM) treatment (d). (e-g) Pre-treatment of platelets with 10 μM taxol (e) or 200 ng mL-1 
trichostatin A (TSA; f, g) interfered with microtubule organization (e) and increased microtubule acety-
lation (f) and stability upon cold-challenge (g). Scale bars, 3 μm. Images are representative of at least 
6 individuals. (Bender* & Stritt* et al. Nat Commun 2014)40 

Treatment with the microtubule stabilizing toxin taxol led to a moderate increase of radially 

organized microtubules in control platelets, whilst spread Pfn1-/- platelets maintained the 
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circular or twisted microtubules (Fig. 20e). Thus, taxol alone is not sufficient to reproduce the 

microtubular alterations of spread Pfn1-/- platelets. In contrast, preincubation with the histone-

deacetylase inhibitor trichostatin A (TSA) could partially mimic the Pfn1-/- microtubule pheno-

type by preserving hyper-acetylated and disorganized microtubules in spread control plate-

lets and increasing microtubule acetylation in Pfn1-/- platelets (Fig. 20e). These highly acety-

lated microtubules in control and Pfn1-/- platelets were also less prone to cold-induced disas-

sembly (Fig. 20f). Furthermore, isolation of the tubulin cytoskeleton after treatment with col-

chicine or the histone deacetylase inhibitor TSA via ultracentrifugation was performed and 

the different fractions were tested for tubulin and acetylated tubulin sedimentation. These 

results revealed an increased amount of sedimented and acetylated (Fig. 21a) tubulin in the 

insoluble fraction after colchicine treatment in samples of Pfn1-/- platelets supporting the 

microscopic findings that microtubules cannot be rearranged in mutant platelets. Hence, it 

was concluded that hyper-acetylated, stiff microtubules might cause the aberrant microtubule 

organization in Pfn1-/- platelets. Additionally, the altered microtubule stability and organization 

appears to be independent of the actin cytoskeletal defects as control platelets pre-incubated 

with latrunculin A (Lat A) disassembled their microtubules upon cold-storage at 4°C 

(Fig. 21b).  

 
Figure 21 | Increased microtubule stability in Pfn1-/- platelets. (a) Tubulin cytoskeleton was isolat-
ed via ultracentrifugation and immunoblotted against tubulin or acetylated-tubulin. Insoluble fraction 
(pellet, P), soluble fraction (supernatant, S); rest: resting, colch: 10 μM colchicine, TSA: 200 ng mL-1 
TSA, trichostatin A, a deacetylase inhibitor; T: total protein; +/+ Pfn1+/+ and -/-, Pfn1-/-. (b) Resting 
platelets were pre-treated with 2.5 μM latrunculin A (LatA), challenged by cold-incubation and stained 
for acetylated-tubulin (green). Scale bars, 3 μm. Images are representative of at least 6 individuals. 
(Bender* & Stritt* et al. Nat Commun 2014)40 

4.1.8. Microtubule stability determines platelet size 

Next, it was examined whether the increased microtubule stability could account for the 

reduced size of Pfn1-/- platelets. Determination of the area delimited by the marginal band in 

control platelets showed a decrease in platelet size after treatment with taxol (74.41% ± 
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2.33%, compared to DMSO control 100%), TSA (81.53% ± 5.44%), or the combination of 

both (65.62% ± 1.59%; untreated Pfn1-/- platelets 60.8% of control, Fig. 22a, b). Measure-

ment of the F-actin content in toxin-treated resting platelets showed that the toxins did not 

interfere with the actin cytoskeleton (Fig. 22c). These results suggested that increased micro-

tubule stability might contribute to the smaller size and aberrant organization of microtubules 

in Pfn1-/- platelets (Fig. 22d). Of note, it has been recently shown that antagonistic microtu-

bule motor proteins maintain the platelet marginal band under resting conditions and that 

functional changes can lead to microtubule coiling accompanied by platelet shape change.267 

Therefore, it is tempting to speculate that the small Pfn1-/- platelets might exhibit an imbal-

anced microtubule motor protein function, consequently leading to twisted or bent microtu-

bules. However, further studies are required to test this hypothesis. 

 
Figure 22 | Toxin-mediated stabilization decreases platelet size. (a) Control platelets were treated 
with 10 μM taxol and/or 200 ng mL-1 trichostatin A (TSA) for 30 min, fixed on poly-L-lysine-coated 
slides and stained for α-tubulin (green) and F-actin (red). Scale bars, 3 μm. (b) The relative platelet 
area was quantified using the microtubule (MT) coil as a measure. Values are mean ± s.d. (n = 5). (c) 
F-actin content of toxin-treated platelets was determined by flow cytometry. (d) Normal and aberrant 
shape of platelet microtubules was quantified. Values are mean ± s.d. (n = 5). Images are representa-
tive of at least 5 individuals. Unpaired Student’s t-test: ***P< 0.001; **P< 0.01. (Bender* & Stritt* et al. 
Nat Commun 2014)40 
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4.1.9. Unaltered cytoskeletal rearrangements in Wasp-/- platelets 

Pfn1-/- mice are the first animal model displaying a microthrombocytopenia and thus repre-

sent a unique system to study the molecular causes and (patho-)physiological consequences 

of this hematopoietic defect. In humans, microthrombocytopenia is the central hallmark of the 

WAS, that was interestingly not reproduced in WASp-deficient mice, which have normally-

sized platelets.197,263 Although, analysis of Wasp-/- mouse platelets revealed an increased 

content of tubulin similar to Pfn1-/- platelets (Fig. 17b and 23a), microtubule stability or reor-

ganization during spreading or cold-induced microtubule disassembly were not affected in 

these cells (Fig. 23b, c).  

 
Figure 23 | Wasp-/- platelets can normally reorganize their microtubules. (a) Densitometry of actin 
and tubulin via Western blot using count-adjusted platelets. Values are mean ± s.d. (n = 3). (b, c) 
Platelets were allowed to spread (15 min) on a fibrinogen-coated surface (b) or chilled at 4°C (c) and 
fixed on a poly-L-lysine-coated surface. F-actin is highlighted in red and α-tubulin in green. Scale bars, 
3 μm. Images are representative of at least 3 individuals. Unpaired Student’s t-test: ***P< 0.001. 
Images in c were acquired by Dr. Markus Bender. (Bender* & Stritt* et al. Nat Commun 2014)40 

4.1.10. Altered microtubule rearrangement in WAS patients’ platelets 

To assess whether an increased microtubule stability may contribute to microthrombocyto-

penia in human WAS, blood samples of four WAS patients were analyzed. Patient 1 was a 2-

years old male carrying a c.290C>T p.Arg86Cys mutation in the WAS gene. At the day of 

consultation, the patient had a platelet count of 11 x 103 μL-1 and the mean platelet volume 

could not be determined with an automated blood cell analyzer (Sysmex), presumably due to 

an aberrant platelet morphology and size. Patient 2 was a 7-years old male with a c.336T>G 

p.Leu101Arg mutation in the WAS gene. During the first year of his life he suffered from 

severe brain hemorrhage due to low numbers of circulating platelets, which was the reason 

for subsequent therapeutic splenectomy. At the day of consultation, he presented with a 

platelet count of 128 x 103 μL-1 and a mean platelet volume of 7.5 fL as determined by a 

Sysmex analyzer. In contrast to patient 1 and 2, patient 3 (male, 5-months old, c.559+1G>A 

splice-site mutation in intron 6 of the WAS gene) suffered from eczema, petechiae, lympho-

cytopenia, recurrent infections, anisocytosis and required platelet transfusions due to low 
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platelet numbers (32 x 103 μL-1 at the day of consultation). Patient 4 was a 18-years old male 

with a frame shift mutation in exon 10 (c.1075delC p.Pro360His fsX85) of the WAS gene and 

had a history of recurrent infections and arthritis. At the day of consultation he presented with 

a platelet count of 29 x 103 μL-1. The analysis of the cytoskeletal organization of WAS pa-

tients’ platelets revealed an increased content and highly altered organization of the microtu-

bules (Fig. 24a and 25a). Three major microtubule organization types could be distinguished: 

(I) platelets with a normally organized, but thickened marginal band, (II) platelets that con-

tained microtubules in the platelet center (Fig. 24a and 25a, arrows) and (III) platelets with 

twisted and disorganized microtubules (Fig. 24a and 25a, dashed arrows). While platelets of 

healthy controls (Fig. 24a and 25a) displayed a discoid shape, the platelets of patients were 

often curved in shape, most probably attributed to misarranged microtubules (Fig. 24a and 

25a).  

 
Figure 24 | Platelets of WAS patients resemble the microtubule phenotype of Pfn1-/- platelets. 
(a) Poly-L-lysine-immobilized resting platelets from two male WAS patients were stained for F-actin 
(red) and different tubulin isoforms (green) and analyzed by confocal microscopy. Patient 1: 2 years, 
without therapeutic intervention, carrying a R86C mutation in Exon 2 in the WAS gene; Patient 2: 7 
years, underwent therapeutic splenectomy in his first year of life, carrying a L101R mutation in Exon 3 
of the WAS gene. Microtubules in WAS patients’ platelets were challenged with 10 μM colchicine (b) 
or by incubation at 4°C for 3.5 h (c). (d) Resting platelets of patient 2 were stained for acetylated 
tubulin (green) and F-actin (red). (e) TEM revealed an increased number and aberrant organization of 
the microtubules in the WAS patients’ platelets (grey bar) as compared to healthy controls (black bar). 
Values are mean ± s.d. (n = 46 platelets). Scale bars, 3 μm (in a-d). Scale bars, 1 μm (in e). Unpaired 
Student’s t-test: ***P < 0.001. (Bender* & Stritt* et al. Nat Commun 2014)40 
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Next, control and WAS patients’ platelets were challenged with colchicine (Fig. 24b and 25b) 

or chilled at 4°C (Fig. 24c and 25c). Contrary to control samples, under both tested condi-

tions microtubules of WAS patients’ platelets were still prominently visible, disorganized, bent 

or twisted (Fig. 24b, c and 25b,c) and highly acetylated (Fig. 24d and 25d). Similar to Pfn1-/- 

platelets, electron-microscopic analyses of platelets from patient 2 and 3 showed an in-

creased number of microtubules (10.58 ± 2.04 in controls versus 14.86 ± 2.66 in patients) 

with an altered organization (Fig. 24e and 25e). Even though the splenectomy of patient 2 

resulted in increased platelet numbers, the microtubule cytoskeleton was still severely altered 

and disorganized. Of note, WASP heterozygosity in case of a female carrier moderately 

affected microtubule stability and organization (Fig. 25a-c, e). 

 
Figure 25 | Platelets of WAS patients and carriers resemble the microtubule phenotype of  
Pfn1-/- platelets. (a) On poly-L-lysine-immobilized resting platelets of a WAS family consisting of a 
healthy father (WASPy/+), a heterozygous mother (carrier, WASP+/-) and a son, patient 3 suffering from 
WAS (WASPy/-) were stained for F-actin (red) and different tubulin isoforms (green) and analyzed by 
confocal microscopy. Father: 30 years, healthy; Mother 26 years, normal platelet numbers with a 
decreased mean platelet volume; patient 3: 5 months, requiring blood transfusions, carrying an 
IVS6+1G>A splice-site mutation in intron 6. Platelet microtubules were challenged with 10 μM colchi-
cine (b) or by incubation at 4°C for 3.5 h (c). (d) Resting platelets of patient 3 were stained for acety-
lated tubulin (green) and F-actin (red). (e) TEM revealed an increased number and aberrant organiza-
tion of the microtubules in the WAS patients’ platelets as compared to healthy controls. Scale bars, 
3 μm (in a-d). Scale bars, 1 μm (in e). (Bender* & Stritt* et al. Nat Commun 2014)40 
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4.1.11. Pfn1 is mis-localized in platelets of WAS patients 

Due to the striking similarities between murine Pfn1-deficient platelets and human platelets 

from WAS patients, localization of Pfn1 was assessed. Interestingly, Pfn1 did not co-localize 

to the marginal band in platelets of WAS patients 1, 3 and 4 suggesting that WASp and Pfn1 

interact with each other in human platelets (Fig. 26a). To test this hypothesis co-

immunoprecipitation of WASp was performed on sonificated human platelets and could prove 

that WASp and Pfn1 interact directly or indirectly with each other (Fig. 26b). Despite the 

striking co-localization of Pfn1 to microtubules in the marginal band, no direct interaction 

could be observed in a commercially available microtubule-associated protein fraction 

(Fig. 26c). Together, these data reveal that platelets from WAS patients display defective 

microtubule reorganization as observed in Pfn1-/- platelets.  

 
Figure 26 | Mis-localization of Pfn1 in platelets of WAS patients. (a) Resting platelets of healthy 
human controls and WAS patients 1, 3 and 4 were immobilized on poly-L-lysine and stained for F-actin 
(red), α-tubulin (green) and Pfn1 (cyan). Scale bars, 3 μm. (b) WASp was precipitated from sonificated 
resting or 10 μg mL-1 collagen-related peptide (CRP)-activated human platelet lysates using a mouse 
anti-WASp antibody. Samples were separated by SDS-PAGE and immunoblotted with a rabbit anti-
Pfn1 or a rabbit anti-WASp antibody. (c) A commercially purchased protein fraction of microtubule-
associated proteins (MAPF; #MAPF-A, Cytoskeleton Inc.) and platelet lysates of Pfn1+/+ and Pfn1-/- 
platelets were separated by SDS-PAGE, immobilized on a PVDF membrane and probed for tubulin 
and Pfn1. (Bender* & Stritt* et al. Nat Commun 2014)40 
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4.1.12. Altered WASp levels in carriers’ PBMCs 

In the course of the studies on WAS patients’ platelets, WASp expression levels in PBMCs 

were determined, serving as internal control (Fig. 27a). Interestingly, in two analyzed female 

carriers the overall WASp expression levels were increased in PBMCs as compared with 

healthy controls, whereas in the male patients virtually no WASp expression could be detect-

ed (Fig. 27a). Taking a closer look at the dot plot for the WASp expression levels, it became 

evident that two distinct cell populations (WASplow (Pop1) and WASphigh (Pop2)) could be 

identified in the PBMC samples of female carriers (Fig. 27b), which is in line with previous 

reports.268 Interestingly, quantification revealed markedly reduced expression of WASp in 

7.3% of lymphocytes and 67.1% of monocytes. In stark contrast, in 92.7% of lymphocytes 

and 32.9% of the measured monocytes an increased WASp expression was detected, which 

has not been described so far. Together these observations suggest that WASp plays a 

more important role in the development of lymphocytes than for monocytes.   

 
Figure 27 | Increased WASp expression in PBMCs of WAS carrier. (a) Relative WASp expression 
levels in peripheral blood mononuclear cells (PBMC) of a healthy control, WAS carrier (WASP+/-) and a 
WAS patient (WASPy/-). PBMCs were isolated from whole blood and intracellular WASp was stained. 
Analysis was performed by flow cytometry. Values on top of bars indicate relative WASp expression 
as % of control. (b) Representative dot plots of WASp expression profile in lymphocytes (left panel) 
and monocytes (right panel), respectively. (c) Relative WASp expression levels in the WASplow (Pop1) 
and WASphigh (Pop2) populations of the female carrier. Values on top of bars indicate the percentage 
of carrier’s cells within the WASplow (Pop1) and WASphigh (Pop2) cell populations, respectively. (Stritt 
et al., unpublished observation) 
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4.2. Twinfilin2a is a central regulator of platelet reactivity and turnover 

Similarly to Pfn1, Twf2a also belongs to the group of small actin-binding proteins, but was 

proposed to rather inhibit than promote actin assembly. However, in contrast to Pfn1 far less 

is known about the molecular role of Twf2a. The first report on a Twf2a knockout mouse 

(further referred to as Twf2a-/-) in 2011 by Nevalainen et al. did not reveal any developmental 

or histological alterations. Consequently, the authors concluded that Twf2a is dispensable for 

mouse development and suggested that Twf1 may compensate for the lack of Twf2a.150 

However, in this initial description blood cells, particularly platelets, were not analyzed. 

4.2.1. Twf2a-/- mice develop a age-dependent macrothrombocytopenia 

The expression of different Twf isoforms in platelets was analyzed by RT-PCR (Fig. 28a). 

Heart cDNA from WT mice served as positive control and Gapdh expression was determined 

as loading control. Both, Twf1 and Twf2a were prominently expressed in platelets while, 

Twf2b could not be detected (Fig. 28a). The prominent expression of Twf2a in platelets, 

together with the finding that MK/ platelet-specific Twf1 deficiency neither affected megakar-

yopoiesis, thrombopoiesis, nor platelet function (Stritt et al., unpublished observation), 

strongly suggested compensatory mechanisms and redundant functions of the different Twf 

isoforms in MKs and platelets. Nevertheless, the role of Twf2a in platelet production and 

function is entirely unknown.  

 
Figure 28 | Age-dependent macrothrombocytopenia in Twf2a-/- mice. (a) Assessment of Twf 
isoform expression in WT platelets (Plt). WT heart cDNA (H) and Gapdh was used as control. (b) 
Immunoblot on platelet lysates proves efficiency of the targeting strategy. (d-f) Platelet count (c, e) 
and size (d, f) of 12- (c, d) and 6-weeks (e, f) old mice. (g) Surface prevalence of major platelet glyco-
proteins assessed by flow cytometry. Values are mean ± s.d. (n = 6). Unpaired Student’s t-test:  
***P< 0.001; **P< 0.01; *P< 0.05. (Stritt et al., unpublished observation)  
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Western blot analysis on platelet lysates confirmed effective ablation of Twf2a expression on 

protein level, whereas no compensatory upregulation of Twf1 was observed (Fig. 28b). As-

sessment of platelet count and size revealed an age dependent macrothrombocytopenia 

(Fig. 28c-d), while at younger ages a macrothrombocytosis with both, an increased platelet 

number and size was observed (Fig. 28e-f). In line with the increased platelet size, the sur-

face prevalence of major platelet glycoproteins was slightly increased (Fig. 28g), while the 

distribution and number of white cells in the blood (Fig. 29a), spleen (Fig. 29b, c), lymph 

nodes (Fig. 29b, d) and thymus (Fig. 29b, e, f) were grossly unaltered.  

 
Figure 29 | Normal numbers and distribution of leukocytes in Twf2a-/- mice. (a) Determination of 
the distribution of white cell populations in the blood. (b) Total cell numbers of lymphatic tissues were 
determined by flow cytometry. (c-e) Determination of lymphatic cell populations in the spleen (c), 
lymph node (d) and thymus (e). (f) Assessment of T-cell proliferation within the thymus. Experiments 
on immune cells were performed in collaboration with Dr. Timo Vögtle. Values are mean ± s.d. (n = 6). 
Unpaired Student’s t-test: *P< 0.05. (Stritt et al., unpublished observation) 

4.2.2. Twf2a is a critical regulator of platelet life span 

Next, the cause of the observed thrombocytopenia was analyzed. Twf2a-/- mice had a mark-

edly decreased platelet life span (T1/2 of control platelets: 48.6 h, T1/2 of Twf2a-/- platelets: 

22.3 h) in vivo (Fig. 30a). Assessment of the presence of platelet-bond autoantibodies re-

vealed no gross differences between platelets of control and Twf2a-/- mice (Fig. 30b), thus 

excluding that autoantibodies account to the accelerated clearance of Twf2a-/- platelets. In 
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agreement with this, depletion of macrophages within the whole body using clodronate-

encapsulated liposomes increased platelet counts in WT mice and similarly, although to a 

lesser extent in Twf2a-/- mice, clearly demonstrating that Twf2a-deficient platelet are not 

preferentially removed from the circulation by macrophages (Fig. 30c, d). Similarly, splenec-

tomy had no long-term effect on platelet counts in Twf2a-/- mice (Fig. 30e, f), thus strongly 

suggesting alternative, macrophage-independent mechanisms of platelet clearance.  

 

 
Figure 30 | Markedly reduced life span of Twf2a-/- platelets. (a) Platelet life span was measured by 
injection of a DyLight 488 α-GPIX derivative. (b) Determination of platelet-bound immunoglobulins (Ig) 
relative to non-specific Igs. (c-f) Platelet counts (c, e) and size (d, f) were monitored over time after 
clodronate-encapsulated liposome-mediated macrophage depletion (c, d) and splenectomy (e, f). 
Values are mean ± s.d. (n = 6). Unpaired Student’s t-test: ***P< 0.001; **P< 0.01; *P< 0.05; NS, non-
significant. (Stritt et al., unpublished observation) 

In addition, it was recently shown that aged, desialylated platelets are cleared from the circu-

lation by the Ashwell-Morell receptor on hepatocytes.68 Hence, it would be interesting to 

determine the sialylation status of Twf2a-/- platelets to further elucidate a possible contribution 

of this alternate platelet clearance mechanism. 
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4.2.3. Twf2a is a negative regulator of platelet reactivity  

Since Twf2a-deficient platelet were neither opsonized with antibodies (Fig. 30b) nor preferen-

tially cleared by macrophages (Fig. 30c-f), this strongly suggested that the observed throm-

bocytopenia might be a result of excessive platelet activation or consumption.  

 

 
Figure 31 | Increased integrin activation in Twf2a-/- platelets. (a, b) Platelet αIIbβ3 integrin activa-
tion (a) and P-selectin exposure (b), serving as a measure for α-granule release, were determined by 
flow cytometry. Rest, resting; ADP, adenosine diphosphate; U46, U46619, a stable thromboxane A2 
analogue; CRP, collagen-related peptide; CVX, convulxin; Rhd, rhodocytin. (c, d) Washed platelets 
were allowed to spread (15 min) on fibrinogen (100 μg mL-1), analyzed by differential interference 
contrast microscopy (c) and phase abundance (d) was determined. Scale bars, 3 μm. (e) Integrin 
surface recruitment upon platelet activation (0.1 U mL-1 thrombin) was determined by flow cytometry. 
(f) Tln-1 recruitment to β3 integrin tails was assessed by immunostaining and confocal microscopy. 
Scale bars, 3 μm. Values are mean ± s.d. (n = 6). Images are representative of at least 6 individuals. 
Unpaired Student’s t-test: ***P< 0.001; **P< 0.01; *P< 0.05. (Stritt et al., unpublished observation) 
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To test this directly, platelet integrin inside-out activation (Fig. 31a) and degranulation, evi-

denced by the surface prevalence of P-selectin (Fig. 31b), was determined. Interestingly, 

Twf2a-/- platelets displayed a pronounced hyper-reactivity towards all tested agonists with 

both increased integrin activation and α-granule release (Fig. 31a, b). In line with this, integ-

rin outside-in signaling as assessed in a spreading assay on fibrinogen was accelerated 

(Fig. 31c) with an increased proportion of fully spread platelets after 15 min (Fig. 31d).  

Increased surface recruitment of integrins upon activation represents a possible explanation 

for the enhanced inside-out and outside-in integrin activation and accelerated spreading of 

Twf2a-deficient platelets. However, integrin recruitment was normal in Twf2a-/- platelets, thus 

excluding elevated integrin copy numbers on the platelet surface as a cause for the observed 

hyper-reactivity (Fig. 31e). Moreover, Tln-1 recruitment to the tails of β integrins is a key step 

in integrin activation. In spread Twf2a-deficient platelets Tln-1 and β3 integrin co-localization 

was more pronounced than in controls and the width of the cortical zone of co-localization 

was doubled (0.54 μm ± 0.13 μm for controls and 1.08 μm ± 0.18 μm in Twf2a-/- platelets) 

(Fig. 31f).  

In agreement with the increased reactivity of Twf2a-/- platelets, the overall amount of newly 

generated thrombin (Fig. 32a) and the peak concentrations (Fig. 32b) were increased, 

whereas the velocity of thrombin production, measured as the time to peak concentration 

was indistinguishable from controls (Fig. 32c).  

Unexpectedly, PS exposure on the outer membrane leaflet, which is a prerequisite for the 

pro-coagulant activity of platelets,269 was reduced in Twf2a-deficient platelets upon stimula-

tion with different agonist (Fig. 32d). However, there’s growing evidence that factors other 

than PS exposure on platelets regulate thrombin generation.269 In line with the reduced expo-

sure of PS on the platelet surface, also mitochondrial depolarization was less pronounced in 

Twf2a-deficient platelets upon stimulation with different agonists (Fig. 32e, f).   
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Figure 32 | Twf2a-/- platelets are less prone to apoptosis. (a-c) Citrate-anti-coagulated PRP re-
mained untreated (PRP), or platelets were stimulated for 10 min at 37°C with collagen-related peptide 
(CRP; 20 μg mL-1) or convulxin (CVX; 1 μg mL-1). Thrombin generation was triggered with tissue 
factor/CaCl2. Endogenous thrombin potential (a; ETP), maximal thrombin concentration (b), and the 
time to the peak concentration (c) were determined. Thrombin generation was determined by Sarah 
Schießl. (d-e) Platelet apoptosis was assessed using Anxa5-FITC binding to exposed phosphatidyl-
serine (d) or the mitochondrial membrane potential sensor 3,3′-dihexyloxacarbocyanine iodide  
(DiOC6 (3)); e, f). Rest, resting; ADP, adenosine diphosphate; Rhd, rhodocytin, A23187, ionophore. 
Values are mean ± s.d. (n = 6). Unpaired Student’s t-test: ***P< 0.001; **P< 0.01; *P< 0.05. (Stritt et 
al., unpublished observation) 

4.2.4. Twf2a interferes with integrin closure 

It has previously been reported that the prevalence of activated platelet αIIbβ3 integrins and 

the exposure of PS are critically linked. For example, upon sustained Ca2+ signaling, which 

triggers PS exposure on the outer membrane leaflet,270 αIIbβ3 integrins can be switched 

back to their low-affinity state, through Ca2+-mediated activation of calpain and cleavage of 

the cytoplasmic tails of β3 integrins.270-272  

To assess the role of Twf2a in the dynamics of integrin closure, time course experiments 

were performed and the percentages of platelets with activated αIIbβ3 integrins (quadrant 

Q1), PS exposure (Q3), or both (Q2) were determined. In line with the findings on the de-

creased PS exposure on Twf2a-/- platelets (Fig. 32d), an increased percentage of platelets 

with activated integrins (events in Q1 and Q2) was determined after both, 5 min (39.1% ± 

3.7% for controls and 43.9% ± 2.9% for Twf2a-/- platelets; *P< 0.05) and 30 min (30.5% ± 

3.1% for controls and 39.0% ± 2.3% for Twf2a-/- platelets; **P< 0.01) upon simultaneous 

stimulation with thrombin and CRP (Fig. 33). Together, these results strongly suggest that 

Twf2a deficiency interferes with Ca2+ signaling and thereby delays PS exposition, calpain 
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activity and consequently integrin closure. The observed hyper-reactivity of Twf2a-/- platelets 

may cause an increased intravascular consumption of platelets and therefore account for the 

progressing macrothrombocytopenia. 

Figure 33 | Delayed integrin closure in Twf2a-deficient platelets. (a-c) Washed platelets remained 
untreated or were stimulated with different agonists for different periods of time. Activation of αIIbβ3 
integrins (JON/A-PE) and phosphatidylserine exposure on the outer leaflet of the platelet membrane 
(Anxa5-FITC) was determined by flow cytometry. Images are representative of at least 6 individuals. 
(d, e) Relative number of events per quadrant. Q1, JON/A+ Anxa5- (upper left); Q2, JON/A+ Anxa5+ 
(upper right); Q3, JON/A- Anxa5+ (lower right); Q4, JON/A- Anxa5- (lower left). Values are mean  
(n = 6). (Stritt et al., unpublished observation) 

4.2.5. Accelerated arterial thrombus formation in Twf2a-/- mice 

To investigate whether the platelet hyper-reactivity observed in vitro, can similarly be ob-

served in vivo, arterial thrombus formation was analyzed in Twf2a-/- mice.  

Upon FeCl3-induced damage of the endothelium in mesenteric arterioles, platelet adhesion 

(7.4 min ± 2.9 min in control and 4.8 min ± 3.1 min in Twf2a-/- mice) and vessel occlusion 

(15.6 min ± 6.3 min in control and 10.6 min ± 2.4 min in Twf2a-/- mice) occurred at earlier time 

points in Twf2a-deficient mice than in controls (Fig. 34). This is in line with the observed 

hyper-reactivity and increased thrombin generation in vitro (Fig. 31 and 32a-c).  
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Figure 34 | Twf2a is a critical regulator of platelet reactivity in vivo. (a, b) Accelerated adhesion 
of platelets (a) and occlusion of mesenteric arterioles (b) in Twf2a-deficient mice upon FeCl3-induced 
injury of the endothelial barrier. Each symbol represents 1 mesenteric arteriole (n = 12 individuals). 
Horizontal lines represent mean. FeCl3 model was performed by Sarah Schießl. Unpaired Student’s  
t-test: ***P< 0.001; **P< 0.01. (Stritt et al., unpublished observation) 

4.2.6. Twf2a is a positive regulator of actin filament assembly in platelets 

Rearrangements of the actin cytoskeleton are known to be critical for integrin activation and 

Twf2a was shown to be a central regulator of these dynamics. However, there are some 

controversies on its precise function; i.e. whether Twf2a acts as an actin assembly inhibiting 

or promoting molecule.106,145,151,156 Morphological analyses revealed no cytoskeletal altera-

tions, but a mildly enlarged size of resting Twf2a-deficient platelets (Fig. 35a). Similarly, 

spread Twf2a-/- platelets displayed an increased size and a slightly thickened cortical actin 

cytoskeleton (Fig. 35b). Remarkably, after 30 min of spreading Twf2a-deficient platelets were 

almost devoid of microtubules while they were still prominently visible in platelets from con-

trols (Fig. 35b). To address this in more detail, microtubule stability was assessed by incubat-

ing platelets in the cold, which led to the disassembly of microtubules in both, WT and Twf2a-

deficient platelets (Fig. 35c). Similarly, upon re-warming to 37°C microtubules were normally 

reassembled to form the marginal band (Fig. 35c). Interestingly, when challenging microtu-

bules with the disassembly promoting toxin colchicine, microtubules in WT platelets ap-
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peared slightly less sensitive and were partially still present while they were completely de-

polymerized in Twf2a-/- platelets (Fig. 35d). 

 
Figure 35 | Aberrant cytoskeletal rearrangement in Twf2a-/- platelets. (a, b) Resting (a) or on 
fibrinogen spread (b) platelets were stained for F-actin (red) and α-tubulin (green) after the indicated 
time points. (c, d) Resting platelets were subjected to cold-induced microtubule disassembly by incu-
bation for 3 h at 4°C with or without subsequent rewarming (c), or were treated with 10 μM colchicine 
(d) and processed for confocal microscopy. Analysis was performed by confocal microscopy. Scale 
bars, 3 μm. Images are representative of at least 6 individuals. (e, f) Relative F-actin content (e) and 
the ratio of the MFI(Phalloidin-FITC) of activated versus resting platelets (f) was determined by flow 
cytometry. Values are mean ± s.d. (n = 6). CRP, collagen-related peptide; Rhd, rhodocytin. Unpaired 
Student’s t-test: ***P< 0.001; **P< 0.01; *P< 0.05. (Stritt et al., unpublished observation) 

This unexpected finding of a role of Twf2a in the regulation of microtubule dynamics and 

stability certainly requires further investigation, but is not entirely unique as there’s growing 

evidence that the small actin-binding protein Pfn1 is a critical regulator of microtubule stability 

in platelets.40 Besides altered microtubule dynamics, resting Twf2a-/- platelets displayed an 

increased F-actin content (Fig. 35e) and an impaired assembly upon stimulation (Fig. 35f). 

The impaired F-actin assembly in Twf2a-deficient platelets (Fig. 35e, f) contradicts reports on 

an inhibitory role of Twfs in actin assembly from previous studies. These results showed for 
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the first time an F-actin assembly-promoting role of Twf2a during platelet activation, presum-

ably via its interaction with CPs.  

4.2.7. Interference with cytoskeletal dynamics cannot rescue or reproduce the 

hyper-reactivity of Twf2a-/- platelets 

To test whether the observed cytoskeletal alterations could account for the hyper-reactivity 

platelets of controls and Twf2a-/- mice remained untreated (DMSO) or were pretreated with 

colchicine or latrunculin A. Subsequently, platelets were stimulated with different agonists 

and activation of αIIbβ3 integrins and degranulation were assessed by flow cytometry. Pre-

treatment with the microtubule depolymerizing toxin colchicine did neither interfere with the 

ability of platelets to activate their αIIbβ3 integrins, nor with the release of α-granules 

(Fig. 36a, b). In contrast, pretreatment with the F-actin destabilizing toxin latrunculin A 

strongly impaired αIIbβ3 integrin activation and to a lesser extent degranulation (Fig. 36a, b). 

Latrunculin A pretreatment diminished the hyper-reactivity of Twf2a-deficient, but also the 

reactivity of control platelets, thus confirming the critical role of the actin cytoskeleton in 

integrin activation. This finding is further supported by studies on Tln-1, which provides the 

link between integrins and the cytoskeleton.273 MK-/platelet-specific Tln-1-deficiency resulted 

in completely abolished platelet integrin activation thus strongly suggesting that the associa-

tion of integrins with the actin cytoskeleton represents a prerequisite for their activation.236 

However, this issue is still under debate. 

 

Figure 36 | Dis-inhibition of actin 
assembly might lead to increased 
integrin activation in Twf2a-/- mice. 
(a, b) Resting or toxin-treated (colchi-
cine, 10 μM; latrunculin A (LatA), 
2.5 μM) platelets remained resting or 
were activated with the indicated 
agonists and concentrations. αIIbβ3 
integrin activation (a, JON/A-PE) and 
the release of α-granules (b, anti-P-
selectin-FITC) were determined by 
flow cytometry. Values are mean ± 
s.d. (n = 6). ADP, adenosine diphos-
phate; U46, U46619 (synthetic throm-
boxane A2 analogue); CRP, collagen-
related peptide; Rhd, rhodocytin. 
(Stritt et al., unpublished observation) 
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4.2.8. Increased fragmentation of BM MKs in Twf2a-/- mice 

In order to elucidate the contribution of the markedly reduced platelet life span to the age-

dependent development of thrombocytopenia in Twf2a-defcient mice in more detail, histolog-

ical sections of the bone marrow and spleens were prepared (Fig. 37a, d). Quantification 

revealed an increased number of BM MKs in Twf2a-/- mice with an aberrant morphology 

(Fig. 37b) and in line with this, plasma Thpo levels were slightly reduced (Fig. 37c). In con-

trast, the architecture of the spleen and the number of splenic MKs were indistinguishable 

from controls (Fig. 37d-f). To take a closer look at the aberrant appearance of the MKs in the 

BM of Twf2a-/- mice, whole femora cryosections and immunostainings were performed and 

revealed signs of increased MK fragmentation as compared to control (Fig. 37g). Assess-

ment of MK ploidy and ultrastructure confirmed this finding, as the majority of MKs in the BM 

of Twf2a-/- mice was very mature and formed proplatelets (Fig. 37h, i). In line with this, in vitro 

assessment of platelet production using fetal liver cell-derived MKs revealed an increased 

fraction of Twf2a-deficient proplatelet-forming MKs as compared with control (Fig. 37j, k). In 

addition, immunostaining showed an increased size of proplatelet tips and a decreased 

content of microtubules in Twf2a-deficient MKs (Fig. 37k). 

In summary, these results reveal a critical role of Twf2a in the regulation of platelet life span, 

integrin activation and closure and thrombopoiesis. These defects can presumably be ex-

plained through a reduced cortical tension in the absence of Twf2a. The observed macro-

thrombocytopenia most likely resulted from accelerated platelet consumption within the circu-

lation due to a marked hyper-reactivity and impaired integrin inactivation and cannot be fully 

compensated by an increased platelet production by Twf2a-deficient MKs.  
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Figure 37 | Increased MK numbers and proplatelet formation compensate for the accelerated 
platelet clearance in Twf2a-/- mice. (a-f) Hematoxylin and eosin stained histological sections of 
femora (a) and spleens (d) were prepared and megakaryocyte (MK) numbers were quantified (b, e). 
(c) Plasma thrombopoietin (Thpo) levels were determined in control and Twf2a-/- mice. (f) Twf2a-
deficient mice do not display splenomegaly. (g-i) MK morphology (g, h) and maturation (i) were ana-
lyzed by confocal (g), transmission electron microscopy (TEM) (h) and flow cytometry (i). CD105, red; 
GPIbα, green; DAPI, blue. Scale bars, 50 μm (confocal images). Scale bars, 3 μm (TEM images). (j) 
Proplatelet formation (PPF) of fetal liver cell-derived (FLC) MKs was analyzed. (k) Confocal microsco-
py images of FLC-derived MKs immunostained for α-tubulin (green), F-actin (red) and DAPI (blue). 
Scale bars, 25 μm. Images are representative of at least 6 individuals. Values are mean ± s.d. (n = 6). 
Unpaired Student’s t-test: ***P< 0.001; **P< 0.01; *P< 0.05. (Stritt et al., unpublished observation) 
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4.3. Rap1-GTP-interacting adaptor molecule (RIAM) is dispensable for platelet 

integrin activation and function in mice  

To further decipher the mechanisms leading to the increased and sustained integrin activa-

tion in Twf2a-/- platelets, literature analysis for proteins involved in both, integrin activation 

and cytoskeletal rearrangements was performed. Among the identified candidates, RIAM, 

which is encoded by the Apbb1ip gene, was shown to be critical for platelet αIIbβ3 integrin 

activation in different in vitro cell culture approaches by recruiting Tln-1, but also for cell 

spreading and lamellipodia formation.238,241,245,248 However, up to date no studies using genet-

ic RIAM knockouts have been reported.  

4.3.1. RIAM-null mice are viable and healthy 

The Apbb1ip gene (Fig. 38a) was targeted by applying a VelociGene Definitive Null Allele 

Design, where exons 3 to 6 of the Apbb1ip gene were replaced with a LacZ-p(A); Neo-p(A) 

cassette by homologous recombination, thus abolishing Apbb1ip expression. Apbb1ip+/- mice 

were intercrossed to obtain Apbb1ip-/- (further on referred to as RIAM-null) and the respective 

control mice. RIAM-null mice were born at a normal Mendelian ratio (Fig. 38b), viable and 

fertile and appeared overall healthy. Western blot analysis confirmed strong expression of 

RIAM in control but not in RIAM-null platelets (Fig. 38c). Platelet counts (Fig. 38d), size 

(Fig. 38e) and the distribution of red and white blood cells (Fig. 38f) were indistinguishable 

from controls, suggesting that RIAM is not essential for hematopoiesis.  

 
Figure 38 | Normal platelet numbers and size in RIAM-null mice. (a) Targeting strategy of Apbb1ip 
ES-cell clone A16066A-D5. (b) Distribution of genotypes in litters from heterozygous parent animals. 
(c) Western blot analysis reveals the absence of RIAM protein in RIAM-null platelets. (d) Unaltered 
platelet number and (e) size in RIAM-deficient mice as assessed by flow cytometry and with an auto-
mated blood cell analyzer. (f) Normal distribution of white cells in RIAM-null mice. Values are mean ± 
s.d. (n = 6). Unpaired Student’s t-test. (Stritt et al. Blood 2015)247 
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4.3.2. Unaltered inside-out integrin activation in RIAM-null platelets 

Flow cytometric analyses showed that control and RIAM-null platelets display comparable 

surface expression levels of β1 and β3 integrins both under resting conditions and upon 

stimulation with thrombin (Fig. 39a). Similarly, the expression of major platelet surface glyco-

proteins was indistinguishable from controls (Fig. 39b).  

 
Figure 39 | Unaltered inside-out activation of integrins in RIAM-null platelets. (a) Integrins are 
normally recruited to the surface of RIAM-null platelets upon stimulation with thrombin (0.01 U mL-1). 
(b) Normal surface prevalence of major glycoproteins in RIAM-null platelets. (a-e) Unaltered activation 
of platelet (c) αIIbβ3 integrin (JON/A-PE) translates into normal (d) fibrinogen-binding and (e) aggre-
gation responses of RIAM-null platelets as determined by (a-d) flow cytometry or (e) turbidometric 
aggregometry. For aggregation studies with thrombin, collagen-related peptide (CRP), collagen and 
U46619 washed platelets (1.5 x 105 platelets per μL-1) were used; aggregation studies with ADP were 
performed in platelet-rich plasma (1.5 x 105 platelets per μL-1). U46, U46619, a stable thromboxane A2 
analogue; Rhd, rhodocytin. (f-h) Activation of platelet (f) β1 integrin (9EG7-FITC), as well as (g) adhe-
sion and (h) thrombus formation of RIAM-null platelets under flow (1000 s-1) on collagen I (70 μg mL-1) 
was indistinguishable from WT controls. Scale bars in g and h represent 25 μm. (a-d and f-h) Values 
are mean ± s.d. (n = 6). Curves in e represent light transmission over time, with platelet-rich plasma 
set as 0% and platelet-poor plasma as 100% aggregation. The presented results are representative of 
at least three independent experiments with at least n = 5 individuals per group. Unpaired Student’s t-
test. (Stritt et al. Blood 2015)247 
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Next, agonist-induced αIIbβ3 integrin activation was determined using the JON/A-PE anti-

body255 and, remarkably, found to occur with the same efficiency in RIAM-null and WT plate-

lets in response to all tested agonists (Fig. 39c). Similar results were obtained for the binding 

of Alexa F488-conjugated fibrinogen (Fig. 39d). These results were entirely unexpected given 

previous studies where a knockdown of RIAM was associated with impaired cell adhesion 

and αIIbβ3 integrin activation.238,240,241 Of note, time course experiments have also been 

performed for platelet fibrinogen-binding and obtained comparable results at all tested time 

points for control and mutant platelets, strongly suggesting that integrin disengagement is not 

affected by RIAM deficiency (Fig. 39d). In agreement with these data, RIAM-null platelets 

displayed normal aggregation responses to different agonists (Fig. 39e).  

Besides αIIbβ3 integrins, RIAM has been implicated in β1 integrin activation and adhesion of 

Jurkat T-cells.245 However, activation of β1 integrins, as assessed by binding of the 9EG7 

antibody,274 was comparable between RIAM-null and control platelets (Fig. 39f). Consistently, 

RIAM-null platelets showed normal adhesion (Fig. 39g) and aggregate formation (Fig. 39h) 

on collagen in a flow adhesion assay, which is known to be highly dependent on functional 

α2β1 integrins.236,239,275 

4.3.3. Platelet outside-in signaling and arterial thrombus formation are not affected 

by RIAM deficiency 

RIAM has recently been implicated in integrin outside-in signaling in melanoma cells.252,276 To 

assess the role of RIAM in integrin outside-in signaling in platelets, control and RIAM-null 

platelets were allowed to spread on fibrinogen but no differences in adhesion, extent or 

kinetics of spreading (Fig. 40a) or cytoskeletal rearrangements were observed (Fig. 40b).  

Likewise, integrin outside-in signaling dependent clot retraction was indistinguishable be-

tween WT and RIAM-null mice (Fig. 40c, d), excluding an essential role of RIAM in this pro-

cess. 

To investigate the role of RIAM in platelet integrin function in vivo, a tail bleeding time assay 

was used and comparable bleeding times for control (7.2 min ± 1.9 min) and RIAM-null mice 

(6.8 min ± 2.1 min) were found (Fig. 40e). Consistently, pathological thrombus formation, as 

assessed by intravital microscopy of FeCl3-injured mesenteric arterioles was indistinguisha-

ble between control and RIAM-null mice, resulting in similar occlusion times (16.4 min ± 

3.8 min versus 15.3 min ± 4.9 min, respectively) for both groups (Fig. 40f, g).  
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Figure 40 | RIAM deficiency does not affect platelet outside-in signaling and in vivo thrombus 
formation. (a, b) RIAM-null platelets display normal (a) spreading and (b) reorganization of filamen-
tous actin (red) and α-tubulin (green) cytoskeleton on a fibrinogen-coated (100 μg mL-1) surface. 
Values are mean (n = 6). Quantification of phase abundance (a) was performed on differential inter-
ference contrast microscopy. Images in b were acquired by confocal microscopy. Scale bars, 3 μm.  
(c, d) Platelet clot retraction of RIAM-null platelets was indistinguishable from WT controls. Values are 
mean ± s.d. (n = 6). Unpaired Student’s t-test. (e-g) In vivo, RIAM deficiency neither interfered with (e) 
normal hemostasis as assessed by a tail bleeding time assay, nor with (f, g) arterial thrombus for-
mation upon FeCl3-induced damage of the endothelium. Each symbol in e represents one individual. 
Each symbol in f represents one mesenteric arteriole. Horizontal lines in e and f represent mean. 
FeCl3 model was performed by Karen Wolf. The presented results are representative of at least three 
independent experiments with at least n = 3 individuals per group. Unpaired Student’s t-test. (Stritt et 
al. Blood 2015)247 
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4.4. Phospholipase D is a central regulator of collagen I-induced cytoskeletal 

rearrangement and podosome formation in megakaryocytes 

Besides playing the key role in platelet adhesion at sites of vascular injury, integrins are 

critical for cell locomotion. As described above, Pfn1-deficient MKs prematurely released 

proplatelets and platelets into the BM compartment, a defect that has been ascribed to im-

paired podosome formation and consequently the inability to penetrate the endothelial barri-

er. PLD that was shown to be important for podosome formation in macrophages served as 

model to investigate the role of MK podosomes in thrombopoiesis. 

4.4.1. Impaired podosome formation and reduced F-actin content in Pld1/2 double-

deficient BM MKs spread on collagen I  

Since both, PLD1 and PLD2 modulate the actin cytoskeleton via the regulated generation of 

PA, MK podosome formation was examined in PLD single- and double-deficient mice (further 

referred to as DKO), to identify possible phenotypic compensations through redundant func-

tions of PLD1 and PLD2.45 To this end, purified primary BM MKs of WT and PLD-deficient 

mice were allowed to adhere and spread on different ECM components. Upon spreading on 

a native equine tendon collagen I-coated surface, WT MKs formed prominent podosomes 

aligned into belts along the collagen fibers (Fig. 41a).26,27 In stark contrast spread PLD2- and 

double-deficient MKs were almost devoid of F-actin (Fig. 41a, c) and the few detectable 

fibers showed an aberrant distribution and organization into big podosomes close to the cell 

cortex (Fig. 41b). The similar reduction in F-actin in spread Pld2-/- and DKO, but not in Pld1-/- 

MKs (Fig. 41c), points, to a specific role of PLD2 in the organization and dynamics of the 

actin cytoskeleton. Consequently, the reduced F-actin staining intensity in spread DKO MKs 

can be attributed to the absence of PLD2, rather than PLD1. However, it is important to note 

that podosome formation was impaired in all three mutants, thus pointing to a common func-

tion of PLD isoforms in F-actin bundling. The diminished abundance of actin filaments could 

not be ascribed to a reduced protein level of actin, as this was indistinguishable between WT 

and mutant MKs (data not shown). Despite the reduced content of F-actin in spread PLD2-

deficient and DKO MKs (Fig. 41c), the mean area covered by the spread cells was compara-

ble for WT and mutant MKs on a collagen I matrix (Fig. 41d). In addition, MK perimeter 

(Fig. 41e) and aspect ratio (major axis : minor axis; Fig. 41f), serving as shape descriptors, 

were normal in spread mutant MKs. This finding stands in contrast to previous reports on 

macrophages, neutrophils or adenocarcinoma cells where deficiency in either PLD isoform 

has been associated with reduced cell spreading and decreased formation of 

lamellipodia.37,43,277 However, in agreement with previous studies the number of podosomes 
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was dramatically reduced in all three mutant MKs compared to WT controls, thus indicating 

an essential role of PLD in MK podosome formation (Fig. 41g).43 Furthermore, quantification 

of podosome diameter revealed a decreased size in PLD single-deficient MKs, whilst in 

double-deficient MKs two distinct populations of podosomes could be distinguished: (1) 

smaller than those in controls or (2) with a markedly increased diameter (Fig. 41h). The cut-

off was set to 1.5 μm to distinguish the two populations of podosomes. Of note, only 2.8% ± 

0.1% of DKO MKs (versus 100% of WT MKs) displayed normally shaped podosomes with a 

fluorescence intensity of the F-actin staining comparable to that of WT MKs.  

Figure 41 | Impaired podosome formation and reduced F-actin content in PLD double-deficient 
BM MKs spread on a collagen I matrix. (a) Wild-type (WT), Pld1-/-, Pld2-/- and Pld1/2-/- (DKO) BM 
MKs were allowed to spread for 180 min on a native equine tendon collagen I-coated (50 μg mL-1) 
surface. MKs were stained for F-actin (red) and α-tubulin (green). Nuclei are labeled in blue (DAPI). 
Images were acquired with a confocal microscope. Scale bars, 20 μm. (b) Aberrant podosomes in 
spread DKO MKs on collagen I. Scale bar, 20 μm (upper panel). Scale bar, 2 μm (lower panel). (c-h) 
The mean (c) intensity of the F-actin staining, (d) surface, (e) perimeter, (f) aspect ratio (major axis : 
minor axis), (g) number of podosomes and (h) podosome size of spread WT, Pld1-/-, Pld2-/- and DKO 
MKs (collagen I, 180 min) was quantified with the help of ImageJ software. Values are mean ± s.d. 
(n = at least 100 MKs per condition). Box plots display 1st and 3rd quartile and whiskers mark minimum 
and maximum values unless exceeding 1.5 x IQR of at least 100 MKs/ podosomes per condition; 
symbols represent outliers and the horizontal line displays median. Unpaired Student’s t-test:  
***P< 0.001. (Stritt et al. J Thromb Haemost 2014)39 
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4.4.2. FIPI treatment abolished podosome formation of BM MKs on collagen I  

Similarly, 5-fluoro-2-indolyl deschlorohalopemide (FIPI, 750 nM) treatment, which blocks PLD 

activity, led to a severe reduction of the subcortical and irregularly organized cortical actin in 

MKs, thus clearly revealing a critical function of the lipase activity in the regulation of MK 

podosome formation (Fig. 42).  

 
Figure 42 | Impaired podosome formation and aberrant localization of WASp can be phenol-
copied by FIPI treatment of WT BM MKs. WT, Pld1-/-, Pld2-/-, DKO, 5-fluoro-2-indolyl deschloro-
halopemide (FIPI, 750 nM)-treated and Itga2-/- BM MKs were allowed to spread for 180 min on a 
native equine tendon collagen I-coated (50 μg mL-1) surface. MKs were stained for F-actin (red), 
WASp (cyan) serving as a podosome marker and α-tubulin (green). Nuclei are labeled with DAPI 
(blue). Images were acquired by confocal microscopy and are representative of at 100 MKs per condi-
tion. Scale bars, 20 μm. (Stritt et al. J Thromb Haemost 2014)39 
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Moreover, ablation of PLD activity by genetic or pharmacologic approaches resulted in al-

most completely abolished podosome formation in macrophages.43 Together, these results 

revealed cooperative functions of PLD1 and PLD2 in MK podosome formation and podo-

some size determination on collagen I. 

4.4.3. Decreased number and aberrant morphology of DKO BM MKs in vivo  

As podosome formation is important for cell migration, the impact of PLD-deficiency on MK 

number, localization and morphology in the BM was assessed. While MK number was slight-

ly decreased in Pld1-/- and DKO mice (Fig. 43a, b), MKs were more distant from the BM 

sinusoids in all PLD mutant mouse strains compared to the WT control (Fig. 43a, c). In Pld2-/- 

and DKO mice signs of increased MK fragmentation were observed, reminiscent of a prema-

ture platelet release within the BM (Fig. 43a, d).  

 
Figure 43 | Morphological alterations of PLD double-deficient BM MKs in vivo. (a) Cryo sections 
(7 μm) of whole WT, Pld1-/-, Pld2-/- and DKO femora were probed with anti-CD105 (red), anti-GPIbα 
(green) antibodies and counterstained with DAPI (blue). Scale bars, 50 μm. (b-d) Quantification of (b) 
BM MKs per visual observed field (VOF, 294 x 221 μm), (c) distance of MKs from vascular sinusoids 
and (d) MK morphology in histological sections. Values are mean ± s.d. (n = at least 300 MKs per 
condition). (e) Transmission electron microscopy of native BM MKs. Scale bars, 20 μm. (f) BM MK 
ploidy was assessed in whole BM single-cell suspensions by flow cytometry. Values are mean ± s.d. 
(n = 6); Box plots display 1st and 3rd quartile and whiskers mark minimum and maximum values unless 
exceeding 1.5 x IQR of at least 300 MKs per condition; symbols represent outliers and the horizontal 
line displays median. Unpaired Student’s t-test: ***P< 0.001; **P< 0.01; *P< 0.05. (Stritt et al.  
J Thromb Haemost 2014)39 
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This observation was underscored by a reduced demarcation of Pld2-/- and double-deficient 

MKs in histological sections. Similarly, in TEM experiments the boundaries of DKO MKs were 

difficult to define from surrounding BM cells (Fig. 43e, arrow heads). A reduction in the thick-

ness or an absence of the typical peripheral zone (Fig. 43e, arrows) in the DKO MKs 

(Fig. 43e, arrow heads) might explain this morphological alteration. This suggested that 

defective MK maturation may contribute to the altered morphology of DKO MKs. Therefore, 

MK ploidy was determined but was found to be grossly normal for DKO animals, thus indicat-

ing that PLD is dispensable for MK development and maturation (Fig. 43f). Consequently, 

PLD single-deficient and DKO mice had normal numbers of circulating platelets,44,45 despite 

the severe morphological and functional alterations, which were most pronounced in double-

deficient MKs. In summary, these findings identified a specific function of PLD1 in the deter-

mination of BM MK numbers and revealed PLD2 as a regulator of MK morphology. 

4.4.4. Unaltered platelet production by DKO MKs in vivo and in vitro 

To investigate whether PLD double-deficiency affects platelet production upon challenge, 

circulating platelets in WT and DKO mice were depleted by injection of anti-GPIbα-antibodies 

and the platelet count was monitored for 9 days.  

 
Figure 44 | Normal platelet production in PLD DKO mice. (a-b) Platelet (a) count and (b) size in 
WT (black circles) and DKO (grey triangles) mice were monitored for 9 days post platelet depletion 
with an anti-GPIbα antibody. Values are mean ± s.d. (n = 6). (c-d) The (c) percentage of proplatelet-
forming (PPF) MKs was determined by counting the total number of MKs as well as the number of 
PPF MKs and (d) representative images were acquired with the help of a differential interference 
contrast microscope. Values are mean ± s.d. (n = at least 100 MKs per condition). Scale bars, 20 μm. 
Unpaired Student’s t-test. (Stritt et al. J Thromb Haemost 2014)39 
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Surprisingly, platelet recovery was normal in DKO mice (Fig. 44a) and in both groups, plate-

let size increased initially and returned to normal with similar kinetics (Fig. 44b). In addition, 

in vitro proplatelet formation of PLD double-deficient MKs was indistinguishable from controls 

(Fig. 44c, d). These results indicated that the defective podosome formation observed in vitro 

can be compensated in vivo, presumably due to the stimulation of additional signaling path-

ways in MKs. 

4.4.5. Additional stimuli compensate for podosome formation in DKO mice in vivo 

This hypothesis was supported by an unaltered spreading dynamic with a normal F-actin 

content and organization in PLD-deficient MKs on fibrinogen (Fig. 45a-e) or CRP (Fig. 45f-j). 

Of note, MK spreading on fibrinogen is primarily mediated via αIIbβ3 integrin outside-in 

signaling and might represent an alternative pathway that could compensate in vivo for the 

defects observed in DKO MKs spread on collagen I. Furthermore, the grossly normal spread-

ing of double-deficient MKs on CRP (Fig. 45f-h), suggests that above described defects in 

the actin cytoskeleton are not related to GPVI signaling and are most likely attributed to a 

cooperative role of PLD1 and PLD2 in the regulation of the MK actin cytoskeleton upon stim-

ulation through collagen I.  

In addition, this role of PLD appears specific for MKs, as PLD-deficient platelets spread on 

collagen I showed normal rearrangement and organization of the actin cytoskeleton 

(Fig. 45k). While podosome density in DKO MKs spread on CRP was normal (Fig. 45I), it 

was slightly decreased on fibrinogen (Fig. 45d). In contrast, podosome diameter was unal-

tered in spread MKs on fibrinogen (Fig. 45e) but slightly increased on CRP (Fig. 45j). The 

aberrant podosome size in spread PLD-deficient MKs on collagen I and CRP suggests a role 

of PLD in podosome size determination downstream of GPVI (Fig. 41h and 45j), while podo-

some numbers rather seem to depend on PLD function downstream of other receptors 

(Fig. 41g and 45d).  
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Figure 45 | Slightly altered rearrangement of the actin cytoskeleton in PLD DKO BM MKs on 
CRP and fibrinogen. BM MKs spread on (a-e) fibrinogen or (f-j) collagen-related peptide (CRP; 
180 min) were stained for F-actin (red), α-tubulin (green) and nuclei were visualized with DAPI (blue). 
The mean (b, g) surface, (c, h) intensity of the F-actin staining, (d, i) number of podosomes and (e, j) 
podosome size of spread WT and DKO MKs (b-e fibrinogen; g-j CRP (180 min)) was quantified with 
the help of ImageJ software. Values are mean ± s.d. (n = at least 100 MKs per condition). Box plots 
display 1st and 3rd quartile and whiskers mark minimum and maximum values unless exceeding 
1.5 x IQR of at least 100 MKs/ podosomes per condition; symbols represent outliers and the horizontal 
line displays median. Scale bars, 20 μm. (k) Platelets were allowed to spread for 30 min on 50 μg mL-1 
collagen I and were stained for F-actin (red) and α-tubulin (green). Analysis was performed by confo-
cal microscopy. Scale bars, 3 μm. Unpaired Student’s t-test: **P< 0.01; *P< 0.05. (Stritt et al.  
J Thromb Haemost 2014)39 

4.4.6. MK α2β1 integrins are dispensable for podosome formation on collagen I  

The fact that PLD-deficient MKs showed aberrant podosome formation on collagen I, but only 

to a much lesser extent on CRP, strongly suggested that podosome formation might depend 

on α2β1 integrins. However, Itga2-/- MKs spread on collagen I displayed normal podosome 

density (Fig. 42 and 46a) with a mildly reduced diameter (Fig. 46b) and unaltered F-actin 

staining intensity (Fig. 46c). In line with the absence of α2β1 integrins the mean spread 

surface (Fig. 46d) and the perimeter (Fig. 46e) of Itga2-/- MKs was reduced. However, shape 

descriptors such as the aspect ratio (Fig. 46f), roundness (Fig. 46g), or circularity (Fig. 46h) 

for Itga2-/- MKs were indistinguishable from controls, suggesting rather delayed than impaired 

spreading as cause for the observed alterations.  
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Interestingly, Wasp-/- MKs spread on a collagen I matrix displayed a similarly reduced F-actin 

content and impaired podosome formation as PLD-deficient MKs.26,27 Since PLD has been 

shown to indirectly couple to WASp via Grb2 these data suggest that PLD and WASp might 

act in concert to regulate MK actin dynamics and podosome formation in response to colla-

gen I-mediated signaling.38  

 
Figure 46 | Normal podosome numbers but decreased spreading and podosome diameter in 
Itga2-/- MKs on collagen I. Wild-type (WT), Pld1/2-/- (DKO) and Itga2-/- BM MKs were allowed to 
spread for 180 min on a native equine tendon collagen I-coated (50 μg mL-1) surface. MKs were 
stained for F-actin (red) and α-tubulin (green). Nuclei are labeled with DAPI (blue) and images were 
acquired by confocal microscopy. The mean (a) number of podosomes, (b) podosome size, (c) inten-
sity of the F-actin staining, (d) MK surface, (e) perimeter, (f) aspect ratio (major axis : minor axis), (g) 
roundness and (h) circularity of spread WT, DKO and Itga2-/- MKs was quantified with the help of 
ImageJ (NIH) software. Values are mean ± s.d. (n = at least 100 MKs per condition). Box plots display 
1st and 3rd quartile and whiskers mark minimum and maximum values unless exceeding 1.5 x IQR of 
at least 100 MKs/ podosomes per condition; symbols represent outliers and the horizontal line dis-
plays median. Unpaired Student’s t-test: ***P< 0.001. (Stritt et al., unpublished observation) 

Taken together, these results show that PLD deficiency leads to aberrant MK morphology 

and defective collagen I-induced podosome formation, thus indicating a specific role of PLD 

in this process. These defects did, however, not affect platelet production by MKs probably 

due to compensatory mechanisms that require further investigation.  
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4.5. Defects in TRPM7 channel function result in deregulated thrombopoiesis 

through altered cellular Mg2+ homeostasis and cytoskeletal architecture  

Besides the degradation of ECM components, regulated actomyosin contractility is a prereq-

uisite for cell migration, proplatelet formation and platelet abscission within the 

circulation.187,188 Mg2+ has been implicated as regulator of actomyosin contractility and plate-

let reactivity by controlling Ca2+ influx and the affinity of NMMIIA to actin.164 Interestingly, the 

regulatory network controlling [Mg2+]i in MKs and platelets is entirely unknown.  

4.5.1. TRPM7 is the major Mg2+ channel in murine platelets 

TRPM7 was identified as the key Mg2+ channel and Magnesium transporter 1 (MagT1) as the 

major transporter to regulate [Mg2+]i in murine platelets (Fig. 47a) and MK- and platelet-

specific Trpm7 knockout mice were generated (Fig. 47b, c). The absence of typical TRPM7 

currents confirmed the efficiency of the targeting strategy in primary BM MKs (Fig. 47d).  

 
Figure 47 | TRPM7-expression is abolished in primary Trpm7fl/fl-Pf4Cre BM MKs. (a) Expression 
profiling of Mg2+ transporters and channels in platelets by RT-PCR. (b) Targeting strategy of  
Trpm7fl/fl-Pf4Cre mice. (c) Genotyping of Trpm7fl/fl-Pf4Cre mice yields a 1,200 bp product for the floxed, 
1,000 bp product for the WT and a 400 bp fragment for the recombined allele. (d) Whole cell patch 
clamp measurements of primary BM MKs confirmed the efficiency of the targeting strategy. Measure-
ments have been conducted in absence of extracellular Mg2+ to enhance current sizes. Currents were 
elicited by a ramp protocol from -100 to +100 mV over 50 ms acquired at 0.5 Hz. Left panel: Inward 
current amplitudes were extracted at -80 mV, outward currents at +80 mV and plotted versus time of 
the experiment. Values are normalized to cell size as pA pF-1 and represent mean ± SEM. Depletion of 
intracellular Mg2+ leads to the characteristic TRPM7-like currents in WT MKs (black circles, n = 13), 
whereas TRPM7 currents were abolished in Trpm7fl/fl-Pf4Cre MKs (grey circles, n = 10). Right panel: 
Representative current-voltage relationships at 600 s. WT cells show an I V-1-relationship characteris-
tic for TRPM7 (black trace), which are absent in Trpm7fl/fl-Pf4Cre MKs (grey trace). Patch clamp meas-
urements were performed in collaboration with Dr. Vladimir Chubanov, Munich, Germany. (Stritt et al., 
submitted) 
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4.5.2. Abolished TRPM7 channel, but not kinase activity leads to the development 

of macrothrombocytopenia in mice  

Unexpectedly, Trpm7fl/fl-Pf4Cre mice developed a severe macrothrombocytopenia (Fig. 48a, b) 

with enlarged and spherical platelets often containing large vacuoles as revealed by electron 

microscopy (Fig. 48c).  

 
Figure 48 | Trpm7fl/fl-Pf4Cre mice display a macrothrombocytopenia. (a, b) Peripheral platelet count 
(a) and size (b) were determined with an automated blood cell analyzer. Values are mean ± s.d.  
(n = 7). Unpaired Student’s t-test: ***P< 0.001. (c) TEM analysis of resting platelets. V, vacuole. Scale 
bar, 1 μm. (Stritt et al., submitted) 

In contrast, mice carrying a kinase-dead mutation in Trpm7174 (Trpm7KI) showed normal 

platelet counts, size and morphology, thus suggesting that the lack of TRPM7 channel func-

tion accounts for the macrothrombocytopenia in the mutant mice (Fig. 49).  

 
Figure 49 | Trpm7 α-kinase activity does not account for macrothrombocytopenia. (a, b) Trpm7 
kinase-dead mice display a normal platelet count (a) and size (b) as determined with an automated 
blood cell analyzer. (c, d) Confocal (c) and transmission electron microscopy (d) revealed a normal 
platelet morphology. α-tubulin, green; F-actin, red. Scale bars, 3 μm (for confocal images). Scale bars, 
1 μm (for TEM images). All images are representative of at least 5 animals. Unpaired Student’s t-test: 
NS, non-significant. (Stritt et al., submitted) 

4.5.3. Decreased [Mg2+]i and aberrant granules in Trpm7fl/fl-Pf4Cre platelets 

In line with this, intracellular Mg2+ concentration in Trpm7fl/fl-Pf4Cre, but not in Trpm7KI platelets, 

was decreased (Fig. 50a) and granules with an aberrant morphology that appeared less 

electron dense were observed (Fig. 50b). However, assessment of the granule content by 
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immunostaining and flow cytometry revealed normal to slightly increased levels of α-granular 

proteins, reflecting the increased size of Trpm7fl/fl-Pf4Cre platelets (Fig. 50c-e).  

 
Figure 50 | TRPM7-deficiency perturbs cation homeostasis in platelets and granules. (a) Total 
platelet cation content was determined by inductively coupled plasma mass spectrometry. (b) Trans-
mission electron microscopy revealed aberrant granules with a reduced electron density. Scale bar, 
1 μm (for TEM images). (c-e) Immunostaining and confocal microscopy of resting platelets (c) and 
flow cytometric analyses under resting (d) or permeabilized (e) conditions showed a mildly increased 
number of α-granules and content of α-granular proteins. vWF, green; F-actin, red. FGN, fibrinogen; 
FN, fibronectin; CD62P, P-selectin. All images are representative of at least 5 animals. Scale bars, 
3 μm (for confocal images). Values are mean ± s.d. (n = 5). Unpaired Student’s t-test: ***P< 0.001; 
**P< 0.01; *P< 0.05; NS, non-significant. (Stritt et al., submitted) 

4.5.4. Impaired proplatelet formation accounts for the thrombocytopenia in 

Trpm7fl/fl-Pf4Cre mice 

A mildly reduced platelet life span in Trpm7fl/fl-Pf4Cre mice (T1/2 = 43.55 h for WT versus 

T1/2 = 35.67 h for Trpm7fl/fl-Pf4Cre mice) however, was insufficient to explain the observed 

thrombocytopenia (Fig. 51). 
 
 
 
Figure 51 | Mildly accelerated clearance of 
TRPM7 platelets. Platelet life span was meas-
ured by injection of a DyLight 488-conjugated 
anti-GPIX derivative. Values are mean ± s.d.  
(n = 5). Unpaired Student’s t-test; ***P< 0.001; 
**P< 0.01; *P< 0.05; NS, non-significant. (Stritt 
et al., submitted) 
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Figure 52 | Impaired proplatelet formation and fragmentation accounts for the thrombocyte-
penia in TRPM7-deficient mice. (a) Confocal microscopic images of immunostained BM. Scale bars, 
50 μm (in the left panel). Scale bars, 15 μm (in the right panel). MKs, proplatelets and platelets are 
shown by GPIb staining in green color. Endoglin staining (red) labels vessels. DAPI, blue. (b) Quantifi-
cation of BM MKs per visual observed field (VOF, 328 x 246 μm). Values are mean ± s.d. (n = 6; each 
20 VOF were analyzed). (c) Distance of MKs to BM sinusoids. Values are mean ± s.d. (n = 6; 300 
MKs). (d) Confocal images of BM-derived MKs spread (3 h) on collagen I and stained for F-actin (red), 
DAPI (blue) and WASp (cyan). Scale bars, 25 μm. (e) Mean ploidy of primary BM MKs. Values are 
mean ± s.d. (n = 6). Percentage of proplatelet-forming (PPF) fetal liver- (f) and BM-derived (g) MKs 
in vitro. Values are mean ± s.d. (n = 7). (h) Intravital two-photon microscopy of BM MKs in the skull. 
Arrow shows a normal-sized proplatelet in a BM sinusoid; dashed arrow indicates bulky proplatelet. 
Rhodamine dextran labels vessels (red) and anti-GPIX antibodies label MKs and platelets (green). 
Scale bars, 25 μm. (i-k) Confocal microscopy of in vitro cultured fetal liver- (i) or BM-derived resting (j) 
or spread (k) MKs (50 μg mL-1 collagen I; 3 h) revealed altered cytoskeletal architecture. α-tubulin 
(green) and F-actin (red) stain the cytoskeleton. DAPI, blue. Scale bars, 25 μm. (l-n) TEM analysis of 
Trpm7fl/fl-Pf4Cre BM MKs. EC, endothelial cell; VS, vascular sinusoid; RBC, red blood cell. Arrow heads 
in n indicate apoptotic blebs. Scale bars, 2.5 μm. All images are representative of at least 5 animals. 
Unpaired Student’s t-test; ***P< 0.001; **P< 0.01; *P< 0.05. (Stritt et al., submitted) 
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Immunostaining of whole femora BM sections (Fig. 52a) revealed an increased number of 

MKs in the mutant mice (6.3 ± 0.3 for WT versus 13.3 ± 1.6 for Trpm7fl/fl-Pf4Cre mice; Fig. 52b), 

which were also located further from BM sinusoids than in controls (Fig. 52c). In contrast to 

previous reports, the formation of podosomes, F-actin rich structures that are thought to 

serve cell migration and proplatelet protrusion,278 was unaltered in Trpm7fl/fl-Pf4Cre MKs 

(Fig. 52d) suggesting that other defects must account for their more distant localization from 

BM sinusoids (Fig. 52c).  

Interestingly, mutant MKs displayed an increased mean ploidy as compared with control 

(16.9 N ± 1.6 N versus 22.4 N ± 3.4 N for Trpm7fl/fl-Pf4Cre mice; Fig. 52e) thus excluding im-

paired MK maturation as cause of thrombocytopenia. Despite the increased ploidy in vivo, a 

decreased proplatelet formation for both fetal liver- (Fig. 52f) and BM-derived (Fig. 52g) 

Trpm7fl/fl-Pf4Cre MKs was found in vitro. This was further confirmed in vivo by intravital two-

photon microscopy of the BM (Fig. 52h). Therefore, the cytoskeletal architecture of 

Trpm7fl/fl-Pf4Cre MKs was analyzed and an increased content and aberrant organization of 

microtubules in proplatelet-forming, resting and spread MKs was found (Fig. 52i-k). Electron 

microscopy revealed a non-homogeneous distribution of granules, tortuous membrane com-

plexes and aberrantly sized proplatelets in mutant MKs (Fig. 52l, m). Furthermore, thick and 

densely packed proplatelets in BM sinusoids with signs of apoptosis reflecting impaired 

proplatelet fragmentation and release of preplatelets from Trpm7fl/fl-Pf4Cre MKs were observed 

(Fig. 52n).  

 

 

 

 

 

 

 

Figure 53 | Impaired platelet pro-
duction in Trpm7fl/fl-Pf4Cre mice. 
Platelet (a) count and (b) size in 
control (black circles and  
Trpm7fl/fl-Pf4Cre (grey triangles) mice 
were monitored for 10 days after 
platelet depletion with an anti-GPIbα 
antibody. Symbols are mean ± s.d.  
(n = 5). Unpaired Student’s t-test; 
***P< 0.001; **P< 0.01; *P< 0.05; NS, 
non-significant. (Stritt et al., submitted) 
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In line with the impaired proplatelet formation (Fig. 52f, g) the recovery of platelet counts after 

antibody-induced platelet depletion was delayed in Trpm7fl/fl-Pf4Cre mice (Fig. 53). 

Although splenomegaly was not observed in Trpm7fl/fl-Pf4Cre mice, an increased number of 

MKs in an expanded red pulp in the spleen and decreased plasma Thpo levels were found, 

which further indicates deregulated megakaryopoiesis (Fig. 54). 

 
Figure 54 | Aberrant architecture of the red and white pulp in spleens of Trpm7fl/fl-Pf4Cre mice. (a) 
Hematoxylin-eosin and immunostaining on spleen sections reveals an expansion of the red pulp. 
Scale bar, 25 μm (in the left panel). Scale bar, 50 μm (in the mid panel). Scale bar, 15 μm (in the right 
panel). MKs and platelets are shown by GPIb staining in green color. Endoglin staining (red) labels 
vessels. DAPI, blue. (b) Quantification of splenic MKs per visual observed field (VOF, 328 x 246 μm). 
Values are mean ± s.d. (n = 6; each 20 VOF were analyzed). (c) Normal ratio of spleen to body weight 
in Trpm7fl/fl-Pf4Cre mice. Values are mean ± s.d. (n = 6). (d) In line with the increased number of MKs 
plasma thrombopoietin (Thpo) levels were decreased in Trpm7fl/fl-Pf4Cre mice. Each symbol represents 
one individual (n = 10). Horizontal lines represent mean. All images are representative of at least 5 
animals. Unpaired Student’s t-test; ***P< 0.001; NS, non-significant. (Stritt et al., submitted) 

4.5.5. Decreased NMMIIA stability in platelets and MKs of Trpm7fl/fl-Pf4Cre mice 

NMMIIA has been described as a downstream effector of Trpm7159,278 and importantly, ab-

normal function of NMMIIA has been associated with impaired formation and fragmentation 

of proplatelets in humans and mice.187 Analysis of NMMIIA localization revealed a homoge-

neous distribution in the cell body and a significant accumulation in proplatelets of mature 

MKs from controls (Fig. 55a), while it predominated at the cell cortex in Trpm7fl/fl-Pf4Cre MKs. 

Moreover, similar alterations of NMMIIA localization were observed in platelets (Fig. 55b). 

Surprisingly, upon spreading of Trpm7fl/fl-Pf4Cre MKs (Fig. 55c) or platelets (Fig. 55d, e) a rapid 

degradation of NMMIIA was observed that could be rescued either by pretreatment with the 

NMMIIA inhibitor blebbistatin or by Mg2+ supplementation (Fig. 55e-h). In addition, besides 

preventing the degradation of NMMIIA, blebbistatin pretreatment or Mg2+ supplementation 

restored NMMIIA localization to microtubules in platelets and to podosomes in spread 

Trpm7fl/fl-Pf4Cre MKs (Fig. 55f-h).  
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Figure 55 | Altered localization and decreased stability of NMMIIA upon stimulation of 
Trpm7fl/fl-Pf4Cre platelets and BM-derived MKs. (a-d) Localization of NMMIIA (cyan) in proplatelet-
forming fetal liver-derived (a) and on collagen I(50 μg mL-1) spread BM-derived MKs (c) or resting (b) 
and on fibrinogen (100 μg mL-1) spread (d) platelets. The MK/ platelet cytoskeleton was im-
munostained for α-tubulin (green) and F-actin (red). DAPI, blue. (e) Untreated or blebbistatin-
pretreated (25 μM) platelets were stimulated with 0.5 μg mL-1 convulxin, lysed after the indicated time 
points and processed for immunoblotting. β-actin served as loading control. (e-h) Pretreatment of 
platelets (e, g) and BM-derived MKs with 25 μM blebbistatin (f) or 2.5 mM MgCl2 (h) prevented the 
degradation of NMMIIA (c, d) and restored its localization. Scale bars, 10 μm (a, c). Scale bars, 25 μm 
(f, h). Scale bars, 3 μm (b, d, g). All images are representative of at least 5 animals. (Stritt et al., 
submitted) 
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4.5.6. Dysregulated Mg2+ homeostasis alters NMMIIA function and leads to macro-

thrombocytopenia in Trpm7fl/fl-Pf4Cre mice 

These results strongly suggested that deregulated Mg2+ homeostasis164 or phosphorylation of 

NMMIIA by TRPM7 α-kinase159,278 may cause an increased NMMIIA activity that accounts for 

the impaired proplatelet-formation.164,187 In support of this, either inhibition of NMMIIA activity 

or Mg2+ supplementation (Fig. 56a, b) could almost fully restore proplatelet formation of 

Trpm7fl/fl-Pf4Cre MKs in vitro. According to a previous report,182 Mg2+ supplementation should 

restore [Mg2+]i in mutant MKs, which cannot be fully achieved through upregulation of MagT1 

expression under normal culture conditions (Fig. 56c, d). Besides increasing cortical 

tension,279,280 blebbistatin treatment also interfered with the prevalence of microtubules in 

proplatelet protrusions (Fig. 56e, f).  

 
Figure 56 | Altered activity of NMMIIA accounts for the impaired proplatelet-formation of BM-
derived Trpm7fl/fl-Pf4Cre MKs. (a, b) Pretreatment of fetal liver-derived MKs with 25 μM blebbistatin (a) 
or 2.5 mM MgCl2 (b) rescued proplatelet formation. Values are mean ± s.d. (n = 6). Black bars, WT 
controls. Grey bars, Trpm7fl/fl-Pf4Cre MKs. PPF, proplatelet-forming. (c, d) MagT1 expression was de-
termined under normal culture conditions (c) and in Mg2+-supplemented cultures (d). Values are mean 
± s.d. (n = 6). Black bars, WT controls. Grey bars, Trpm7fl/fl-Pf4Cre MKs. (e, f) Confocal images of un-
treated or blebbistatin-treated (25 μM) fetal liver-derived MKs from control (e) and Trpm7fl/fl-Pf4Cre (f) 
mice stained for F-actin (red), α-tubulin (green) and DAPI (blue). Scale bars, 10 μm. All images are 
representative of at least 5 animals. Unpaired Student’s t-test; ***P< 0.001; *P< 0.05; NS, non-
significant. (Stritt et al., submitted) 
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4.5.7. Increased NMMIIA activity alters the cytoskeleton in Trpm7fl/fl-Pf4Cre platelets 

Similarly to mutant MKs, immunostaining (Fig. 57a) and electron microscopy (Fig. 57b) re-

vealed an increased number of aberrantly organized microtubules in Trpm7fl/fl-Pf4Cre platelets 

as compared with controls. This was due to an increased presence of highly dynamic tyro-

sinated tubulin (Fig. 57c) leading to accelerated and uncontrolled microtubule polymerization 

(Fig. 57a, d) while an increased stability of microtubules could be excluded (Fig. 57c). Inter-

estingly, pretreatment of platelets with EDTA mimicked these cytoskeletal alterations 

(Fig. 57e, f) changes that could also be reverted by blebbistatin (Fig. 57g), thus further sup-

porting the notion that reduced [Mg2+]i alters the subcellular localization and activity of 

NMMIIA and results in cytoskeletal dysorganization. In support of this hypothesis, impaired 

polymerization of filamentous actin upon platelet activation (Fig. 57h) and an increased sur-

face area of spread Trpm7fl/fl-Pf4Cre platelets was observed (Fig. 57i, j) reflecting the rapid 

degradation of NMMIIA and consequently the absence of coherent cytoplasmic contractile 

forces normally generated by activated NMMIIA.202,281 

4.5.8. The p.C721G variant impairs TRPM7 channel function and causes macro-

thrombocytopenia in humans  

The above-described findings raised the question, whether some DNA variants of extreme 

low frequency affecting TRPM7 channel function might also cause macrothrombocytopenia 

in humans. Examining the results of genome sequencing of 702 cases with bleeding and 

platelet disorders (BPD) of unknown genetic basis in the BRIDGE database of the National 

Institute for Health Research (NIHR) BioResource – Rare Diseases revealed three cases 

with a coding variant with consequences unobserved in nearly 81,000 control DNA samples 

(Table 1).  
1 
Table 1 | BRIDGE-BPD study 
database entries. Human phe-
notype ontology (HPO) coded 
clinical and laboratory charac-
teristics of the three index 
cases with variants in TRPM7. 
Data was kindly provided by 
NIHR BioResource – Rare 
Diseases and the associated 
BRIDGE genome sequencing 
projects. 
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Figure 57 | Altered cytoskeletal organization in Trpm7fl/fl-Pf4Cre platelets. (a) Confocal images of 
resting platelets. α-tubulin, green; F-actin, red. Scale bars, 3 μm. (b) TEM analysis of resting  
Trpm7fl/fl-Pf4Cre platelets. Scale bar, 1 μm. (c) Tubulin cytoskeleton of resting platelets was isolated via 
ultracentrifugation and immunoblotted against dynamic Tyr-tubulin and post-translational modifications 
of stable microtubules, acetylated (ac)- or detyrosinated (Glu)-tubulin. Gapdh served as loading con-
trol. Insoluble fraction (pellet, P); soluble fraction (supernatant, S); T, total protein. (d) Platelets were 
incubated for 3 h at 4°C and if indicated rewarmed at 37°C, fixed on poly-L-lysine-coated coverslips 
and stained for F-actin (red) and α-tubulin (green). (e) Resting control platelets were incubated for 3 h 
at 4°C supplemented with the indicated reagents. After rewarming to 37°C platelets were fixed, on 
poly-L-lysine-coated coverslips and stained for α-tubulin (green) and F-actin (red). (f) Mg2+ supplemen-
tation does not restore NMMIIA localization inTrpm7fl/fl-Pf4Cre platelets after cold challenge with subse-
quent rewarming. (g) Rewarming of chilled and blebbistatin-pretreated (25 μM) Trpm7fl/fl-Pf4Cre platelets 
restored cytoskeletal organization. Scale bars, 3 μm. (h) The ratio of polymerized actin in activated 
versus resting platelets was determined. A+U, 10 μM ADP and 1 μM U46619; Thr, 0.01 U mL-1 throm-
bin; CRP, 1 μg mL-1 collagen-related peptide Rhd, 0.1 μg mL-1 rhodocytin. Values are mean ± s.d.  
(n = 6). (I, j) The relative spread surface area of platelets was determined using F-actin staining (i) as 
a measure. Values are mean ± s.d. (n = 6; 200 platelets). All images are representative of at least 5 
animals. Unpaired Student’s t-test; ***P< 0.001. (Stritt et al., submitted) 
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Two of these three cases showed low platelet counts and macrothrombocytopenia. Interest-

ingly, the p.G1353D (c.4058G>A) variant in TRPM7 of index patient UCN 0110 was located 

close to the α-kinase domain and the absence of macrothrombocytopenia is in agreement 

with the results on the Trpm7KI mice (Table 1 and Fig. 49).  

Unfortunately, index case UCN 0025 with a p.R902C (c.2704C>T) variant was unavailable 

for further studies. In contrast, index case UCN 0012 with a p.C721G (c.2161T>G) variant 

and pedigree members were engaged in a further study, which showed macrothrombocyto-

penia and the p.C721G mutation in a highly conserved region of the channel domain for 

three patients, while other blood parameters were normal (Table 1, 2 and Fig. 58a). For 

patient 2, now deceased, macrothrombocytopenia was detected during her life (Fig. 58a). 

 
Figure 58 | The TRPM7 p.C721G variant co-segregates with macrothrombocytopenia. (a) A 
heterozygous p.C721G variant of TRPM7 was first identified by whole exome sequencing in index 
patient 5. Sanger sequencing then confirmed that this variant (M) co-segregated with the macrothrom-
bocytopenia (blue coloration) in the family pedigree. Open symbols indicate that no macrothrombocy-
topenia was observed. The genotype +/M indicates that the family member was a carrier of the 
TRPM7 variant. +/+ indicates that no variant was detected at that locus and no symbol that genotyping 
was not performed. (b) Sequencing results of heterozygous patients 3, 5 and 6. (c) Sequence align-
ment of TRPM7 coding sequence from different species of different taxa highlighting the high se-
quence conservation. Co-segregation studies were performed in collaboration with Dr. Rémi Favier, 
Paris, France. (Stritt et al., submitted) 

Despite the reduced platelet numbers, aggregation responses and platelet life span were 

grossly normal for all patients and a bleeding tendency was only reported for patients 3 and 5 

during surgery. Furthermore, the patients did not suffer from malignancies. Strikingly, parox-

ysmal atrial fibrillation was also present for the index case and her mother now deceased. 

 



RESULTS 

 
 
	

127	
	

	 	

Table 2 | Demographic information and blood 
parameters of the patient cohort. Blood parame-
ters of patients 3, 5 and 6 were determined in ACD-
A anticoagulated whole blood with an automated 
cell analyzer. Clinical parameters and phenotypes 
were analyzed in collaboration with Dr. Paquita 
Nurden (Pessac, France) and Dr. Rémi Favier 
(Paris, France). (Stritt et al., submitted) 

 

 

 

 

 

Similarly to Trpm7fl/fl-Pf4Cre mouse platelets, a reduced content of Mg2+ and an increased con-

centration of Ca2+ was found in platelets from the patients as compared with healthy controls 

(Fig. 59a). Patch clamp studies on HEK293 cells confirmed that the p.C721G variant reduced 

TRPM7 channel activity by 85% ± 4% as compared with WT controls (Fig. 59b-d). 

 
Figure 59 | The p.C721G variant impairs TRPM7 channel function and perturbs Mg2+ and Ca2+ 
homeostasis. (a) Total platelet cation content of healthy controls and patient 3, 5 and 6 was deter-
mined by inductively coupled mass spectrometry. Values are mean ± s.d. (n = 5 healthy controls). 
Unpaired Student’s t-test; ***P< 0.001; *P< 0.01. (b, c) Fura-2 fluorescence was recorded from eGFP-
positive HEK293 cells, either expressing WT TPRM7 or the p.C721G variant. (d) Whole cell patch 
clamp measurements on mock transfected HEK293 (n = 8), and cells overexpressing WT TRPM7 
(n = 13) or the p.C721G variant (n = 13) revealed impaired channel activity. Left panel: The depletion 
of intracellular Mg2+ leads to the development of characteristic TRPM7-like currents in WT TRPM7 
overexpressing HEK293 cells, whereas TRPM7 currents were abolished in mock-transfected, or 
p.C721G overexpressing HEK293 cells. Values are normalized to cell size as pA pF-1 and represent 
mean ± SEM. Right panel: WT TRPM7 overexpressing HEK293 cells show an I V-1-relationship char-
acteristic for TRPM7 (black trace), which are absent in mock-transfected (dashed black trace) or 
p.C721G overexpressing HEK293 cells (grey trace). Electrophysiology measurements were performed 
in collaboration with Dr. Vladimir Chubanov, Munich, Germany. (Stritt et al., submitted) 
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4.5.9. p.C721G platelets display aberrant granules and cytoskeletal alterations  

Platelets from all tested patients displayed an increased size, a spherical shape with numer-

ous vacuoles, aberrant distribution of granules and an increased number and anarchic organ-

ization of microtubules (Fig. 60a). The abnormal cytoskeletal organization could be confirmed 

by immunostaining on resting platelets (Fig. 60b, c) and was not attributed to an increased 

stability of microtubules (Fig. 60b). However, similarly to Trpm7fl/fl-Pf4Cre mouse platelets, 

microtubules in platelets from patients with the p.C721G variant of TRPM7 were less prone 

to colchicine-induced disassembly (Fig. 60c).   

 

Figure 60 | Platelets from patients with the p.C721G variant strongly resemble those of 
Trpm7fl/fl-Pf4Cre mice. (a) Transmission electron microscopic analyses of resting platelets from controls 
(lower left) or patients carrying the p.C721G variant of TRPM7. V, vacuole. Scale bars, 1 μm. (b, c) 
Resting platelets of healthy controls and patients 3, 5 and 6 were subjected to cold-challenge for 3 h at 
4°C with or without subsequent rewarming at 37°C (b) or incubated with 10 μM colchicine (c), fixed, 
allowed to adhere to poly-L-lysine-coated coverslips and stained for α-tubulin (green) and F-actin 
(red). Analysis was performed by confocal microscopy. (Stritt et al., submitted) 

4.5.10. Blebbistatin prevents loss of NMMIIA in p.C721G platelets  

Since the ultrastructure of human platelets from individuals carrying the p.C721G variant 

strongly resembled that of Trpm7fl/fl-Pf4Cre mouse platelets, the distribution and stability of 

NMMIIA was analyzed. Whereas in resting control platelets NMMIIA localized to the marginal 

band, it was homogenously distributed throughout the cytoplasm of platelets from the pa-

tients (Fig. 61a). In line with the observations on Trpm7fl/fl-Pf4Cre mouse platelets, spread plate-
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lets from the patients showed an increased surface area, a strong decrease in NMMIIA and 

an increased content of microtubules (Fig. 61b-d).  

 
Figure 61 | Altered localization and accelerated degradation of NMMIIA in platelets from pa-
tients with the p.C721G variant of TRPM7. (a) On poly-L-lysine-immobilized resting platelets from 
controls or patients 3, 5 and 6 were stained for F-actin (red) α-tubulin (green), NMMIIA (cyan) and 
analyzed by confocal microscopy. (b, c) NMMIIA is degraded in platelets from patient 3, 5 and 6 but 
not in controls, upon spreading on fibrinogen (b; 100 μg mL-1) or collagen-related peptide (c; CRP; 
10 μg mL-1). (d) The relative spread surface area of platelets form controls and patients 3, 5 and 6 was 
determined using F-actin staining (b) as a measure. Values are mean ± s.d. (at least 240 platelets per 
individual). Unpaired Student’s t-test; ***P< 0.001. (e) Pretreatment of platelets with 25 μM blebbistatin 
prevented the degradation of NMMIIA in spread platelets (100 μg mL-1 fibrinogen) from patients. Scale 
bars, 3 μm. (Stritt et al., submitted) 
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4.5.11. Blebbistatin treatment rescues the cytoskeletal organization of platelets 

from patients with variants in TRPM7 

As described for the mouse model, blebbistatin prevented loss of NMMIIA upon spreading 

(Fig. 61e) and rescued the cytoskeletal organization of resting patients’ platelets after cold 

challenge (Fig. 62). As mentioned above, patients 2 and 5 suffered from atrial fibrillation 

which might be associated with alterations in [Mg2+]i282 and is likely caused by the reduced 

channel activity of TRPM7 (Fig. 59b-d). This observation is further supported by recent stud-

ies by Du et al. and Sah et al., which revealed a role of TRPM7 in the development of atrial 

fibrillation in mice by regulating myofibroblast dedifferentiation and cardiac automaticity.180,191 

 
Figure 62 | Blebbistatin pretreatment restores the cytoskeletal architecture of platelets from 
patients with the TRPM7 p.C721G variant upon rewarming. Resting platelets of healthy control, 
patient 3, 5 and 6 were treated with 25 μM blebbistatin and subjected to cold challenge with subse-
quent rewarming, fixed and stained for α-tubulin (green), F-actin (red) and NMMIIA (cyan). Scale bars, 
3 μm. (Stritt et al., submitted) 

In conclusion, these results clearly demonstrate that defects in TRPM7 channel function 

cause macrothrombocytopenia in humans and mice. Decreased [Mg2+]i leads to deregulated 

NMMIIA activity and altered cytoskeletal dynamics. These results reveal for the first time a 

critical role of Mg2+ in thrombopoiesis and of TRPM7 in the regulation of Mg2+ and Ca2+ ho-

meostasis in MKs and platelets.  
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4.5.12. Mg2+ supplementation improves cell growth of Trpm7-deficient cells 

To further assess the cause of thrombocytopenia in the absence of TRPM7 and to identify 

possible treatments the human chronic myelogenous leukemia cell line K562 was used. 

Cas9-induced DNA double strand breaks activated cellular DNA repair mechanisms and 

resulted in non-homologous end joining in 10 clones characterized by the deletion or inser-

tion of up to 200 bp that may lead to a frame shift mutation and/or a non-functional protein 

(Fig. 63a). Mutant cells displayed an altered morphology and an increased size (Fig. 63b, c). 

In line with previous reports mutant cells could almost not survive under normal culture condi-

tions, whereas control K562 cells showed normal growth (Fig. 63d).182 Mg2+ supplementation 

promoted the proliferation of some clones thus providing a further line of evidence for suc-

cessful disruption of TRPM7 function (Fig. 63e). Similar observations were made when con-

trol and mutant cells were dedifferentiated into MKs by the addition of PMA (Fig. 63f, g). 

 
Figure 63 | Successful targeting of TRPM7 in K562 cells using the CRISPR-Cas9 system. (a) 
Genotyping PCR of CRISPR-Cas9-treated K562 cell clones yielded a 691 bp band for the WT allele. 
Arrows indicate larger insertions (Ins), deletions (Del), or both (Indel). (b-e) Cell morphology (b), size 
(c) and growth with (e) or without (d) Mg2+ supplementation were determined. (f, g) Growth rates were 
assessed upon PMA-induced (100 nM) dedifferentiation of the different cell clones into MKs. (Stritt et 
al., unpublished observation) 
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5. DISCUSSION 

Recent advances in whole exome sequencing identified numerous variants in genes encod-

ing cytoskeletal/cytoskeleton-associated proteins as causes for bleeding or platelet disorders 

of so far unknown genetic origin in patients. Among these genes, WAS, MYH9, FLNA, 

FERMT3, ACTN1, TUBB1, TPM4 and DIAPH1 have been implicated to account for the 

observed clinical symptoms.97,200,283-286 Although the above-mentioned genes have been 

identified, the underlying molecular mechanisms that lead to the observed abnormalities 

grossly remained elusive. A better molecular understanding and knowledge of the respective 

pathogenesis may help to identify new therapeutic or diagnostic approaches and improve 

personalized health care.  

Similarly, it is well known that the actin and microtubule cytoskeleton play central roles in 

megakaryopoiesis and thrombopoiesis, however, the mechanisms orchestrating these com-

plex processes are still poorly understood. Actin-binding or -associated proteins have previ-

ously been implicated as critical regulators of cytoskeletal rearrangements and are required 

for proper platelet formation; however, key regulators such as Pfn1 or Twf2a have been out 

of focus.27,55,56,97,110,114,196,202,284,287  

Furthermore, the correct localization and the ability to protrude proplatelets into bone marrow 

sinusoids are prerequisites for proper platelet supply by MKs. Integrins and NMMIIA-

mediated contractility of the cytoskeleton play pivotal roles in the latter process. Both are 

essential for cell migration and for the formation cytoskeletal superstructures, such as podo-

somes that serve the degradation of the ECM and are thought to grant proplatelets access to 

vascular sinusoids within the BM. Among others Mg2+ and the α-kinase of TRPM7 are regula-

tors of NMMIIA actvitiy.159,164,278 While PLD was revealed as critical regulator of podosome 

formation,38,43 RIAM was proposed to be essential for β1 and β3 integrin 

activation.238,240,241,243 

5.1. Megakaryocyte-specific Profilin1-deficiency alters microtubule stability and 

causes a Wiskott-Aldrich syndrome-like platelet defect 

In the first part of this thesis, the molecular role of the small actin-binding protein Pfn1 in 

platelet production and function was analyzed. The results presented here reveal an unex-

pected function of Pfn1 as a regulator of microtubule organization and point to a previously 

unrecognized mechanism underlying the platelet formation defect in WAS patients.  
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5.1.1. Pfn1fl/fl-Pf4Cre mice recapitulate key features of the WAS 

Mutations in the WAS gene cause a complex syndrome including microthrombocytopenia,192 

but the underlying molecular mechanisms have not been elucidated. Unexpectedly, Wasp-/- 

or WIP-/- mice do not completely reproduce the clinical symptoms described for WAS pa-

tients, particularly with respect to the severe microthrombocytopenia,27,192,263 suggesting that 

WASp-deficiency may not directly, but rather indirectly affect platelet size determination 

through so far undefined mechanisms. In this thesis it was shown for the first time that Pfn1-/- 

mice do fully reproduce the MK and platelet phenotype found in WAS patients. In addition, 

the here presented data establish Pfn1 as a new and highly relevant regulator of microtubule 

stability and reorganization. These findings indicate that the MK/ platelet phenotype in WAS 

might be caused by altered Pfn1 function and/ or localization (Fig. 26a). In support of this, 

platelets of all four WAS patients contained severely misarranged and hyper-stable microtu-

bules comparable to Pfn1-/- platelets that might represent the molecular cause of the reduced 

platelet size. To date, no Pfn1-null patients have been reported, most likely due to embryonic 

lethality as described for constitutive Pfn1-deficient mice.138 

5.1.2. Pfn1 is an indirect regulator of microtubule stability 

Even though indications for a co-localization of Pfn1 and platelet microtubule coils were 

found, no direct binding of Pfn1 to microtubules could be detected (Fig. 26c). However, it is 

likely that Pfn1 might be indirectly linked to microtubules by a protein complex consisting of 

one or more of its over 50 interaction partners (Fig. 64).123 For example, Pfn1 might be indi-

rectly linked to the microtubule cytoskeleton via its interaction with formins, which are well 

described to bind microtubules.288 Moreover, it was reported that large amounts of tubulin 

were found in the Pfn1 complex, but direct Pfn1-tubulin binding was also not detected.132 A 

possible hypothesis is that Pfn1 binds to phospholipids in the membrane and orchestrates 

microtubule stabilization/ rearrangement within a multi-protein complex, possibly involving 

WASp and/or WIP (Fig. 64). Even though Pfn1 was reported to interact with the ubiquitously 

expressed WASp homolog, N-WASp,135 no direct interaction with hematopoietic WASp has 

been reported so far. Pfn1, however, is known to indirectly couple to WASp via WIP,136 which 

could also be shown in this thesis by co-immunoprecipitation of Pfn1 and WASp (Fig. 26b), 

thus further linking Pfn1 to WAS. 
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Figure 64 | Hypothetical model. Control BM MKs form proplatelets into the sinusoidal vessel where 
platelets are released from proplatelets. MT coils form a ‘ring-like’ structure designated as the marginal 
band. Pfn1 can bind to PIP2 at the membrane and regulate via its interaction partners, including 
WASp/WIP, microtubule reorganization. Pfn1-/- mice display premature platelet release into the BM 
compartment. Pfn1-/- MKs produce less and smaller-sized platelets into the circulation, which have a 
thicker marginal band and a partially disrupted actin cytoskeleton. Lack of Pfn1 results in unrestrained 
function of Pfn1-interaction partners with consequent defective MT reorganization. Less is known 
about platelets derived from BM MKs of WAS patients. WAS patients display a microthrombocytopenia 
as observed in Pfn1-/- mice. Increased MT stability in platelets of WAS patients might be caused by 
altered localization and function of Pfn1 and Pfn1-interaction partners. (Bender* & Stritt* et al. Nat 
Commun 2014)40 

Moreover, it has been suggested that Pfn1 might act as a direct activator of WASp or 

formins.123 Consequently, the striking similarities between platelets of Pfn1-/- mice and WAS 

patients, along with the close localization of Pfn1 to microtubules observed in T-cells 

(Fig. 65a) and to a lesser extent in fibroblasts (Fig. 65b), point to a potential involvement of 

Pfn1 in the pathogenesis of the WAS. Therefore, it will be interesting to investigate a possible 

contribution of Pfn1-mediated alteration of microtubule stability to the development of immu-

nodeficiency in WAS patients. 
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Figure 65 | Pfn1 co-localizes with microtubules in T-cells and mouse embryonic fibroblasts. (a) 
T-cells were allowed to adhere to poly-L-lysine-coated slides or (b) fibroblasts were grown on co-
verslips, fixed and stained for F-actin (red), α-tubulin (green), Pfn1 (cyan) and DAPI (blue). Scale bars, 
3 μm (in a). Scale bars, 10 μm (in b). (Bender* & Stritt* et al. Nat Commun 2014)40 

The differences between WAS patients and Wasp-/- mice (severity of thrombocytopenia, 

platelet size, microtubule reorganization) remain enigmatic. It was previously hypothesized 

that small platelets in WAS patients may escape splenic macrophages, and that the lack of 

small platelets, as well as the only moderate thrombocytopenia in Wasp-/- mice results from 

the in general smaller-sized mouse platelets as compared to human platelets. However, it 

has to be noted that in contrast to WAS patients microtubule stability was unaltered in plate-

lets from WASp- (Fig. 23b, c) or WIP-deficient mice (Fig. 66).  

 
Figure 66 | Normal microtubule organization in WIP-/- mice. Control and WIP-/- platelets were 
allowed to (a) spread (15 min) on fibrinogen or (b) were incubated for 3.5 h at 4°C, fixed on poly-L-
lysine-coated slides, stained for F-actin (red) and α-tubulin (green) and analyzed by confocal micros-
copy. Images are representative of at least 3 individuals. Scale bars, 3 μm. Images were acquired by 
Dr. Markus Bender. (Bender* & Stritt* et al. Nat Commun 2014)40 
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A possible role of the WASp homolog N-WASp in these processes needs to be determined. 

Additional support for a possible involvement of Pfn1 in the pathogenesis of WAS is provided 

by the growing evidence that abnormal microtubule rearrangement contributes to the devel-

opment of diseases, e.g. as recently shown for Parkinson’s disease.289,290  

In summary, in this thesis it was shown that Pfn1-/- mice display a microthrombocytopenia 

strongly resembling the platelet phenotype of WAS patients. In addition, a central role for 

Pfn1 in preserving the integrity of the microtubule cytoskeleton was identified. Similarly to 

Pfn1-/- platelets, altered microtubule rearrangement and organization in platelets of WAS 

patients was revealed, which may serve as a diagnostic marker for the differential diagnosis 

of WAS. Based on these findings, it is tempting to speculate that WASp acts as a modulator 

of Pfn1 function in MKs, and that this process is disturbed in WAS patients leading to the 

known platelet formation defect. 
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5.2. Twinfilin2a is a central regulator of platelet reactivity and turnover 

In the second part of this thesis the role of the small-actin binding protein Twf2a in the or-

chestration of platelet formation and particularly function were investigated. The here pre-

sented results establish Twf2a as a novel regulator of platelet reactivity and platelet turnover 

in mice and highlight Twf2a as an actin assembly-promoting factor in platelets.  

5.2.1. Age dependent macrothrombocytopenia in Twf2a-/- mice 

Previous studies on Twf1-deficient mice suggested that Twf1 is dispensable for platelet 

production and function (Stritt et al., unpublished observation). However, isoform expression 

profiling in platelets revealed a prominent expression of both, Twf1 and Twf2a, whereas 

Twf2b was not detected. (Fig. 28a, b). These findings strongly suggested that the functional 

redundant isoforms compensate for each other in a single-deficient background. Neverthe-

less, besides an initial biochemical characterization and the description of a knockout mouse 

model, no information on the in vivo functions of Twf2a are available.149,150 Surprisingly, 

Twf2a-deficient mice developed an age-dependent macrothrombocytopenia, suggesting that 

Twf1, whose expression was not upregulated, cannot completely compensate for the lack of 

Twf2a (Fig. 28b-f). In contrast the unaltered numbers and distribution of white blood cells 

suggested that Twf2a is not critical for immune cell development (Fig. 29). To further charac-

terize this, Twf isoform expression profiling on different immune cell subsets needs to be 

performed. The thrombocytopenia could be ascribed to a marked reduction in platelet half-life 

that was however not associated with autoantibodies or an increased macrophage mediated 

platelet clearance (Fig. 30). Interestingly, it was recently shown that aged, desialylated plate-

lets are cleared from the circulation by the Ashwell-Morell receptor on hepatocytes.68 Hence 

it would be interesting to determine platelet desialylation to further elucidate a possible con-

tribution of this alternative platelet clearance mechanism to the thrombocytopenia in Twf2a-/- 

mice.  

5.2.2. Platelet hyper-reactivity might account for thrombocytopenia in Twf2a-/- mice 

The pronounced hyper-reactivity of Twf2a-deficient platelets towards agonist stimulation 

together with the increased association of Tln-1 with β3 integrin tails strongly suggested 

increased platelet consumption as cause for the observed thrombocytopenia (Fig. 31 and 

34). In support of this, increased thrombin generation was observed in vitro that appeared, 

however, to be independent of PS exposure on the platelet surface (Fig. 32). In line with this, 

it has been shown that thrombin generation does not directly correlate with PS exposure on 
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the outer leaflet of the platelet membrane, which led to the hypothesis of platelet microdo-

mains that regulate the formation of coagulation complexes.291,292  

Taken into account that PS exposure strongly depends on sustained Ca2+ signaling, the 

decreased PS exposure on activated Twf2a-deficient platelets strongly suggested an aber-

rant Ca2+ homeostasis. In agreement with this, integrin closure, depending on Ca2+-

dependent calpain-mediated cleavage of β3 integrin tails, was delayed in Twf2a-/- platelets 

(Fig. 33). To provide further evidence for increased platelet consumption due to sustained 

platelet aggregation, analysis of the microvasculature in histological sections will be per-

formed. Moreover, to confirm perturbation of Ca2+ signaling in the absence of Twf2a Ca2+ 

measurements will be carried out and the cleavage of β3 integrin tails will be determined by 

immunoblot analysis.272  

5.2.3. Twf2a promotes actin assembly in platelets 

The precise role of Twf2a in actin dynamics in vivo is still under debate. On the one hand, 

Twf was shown to inhibit barbed end growth by capping of actin filaments and to inhibit 

pointed end growth by sequestering G-actin monomers.152 On the other hand, its interaction 

with CP prevents filament disassembly and is thought to localize actin monomers to places of 

rapid actin turnover.149,152,153,155 In support of the latter, impaired actin polymerization was 

observed in stimulated Twf2a-/- platelets thus revealing for the first time an actin assembly 

promoting function of Twf2a in vivo (Fig. 35e, f). However, it needs to be noted that the im-

paired actin assembly could also be attributed to Twf1, whose inhibitory function on actin 

assembly may become more evident in the absence of Twf2a. Together, one may speculate 

that Twf2a negatively regulates the inhibitory effects of Twf1 on actin dynamics. Furthermore, 

the accelerated spreading in the absence of Twf2a points to decreased coherent cytoplasmic 

contractile forces that are normally generated by activated NMMIIA (Fig. 31c, d and 35b). 

However, so far no direct link between Twf2a and NMMIIA exists and consequently further 

investigations are required to explain the accelerated spreading of Twf2a-/- platelets.281  

Besides impaired actin assembly, also a reduced stability of microtubules was observed 

upon spreading or colchicine treatment of Twf2a-deficient platelets (Fig. 35b, d). Since the 

subcellular localization of Twfs depends on the small Rho-GTPases Rac1 and particularly 

Cdc42, Twfs are indirectly linked to the microtubule cytoskeleton.148 Particularly in MKs and 

platelets a critical role of Rac1 and Cdc42 in regulating microtubule dynamics was shown.293 

Further investigations on the role of Twf in the regulation of microtubules are required. Fur-

thermore, there is growing evidence that microtubules orchestrate actin polymerization and 
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organization and vice versa, thus suggesting that the alterations in the microtubule cytoskele-

ton in Twf2a-/- platelets could also be attributed to defects in the actin cytoskeleton.294 In 

agreement with the cytoskeletal alterations in platelets, aberrant MK morphology with signs 

of increased fragmentation was observed (Fig. 37a, g).  

Taking into account that Twf1 deficiency did neither perturb platelet production nor function 

(Stritt et al., unpublished observation), the results presented here clearly demonstrate a 

critical function of Twf2a in thrombopoiesis and platelet function. Moreover, these results 

provide for the first time in vivo evidence for an actin assembly-promoting function of Twf2a 

and point to a possible involvement of Twf2a in the regulation of the microtubule cytoskele-

ton. However, to further elucidate the function of Twfs in cytoskeletal dynamics and to test a 

possible competition between Twf1 and Twf2a, MK-/platelet-specific Twf1-deficient mice 

were bred into a constitutive Twf2a-deficient background (further referred to as Twf1/2a-/-).  

 
Figure 67 | Severe cytoskeletal defects in Twf1/2a-/- platelets. (a, b) Platelet count (a) and size (b) 
was determined on an automated blood cell analyzer. Values are mean ± s.d. (n = 6). Unpaired Stu-
dent’s t-test: ***P< 0.001; **P< 0.01. (c, d) On fibrinogen spread (15 min) platelets were visualized by 
DIC microscopy (c) or stained for F-actin (red) and α-tubulin (green) and analyzed by confocal micros-
copy (d). Arrows mark thickened cortical actin patches. Scale bars, 3 μm. Images are representative 
of at least 6 individuals. (Stritt et al., unpublished observation) 

Similar to mice lacking Twf2a, macrothrombocytopenia was observed in Twf1/2a-/- mice 

(Fig. 67a, b). In addition, spreading of Twf1/2a double-deficient platelets was impaired and 

yielded a highly aberrant morphology (Fig. 67c). Immunostaining revealed an uncontrolled 

polymerization and misorientation of actin filaments and microtubules leading to a rough 

platelet shape (Fig. 67d). The actin cytoskeleton was organized into thickened cortical actin 

patches and dot like structure, possible representing actin nodules.295 This is in agreement 

with a report on Twf mutant Drosophila melanogaster where similar observations were made 

for the bristle morphology.  



DISCUSSION 

 
 
	

140	
	

	 	

Together these findings strongly support the above raised hypothesis that Twf2a overcomes 

the inhibitory function Twf1, e.g. by competing in binding to actin monomers. Consequently, 

deficiency in both Twf1 and Twf2a results in a large proportion of free G-actin monomers that 

in turn promotes spontaneous actin nucleation and leads to uncontrolled actin polymeriza-

tion. Further studies on the Twf1/2a-/- mice will provide a more detailed understanding on the 

role Twfs in actin dynamics in vivo and will prove or disprove the above raised hypothesis of 

a possible competition between Twf1 and Twf2a in platelet actin dynamics. 

Furthermore, Twf is also thought to compete with ADF/cofilin in binding to ADP-G-actin mon-

omers upon ADF/cofilin-mediated filament disassembly.111,146,147 To put this hypothesis to a 

test, MK- and platelet-specific Twf1- and cofilin-deficient mice were intercrossed to generate 

double-deficient mice (further referred to as Twf1/cof-/-). Similarly to cofilin single deficient 

mice, Twf1/cof-/- mice displayed normal platelet numbers with a highly increased size 

(Fig. 68a, b). In contrast, Twf1/cof-/- platelets were unable to spread fully and showed a se-

verely reduced filopodia formation on vWF (Fig. 68c), reminiscent of strongly impaired cyto-

skeletal dynamics. Similarly to Twf2a-deficient platelets, microtubule numbers in spread 

Twf1/cof-/- platelets were also markedly reduced (Fig. 68d) and in situ analysis of BM MKs 

demonstrated a pronounced megakaryocytosis (Fig. 68e).  

 
Figure 68 | Impaired cytoskeletal rearrangements and megakaryocytosis in Twf1/cof-/- mice. (a, 
b) Platelet count (a) and size (b) was determined on an automated blood cell analyzer. (c) Quantifica-
tion of filopodia number per platelet of on vWF spread (15 min) platelets. Values are mean ± s.d.  
(n = 6). Unpaired Student’s t-test: ***P< 0.001; **P< 0.01; NS, non-significant (d) Spread platelets 
(15 min, 100 μg mL-1 fibrinogen) were stained for F-actin (red) and α-tubulin (green) and analyzed by 
confocal microscopy. Scale bars, 3 μm. (e) Confocal microscopic images of immunostained BM sec-
tions. Scale bars, 50 μm. MKs, proplatelets and platelets are shown by GPIb staining in green color. 
Endoglin staining (red) labels vessels. DAPI, blue. Images are representative of at least 6 individuals. 
(Stritt et al., unpublished observation) 

These results reveal a critical role for the hypothesized competition of Twf1 and cofilin in 

platelets that cannot be overcome by closely related actin-binding proteins such as ADF or 
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Twf2a. Furthermore, the pronounced megakaryocytosis highlights Twf1 and cofilin as key 

molecules for the regulation of proper megakaryo- and thrombopoiesis. A detailed analysis of 

the defects and the underlying mechanisms will help to advance the current understanding of 

the regulatory network allowing tightly regulated actin dynamics. 

5.3. Rap1-GTP-interacting adaptor molecule (RIAM) is dispensable for platelet 

integrin activation and function in mice 

5.3.1. RIAM deficiency is not compensated by other MRL-family members 

The unaltered inside-out and outside-in integrin activation in RIAM-deficient platelets, strong-

ly suggested that loss of its function is compensated by other MRL-family members. Howev-

er, in agreement with previous reports,243 no lamellipodin expression (135 kDa) could be 

detected in platelets lysates, whereas Mig-10 is only found in Caenorhabditis elegans 

(Fig. 69).241,245  

 
Figure 69 | Lamellipodin (RAPH1) is not expressed in mouse platelets. WT and RIAM-null plate-
let lysates were separated by SDS-PAGE and probed for RIAM and RAPH1 expression. β-actin 
served as loading control and Jurkat T-cell and A431 cell lysates as positive controls for RAPH1. (Stritt 
et al. unpublished observation)  

5.3.2. RIAM deficiency does not interfere with Tln-1 recruitment to β3 integrins 

Tln-1 and its recruitment to β3 integrin tails is indispensable for integrin activation,236 and 

RIAM has been implicated as key molecule in this process.238,240,241 In contrast to results 

obtained in cell culture approaches,238,240,241 Tln-1 was normally recruited to β3 integrins in 

spread RIAM-null platelets (Fig. 70). Consequently, Tln-1 might be recruited to integrins via 

alternative pathways, e.g. by interaction with the exocyst complex, or by binding to the focal 

adhesion kinase.296,297 In support of this, Han and colleagues showed in CHO cells that Tln-1 

alone was sufficient to mediate β1 and β3 integrin activation, while RIAM and other Rap1 

effectors were not.238 Moreover, since platelets lacking Rap1b or CalDAG-GEFI did not show 

a complete block of αIIbβ3 integrin activation, alternative mechanisms for platelet integrin 

activation beyond RIAM-mediated recruitment of Tln-1 must be postulated.243,275  
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Figure 70 | Tln-1 is normally recruited to β3 integrins in RIAM-deficient platelets. Control and 
RIAM-null platelets were allowed to spread for 15 min on fibrinogen-coated (100 μg mL-1) coverslips 
and stained for F-actin (red), β3 integrins (cyan) and Tln-1 (green). Images were acquired by confocal 
microscopy as described previously.298 Scale bars, 3 μm. Images are representative of n = 5 animals. 
(Stritt et al. Blood 2015)247 

The question on how Tln-1 is recruited to the membrane and consequently to β integrin tails 

might be answered by extensive biochemical studies that serve the identification of Tln- or 

Rap1-associated proteins in stimulated RIAM-null and control platelets, e.g. by mass spec-

trometry. In addition, this needs to be compared for different cell types beyond platelets, to 

exclude cell-type-specific functions of RIAM in integrin activation.  

In further support of alternative pathways of Tln-1 recruitment, RIAM-null mice displayed no 

obvious immune defects and the distribution and numbers of white cells was normal 

(Fig. 38f). However, it has to be noted that the mice have not been challenged with different 

pathogens as they were maintained under almost pathogen-free conditions. One may specu-

late that the effects of RIAM on integrin activation are not required in normal physiology, but 
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take effect in diseased conditions. Consequently, the role of RIAM in immune cells needs to 

be elucidated in different settings and in response to different challenges. 

In addition, besides Tln-1 also kindlin-3 was shown to be critical for platelet integrin activa-

tion.239 However, it is still not known why both Tln-1 and kindlin-3 are required to enable 

integrin activation and how they work in concert in this process.251  

The interaction with Tln, Ena/Vasp and Pfn1 via the PLP stretches of RIAM furthermore links 

it to cytoskeletal rearrangement. In line with this, knockdown of RIAM interfered with cell 

spreading and lamellipodia formation.245 In contrast to previous reports, no defects in cyto-

skeletal organization and rearrangements in activated platelets were observed as the mor-

phology (Fig. 40b) as well as the polymerization of F-actin (2.15 ± 0.11 fold increase in WT 

and 2.08 ± 0.06 fold increase in phalloidin-binding in RIAM-null mice) and the F/G-actin ratios 

were indistinguishable from controls (Fig. 71).  

 

Figure 71 | Normal cytoskeletal dynamics in RIAM-null platelets. (a) Actin and tubulin cytoskele-
ton was isolated via ultracentrifugation and immunoblotted against α-tubulin or β-actin. Gapdh served 
as loading control. Insoluble fraction (pellet, P), soluble fraction (supernatant, S); rest: resting, Lat A: 
2.5 μM latrunculin A, depolymerizes F-actin; T: total protein. (b) F-actin content of resting and activat-
ed (thrombin 0.1 U mL-1) platelets was determined by flow cytometry. Values are mean ± s.d. (n = 9). 
(Stritt et al. unpublished observation)  

Using the first Apbb1ip-/- (RIAM-null) genetic knockout mouse model, the results presented 

here clearly showed that RIAM is dispensable for platelet integrin function in vivo and that its 

role in platelet integrin activation needs to be reconsidered. Drs. Edward Plow and Jun Qin 

referred to theses findings as “…the study by Stritt et al., showing that platelet integrin func-

tion is apparently normal in RIAM-null mice, comes as a surprise and is potentially paradigm 

shifting”  .299 
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5.4. Phospholipase D is a central regulator of collagen I-induced cytoskeletal 

rearrangement and podosome formation in megakaryocytes 

MK podosome formation has been proposed to be a requirement for proper platelet produc-

tion and is thought to account for the premature platelet release within the BM of Wasp-/- and 

Pfn1-/- mice. To put the role of podosomes during proplatelet formation to a test, PLD-

deficient mice were used as model. Together, the findings presented here point to a specific 

function of PLD in actin dynamics as well as podosome formation and size determination in 

MKs on a collagen I matrix. The normal platelet number in PLD-deficient mice, however, 

suggests the existence of compensatory mechanisms in vivo that overcome the defective 

podosome formation observed in vitro.  

5.4.1. PLD1 and 2 are critical regulators of actin rearrangements in mouse MKs 

There’s growing evidence that PAs generated by PLDs are important regulators of cell adhe-

sion, cytoskeletal dynamics and consequently cell migration and spreading.37,38,41,42 In line 

with this, PLD deficiency in macrophages or MKs resulted in a reduced content of F-actin that 

translated into severe defects of the cytoskeletal architecture (Fig. 41).39,43 Remarkably, PLD 

activity was shown to be regulated by small ADP ribosylation factor (Arf) and Rho-GTPases, 

thus linking PLD and the generation of PA to cytoskeletal rearrangements. Since spread 

Pld2-/- and DKO, but not Pld1-/- MKs displayed a marked reduction in the prevalence of  

F-actin, the results presented here reveal a specific role of PLD2 in actin assembly 

(Fig. 41a, c). However, the organization of actin filaments into podosomes as well as podo-

some size was impaired for MKs of all three mutants, thus suggesting cooperative functions 

for PLDs in the formation of actin superstructures (Fig. 41g). In support of this, PA-generation 

by PLD was shown to positively regulate NMMIIA activity. Consequently, abolition of PLD-

mediated PA generation should result in a decreased NMMIIA contractility, which could also 

account for the impaired formation of podosomes.43 However, neither chemical inhibition, nor 

deficiency in NMMIIA affected podosome numbers or size on different matrices and thus 

rather excludes a contribution of NMMIIA to the observed defects.26  

5.4.2. The role of podosomes in MKs put to a test 

Considering the proposed role of podosomes for proplatelet formation, the markedly impaired 

podosome formation of PLD-deficient MKs was very surprising as the mice displayed normal 

platelet counts and unaltered platelet production in vitro and in vivo (Fig. 44). This observa-

tion suggests that podosome formation in vivo can be promoted by additional stimuli via other 

surface receptors such as GPVI or αIIbβ3 integrins. In support of this, normal podosome 
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formation was found for mutant MKs upon spreading on fibrinogen or CRP (Fig. 45). The 

unaltered podosome formation upon spreading on CRP (Fig. 45f-j) strongly suggested that 

the defect seen on collagen I was attributed to defective outside-in signaling via α2β1 integ-

rins. This would further be in agreement with previous reports on WASp- or Pfn1-deficient 

MKs that similarly displayed a reduced F-actin content and impaired podosome 

formation.26,27,40 In Wasp-/- as well as in Pfn1-/- mice the abolished podosome formation is 

thought to result from defective outside-in signaling via α2β1 integrins and to account for the 

premature platelet release within the BM compartment. The indirect association of PLD and 

WASp via Grb2 further suggests hat PLD and WASp might act in concert to regulate MK 

actin dynamics and podosome formation in response to collagen I- mediated signaling down-

stream of α2β1 integrins.37,38 However, despite reduced spreading, Itga2-/- MKs showed a 

normal podosomes density, thus clearly excluding impaired outside-in signaling via α2β1 as 

cause for the impaired podosome formation and premature platelet release observed in 

PLD1/2-, WASp- and Pfn1-deficient mice.40,287,295 Interestingly, Nishimura et al. recently 

reported a IL-1α-dependent mechanism of platelet biogenesis, by which platelets are quickly 

released from MKs in an non-polarized fashion, partially also into the bone marrow that 

serves the quick restoration of platelet counts during acute platelet needs.69,70 Rupture-type 

platelet production might also occur or even predominate in Wasp-/- and Pfn1-/- mice, where a 

reduced platelet life span may trigger IL-1α release and could account for the observed 

premature platelet release (Fig. 15b, e). Consequently, assessment of IL-1α levels in these 

mice would be highly interesting. Furthermore, so far it has not been assessed whether IL-1α 

may also trigger the formation of podosomes or podosome-like structure that serve the se-

cretion of MMP and ECM degradation.  

Another possible and provocative hypothesis that might explain the normal platelet number in 

the DKO mice could be that podosome formation by MKs, which has so far only been ob-

served in vitro, may not be essential for (pro)platelet formation in vivo. The fact that collagen I 

is generally assumed to inhibit proplatelet formation, but induces the formation of podo-

somes, which is believed to be a pre-stage of proplatelets in MKs, further argues against a 

role of podosomes in (pro)platelet formation. 
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5.5. Defects in TRPM7 channel function result in deregulated thrombopoiesis 

through altered cellular Mg2+ homeostasis and cytoskeletal architecture  

Besides the degradation of ECM components also integrin- and NMMIIA-mediated locomo-

tion might be essential for platelet production by MKs. In support of this, NMMIIA has been 

proposed to inhibit proplatelet formation downstream of α2β1 integrins.300 Both, integrin 

activation and NMMIIA activity critically depend on Mg2+, whose concentration is mainly 

regulated via TRPM7 in MKs. In conclusion, the presented data provides compelling evi-

dence that defects in TRPM7 channel function cause macrothrombocytopenia in humans and 

mice. Decreased [Mg2+]i leads to deregulated NMMIIA activity and altered cytoskeletal dy-

namics that perturb thrombopoiesis. 

5.5.1. Tightly regulated [Mg2+]i is critical for normal thrombopoiesis 

Although expression profiling of Mg2+ channels and transporters revealed expression of 

MagT1, Tusc3 and Trpm7 in mouse platelets, this study clearly reveals TRPM7 is the major 

regulator of Mg2+ levels in MKs and platelets, since neither MagT1, nor Tusc3 could compen-

sate for the lack or the impaired channel activity of TRPM7 and restore [Mg2+]i 

(Fig. 47a, d, 50a and 59). Decreased intracellular Mg2+ levels (Fig. 50a and 59a) led to the 

development of macrothrombocytopenia in TRPM7-deficient mice and in patients with vari-

ants in TRPM7 (Fig. 48, 58 and Table 1 and 2). Furthermore, decreased [Mg2+]i resulted in 

an aberrant morphology of α-granules, which either indicates defective packing of granules 

or that Mg2+ is stored in α-granules and that the aberrant morphology could be attributed to 

the decreased [Mg2+]i (Fig. 50a, b, and 59). However, it is rather unlikely that defective pack-

aging of granules accounts for the reduced electron density of α-granules, since the preva-

lence of tested α-granular proteins was normal or, in line with the enlarged size of  

Trpm7fl/fl-Pf4Cre platelets, mildly increased (Fig. 50c-e).  

Strikingly, platelet production by TRPM7-deficient MKs was markedly reduced, which could 

be attributed to an increased NMMIIA activity and accounted for the observed macrothrom-

bocytopenia (Fig. 52f, g and 56a, b). Several lines of evidence support the notion of an in-

creased NMMIIA activity: (I) treatment with the NMMIIA inhibitor blebbistatin, or (II) Mg2+ 

supplementation could almost fully restore proplatelet formation in TRPM7-deficient MKs and 

(III) thick and densely packed proplatelets in BM sinusoids with signs of apoptosis, reflecting 

impaired proplatelet fragmentation and release of preplatelets from Trpm7fl/fl-Pf4Cre MKs, were 

observed (Fig. 52n and 56a, b).  

Of note, Mg2+ was recently shown to inhibit NMMIIA activity by reducing the ADP release rate 
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and its affinity to actin.164 Consequently, it is likely that reduced [Mg2+]i in Trpm7fl/fl-Pf4Cre MKs 

leads to increased NMMIIA activity that is known to inhibit proplatelet formation.187,188 Mg2+ 

supplementation is thought to increase [Mg2+]i, presumably mediated by MagT1 (Fig. 56c, d). 

In support of this, Deason-Towne et al. showed that upregulation of MagT1 expression and 

Mg2+ supplementation in TRPM7-deficient DT40 B-cells could improve, but not rescue cell 

growth.182 Similar observations were made upon CRISPR-Cas9 mediated disruption of 

TRPM7 expression in the myelogenous K562 cell line, where Mg2+ supplementation could 

similarly improve cell growth (Fig. 63). Unfortunately, MagT1 expression levels in K562 cells 

under different conditions have not yet been determined. These findings may raise the ques-

tion why MK numbers were increased in the described mouse model (Fig. 52b and 54b). 

However, in the presented study a conditional targeting strategy of Tprm7 was applied, for 

which Cre-recombinase is specifically expressed under the control of the Pf4 promoter and 

hence induction of the knockout occurs rather late and possibly does not perturb MK lineage 

commitment (Fig. 47b and 52e). In addition, residual TRPM7 protein may persist from pre-

cursors up to the early MK stages and thus regulate Mg2+ homeostasis. However, in favor of 

this hypothesis, one out of 11 cells, showed a typical, but reduced TRPM7-like current, while 

it was abolished for all other tested MKs in a whole cell patch clamp setup (Fig. 47d). Unfor-

tunately, up to date no specific antibody against TRPM7 is available that would allow to test 

this hypothesis. A recent report by Spinler et al. further provides an explanation for the im-

paired preplatelet shedding from proplatelets of Trpm7fl/fl-Pf4Cre MKs due to sustained NMMIIA 

activity, by showing that shear stress and NMMIIA inhibition increased the release of platelet-

like particles form human CD34+ cell-derived MKs in vitro.187 Although TRPM7 α-kinase has 

been implicated as a critical regulator of NMMIIA and consequently cytoskeletal dynamics, 

the observed defects in MKs and platelets were independent of TRPM7 α-kinase activity, as 

a kinase-dead knock-in mouse model did not show these alterations (Fig. 49).  

Interestingly, an aberrant localization and an activation-dependent decrease in NMMIIA 

levels was observed in MKs and platelets of TRPM7-deficient mice and patients with the 

p.C721G variant (Fig. 55 and 61). Of note, so far it is not clear whether NMMIIA is degraded 

or if the epitope becomes masked by posttranslational modifications or binding to other pro-

teins. However, in support of a functional NMMIIA inactivation, accelerated spreading and an 

increased prevalence of microtubules that are thought to exert the protrusive forces during 

spreading, were observed upon decrease of NMMIIA in the Trpm7fl/fl-Pf4Cre platelets.301 Simi-

larly, in studies on MKs and platelets derived from patients with MYH-RD a reduced preva-

lence of NMMIIA in MKs and absent or only weak expression was determined in 

platelets.203,302,303 The unaltered mRNA stability strongly suggests that increased degradation 
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of mutant NMMIIA might account for the decreased protein levels in platelets and MKs from 

patients with MYH9-RD.302 One may speculate that similar to the results presented here on 

MKs and platelets from TRPM7 mutant mice and patients, NMMIIA degradation in patients 

with MYH9-RD might serve the inactivation of constitutive active NMMIIA mutants. In support 

of this, Chen et al. determined impaired proplatelet formation due to increased contractile 

forces in MKs from 10 patients with different variants in MYH9. Furthermore, proplatelet 

formation as well as MK ultrastructure could be rescued by blebbistatin treatment in vitro. 

Hence it was concluded that increased activity, altered assembly of NMMIIA, or both account 

for the macrothrombocytopenia in patients with variants in MYH9.187,206 

Importantly, it has to be noted that the here-described human disorder, associated with the 

p.C721G variant in TRPM7 is clearly distinguishable from MYH9-related platelet disease, 

which can be associated with hearing loss, cataracts, and renal failure.200 However, patients 

with variants in TRPM7 and MYH9 both display macrothrombocytopenia with more spherical 

platelets and partially, increased actomyosin contractility.187  

This study provides for the first time several independent lines of evidence that proper regu-

lation of Mg2+ homeostasis in MKs by TRPM7 plays a critical role in thrombopoiesis and 

platelet sizing, both in humans and mice by interfering with NMMIIA activity. Collectively, 

these results highlight the clinical need to carefully control platelet count and size in patients 

with deregulated Mg2+ homeostasis and ultimately, these findings suggest Mg2+ supplemen-

tation as a potential treatment for the management of thrombocytopenia in patients with 

increased activity of NMMIIA. Furthermore, the fact that two of the patients in the presented 

study also suffered from paroxysmal atrial fibrillation suggests TRPM7 as a candidate caus-

ing altered Mg2+ levels in cardiac cells. In support of this, it has recently been shown that 

defects of TRPM7 in mice lead to the development of atrial fibrillation by regulating myofibro-

blast dedifferentiation and cardiac automaticity by controlling the expression levels of 

HCN4.179,180,191 
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5.6. Concluding remarks and future perspectives 

The findings presented in this thesis provide new insights into the regulation of cytoskeletal 

dynamics and its implications in platelet production and function in humans and mice.  

The conditional Pfn1-deficient mouse represents the first mouse model recapitulating key 

features of the WAS. Furthermore, for the first time, a role of Pfn1 in the regulation of micro-

tubule stability and organization in platelets and MKs was identified. Strikingly, similar altera-

tions were found in platelets of four WAS patients, independent of their WAS variant. In 

conclusion, these findings point to a possible involvement of Pfn1 in the pathogenesis of the 

WAS. The identification of the twisted and bent microtubules in platelets from WAS patients 

might serve as a novel differential diagnostic test in patients with microthrombocytopenia, 

justifying sequence analysis of the WAS gene. However, the molecular link between Pfn1 

and WASp, as well as the precise role of Pfn1 in the development of WAS remains elusive. 

To decipher the underlying mechanisms leading to the cytoskeletal alterations and hence 

microthrombocytopenia, retroviral reconstitution experiments will be carried out. To this end, 

different functional mutants of Pfn1 were generated (Fig. 6) and a retroviral transduction 

system for HSCs has been established in the course of this thesis. Furthermore, inducible 

mouse embryonic fibroblast knockout cell lines were generated by intercrossing Pfn1fl/fl mice 

with B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J mice (kindly provided by Prof. Antje Gohla (Würz-

burg, Germany)) and will complement afore mentioned in vivo experiments. 

Of note, histone acetylation is known to increase gene expression and could account for the 

elevated WASp levels in PBMCs from WAS carriers (Fig. 27). In support of this, de-/ acetyla-

tion of both histones and microtubules is control by the same group of acetyltransferases and 

deacetylases.89 Further studies on the overall acetylation pattern of proteins from WAS carri-

ers’ cells will help to understand this observation and possibly the pathogenic mechanism 

underlying the immunological defects in the WAS.  

In addition, Twf2a was established as a central regulator of platelet reactivity and platelet 

turnover. The decreased platelet half-life was most likely attributed to the marked hyper-

reactivity of Twf2a-/- platelets characterized by sustained integrin activation that translated 

into accelerated thrombus formation in vivo. The impaired actin polymerization in Twf2a-

defcient platelets upon stimulation provides the first evidence for a positive regulatory role of 

Twf2a in actin assembly. Furthermore, these results suggest a possible competition between 

Twf1 and Twf2a in actin dynamics. Future work will focus on the role of Twf2a in megakaryo-

poiesis and Ca2+ signaling. Besides this, functional redundancies of Twf1 and Twf2a as well 

as the rivalry between Twf1 and cofilin will be analyzed in Twf1/2a-/- and Twf1/cof-/- mice 
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(Fig. 67 and 68). These studies will help to clarify the role of Twfs in actin dynamics respec-

tively and allow the identification of redundant functions and possible competitions between 

the two proteins. The marked hyper-reactivity stimulated further studies on the regulation of 

integrin activation and on a possible involvement of RIAM, which was suggested as key 

regulator therein. However, studies on the first constitutive RIAM-deficient mouse strain 

clearly showed that RIAM is dispensable for the activation of β1 and β3 integrins, at least in 

platelets. The absence of obvious immunological defects suggests that this is also true for 

immune cells, but will be ascertained and represents the focus of future studies. Besides this, 

alternative pathways of Tln-1 recruitment via the Rap1b pathway in the absence of RIAM, as 

well as the role of kindlin-3 therein will be analyzed.  

During megakaryo- and thrombopoiesis outside-in signaling by integrins and other surface 

receptors transmits inhibitory and activating signals that regulate MK migration, but also the 

proplatelet formation. In this thesis, PLD was revealed as a critical regulator of actin dynam-

ics and podosome formation in MKs. The normal platelet counts and platelet production upon 

challenge in Pld1/2-/- mice, as well as the absence of a premature platelet release in Itga2-/- 

mice, question the role of podosomes in platelet production and on the other hand raise the 

need to reconsider the proposed inhibitory signaling by α2β1 integrins on proplatelet for-

mation. Future research will focus on alternative signaling pathways that account for the 

premature platelet release in Pfn1-/- and Wasp-/- mice. In addition, the existence and rele-

vance of podosomes needs to be tested in vivo.  

Moreover, NMMIIA has been implicated as a downstream effector of the inhibitory signals 

transmitted via α2β1 integrins. Besides Rho-GTPase signaling, also Mg2+ and TRPM7 α-

kinase are known regulators of NMMIIA activity. In the course of this thesis, TRPM7 was 

identified as the major regulator of Mg2+ homeostasis in MKs and platelets. Furthermore, 

decreased [Mg2+]i led to deregulated NMMIIA activity and altered cytoskeletal dynamics that 

perturbed thrombopoiesis and resulted in macrothrombocytopenia in humans and mice. 

Further research will focus on the role of Mg2+ homeostasis in platelets and MKs and its 

influence on platelet production and function. To this end, MagT1 and TRPM7 double-

deficient mice will be generated and possible compensatory mechanisms will be analyzed. In 

addition, generation of a p.C721G TRPM7 mutant mouse represents a key step to prove a 

role of the p.C721G variant in the pathogenesis of atrial fibrillation that could not be repro-

duced in the used conditional knockout model. Finally, the data presented here strongly 

suggests Mg2+ supplementation as possible therapy for patients suffering from MYH9-RD 

with an increased activity of NMMIIA.  
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7. APPENDIX 

7.1. Abbreviations 

ACD   Acid citrate dextrose  

ADF   Actin depolymerizing factor  

ADF-H   ADF-homology domain  

ADP    Adenosine diphosphate 

AEC   3-amino-9-ethylcarbazole 

α   Alpha/ anti 

α-TAT1  α-tubulin N-acetyltransferase 1 

Akt   Protein kinase B  

Ang-1   Angiopoietin-1 

Anxa5   Annexin V 

Apbb1ip  Amyloid beta (A4) precursor protein binding, family B, member 1  

APC   Adenomatous polyposis coli 

APS   Ammonium persulfate  

Arf   ADP ribosylation factor  

Arp2/3   Actin-related proteins 2/3 

ARPC   Arp2/3 complex 

ASAP1   ArfGAP with SH3 domain, ankyrin repeat and PH domain 1  

ATP   Adenosine triphosphate 

BC   Bone marrow compartment 

β    Beta 

BM   Bone marrow 

BMC   BM cell 

BSA    Bovine serum albumin 

BPD   Bleeding and platelet disorders 

Ca2+    Calcium cation 

CA   Central/acidic domain 

CADD   Combined annotation dependent depletion 

CalDAG-GEFI  Ca2+-dependent DAG-regulated guanine nucleotide exchange factor 

cAMP   Cyclic adenosine diphosphate 

CAP   Cyclase-associated protein 

CD   Cluster of differentiation 

Cdc42   Cell division control protein 42  

CIP4   Cdc42 interacting protein 4 
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CLEC-2  C-type lectin-like type II transmembrane receptor  

c-Mpl   Myeloproliferative leukemia virus oncogene 

Cof   Cofilin 

Colchi   Colchicine 

Coll    Collagen 

CRISPR  Clustered regularly interspaced short palindromic repeats 

CRP    Collagen-related peptide 

CP   Capping protein 

CVX    Convulxin 

CXCL   Chemokine (C-X-C Motif) Ligand 

DAG   Diacylglycerol 

DAPI    4'-6-Diamidino-2-phenylindole 

°C   Degree Celsius 

Del   Deletion 

DIAPH   Mammalian Diaphanous 

DIC   Differential interference contrast 

DiOC6 (3)  3,3′-dihexyloxacarbocyanine iodide 

DNA   Deoxyribonucleic acid 

dNTP   Deoxynucleotide triphosphates 

DMEM   Dulbecco's Modified Eagle's Medium 

DMS   Demarcation membrane system 

DMSO   Dimethylsulfoxide 

DPBS   Dulbecco's phosphate-buffered saline  

DPFC   Diploid platelet-forming cells  

DTS    Closed-channel dense tubular system  

EC   Endothelial cell 

ECL   Enhanced chemiluminescence  

ECM   Extracellular matrix  

EDTA    Ethylenediaminetetraacetic acid 

e.g.   Exempli gratia 

EGTA   Ethylene glycol tetraacetic acid 

ELC   Essential light chain 

ELISA    Enzyme-linked immunosorbent assay 

et al   Et alii 

ETP   Endogenous thrombin potential 
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F   Coagulation factor 

F-actin   Filamentous actin 

FasL   Fas-ligand 

FCS    Fetal calf serum 

FcR   Fc receptor  

FGN   Fibrinogen 

Fig    Figure 

FITC   Fluorescein-isothiocyanate  

FIPI   5-fluoro-2-indolyl deschlorohalopemide 

FlnA   FilaminA 

FN   Fibronectin 

FSC   Forward scatter 

g   Gravitation force 

G-actin   Globular actin 

γ-TuRC  γ-tubulin-ring complex 

GAPDH  Glycerinaldehyd-3-phosphat-Dehydrogenase 

GEF   Guanine nucleotide-exchange factor  

GMF   Glia maturation factor  

GP    Glycoprotein 

GPCR G-protein coupled receptors 

Grb2 Growth factor receptor-bound protein2 

gRNA guide RNA 

GTP Guanosine triphosphate 

HCN4 Hyperpolarization activated cyclic nucleotide gated K+ channel 4 

HDAC Histone deacetylase 

HE Hematoxylin and eosin 

HEK Human embryonic kidney 

Hem Hematopoietic protein 

HEPES  N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid 

HPO Human phenotype ontology 

HRP Horseradish peroxidase 

HSC Hematopoietic stem cells  

5-HT 5-hydroxytryotamine/ serotonin  

Ig  Immunoglobulin 

IHC   Immunohistochemistry 
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IL   Interleukin 

IMDM   Iscove's Modified Dulbecco's Media  

IMS   Invaginated membrane system 

Ins   Insertion 

IP   Immunoprecipitation 

IP3   Inositol-1,4,5-triphosphate 

IRES    Internal ribosome entry site 

ITAM    Immunoreceptor tyrosine-based activation motif 

i.v.    Intravenously 

kb    Kilo base pairs 

kDa    Kilo Dalton 

LAT   Linker of activated T-cells 

LatA   Latrunculin A 

LPR1   Lipid-phosphatase-related protein-1  

M/N   Molar 

MAPF   microtubule-associated proteins  

mDia   Mammalian Diaphanous 

MEF   Mouse embryonic fibroblast 

Mena   Mammalian Ena orthologue  

MEP   MK-erythroid precursor cells  

MFI   Mean fluorescence intensity 

[Mg2+]i   Intracellular Mg2+ concentration 

min   Minute 

MK    Megakaryocyte 

MLC   Myosin light chain 

MMP   Matrix metalloproteases 

MOPS    3-(N-morpholino) propanesulfonic acid 

MRL   Mig-10/RIAM/Lamellipodin family 

MT   Microtubule 

MTOC   Microtubule-organizing center 

MYH   Non-muscle myosin heavy chain  

MYH9-RD  MYH9-related disorder/disease 

N   Number of chromosome sets 

NAD   Nicotinamide adenine dinucleotide 

Neo    Neomycin 
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NIHR   National Institute for Health Research 

NMMIIA  Non-muscle myosin IIA 

NP-40    Nonidet P-40 

OCS    Open canalicular system  

Orai1   Ca2+ release-activated calcium channel protein 1 

ORF   Open reading frame 

P   Phosphorylation/ Pellet 

PA   Phosphatidic acid 

PAA   Polyacrylamide 

PAGE    Polyacrylamide gel electrophoresis 

PAK   p21/Cdc42/Rac1-activated kinase 

PAR   Protease activated receptors  

PBMC   Peripheral blood mononuclear cells 

PBS    Phosphate buffered saline 

PCR    Polymerase chain reaction 

PDGF    Platelet-derived growth factor 

PE   R-phycoerythrin  

PF4    Platelet factor 4 

PFA    Paraformaldehyde 

Pfn    Profilin  

PGI2   Prostacyclin 

PH   Pleckstrin homology domain 

Pi   Inorganic phosphate 

PI    Propidium iodide/ protease inhibitors 

PI3K   Phosphoinositide 3-kinase  

PIP2   Phosphatidylinositol 4,5-bisphosphate 

PIP3   Phosphatidylinositol-3,4,5-trisphosphate 

PIPES   Piperazine-N,N′-bis(2-ethanesulfonic acid) 

PK    Proteinkinase 

PL    Phospholipase 

PLP   Poly-L-proline 

PMA   Phorbol 12-myristate 13-acetate  

PMSF   Phenylmethylsulphonylfluorid  

PNK   Polynucleotide kinase 

Profilactin  ATP-G-actin bound to Pfn 
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PRP    Platelet rich plasma 

PP   Proplatelet 

PPF   Proplatelet-forming 

PVDF   Polyvinylidene difluoride 

PRP   Platelet-rich plasma 

PS   Phosphatidylserine 

RA   Ras-association domain 

Rac1   Ras-related C3 botulinum toxin substrate 1 

Rap1   Ras-proximate-1 

RBC   Red blood cell 

Rest   Resting 

Rhd   Rhodocytin 

RhoA   Ras homolog gene family, member A  

Rho-GEF  Rho-specific guanine nucleotide exchange factor 

Rho-GTPase  Ras-homologue-guanine triphosphatase 

RIAM   Rap1-GTP-interacting adaptor molecule 

RLC   Regulatory light chain 

RNA   Ribonucleic acid 

ROCE   Receptor-operated Ca2+ entry  

ROCK   RhoA kinase 

rpm   Rotation per minute 

RT    Room temperature 

RT-PCR  Reverse transcription polymerase chain reaction 

RUNX-1  Runt-Related Transcription Factor 1 

S   Soluble 

SCF   Stem cell factor  

SDF-1α  Stromal cell-derived factor-1α  

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SFFV   Spleen focus-forming virus  

SH2   Src-homology 2 

SIN   Sinusoidal/ self-inactivating 

SIRT   Sirtuin 

SLP-76  SH2 domain-containing leukocyte protein of 76 kDa 

SN   Supernatant 

SOCE   Store-operated Ca2+ entry 
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S1p   Sphingosine 1-phosphate 

S1pR1   S1p-receptor 1 

STED   Stimulated emission depletion  

STIM   Stromal interaction molecule 

Syk   Spleen tyrosine kinase 

T   Total 

TBS    TRIS buffered saline 

TEM   Transmission electron microscopy 

TEMED  Tetramethylethylenediamine 

TF   Tissue factor 

TGF-β1  Transforming growth factor-β1 

Thpo    Thrombopoietin 

Thr   Thrombin 

Tks5   Tyrosine kinase substrate with five SH3 domains  

Tln-1   Talin-1 

TMB   3,3,5,5-tetramethylbenzidine  

Tmsb4x  β4-thymosin 

TRIS   Tris(hydroxymethyl)aminomethane 

TTL   Tubulin-tyrosine kinase 

TLLL   TTL-like family member 

TRPM7  Transient receptor potential melastatin-like 7 

TSA   Trichostatin A 

Twf   Twinfilin  

TxA2   Thromboxane A2 

U46   U46619 

V   Verproline homology motif 

VASP   Vasodilator-stimulated phosphoprotein 

VOF   Visual observed field 

VS   Vascular sinus 

vWF    Von Willebrand factor 

WAS   Wiskott-Aldrich syndrome 

WASp   Wiskott-Aldrich syndrome protein  

WAVE   WASp family verprolin-homologous protein 

WIP   WASp-interacting protein 

WT    Wild-type 
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