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ERK-1/ERK-2  extracellular-signal-regulated kinases 
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GAP   guanosine trisphosphatase activating protein  
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GM-CSF  granulocyte-macrophage colony-stimulating factor  

GMP   granulocyte/macrophage progenitor 

GNAI2  guanine nucleotide-binding protein G(i), alpha-2 subunit 

GPCRs  G protein coupled receptors 

GSK-3   glycogen synthase kinase 3  
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Gα   G protein alpha subunit  
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ICM   intermediate cell mass  

IL   interleukin  

ISV   intersomitic vessel 
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JNK   c-Jun NH2-terminal kinase 

KD   knock down 

LAD   leukocyte adhesion deficiency 

LARG   leukemia-associated Rho-GEF factor 

LDL   low-density lipoprotein  

LDL   low-density lipoprotein  

LL   lateral line 

LMO2   lim-domain only 2containing  

LRP 5/6   low-density lipoprotein receptor-related protein 5/6 

LT-HSC  long-term hematopoietic stem cell 

MAPK   mitogen-activated protein kinases 

MCV   mean corpuscular volume 

MEG   megakaryocyte 

MEP   megakaryocyte/erythroid progenitor 
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MO   morpholino 

MOI   multiplicity of infection 

MPV   mean platelet volume 

MRI   magnetic resonance imaging 
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MYHIIA  nonmuscle myosin heavy chain IIA  
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PAR   protease activated receptor 

PGI 2   prostacyclin 

PI-3 kinase  phosphatidylinositol 3-kinase 

PKA   protein kinase A 

PKC   protein kinase C 

PKG    protein kinase G 
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I. Introduction to the molecular regulation of hematopoiesis 

including megakaryopoiesis 
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Hematopoiesis is a life-long developmental process that involves the differentiation of 

hematopoietic stem cells (HSCs), which are capable of both self-renewal and the 

generation of lineage-specific progenitor cells. All vertebrate organisms experience 

waves of hematopoiesis in their lifetime (1). During development, the first HSCs 

appear from the blood islands in the extra-embryonic yolk sac, giving rise to 

erythrocytes and macrophages that are required for the growing tissues of embryos 

(2). This primitive wave is only transient and the successive definitive wave starts 

intra-embryonically in the aorta-gonad-mesonephros (AGM) region. Subsequently, 

HSCs born from the AGM migrate to the fetal liver where they will proliferate and 

ultimately seed the bone marrow, which is the adult hematopoietic organ (3). Here, 

HSCs reside as rare cells and sit atop a hierarchy of progenitors that become 

progressively restricted to unilineage differentiated mature blood cells, including 

erythrocytes, megakaryocytes, myeloid cells and lymphocytes (4). Commitment of 

HSCs to a specific blood lineage is tightly regulated by specific transcription factors 

and cytokines. However, many mature and immature HSCs also express G protein 

coupled receptors (GPCRs), suggesting a role for heterotrimeric G protein signaling 

during hematopoiesis but these processes are less well understood. In the next 

paragraphs an overview of these different regulatory mechanisms will be presented. 

Since my thesis project specifically focused on one branch of the hematopoietic tree, 

being the megakaryopoiesis, a special attention will be given to this complex process 

for each of the regulatory pathways before discussing the concrete topics of my 

project (part 2). During megakaryopoiesis, stem cells pass successive lineage 

commitment steps and a final maturation process to form platelets (thrombopoiesis), 

which will be released into the vascular sinusoids of the bone marrow. The adult 

human bone marrow produces 1011 platelets daily at steady state, a level of production 
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that can increase 20-fold or more in times of increased demand. The importance of 

megakaryopoiesis and thrombopoiesis for clinical medicine is immediately apparent 

as morbidity and mortality from bleeding due to moderate to severe thrombocytopenia 

are major problems that are present in a wide range of patients (5).  

 

1. Transcriptional regulation of hematopoiesis 

Our knowledge on the role of specific transcription factors in their regulation of HSC 

fate decisions comes largely from either conventional or conditional gene knockout 

studies in mice and from forced expression experiments. Orkin and Zon recently 

reviewed the transcriptional machinery governing hematopoietic stemness which 

undoubtedly is extremely complex (4). The production, survival and self-renewal of 

long term (LT)-HSCs for primitive and definitive hematopoiesis is under strict control 

of diverse highly conserved and lineage-specific transcription factors (Figure 1 for 

overview). The basic-helix-loop-helix (bHLH) factor SCL/tal and its associated 

protein partner, the Lim-domain containing LMO-2, are individually essential for 

development of both the primitive and definitive hematopoietic systems (6). The 

genes encoding the histone methyltransferase MLL and runt-domain Runx1 proteins 

are essential for the generation of HSCs within the AGM (7). The hemato-vascular 

development of the lateral mesoderm is possibly also restricted through a pathway 

involving LMO-2 and GATA-2 (8). The expression of the lineage-specific 

transcription factors is summarized in a simplified diagram of the hematopoietic tree 

(Figure 1). GATA-1 and pu.1 expression studies reveal that short-term (ST-) 

repopulating HSCs can be subdivided into those committed to myeloerythroid (or 

common myeloid progenitor; CMP) and lymphoid (or common lymphoid progenitor; 

CLP) lineages (9). The interplay between different transcription factors is important 
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for further lineage differentiation to the different types of mature blood cells as shown 

in detail in figure 1. Several transcription factors are also implicated in 

megakaryopoiesis and platelet production such as GATA-1, friend of GATA-1 (FOG-

1), nuclear factor-erythroid 2 (NF-E2) and Friend leukemia integration 1 transcription 

factor (Fli-1). Many reviews during the last years focused on detailed aspects of the 

transcriptional regulation of megakaryopoiesis (10, 11) 

 

 

Figure 1. Requirements of transcription factors in hematopoiesis. The stages at which 
hematopoietic development is blocked in the absence of a given transcription factor, as 
determined through conventional gene knockouts, are indicated by red bars. Those factors in 
light font have not yet been found translocated or mutated in human/mouse hematologic 
malignancies. Abbreviations: LT-HSC, long-term hematopoietic stem cell; ST-HSC, short-
term hematopoietic stem cell; CMP, common myeloid progenitor; CLP, common lymphoid 
progenitor; MEP, megakaryocyte/erythroid progenitor; GMP, granulocyte/macrophage 
progenitor; RBCs, red blood cells. Legend and source adapted from Orkin and Zon 2008 (4). 
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2  Humoral regulation of hematopoiesis 

Besides transcriptional regulation, it is shown that also the HSC environment has an 

impact on their determination. This indicates that transcription factor expression is 

regulated by extrinsic factors such as cytokines that are secreted from the stromal 

cells, surrounding HSCs in the bone marrow. Normal blood cell differentiation is 

known to be mediated by cytokines such as stem cell factor (SCF), thrombopoietin 

(TPO), FMS-related tyrosine kinase 3 ligand (Flt3L), granulocyte-macrophage 

colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF) 

and many others (12). Figure 2 provides a scheme of the most important cytokines 

that direct the differentiation of specific blood cell lineages. TPO is the major 

regulator of megakaryopoiesis and thrombopoiesis. It binds to its surface receptor, c-

Mpl, and acts through multiple downstream signaling pathways, including the PI-3 

kinase-Akt, MAPK, and ERK1/ERK2 pathways (13). 
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Figure 2. Diagram showing some of the most important cytokines that play a role in the 
regulation and differentiation of different blood cell types. SCF, Stem Cell Factor; TPO, 
Thrombopoietin; IL, Interleukin; GM-CSF, Granulocyte Macrophage-colony stimulating 
factor; EPO, Erythropoietin; M-CSF, Macrophage-colony stimulating factor; G-CSF, 
Granulocyte-colony stimulating factor; SDF-1, Stromal cell-derived factor-1; Flt-3 ligand, 
FMS-like tyrosine kinase 3 ligand; TNF-a, Tumour necrosis factor-alpha; TGF-β, 
Transforming growth factor beta. Legend and source adapted from Lodish 2003 (14). 
 
 

3 GPCR signaling in hematopoiesis 

Hematopoiesis is also directed by extracellular information that via signal 

transduction will lead to integrated cellular decisions. One important class of signal-

transduction pathways is that controlled by heterotrimeric guanine nucleotide binding 

proteins (G protein). G protein-coupled receptors (GPCRs) transduce signals by a 

three-component system: upon ligand binding, GPCRs stimulate the G-protein alpha 

subunit (Gα) to exchange GDP for GTP, resulting in stimulation of downstream 

effectors. Signaling terminates when Gα hydrolyses bound GTP to GDP. The exact 
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size of the GPCR superfamily is unknown but nearly 800 different human genes are 

predicted from the genome database to code for GPCRs. GPCRs can be grouped into 

6 classes based on sequence homology and functional similarities: Class A 

(Rhodopsin-like), Class B (Secretin receptor family), Class C (Metabotropic 

glutamate/pheromone), Class D (Fungal mating pheromone receptors), Class E 

(Cyclic AMP receptors) and Class F (Frizzled/Smoothened) (15-17). GPCRs are 

expressed on the surface of immature and mature hematopoietic cells but their 

function is still poorly understood. The next two paragraphs discuss the most 

important GPCRs subclasses known to regulate hematopoiesis. The role of regulators 

of GPCR signaling in hematopoiesis, megakaryopoiesis and platelet function will be 

discussed in further detail in the part II of the literature study. 

 

3.1 Chemokines as regulators of hematopoiesis 

Chemokines were originally designated as chemoattractant cytokines that bind to 

chemokine GPCR receptors, subdivided in class A GPCRs. There are currently more 

than 60 known chemokines, classified into 4 groups according to the position of 

invariant cysteine (C) motifs near the N-terminal portion of the molecule. The CC and 

CXC (X indicates any amino acid) groups represent the two largest chemokine 

subclasses (18). In contrast to cytokines, the relationship between chemokines and 

their receptors is of a “polygamous” type, since chemokines bind to several different 

chemokine receptors. There are very few exceptions to this rule but among them, 

CXCR4 is the archetypal example and can be considered as the flagship chemokine 

(19). In mammals, the chemokine stromal cell derived factor-1 (SDF-1 or CXCL12) 

and its cognate receptor CXCR4 are strongly implicated in the homing and 

reconstitution of HSCs that occurs during hematopoietic cell transplantation (20-22). 



Literature overview - 26 
 

SDF-1 is expressed in many organs throughout the body, including spleen, thymus, 

skin, heart, lung, kidney, and bone marrow (23, 24). The widespread anatomic 

distribution of SDF-1 expression is shown to control diverse migration and retention 

events of a wide array of hematopoietic cells: migration of mast cell precursors in the 

skin (25), retention of myeloid cells in extramedullary locations (26), migration of 

megakaryocytes in the bone marrow after radiation (27), migration of HSCs to 

regions of injury (28), and HSC migration to bone marrow both during homeostasis as 

well as during hematopoietic cell transplantation (HCT) (29, 30). 

 

3.2 Frizzled receptors as regulators of hematopoiesis 

Wnts are a family of 18 secreted glycoproteins that act as ligands for unconventional 

GPCRs, named Frizzled receptors (Fzd), and their coreceptor, low densitity 

lipoprotein (LDL) receptor-related protein (LRP5/6) (31). There are three branches in 

Wnt signaling: the beta-catenin pathway (canonical pathway), the planar cell polarity 

pathway (non-canonical) and the Wnt/Ca2+ pathway (Figure 3 for overview).  

The canonical pathway regulates gene activation by controlling the migration of  β-

catenin to the nucleus. In absence of Wnt ligand, β-catenin is phosphorylated by 

glycogen synthase kinase 3 (GSK-3), Axin, adenomatous polyposis coli (APC) and 

casein kinase 1(CK-1)-destruction complex. Next, β-catenin is ubiquinated and 

degraded by proteosomes. However, in the presence of Wnt ligand, disheveled (Dsh) 

becomes activated and represses GSK3, leading to β-catenin accumulation and 

migration to the nucleus where it activates gene transcription by complex formation 

with members of the lymphoid enhancer factor/T cell factor (LEF/TCF) family of 

transcription factors.  
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The planar cell polarity pathway mediates cell polarity and movement during 

gastrulation by signal transduction through Dsh, which in turn will activate small 

GTPases such as Rho and Rac, modifying hereby the actin cytoskeleton.  

In the Wnt/Ca2+ pathway intracellular Ca2+ is mediated through heterotrimeric G-

proteins and involves numerous other molecules like phospholipase C (PLC), 

calcium-calmodulin-dependent kinase 2 (CamK2) and protein kinase C (PKC). The 

Wnt/Ca2+ pathway is important for cell adhesion and movement during gastrulation 

(32).   
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Figure 3. Overview of Wnt signaling. (a) Beta-catenin pathway (canonical pathway). 
Signaling through the Frizzled (Fz) and LRP5/6 receptor complex induces the 
stabilization of β-catenin via the DIX and PDZ domains of Dishevelled (Dsh) and a 
number of factors including Axin, glycogen synthase kinase 3 (GSK3) and casein 
kinase 1 (CK1). β-catenin translocates into the nucleus where it complexes with 
members of the LEF/TCF family of transcription factors to mediate transcriptional 
induction of target genes. β-catenin is then exported from the nucleus and degraded 
via the proteosomal machinery. (b) Planar cell polarity pathway (non-canonical 
pathway). Wnt signaling is transduced through Frizzled, independent of the LPR5/6 
receptor complex. Utilizing the PDZ and DEP domains of Dsh, this pathway mediates 
cytoskeletal changes through activation of the small GTPases Rho and Rac. (c) 
Wnt/Ca2+ pathway. Wnt signaling is mediated via Frizzled activation of 
heterotrimeric G-proteins, which engage Dsh, phospholipase C (PLC; not shown), 
calcium-calmodulin kinase 2 (CamK2) and protein kinase C (PKC). Legend and 
figure adapated from Habas et al. 2005(32). 

 

The review of Malhotra et al (33) reports an extensive list of Wnt molecules that were 

studied in relation to hematopoiesis. The role of the canonical Wnt pathway in 

vertebrate hematopoiesis is studied in detail and found to be very complex since Wnt 

family molecules often crosstalk and compete between different Wnt signaling 

pathways. (34). The role of the non-canonical Wnt pathway in hematopoiesis is still 

poorly understood but a recent study showed that Wnt4 enhances hematopoietic 
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progenitor cell expansion (35). These arguments, combined with the complex pattern 

of Wnt/Fzd/LRP gene expression during mouse embryonic hematopoiesis (36), 

indicate that there is still a long way to go in unraveling the exact mechanism behind 

Wnt signaling in the different aspects of hematopoeisis. Recent studies showed that 

Wnt can also influence hematopoietic events by interacting with other signaling 

pathways like prostaglandine (37), bone morphogenetic protein (BMP) or hedgehog 

signaling (38, 39). 

 



Literature overview - 30 
 



Literature overview - 31 
 

 

 

 

 

 

 

II. Regulators of G protein signaling (RGS): role in 

hematopoiesis, megakaryopoiesis and platelet function 

Adapted from: 

S Louwette, C Van Geet, K Freson. Review: Regulators of G protein 

signaling (RGS): role in hematopoiesis, megakaryopoiesis and platelet 

function. J Thromb Haemost. 2012 (accepted) 
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1. Introduction to Regulators of G protein signaling: GAP activity 

and other functions 

As described in part I, G protein coupled receptors (GPCRs) transduce signals by a 

three-component system and signaling is terminated when Gα hydrolyses bound GTP 

to GDP. RGS proteins have the ability to increase the intrinsic GTPase (GAP) activity 

of G proteins  (40). Several subtypes of G proteins exist, depending on the type of the 

α subunit. The 4 most important α subunits are Gsα, Giα, Gqα and G12. Gsα activates 

adenylyl cyclase (AC), leading to the production of cyclic adenosine monophosphate 

(cAMP), Giα inhibits AC activity and therefore also cAMP production, Gqα 

stimulates phospholipase Cβ (PLCβ) activity, including calcium release and activation 

of protein kinase C (PKC) and G12 activates RhoA signaling. The RGS GAP activity 

enhances G protein deactivation and promotes their desensitization, thereby 

interfering with different effectors (41). There are at least 37 RGS family members 

found in the human genome that all contain a highly conserved 120 amino acids RGS 

box that serves as a GAP (Figure 4). The GAP activity of RGS proteins is largely 

limited to α subunits of the Gq, Gi/o and G12/13 families of G proteins. RGS-PX1 

(SNX13) is only RGS member that was shown to have a GAP activity specifically for 

the α subunit of the Gs protein (42). All other RGS proteins seem not to have GAP 

activity for this G protein subunit, although it was shown that RGS proteins can 

indirectly regulate Gsα signaling via their interaction with adenylyl cyclase subtypes 

as intensively studied for RGS2 (43)  (Figure 5A).  

All RGS proteins also contain non-GAP activities that are mediated by their non-RGS 

regions.  Emerging data revealed an expanding network of proteins, lipids and ions 

that interact with RGS proteins and confer additional regulatory functions (41, 44, 

45). RGS proteins can be subdivided into several subfamilies (such as R4, R7, R12 
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and Rz; Figure 4 for overview) based on their primary sequence homology and the 

presence of these specific additional domains. These RGS subfamilies have been 

extensively reviewed elsewhere (46). The presence of non-RGS domains suggests that 

RGS proteins have other function than accelerating GTP hydrolysis.  

 

 

 

 
Figure 4 Classification of RGS proteins into different subfamilies and their protein 
structure showing the most important domains. Abbreviations: β-Cat, β-catenin-binding; 
D, dimerization domain; D-AKAP, dual-specificity A-kinase anchoring protein; DEP, 
dishevelled/EGL-10/pleckstrin; DH, double homology; DIX, dishevelled homology domain; 
GAIP, G alpha interacting protein; GEF, guanine nucleotide exchange factor; GGL, Gγ-like; 
GoLoco, Gαi/o-Loco; GRK, G protein-coupled receptor kinase; GSK, glycogen synthase 
kinase 3β-binding; PDZ, PSD95/Dlg/Z0-1/2; PEST, proline, glutamine, serine, threonine-rich; 
PH, pleckstrin homology; PP2A, protein phosphatase 2A; PTB, phosphotyrosine-binding; PX, 
phosphatidylinositol-binding; PXA, PX-associated; RBD, Ras-binding domain; RGS, 
Regulator of G protein Signaling domain; SNX, sorting nexin. 
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Since most RGS proteins that were found in megakaryocytes and platelets (see 

further) mainly belong to the R4 RGS subfamily, we here also focus on the non-GAP 

functions that were described for these RGS subfamily members. Except for RGS3, 

the R4 RGS subfamily members (RGS1-5, 8, 13, 16, 18, and 21) are small proteins 

(20-30 kDa) that contain only minimal C- and N-terminal extensions flanking the 

RGS domain (Figure 5) (41). Their N-terminus contains an amphipathic alpha helix 

that serves as a membrane targeting system to bring them close to the different 

molecules that are involved in GPCR signaling. These R4 RGS members can indeed 

also interact via these N-terminal domains to other components of the GPCR pathway 

besides the G protein α subunits such as receptors and diverse effectors as adenylyl 

cyclases (AC), G-protein-gated inwardly rectifying potassium (GIRK) channels and 

phospholipase C-beta (PLC-β) (47) (for overview see Figure 5). RGS proteins act as 

effector stimulator or antagonists via binding to the effector protein directly or via its 

coupling to the G protein α subunit which than prevents the physical interaction 

between the two (48). Different R4 subfamily RGS proteins (RGS 2, 3, 4, and 13) are 

able to inhibit Gsα-stimulated AC activation (47, 49-52). AC inhibition by RGS 

proteins could be due to a direct interaction between these RGS proteins and either 

AC or Gsα (Figure 5A). It was shown that RGS2 physically interacts via its 19 amino 

acids long N-terminal non-RGS domain with the C1 cytoplasmic domain of AC type 

V to inhibit its function (50). On the other hand, another study showed that RGS2 co-

immunoprecipitates with Gsα (53). These studies showed that RGS2 attenuates AC 

activation by binding to AC and Gsα, though the exact pathway is not yet known and 

a physiological role for it was not demonstrated in this study. However, the 

interaction between RGS2 and AC was later found to be important for platelet 

morphology and Gs function (see further). R4 subfamily RGS proteins are important 
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modulators of GIRK channel function in response to GPCR activation of Gi/o 

proteins but the exact mechanism for this still remains unknown (54)  (Figure 5B). 

PLC-β is activated by Gq proteins to stimulate calcium release. Many R4 subfamily 

RGS proteins were shown to inhibit PLC-β via their GAP activity on Gq but could 

also directly inhibit the effector without deactivation of Gq (44, 55) (Figure 5C). A 

role for RGS proteins in the regulation of GIRK and PLC-β for megakaryocytes 

and/or platelets is not known.  

 

Figure 5. Interactions between RGS proteins and different effectors. A. RGS proteins 
(such as RGS2) can directly interact with adenylyl cyclase to interfere with Gs signaling. B. 
RGS proteins also interact with GIRK channels. C. RGS interaction with phospholipase C-β 
leads to Gqα activation to increased intracellular calcium levels. B and C. RGS proteins also 
have GAP activity for Giα and Gqα . 
 

 

RGS proteins also mediate non-GPCR signaling via interaction of their RGS and non-

RGS domains with proteins that will influence their subcellular localization, function 

and stability. Studies showed that RGS is able to interact with scaffold proteins (such 

as spinophilin and 14-3-3) and components of the Wnt signaling pathways (47, 56). 

Interactions between RGS and scaffolding proteins are not limited to the more 

complex RGS proteins as binding between R4 subfamily RGS proteins (RGS1, 2, 4 

and 16) and spinophilin was reported using pull-down assays (57). In this study, it 

was also further demonstrated that spinophilin enhanced the RGS2-dependent 

inhibition of calcium signaling using Xenopus oocytes. 14-3-3 proteins are small (27-
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32 kDa) and had no functional domains but are essential as chaperones, adaptors and 

scaffolds to regulate diverse cellular signaling pathways. Recent studies showed that 

R4 subfamily RGS proteins (RGS3 and 8) bind to 14-3-3 via regions within and/or 

outside (58, 59) their RGS domain. Phosphorylation of the serine residues within the 

RGS domain binding sites increased their affinity for 14-3-3 (59). The binding of 14-

3-3 to RGS proteins decreased the inhibitory effects of RGS on G protein-mediated 

signaling (58, 59). Finally, GPCR signaling and RGS proteins are implicated in Wnt 

signaling, which is the main regulatory pathway that controls cell fate, cell adhesion, 

migration, polarity and proliferation of diverse cellular systems. A recent study 

already showed that the R4 subfamily RGS protein RGS3 has an important role in the 

non-canonical Wnt pathway (more specifically downstream of Wnt5) that activates 

calcium release as well as activation of Rho, Rac and other cytoskeletal components 

(60). It was also shown that another R4 subfamily member RGS4 modulated the Wnt8 

signaling via a G protein-dependent mechanism (61). Spinophilin, 14-3-3 and the Wnt 

pathway also was shown to have an important RGS-dependent role during 

megakaryopoiesis and in platelet activity (see further for details).  

The broad spectrum of physiological functions of RGS proteins was extensively 

reviewed (41, 62). In the next parts, we will specifically focus on the recent 

discoveries that suggest an important role for RGS proteins (largely from the R4 RGS 

subfamily) in regulation of different aspects of hematopoiesis, megakaryopoiesis and 

platelet activation (for overview see Table 1). 
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2. RGS proteins as regulators of hematopoiesis 

Although our knowledge on RGS signaling in hematopoiesis is still very limited, we 

will summarize briefly the most important findings for each RGS individually in the 

next paragraphs. 

 

RGS1 

RGS1 is expressed in B lymphocytes and it was shown that B cells isolated from 

RGS1 deficient mice showed a hypersensitive response to chemokines CXCL12 and 

CXCL13 (63). Many of the B cell follicles of RGS1 deficient mice had germinal 

centers even in the absence of immune stimulation. This resulted in an abnormal 

architecture of the spleen, a lost in the normal delineation of the B and T zone in 

lymphoid follicles and an abnormal trafficking of these cells (63).  

 

RGS2 

RGS2 is widely expressed throughout the body and has many functions besides its 

impact on T cells proliferation. Targeted mutation of RGS2 in mice led to reduced T 

cell proliferation and IL-2 production, which translated in reduced immune response 

when these mice were infected with lymphocytic choriomeningitis virus (64).  

 

RGS13 

RGS13 is expressed in B and T lymphocytes and mast cells. It functions together with 

RGS1 in the responsiveness of B lymphocytes to chemoattractants as mentioned 

above (65, 66) but also plays a role in the CXRC4-meditated migration of T cells 

(67). Bansal et al. published a study in which they compared degranulation of mast 

cells from wild type and RGS13 deficient mice (68). Degranulation by RGS13 
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deficient bone marrow–derived mast cells was significantly greater when compared to 

wild types. These data suggest that RGS13 may control the intensity of mast cell-

driven allergic inflammation besides their function in B and T cell migration and/or 

differentiation. 

 

3. RGS proteins as regulators of megakaryopoiesis and platelet 

formation  

Megakaryopoiesis as hematopoiesis is regulated by a combination of specific 

transcription factors, cytokines and chemokines (reviewed in (69)). An important and 

unique chemokine in the homing of megakaryocytes is again SDF-1 (CXCL12) and 

its GPCR CXCR4 (27). Interactions of immature megakaryocytes with the 

endothelial-enriched microenvironment are promoted by SDF-1 (70). Megakaryocytes 

and platelets express CXCR4 and the outcome of CXCR4 signaling reduces during 

megakaryopoiesis, which indicates an upregulation of negative regulators during this 

process (71). Based on studies in B cells where RGS proteins tightly regulate CXCR4 

signaling (72), these proteins are hypothesized as potential candidates for a role as 

negative regulators of CXCR4 signaling during megakaryopoiesis. We will again here 

review the studies that describe a role for RGS proteins in megakaryopoiesis and 

platelet production (Table 1).  

 

RGS16 

RGS16 and RGS18 are both highly expressed in megakaryocytes though these early 

studies do not indicate the expression patterns of these proteins during the different 

differentiation steps of megakaryopoiesis (73-75). RGS16 was later shown to act as a 

negative regulator of CXCR4 signaling in megakaryocytes (76). Overexpression of 
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RGS16 reduces the Sdf-1 mediated migration while inhibition of RGS16 via RNA 

interference results in the opposite phenotype with an increase in CXCR4 signaling 

without inducing any effect on megakaryocyte adhesion to fibronectin or platelet 

formation. The inhibition of CXCR4 signaling by RGS is considered as being the 

result of their GAP activity that stimulates the reassociation of Gα proteins with free 

βγ complexes that otherwise would stimulate MAP kinases as being a downstream 

signaling event of the SDF-1/CXCR4 pathway (77). 

 

RGS18 

Unlike RGS16,  RGS18 overexpression has no effect on CXCR4 activity as described 

above for RGS16 (76). However, RGS18 was found to be highly expressed in 

megakaryocytes as well as in hematopoietic progenitors of the myeloerythroid lineage 

(73-75). Binding studies using megakaryocytic cell lysates revealed that RGS18 binds 

both Gq and Gi proteins suggesting that this RGS protein controls the duration of G 

protein receptor responses in megakaryocytes (73) but its physiological role in these 

cells remained completely unknown. We recently described severe thrombocytopenia 

in RGS18 depleted zebrafish embryos (78) (for more details see Chapter 3). We also 

found that RGS18 does not affect the SDF-1-mediated CXCR4 signaling as no early 

thrombocyte migration defects were found, as also shown previously by Berthebaud 

et al. (76). In addition, this study revealed an unexpected role for this protein as 

RGS18 depleted embryos had a reduced development of cilia in hair cells of the inner 

ear and a defect in the migration of neuromast cells. Moreover, a possible role for 

Wnt5b signaling was suggested in this RGS18-dependent pathway as Wnt5b depleted 

embryos phenocopied all RGS18 knockdown effects. This is not completely 

surprising since is known that members of the non-canonical Wnt signaling pathway 
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(that includes Wnt5b) mediate intracellular calcium release via activation of 

heterotrimeric G proteins. A similar interaction between RGS3 and the Wnt pathway 

was described before by others using zebrafish (60). However, it is not yet known 

whether RGS18 plays the same regulatory role in human megakaryopoiesis and 

further studies must be undertaken to gain insights whether RGS18 specifically 

modulates MK proliferation and/or proplatelet formation.  

 

4. RGS proteins as regulators of platelet function  

Platelet activation and subsequent recruitment of additional platelets is strongly 

dependent on intracellular signaling pathways that are mainly induced via diverse 

GPCRs combined with Gαs, Gαi, Gαq, G12/13 or Gαz subunits that are all present in 

platelets. Most platelet agonists (such as thrombin, ADP, ThromboxaneA2 and 

epinephrine) activate GPCRs that mainly signal through activation of their specific G 

protein to induce calcium release (Gq) and inibition (Gi) or activation of 

adenylylcylases (Gs) leading to platelet activation (Gq and Gi) or inhibition of platelet 

activation (Gs). Human platelet pathologies that are related to defects in the G-protein 

signaling cascade were recently reviewed (79, 80). The role of RGS proteins in 

platelet function under normal and pathological conditions, however, is still poorly 

understood. Nevertheless, RGS molecules could be potentially interesting modifiers 

of the G protein signaling cascade since mRNAs for RGS1, 2, 3, 6, 9, 10, 16, 18 and 

19 were shown to be present in human platelets (81) and RGS2, 3, 5, 6, 10, 14, 16 and 

18 transcripts could be detected in rat platelets (82). Intriguingly, most RGS proteins 

expressed in platelets belong to the R4 subfamily of RGS proteins. A recent 

proteomic study of signaling complexes after platelet activation by the thrombin 

receptor activating peptide (TRAP) revealed a specific RGS18 phosphorylation site at 
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residue Ser49 that is differentially regulated after TRAP activation and detected also 

RGS10 as a potential phosphorylated protein (83). This suggested that these RGS 

proteins are involved in protease activated receptor 1 (PAR1)/Gi-Gq signaling in 

platelets. To date, only few reports documented on the regulation of RGS proteins by 

phosphorylation but in general this post-translational modification was shown to 

modulate their GAP activity (84, 85). The significance of these proteomic data for 

platelet activation requires some validation studies. The first in vivo evidence for a 

role of RGS proteins as inhibitors of robust platelet activation was obtained using 

mutant mice with a G184S substitution in their Giα subunit, the G protein that couples 

to the P2Y12 receptor for ADP (86). This mutation in Giα2 made it resistant to 

accelerated turn-off by all RGS proteins but did not change its coupling to the 

receptor (87) (Figure 6A). These mice showed enhanced platelet reactivity to different 

platelet agonists in aggregation studies and an increased thrombus formation at sites 

of vascular injury (86). These are the first data that demonstrated an active role for 

RGS proteins in the regulation of platelet activity to limit the magnitude of the normal 

hemostatic response. This study did not further focus on the selection of candidate 

RGS proteins that could full fill such a role. We will here further discuss some very 

recent studies on RGS2 and RGS18 for which some in vitro and/or in vivo data are 

now available that showed their importance in platelet function (Table 1). 

 

RGS2 

Evidence for a role of RGS2 in the regulation of Gsα signaling in platelets originates 

from studies in patients with a heterozygous RGS2 gain-of-function mutation (G23D). 

They presented with Gs hypofunction of platelets with reduced cAMP production 

after stimulation of Gs-coupled receptors (88). The G23D mutation resulted in 
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increased expression of larger RGS2 isoforms that interacted more strongly with 

adenylyl cyclase to inhibit its function, leading to decreased Gs activity in platelets 

from the patients (Figure 6B). This study suggested a negative regulatory function of 

RGS2 on Gs platelet signaling. Patients also had enlarged, rounder platelets with 

abnormal α granules which suggests that RGS2 also interferes with platelet formation 

though further studies are needed to illustrate this aspect. In contrast, a recent study is 

published where time to thrombus formation and the vessel occlusion time in RGS2 

deficient mice were studied and found to be equal to normal control mice, suggesting 

that RGS2 has no impact on primary hemostasis in mice (89). It is not yet clear 

whether redundancy of other RGS proteins (that can be species-specific) are 

responsible for the absence of a platelet phenotype in these mice or whether the 

difference with the defect found in humans carrying the RGS2 D23G mutation is due 

to the fact that a complete knockout is not the same as having a specific gain-of-

function mutation that increases the inhibitory action of RGS2 via its direct 

interaction with adenylyl cyclase. It is however expected that loss of RGS2 expression 

in platelets from knockout mice would have a loss of function activity as GAP for Gq 

and/or Gi activity rather than directly on modifying the AC activity but this remains to 

be studied in detail.  

 

RGS18 

RGS18 was originally discovered as a potential new mediator of G protein signaling 

in human platelets (73) and showed the highest mRNA expression compared to the 

other RGS proteins (81, 82). Two recent in vitro studies showed that the normal role 

of RGS18 is to limit platelet activation. A study by Ma et al. discovered how RGS18 

modifies platelet signaling as a part of a heterotrimer complex consisting of the 



Literature overview - 43 
 

scaffolding protein, spinophilin (SPL) and the tyrosine phosphatase, SHP-1. In resting 

platelets, SPL was constitutively tyrosine phosphorylated (at residues Y398 and 

Y483) and formed a binding complex with SHP-1 mediated by Y398 and RGS18. 

This heterotrimer complex prevented RGS18 binding with Gq and thereby the 

execution of its function as a negative regulator. However, once platelets became 

activated by thrombin or thromboxane A2, SHP-1 was activated via phosphorylation 

of Y536, which in turn led to a decay of the SPL/SHP/RGS18 complex. This 

dissociation resulted in a translocation of RGS18 to the Gq protein where it 

downregulated Gq signaling and inhibited platelet activation (Figure 6C) (90). 

Interestingly, SPL deficient mice had no stable SPL/SHP/RGS18 complex. This 

resulted in continuous RGS18 activity leading to inhibition of Gq signaling. 

Therefore, these mice had an impaired platelet aggregation to thrombin and 

thromboxane A2 analogues and a prolonged carotid artery occlusion time using the 

FeCl3 injury model.  

Another study showed that RGS18 crosstalks between platelet activation and 

inhibition pathways at the level of Gq versus Gs signaling. They proved that platelet 

activation by thrombin, thromboxane A2, or ADP stimulated the association of 

RGS18 with another scaffolding protein, 14-3-3 (91). In addition it was shown that 

RGS18 is phosphorylated at Ser49 and Ser218 and during activation, the Ser49 

phosphorylation increased to allow the direct binding with 14-3-3. Since RGS18 

bound to 14-3-3 had less efficient GAP activity for Gq, this stronger association led to 

prolonged Gq signaling and enhanced platelet aggregation. In contrast, endothelial 

secreted negative regulators of aggregation such as NO and prostacyclin, which 

stimulate PKG and PKA activity, phosphorylated RGS18 at Ser216 leading to the 

detachment of 14-3-3 from RGS18. This detachment caused RGS18 to turn off Gq 
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signaling more efficiently resulting in decreased intracellular Ca2+-release and 

platelet inhibition (Figure 6D). More studies are needed to combine these two 

independent studies and to draw a uniform RGS18 signaling scheme that fulfills a role 

as inhibitor of platelet activation. 

 

Figure 6. Schematic representation illustrating the regulatory function of different RGS 
molecules related to changes in platelet function. A. Knock in mice with the Giα2-G184S 
mutation are resistant to the signaling termination by all RGS proteins. Therefore, platelets 
from these mice have low cAMP levels and a prothrombotic phenotype. B. Patients with the 
RGS2-G23D mutation show an increased expression of the larger RGS2 isoforms that 
stronger interact with adenylyl cyclase to induce platelet Gsα hypofunction and low cAMP 
levels C and D. A model for the role of RGS18-scaffolding complexes in platelets. C. In 
resting platelets, spinophilin (SPL), SHP-1, and RGS18 exist as a complex in which SPL is 
phosphorylated on Y398 and Y483, preventing RGS18 binding to Gq. Platelet activation by 
thrombin leads to phosphorylation of SHP-1 Y536 to activate this phosphatase. This leads to a 
dephosphorylation of SPL and dissociation of the SPL/RGS18/SHP-1 complex, releasing 
RGS18 to inhibit Gq signaling. D. RGS18 is constitutively bound to 14-3-3 via the 
phosphorylated serine 218. Platelet activation by thrombin leads to the phosphorylation of 
S49 of RGS18 by an unknown protein kinase. This results in increased RGS18 affinity to 14-
3-3. RGS18 bound to 14-3-3 is less efficient as GTPase-activator of Gq resulting increased 
release of calcium ions from intracellular stores, leading to platelet aggregation. Prostacyclin 
(PGI2) and nitric oxide (NO) are released from intact endothelial cells and stimulate the 
activation of cAMP- and cGMP-dependent protein kinases (PKA/PKG). PKA and PKG 
phosphorylate RGS18 at residue S216, leading to the detachment of 14-3-3 from RGS18. 
Detachment of 14-3-3 causes RGS18 to turn off Gq signaling more efficiently resulting in 
decreased intracellular calcium release and platelet inhibition. In this way RGS18 is able to 
integrate activating and inhibitory signaling in platelets. 
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Table 1. RGS functions in hematopoiesis, megakaryopoiesis and platelet function. 

 

RGS protein Role in general 
hematopoiesis 
(except 
megakaryocyte and 
platelet development)

Role in 
megakaryopoiesis 

Role in platelet 
function 

RGS1 B cell trafficking into 
and within lymph 
nodes, B cell 
responsiveness to 
chemokines (Mice) 
(63, 92, 93)

ND ND 

RGS2 T cell proliferation 
and IL-2 production 
(Mice) (64) 

ND Platelet morphology 
and Gs function 
(Human)(88) and 
(Mice) (89) 
 

RGS13 B cell responsiveness 
to chemokines, T cell 
migration, and 
degranulation of 
mast cells (In vitro, 
Mice) (65-68, 94)

ND ND 

RGS14 Adhesion or 
migration of 
lympocytes (In vitro) 
(95) 

ND ND 

RGS16 ND Regulator of 
megakaryocyte 
migration via the 
SDF-1/CRCR4 
dependent pathway 
(In vitro) (76)

ND 

RGS18 No obvious effect on 
formation of HSC or 
lymphoid lineages 
(Zebrafish)(78) 

Effect on 
megakaryocyte 
differentiation and 
platelet formation (in 
vitro and 
Zebrafish)(78)

Inhibitor of platelet 
activation via 
spinophilin and/or 
14-3-3 scaffolding 
complexes (In 
vitro)(90, 91) 

ND; Not defined 

 

 

 

 



Literature overview - 46 
 



Literature overview - 47 
 

 

 

 

 

 

 

III. Functional genetics in zebrafish to rapidly characterize 

unknown modulators of hematopoiesis and/or 

megakaryopoiesis 
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Though functional genetics in mice is still commonly used to study hematopoiesis, 

this model remains laborious, expensive and time-consuming. Many studies during 

the last decade show however that functional genetics in zebrafish can serve as a 

valuable alternative model to study most aspects of hematopoiesis. The low costs, the 

transparency of zebrafish embryos, the rapid embryonic development, the ease of 

their genetic manipulation and the existence of transgenics make this model an ideal 

high-throughput system to rapidly prescreen candidate genes. Most importantly, 

though the sites of hematopoiesis are very different comparing fish and mammals, the 

genetic program governing hematopoiesis is highly conserved and this makes the 

knowledge that is gained from the zebrafish model applicable to mammalian 

hematopoiesis (96). Moreover, mutagenesis studies have produced many blood 

mutants in zebrafish with defects in almost all aspects of hematopoiesis (97). 

 

1. Hematopoiesis in zebrafish 

Hematopoiesis in zebrafish occurs, just like in mammals, in a primitive and definitive 

wave but in a spatial unique manner. The first two waves are termed primitive and are 

found at two intraembryonic locations: the anterior lateral mesoderm (ALM) where 

myeloid (M) and endothelial cells (ECs) are found and the posterior lateral mesoderm 

(PLM), generating embryonic erythrocytes and ECs. This later structure will develop 

into the intermediate cell mass (ICM).  Precursors of these two primitive waves are 

monopotent and give rise to embryonic macrophages and erythrocytes. Once 

circulation starts at 24 hpf, hematopoiesis shifts for a brief period to the posterior 

blood islands (PBI) where definitive or multilineage, hematopoiesis initiates with the 

formation of commited erythromyeloid progenitors (EMPs). These EMPs arise 

independently from hematopoietic stem cells (HSCs) that have been observed 
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between the ventral wall of the dorsal aorta and the cardinal vein between 24 and 48 

hpf (being the equivalent of the aorta-gonad-mesonephros (AGM) in other 

vertebrates). Besides the generation of the first HSCs, the hemogenic endothelium in 

the AGM region differentiates into ECs (97, 98). In the next waves, HSCs will use 

two different migration pathways. First, they translocate to the pronephric tubules and 

often back again to the AGM region, however some of them will enter blood 

circulation and migrate to seed the caudal hematopoeitic tissue (CHT) and thymus. 

The alternative migration pathway demonstrated by Bertrand et al, consists of an 

anterior migration along each pronephric tubule to initiate adult hematopoiesis in the 

developing kidney (being the teleost equivalent of the mammalian bone marrow) (99, 

100) (Figure 7 for overview).  
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Figure 7. Spatial and temporal representation of hematopoiesis in the zebrafish. 
Hematopoiesis at different sites is depicted in the top panel. The primitive wave of 
hematopoiesis (in yellow) consists of presumptive hemangioblasts that give rise to myeloid 
(M) and endothelial cells (EC) in the anterior lateral mesoderm (ALM) and to erythroid (E) 
and ECs in the posterior lateral mesoderm (PLM), which later becomes the intermediate cell 
mass (ICM). The first hematopoietic progenitor cells with multilineage potential are found in 
the posterior blood island (PBI); these erythromyeloid progenitors (EMPs) give rise to 
erythroid and myeloid cells in a transient definitive wave (in pink). The definitive wave of 
hematopoiesis (in blue) that contains long-term self-renewing hematopoietic stem cells 
(HSCs) originates in the aorta-gonad-mesonephros (AGM). The hemogenic endothelium in 
the AGM differentiates into ECs and hematopoietic progenitor cells (P) that migrate to and 
colonize other sites of definitive hematopoiesis. The AGM progenitor cells seed the caudal 
hematopoietic tissue (CHT) and kidney and proliferate to population of HSCs with self-
renewal potential. The timeline for expression of blood-specific markers at different sites is 
shown in the bottom panel. Important blood-specific transcription factors and markers are 
listed in each box. ALM, anterior lateral mesoderm; PLM, posterior lateral mesoderm; ICM, 
intermediate cell mass; PBI, posterior blood island; AGM, aorta-gonad-mesonephros; CHT, 
caudal hematopoietic tissue; HSC, hematopoietic stem cell; M, myeloid; EC, endothelial cell; 
E, erythroid; EMP, erythromyeloid progenitor; CLP, common lymphoicprogenitor; L(T), 
lymphoid T cell; L(B), lymphoid B cell; T, thromboid; P, hematopoietic progenitor cell; hpf, 
hour post-fertilization. Figure and legend adapted from Chen et al. 2009. 
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2. Conserved mechanisms in molecular regulation of hematopoiesis 

between mammals and zebrafish 

2.1 Transcriptional regulation of hematopoiesis 

As mentioned above, the molecular pathways governing hematopoiesis are largely 

conserved between mammals and zebrafish. Orthologs from many mammalian 

transcription factors could also be identified in zebrafish. Figure 8 gives a detailed 

overview of the spatiotemperal expression pattern of these transcription factors during 

primitive hematopoiesis in zebrafish. Expression patterns of the transcription factors 

modify and their overall expression decreases when hematopoiesis shifts to the 

definitive wave, initiated by Hedgehog, Vegf, and Notch signaling with scl, lmo2, c-

myb and runx1 as the most important transcription factors(101).  
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Figure 8. Spatiotemporal expression of transcription factors in zebrafish hematopoietic 
stem cell (HSC) development. Formation of primitive HSCs occurs during the segmentation 
period at 10 to 12 hours post-fertilization (hpf). The anterior lateral mesoderm (ALM) (green) 
and posterior lateral mesoderm (PLM) (red) both express transcription factors important for 
blood and endothelial cell formation during the 1- to 4-somite stages. Genes such as myeloid-
specific pu.1 are subsequently expressed in the ALM (not shown) and gata1 in the PLM, 
which signal the commitment to the myeloid and erythroid lineages, respectively. Blood 
expressing embryonic hemoglobin enter circulation at approximately 24 hpf, and the 
remaining hematopoietic transcription factors in the PLM begin to diminish. Around 31 hpf, 
c-myb and runx1 are expressed in the dorsal aorta, signaling the formation of definitive 
HSCs. These cells are believed to migrate to different organs where hematopoiesis is set for 
the entire lifespan of the zebrafish. Legend and source adapted from Hsia and Zon 2005 
(101). 
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2.2 Humoral regulation of hematopoiesis 

In contrast to the parallelism between mammals and zebrafish in the transcriptional 

regulation of hematopoiesis, there appears to be a greater divergence in hematopoietic 

growth factors. However, several growth factors and their receptors are conserved. 

Published data on these regulators are limited but the existence of granulocyte-

macrophage colony-stimulating factor (GM-CSF) (102) and granulocyte colony-

stimulating factor (G-CSF) in zebrafish (103) was recently confirmed as well as the 

presence of cytokines IL-4 (104), IL-6 (105), IL-7 (106) and IL-10 (107). However, their 

exact role in hematopoiesis is still not yet defined. Zebrafish thrombopoietin was 

identified in 2007, but its role in thrombopoiesis was suggested earlier since zebrafish 

morpholino (MO)-knockdown (108) of its receptor c-Mpl resulted in severe 

thrombocytopenia as also observed in c-Mpl knockout mice. Zebrafish erythropoietin 

was also characterized in 2007 (109) and although it has a low amino acid identity 

when compared to mammalian species (38% of homology with erythropoietin amino 

acid sequence of mice), the critical functional residues seemed to be conserved and its 

physiological role in the regulation of erythropoiesis could been demonstrated (110). 

 

2.3 GPCR signaling: a role for chemokines and Frizzled receptors in 

hematopoiesis 

Chemokines and in particular the SDF1-CXCR4 pathway play an important role in 

the migration of HSCs to regions of injury (28) and HSC migration to the bone 

marrow both during homeostasis as well as after hematopoietic cell transplantation 

(HCT) (29, 30). A study by Glass et al. pointed out a similar role for SDF1-CXCR4 

signaling in zebrafish and identified two zebrafish SDF1 genes being SDF1a 

(CXCL12a) and SDF1b (CXCL12b). However, a predominant expression of SDF1a, 
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rather than SDF1b, was shown in the fish hematopoietic tissue. A transgenic 

SDF1a:DsRed2 line was used to show the migration of hematopoietic cells to SDF1a 

expressing sites in the kidney in myelosuppressed recipients (111). 

Since the identification of the first zebrafish Wnt molecule in 1991, the Wnt pathway 

is extensively studied in relation to the development of many different tissues and 

structures in the zebrafish. However, its role in embryonic hematopoiesis was only 

recently shown as it was found that the newly identified Wnt16 controled a novel 

genetic regulatory network required for HSC specification (112). As mentioned 

before, the zebrafish is also a powerful model to prove that Wnt proteins often can 

interfere with other signal transduction systems and thereby influence hematopoietic 

events (37). 

 

3. Megakaryopoiesis and thrombocyte function in zebrafish 

In mammals, thrombocytes and platelets are synonymous terms for anucleated cells 

“born” from megakaryocytes by proplatelet extensions during the process of 

megakaryopoiesis. Zebrafish, however, only have nucleated thrombocytes being 

diploid cells that differentiate from immature thrombocyte precursors. 

Morphologically, they have a canalicular structure and form pseudopodia-like 

projections in thrombocyte aggregates similar to human platelets (113, 114). They 

share the same function as human platelets with conserved adhesion, secretion and 

aggregation pathways (115). Moreover, the existence of a transgenic Tg(cd41:EGF) 

line with GFP-labeled thrombocytes, makes it possible to study thrombocyte 

development and function in intact embryos. This transgenic line was created by 

injecting a CD41-GFP construct, that contains the CD41 promotor cloned upstream of 

the GFP gene, into fertilized eggs from wild type zebrafish (108). CD41 expression 
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was shown on the surface of early megakaryocytes (or thrombocyte progenitors) as 

well as on mature thrombocytes, which makes it a perfect candidate to create this 

thrombocyte-specific transgenic line. The Tg(cd41:EGF) line was used for the 

functional genetic studies described in my thesis project (chapters 3 and 4).  

 

4. The inner ear and the lateral line as sensory systems for hearing in 

zebrafish 

Zebrafish possess two different sensory systems to detect sound and movement: the 

inner ear and the lateral line, both composed of populations of specialized hair cells. 

Hair cells are actin-based structures, arranged in rows of increasing height, known as 

stericilia,  towards a kinocilium, a non-motile cilium. Equipped with such structures, 

hair cells are sensitive to the mechanical stimuli of movement and sound. The lateral 

line has disappeared in terrestrial tetrapods and its function is taken over by its 

counterpart, the vestibular system within the inner ear.  

Hair cells in the inner ear form patches of sensory epithelium termed maculae, cristae 

and the organ of Corti, the latter being a specialization for hearing found only in 

higher vertebrates. Macular organs are important for sensing linear acceleration and 

gravity. Additionally, the vestibular labyrinth is needed for the detection of gravity. It 

consists of three semicircular canals where the cristae are found at the base of each 

canal. In maculae, hair cells are coupled to calcium carbonate crystals, which in fish 

form a single mass called an otolith (figure 9A). The development of the ear proceeds 

quit rapidly in zebrafish. The first hair cells appear at 18 hours post fertilization (hpf) 

in sensory patches that will give rise to anterior and posterior maculae. Soon 

thereafter, around 20 hpf, otoliths attach to the kinocilia of the maculae. At 
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approximately 48 hpf fertilization, the semicircular canal formation begins and by 96 

hpf the larvae have fully functional ears (116, 117).  

The lateral line organ, is a specialized mechanosensory system, found only in fish and 

frogs and is responsible for detection of low-frequency stimuli such as water motion 

along the surface of the organism. It comprises two major branches, an anterior lateral 

line (ALL) that extends on the head, and a posterior lateral line (PLL) on the trunk 

and tail. The PLL originates from a placode that forms posterior to the otic vesicle and 

rapidly divides into a small compartment of cells that migrate caudally and eventually 

will reach the tip of the tail at 40 hpf. During this migration, five groups of 

neuromasts are deposit along the trunk and tail (figure 9B). Neuromasts are composed 

of supporting cells surrounding the hair cells. Hair cells of the lateral line share 

structural, functional and molecular similarities to those found in the inner ear (118).  

 

 

Figure 9. A. Schematic representation of the inner ear. The inner ear consists of  maculae 
(dark blue and orange) where otoliths are seeded and cristae (light blue, pink and green) 
located at the base of the semicircular canals. Figure adapted from Haddon et al. (116) B. 
Schematic representation of the seeding of the posterior lateral line: see main text for 
details. Figure adapted from David et al. (119). 
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IV. The lysosomal storage disease: 

 Niemann-Pick type C1 (NPC1) 



Literature overview - 58 
 

1. Lysosomal storage diseases  

The lysosome was first described by De Duve et al. in 1955 and is commonly referred 

to as “the cell’s recycling centre” as it contains hydrolases that are required for the 

metabolism of lipids, glycoproteins and mucopolysaccharides. Lysosomal storage 

disorders comprise a group of approximately 50 rare inherited metabolic disorders 

that result from defects in lysosomal function usually as a consequence of deficiency 

of one of these hydrolases. The accumulation of undegraded substrate(s) is restricted 

to those cells, tissues, and organs in which substrate turnover is high but can, in turn, 

cause a chain of secondary disruptions to other biochemical and cellular functions, 

explaining the severe pathology observed in lysosomal storage disease patients (120). 

 

2. Niemann-Pick type C1 (NPC1) 

Niemann–Pick disease refers to a group of fatal inherited metabolic disorders and 

more specifically, to a form of sphingolipidosis, as it involves a dysfunctional 

metabolism of sphingomyelin. Sphingolipidoses belong to the larger family of 

lysosomal storage diseases. Niemann-Pick (NP) diseases are further classified as NP 

types A and B with a primary deficiency in acid sphingomyelinase activity and 

secondly, NP types C1 and C2 with defective intracellular processing of low-density 

lipoprotein (LDL)-derived cholesterol, which results in an accumulation of 

unesterified cholesterol in the endosomal-lysosomal system (120). Niemann–Pick 

type C is an autosomal recessive disorder and has a prevalence estimated between 1 in 

200.000 live births in countries of Western Europe (121). In 95% of the cases, it is 

caused by mutations in the NPC1 gene (MIM257220) while the remaining 5% of 

cases result from mutations in the NPC2 gene (MIM607625) (122). Both genes 

encode for proteins that are expressed in the endosomal-lysomal system but whereas 
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NPC1 is a transmembrane protein, NPC2, in contrast, is a soluble protein (123). The 

exact functions of NPC1 and NPC2 are still unclear but it is assumed that they act as 

cholesterol movement facilitators. NPC1 may function as a permease to allow 

phospholipids and cholesterol to exit the endosomal/lysosomal system. This activity 

may depend on NPC2 activity, which acts as a chaperone for sterol transport to the N-

terminal domain of NPC1 (figure 10). 

 

 

Figure 10. Location and assumed function of NPC1 and NPC2 in the late endosomal/ 
lysosomal system. This figure shows the late endosomal/lysosomal system with NPC1 and 
NPC2, which appear to be crucial for moving cholesterol out of the endosomal/lysosomal 
system. After hydrolyzation (1), NPC1 accepts  free cholesterol from the small soluble protein 
NPC2 in the late endosomal/lysosomal lumen (2) and transfers it to other cellular membranes 
including the ER by an unknown mechanism (3). Legend and source adapted from Cianciola 
and al. 2011 (124).  



 



 

 

 

 

 

 

 

Chapter 2 

Aims of the study 
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My PhD project focused on the use of the transgenic Tg(cd41:EGF) zebrafish model 

to characterize potential novel candidate genes as modifiers of thrombocyte 

formation. In the first part of the thesis, the role of the regulator of G protein signaling 

18 (RGS18) was studied.  RGS18 was originally identified as an RGS R4-subfamily 

member with specific expression in hematopoietic progenitors, myeloerythroid cells 

and megakaryocytes though its physiological role in hematopoiesis remained 

unknown. RGS18 belongs to the same RGS subfamily as RGS2 and RGS16, both 

known to play a role in hematopoiesis. RGS18 was found to interact with both Gαi 

and Gαq, enhancing their GTPase activity (125). We therefore hypothesized that it 

might be a key regulator of GPCR signaling during megakaryopoiesis and/or 

hematopoiesis. By combining RGS18 overexpression experiments in mice 

hematopoietic stem cells with an in vivo morpholino (MO)-induced knockdown 

strategy in Tg(cd41:EGF) transgenic zebrafish, we attempted to unravel its function in 

megakaryopoiesis. The zebrafish model was also helpful to determine any other 

possible physiological role of RGS18. For the second part of my thesis, the 

Tg(cd41:EGF) zebrafish model was used to clarify the thrombocytopenia phenotype 

in Niemann-Pick disease patients. At this moment, it is not clear whether these 

patients develop thrombocytopenia as a result of abnormal platelet formation or 

increased platelet destruction.  
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Therefore, the specific aims of my PhD project were: 

 

1. To identify the role of Regulator of G protein signaling 18 (RGS18) in 

hematopoiesis and megakaryopoiesis and to study the overall phenotype after 

RGS18 knock down in zebrafish 

As described in the introduction, RGS proteins can enhance the intrinsic GTPase 

activity of Gα subunits of GPCRs and members of the different GPCR subfamilies 

play a role in hematopoiesis and megakaryopoiesis. Moreover, it has been proved that 

several RGS molecules indeed have an impact on GPCR signaling in these processes. 

Since RGS18 mRNA is most highly abundant in megakaryocytes, detected 

specifically in hematopoietic progenitor and myeloerythroid lineage cells, binds both 

Gαi and Gαq in vitro and attenuates signals from Gq-coupled receptors (73-75), our 

first aim was to knock down RGS18 in the Tg(cd41:EGF) transgenic zebrafish line to 

unravel its functional role in megakaryopoiesis. We also studied the overall phenotype 

of the RGS18 depleted embryos. In addition, we have tried to unravel some of the 

molecular players of the RGS18 signaling pathway.  

 

2. To identify the role of Niemann–Pick C in hematopoiesis/thrombopoiesis 

Niemann–Pick C is an autosomal recessive disorder with defective intracellular 

processing of low-density lipoprotein (LDL)-derived cholesterol, which results in an 

accumulation of unesterified cholesterol in the endosomal-lysosomal system. In 95% 

of the cases it is caused by mutations in the NPC1 gene; the remaining 5% of cases 

result from mutations in the NPC2 gene. Clinically, NPC has a broad range of 

phenotypes but always includes a fatal progressive neurodegeneration and 
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hepatosplenomegaly, which leads to death during early childhood (84). In some 

patients with NPC1 defects, thrombocytopenia is another clinical feature (126). Since 

all NPC1 patients have hepatosplenomegaly, it was assumed that the 

thrombocytopenia was caused by increased platelet destruction by the enlarged 

spleen. Recent studies in our lab however also identified a platelet ultrastructural 

defect in some NPC1 patients. Their platelets have dense granule abnormalities and 

present with an ATP secretion defect. Therefore we believe that the NPC1 defect 

could also play a role in thrombopoïesis. Our hypothesis is that the thrombocytopenia 

observed in the NPC1 patients is a direct consequence of a genetic NPC1 defect and 

not caused by an increased destruction of platelets by the enlarged spleen. Therefore, 

our aim is to use the Tg(cd41:EGF) transgenic zebrafish model for the study of NPC1 

in thrombopoïesis.  



 

 

 

 

 

 

 

Chapter 3 

The role of Regulator of G protein signaling 18 

in megakaryopoiesis and phenotype analysis of 

RGS18 depleted zebrafish 

 

Adapted from: 

Regulator of G protein signaling 18 controls megakaryopoiesis and the 

cilia-mediated vertebrate mechanosensory system. Louwette, S., 

Labarque, V., Wittevrongel, C., Thys, C., Metz, J., Gijsbers, R., Debyser, 

Z., Arnout, J., Van Geet, C., and Freson, K.  FASEB J. 2012 

May;26:2125-36 



The role of Regulator of G protein signaling 18 in megakaryopoiesis - 66 
 

I. Introduction 

As pointed out in the introduction, RGS18 was originally identified as a R4 subfamily 

member of regulators of G protein signaling (RGS) with specific expression in 

hematopoietic progenitors, myeloerythroid cells and megakaryocytes though its 

physiological role in hematopoiesis remained unknown.  In relation to their function 

in megakaryopoiesis, it was shown that RGS16 but not RGS18 is a negative regulator 

of the stromal cell-derived factor 1 (SDF1)-induced migration of megakaryocytes 

(76). Moreover, our lab recently characterized a role for RGS2 in regulation of the 

platelet Gαs function and platelet morphology (88). Since RGS18 belongs to the same 

RGS R4-subfamily as RGS2 and RGS16 and is abundantly expressed in 

megakaryocytes, binds both Gαi and Gαq and enhances their GTPase activity (125), 

we hypothesized that it might be a key regulator of GPCR signaling during 

megakaryopoiesis and/or hematopoiesis. By combining RGS18 overexpression 

experiments in mouse hematopoietic stem cells with an in vivo morpholino (MO)-

induced knockdown strategy in Tg(cd41:EGF) transgenic zebrafish, we attempted to 

unravel its function in megakaryopoiesis as well as any other possible physiological 

role. 
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II. Experimental procedures 

1. Lentiviral vector cloning and production (performed by Labarque V) 

Multicistronic lentiviral vectors pCHMWS-eGFP-T2A-RGS18 and pCHMWS-eGFP-

T2A-RGS18del were constructed by replacing the fLuc sequence from the previously 

described pCHMWS-eGFP-T2A-fLuc vector (127) by the mouse wild type RGS18 

(amino acid 1 to 235) or a non-functional short mouse RGS18 fragment lacking the 

complete RGS domain (amino acid 1 to 96), respectively. Lentiviral vector production 

was performed as described (127) and concentrated vector particles (1 x107 pg/ml of 

normalized p24 antigen) were stored at -80°C.  

 

2. Transduction of MEG01 and Sca1+ cells (performed by Labarque V) 

Human megakaryocytic MEG01 cells (2 x105) were seeded in 6-well plates in 

RPMI1640 medium and transduced with vector preparations at the indicated 

concentrations for 24 hours. MEG01 cells were washed and grown for 3 days in fresh 

medium. Sca1+ cells were isolated from bone marrow cells pooled from mice using 

the EasySep Sca1 positive selection kit (Stem Cell Technologies, Vancouver, BC, 

Canada) and differentiated as described (128). In short, Sca1+ cells (5 x105) were 

cultured in StemSpan (Stem Cell Technologies), which was supplemented with 20 

ng/ml thrombopoietin (TPO), 20 ng/ml IL6, 10 ng/ml IL3, 50 ng/ml stem cell factor 

(SCF), 10 ng/ml FLT3L (all from Peprotech, London, UK). Two rounds with a 

multiplicity of infection (MOI) of 10 were performed during 12 hours each to 

transduce the cells. After transduction, Sca1 cells were washed and differentiated to 

megakaryocytes in Stem Span medium supplemented with 20 ng/ml TPO, 20 ng/ml 

IL6 and10 ng/ml IL1beta (Prepotech, London, UK) for 12 days. 
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3. Zebrafish and Microinjection 

AB and Tg(cd41:EGF)(108) zebrafish embryos were injected at the 1-cell stage with a 

start codon (ATG) or splice blocking MO. MO sequences were as follows:  ATG 

RGS18-MO1 (5’- TTTTGAAATATGCTTCCTCCTTGGG-3’), ATG RGS18-MO2 

(5’- CAGAGAAGTTGAACTGTCAAGATGA- 3’), splice blocking RGS18-MO3 

(5’- GTTGAACTGAGGAAACAGAAACACA-3’) or the previously described ATG 

Wnt5b-MO (5’GTCCTTGGTTCATTCTCACATCCAT-3’) (129) and Wnt5a-MO (5’ 

TCCACTTCAGCTTCAGCAGCATCAT-3’). Off-target effects were assessed by 

including a standard control MO (Crl-MO) against beta-globin (5'-CCT CTT ACC 

TCA GTT ACA ATT TAT A 3'). For each experiment the used concentration of the 

injected MO is indicated in µM. 2nl/embryo was injected corresponding with 

respectively 10 ng of RGS18-MO1 (600 µM), 11,3 ng of RGS18-MO2 (600 µM), 6,8 

ng (400 µM) and 3,4 ng (200 µM) of RGS18-MO3, 6,6 ng of Wnt5a and Wnt5b MO 

(400 µM). All MOs were designed by Gene-Tools LLC (Philomath, OR, USA). 

Primers used to verify the activity of RGS18-MO3 are: RGS18-zebrafish-Fov1: 5’-

ATAACATGCTGATGGGTATCC-‘3 and RGS18-zebrafish-Rev1: 5’-

AGTGGTTTTGAAGTCTTCG-3’. Embryos were live screened at 1, 2 and 3 days 

post fertilization (dpf) using a Zeiss Lumar V12 and images were captured with a  

Zeiss Axiocam MRc camera using AxioVision software (Carl Zeiss, Jena, Germany). 

All animal protocols were approved by the Ethical Committee of the Katholieke 

Universiteit Leuven. Tg(cd41:EGF) zefrafish were a gift from Dr L. Zon 

(Hematology Division, Brigham and Women's Hospital's, Boston, USA). 
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4. Cell tracking of leukocyte recruitment in a wound assay 

3-dpf larvae were transferred into a dish containing 2-4% anaesthetic (MS-222) in 

Danieu's solution, to prevent embryos from twitching and a wound was uniformly 

made in the distal tail fin with a 19-gauge needle. Embryos were washed in media 

lacking MS-222 and placed for 2h on 28,5°C. Next, embryos were fixed in 4% 

paraformaldehyde and stained using the Leukocyte Peroxidase (MPO) activity kit 

(Sigma Chemical Co., St. Louis, MO, USA) according to manufacturer protocols. 

Leukocyte migration was scored on 32 embryos using ImageJ software and all data 

were analyzed by PRISM 5.08 software with P values determined by two-tailed 

unpaired T-test. 

 

5. Flow cytometric analysis of zebrafish thrombocytes and in vitro differentiated 

megakaryocytes  

Non injected and RGS18 depleted Tg(cd41:EGFP) embryos were dechorionated 72 

hfp and processed as described (130). We used Cell Diva software for two-color 

immunofluorescence acquisition on a FACSCanto II flow cytometer (BD Biosciences, 

San Jose, CA, USA) and for data analysis to determine the percentage of GFP-

positive thrombocytes. In vitro differentiated megakaryocytes were stained with PE-

conjugated anti-CD41/61 (Leo-D2; Emfret Analysis, Wurzburg, Germany) and 

analyzed as described using the FACSCalibur flow cytometry with CellQuest 

software (from BD Biosciences) (128).  

 

6. FM1-43 dye staining in zebrafish 

Hair cells of the lateral line organ were labeled with FM1-43 dye (N-(3-

thiethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium dibromide, (Life 
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Technologies, Carlsbad, CA, USA) by immersing larvae 3 and 4 dpf in 3µM FM 1-43 

for 30s, followed by three rinses in embryo medium. Images were captured with a 

Zeiss Axiocam camera using AxioVision software. 

 

7.. Cloning of zebrafish, Xenopus and mouse RGS18 and RNA production 

Blood was harvested from adult anesthetized zebrafish as described (131). Total RNA 

was extracted from zebrafish embryos and blood at various stages of development 

using Trizol (Life Technologies). Primer sequences are as follows: RGS18-zebrafish-

For2 5’-GAGTCTTCAACCAAACTGCAG-3’, RGS18-zebrafish-Rev2 5’-

CTACAACCAGGCCGCTGTGCC-3’. cDNA of the respectively zebrafish 

(NM_001077307.1),  Xenopus laevis (NM_001092321.1) and mouse (NM_022881.4) 

RGS18 orthologues was PCR amplified. Primer sequences are as follows: RGS18-

zebrafish-For3 5’-ATGCGCAGCGAGGACGAGCAG-3’, RGS18-zebrafish-Rev2 , 

RGS18-Xenopus-For1 5’-CGGCTTCGTCTGGTGAGTCGC-3’, RGS18-Xenopus-

Rev1 5’-AGAATCGAGACCTCCTGCGCCC-3’ and RGS18-mouse-Fov1 5’-

ATCTGTGGTCACTGGGACAGAAT-3’, RGS18-mouse-Rev1 5’- 

GACTTTTACTCATAACCAAATGG-3’. RGS18 gene fragments were cloned into 

pGEM-T-easy (Promega, Madison, WI, USA), from which probes were made by 

linearization of the plasmid and subjection to in vitro transcription using the DIG 

RNA labeling kit (Roche, Indianapolis, IN, USA). For Wnt5b overexpression 

experiments full length zebrafish Wnt5b was cloned in pGEM-T-easy (Promega, 

Madison, WI, USA) from which capped poly-A Wnt5b-RNA was generated using the 

mMESSAGE mMACHINE® High Yield Capped RNA Transcription Kit and 

Poly(A) Tailing Kit (both from Ambion, Austin, TX). Primer sequences were as 

follows: Wnt5b-zebrafish-Fov1 5’-GGAGGAGGAAGGATGGATGTGAG-3’ and 
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Wnt5b-zebrafish-Rev1 5’-GTTCTCACGTCTGCTACTTGCAC-3’. Wnt5b mRNA 

(250 pg) was injected into one-cell stage eggs of the Tg(cd41:EGF) zebrafish line. 

Co-injections were performed by coinjecting RGS18-MO3 at 400µM with 250 pg of 

capped poly-A Wnt5b RNA. 

 
8. Real-time RT-PCR (performed with the help of Christine Wittevrongel) 

1 µg total RNA was used for cDNA synthesis with M-MLV reverse transcriptase. 

RGS18 expression was measured using a FAM-labelled Taqman assay developed for 

zebrafish RGS18 in combination with the VIC-labelled 18S rRNA as housekeeping 

gene (both from Life Technologies). Reactions were analyzed using the ABI 7000 

real-time PCR machine (Life Technologies). Ct values of two independent analyses 

were averaged and RGS18 expression was normalized to the endogenous reference 

control gene 18S rRNA. Primer sequences are as follow: RGS18-zebrafish-For4 5’- 

AAAGCTGCCATTGAGAAGAACATTC-‘3, RGS18-zebrafish-Rev3 

5’CGCTGCGTCGAAGCA-‘3 and FAM probe: 5’CAGCCGACCAACTCC-‘3. 

 

9. Whole-Mount In Situ Hybridization (WISH) of zebrafish, Xenopus and mouse 

and Whole-Mount immunostaining of zebrafish 

Developmental staging of injected zebrafish were determined by somite number and 

embryos were fixed in 4% paraformaldehyde. Assays for RNA expression using 

WISH were performed as described (132) using RGS18,  Pax2a,  stem cell leukemia 

(SCL) and GATA1 probes (the latter two were a gift of Dr. C. Verfaillie; Stem cell 

Institute, KULeuven). WISH was performed on mouse embryos as described (133). 

Xenopus embryos were staged (134), fixed in Memfa and in situ was performed as 

described (135). Species-specific RGS18 probes were used. Embryos were visualized 
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with a Zeiss Lumar V12 or a Zeiss Axiovert 100M microscope and images were 

captured with a Zeiss Axiocam MRccamera using AxioVision software.  

For whole-mount immunostaining, zebrafish embryos were incubated with 

monoclonal anti-acetylated tubulin (Sigma) or polyclonal zebrafish anti-RGS18 as 

described (136). The zebrafish anti-RGS18 antibody was made upon injection of 

recombinant zebrafish RGS18 coupled to GST in rabbits after a purification step with 

sepharose beads (GE Healthcare, Uppsala, Sweden). Alexa-488 goat anti-mouse or 

Alexa-488 goat anti-rabbit (both from Life Technologies) were used as secondary 

antibodies. Images were captured on a Zeiss LSM510 confocal laser-scanning 

microscope. 

 

10. Immunoblot analysis  

Protein lysates were obtained from lentiviral-transduced MEG01 cells and from single 

cell suspensions of approximately 30 deyolked embryos per condition obtained as 

described(137). Protein fractions were resolved by SDS/PAGE and blots were 

incubated with a rabbit polyclonal anti-RGS18 antibody raised against a synthetic 

peptide corresponding to amino acids 200-218 of human RGS18 (ab25917 from 

Abcam, Cambridge, MA, USA), a goat polyclonal anti-GFP antibody (Rockland 

immunochemicals Inc., Gilbertsville, PA) or a rabbit polyclonal zebrafish anti-RGS18 

antibody (made upon injection of Zebrafish RGS18 coupled to GST in rabbits). The 

specificity of the later two antibodies was confirmed by immunoblot analysis of 

recombinant FLI1-GST or RGS18-GST. Membranes were next incubated with HRP-

conjugated secondary antibody (1:1,000) and staining was performed with the ECL 

detection reagent (GE Healthcare).  
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III. Results 

1. RGS18 overexpression during in vitro megakaryopoiesis 

To study the effect of RGS18 overexpression on megakaryopoiesis, an in vitro model 

of megakaryocyte differentiation from mouse Sca1+ hematopoietic stem cells was 

used. First, two bicistronic lentiviral constructs encoding GFP and either wild type 

RGS18 or a non-functional short RGS18 protein lacking the complete RGS domain 

(RGS18del) were generated. Both lentiviral contructs were functionally tested by 

transfecting human megakaryocytic MEG01 cells to confirm expression of GFP and 

RGS18 by immunoblot analysis (Figure 1A). Since RGS18del lacks the region that 

contains the epitope used to raise the polyclonal human anti-RGS18 antibody, the 

inactive RGS18del protein cannot be detected with this antibody. The inactive 

RGS18del construct was only used as negative control vector to exclude differences 

in megakaryocyte differentiation due to the lentiviral transduction itself and not to 

RGS18 overexpression. Flow cytometric analysis of transfected Sca1+ hematopoietic 

stem cells revealed a significantly higher amount of CD41/61-positive 

megakaryocytes after transduction with LV-GFP/T2A/RGS18 compared to LV-

GFP/T2A/RGS18del (77 ± 3% vs 32 ± 2.5%; P<0.0001) (Figure 1B,C). 
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Figure 1.  Lentiviral-mediated RGS18 overexpression. A. Western blot of LV-transduced 
MEG01 cells with the indicated constructs and vector concentrations (MOI of 2 or 10) versus 
non-transduced cells (NT). An increased GFP expression is detected in all transduced cells 
(upper panel), whereas RGS18 protein is only increased in cells transduced with the RGS18 
construct that contains the complete RGS domain (lower panel). Equal amounts (50 ug) were 
loaded and detected by anti-GFP or anti-RGS18 antibodies. B. Flow cytometric detection of 
PE-labeled CD41/61 after selection of GFP-positive transduced cells versus non-transduced 
cells. C. The percentage of CD41/61positive cells for the indicated conditions shown as a 
mean +/- SD (mean and SD from 3 separate transductions for each vector) after flow 
cytometric detection of PE-labelled CD41/61 after selection of GFP-positive transduced cells 
versus non-transduced cells. All data were analyzed by PRISM 5.08 software with P values 
determined by two-tailed unpaired T-test. * P value < 0,0001. The experiment was performed 
in duplicate with similar findings. 
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2. RGS18 expression analysis in zebrafish, Xenopus and mouse 

To identify zebrafish RGS18, the human RGS18 amino acid sequence was used in a 

TBLASTP search using Ensembl and NCBI platforms. One RGS18 protein was 

identified with 85% identity to the human RGS18 protein. The corresponding gene 

identified in zebrafish is RGS18 (NCBI: Danio rerio RGS18: NM_001077307.1 or 

Ensembl: zebrafish RGS18 (ENSDARG00000036106)) and is located on 

chromosome 2. PCR analysis confirmed RGS18 expression during different stages of 

zebrafish embryonic development and in adult zebrafish blood samples. RT-PCR for 

CD41 was performed as a control for the presence of thrombocytes in the blood 

sample (Figure 2A). Quantitative PCR showed an increased RGS18 expression 

between 48 and 72 hpf (Figure 2B). Next, to determine the spatiotemporal expression 

pattern of RGS18 in zebrafish, we carried out whole mount in situ hybridization 

(WISH). RGS18 mRNA was detected early at 6hpf and at 24hpf in developing brain 

and eye but with the highest expression in the otic vesicle (Figure 2C-E). By 48 and 

72 hpf expression was only detected in the otic vesicle (Figure 2F-G). 

Immunostaining with a polyclonal zebrafish anti-RGS18 antibody showed RGS18 

expression in the cilia of the hair cells of the inner ear (Figure 2 H-J).  

Since it was not expected to detect RGS18 expression in the inner ear, we confirmed 

this observation by WISH in Xenopus laevis and mouse embryos. RGS18 is present in 

the ventral blood islands (VBI) and the otic vesicle of stage 32-33 stage Xenopus 

embryos (Figure 2 K,L). Mouse embryos at day 9,5 stained positive in the otic vesicle 

(Figure 2M) and in the hepatic bud and hindgut (Figure 2N). RGS18 expression was 

further observed in haematopoïetic tissue of day 12 embryos (Figure 2O). 
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Figure 2. RGS18 expression analysis in zebrafish, X. laevis and mouse. A. RT-PCR 
showing RGS18 expression in zebrafish embryos (30 embryos pooled for each stage) and in 
adult blood. CD41 was amplified as a positive control for the presence of thrombocytes in 
blood. B. Real time RT-PCR results with zebrafish RGS18 probe show increased expression 
between 48 and 72 hpf (30 embryos pooled for each stage). RGS18 expression was 
normalized to the endogenous reference control human 18S rRNA. Complete experiment was 
performed induplicate. C-G. WISH (30 embryos for each condition in duplicate) in zebrafish 
shows RGS18 expression at 6hpf (C) and at 24 hpf RGS18 in brain, eye and otic vesicles 
(arrows) (D-E). At 48 hpf (F) and 72 hpf (G), RGS18 remains only prominent in the otic 
vesicle (arrows). (H-J) Multiphoton images of the otic vesicle of zebrafish after whole mount 
immunostaining using rabbit polyclonal zebrafish anti-RGS18 showing RGS18 expression in 
the cilia of the hair cells of the inner ear of 24hpf. (performed in  duplicate for 30 embryos) 
(Scale bar of 20 µm.) K-L. WISH in Xenopus laevis embryos shows RGS18 expression in the 
ventral blood islands (VBI) and in the developing otic vesicle (Ot). (performed in duplicate 
for 20 embryos) M-O. WISH in 9,5E mouse embryos showing staining in the otic vesicle (Ot) 
(M) and in hepatic bud (hp) and hindgut (hg) (N) while in 12E staining is visible in fetal liver 
(fl) (O). (performed in duplicate for 5 embryos at each stage). 
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3. Knockdown of zebrafish RGS18 have thrombocytopenia  

To further evaluate the role of RGS18 in hematopoiesis and megakaryopoiesis, 

RGS18 was knocked down in zebrafish using two different ATG MOs (RGS18-MO1 

and RGS18-MO2) and one splice blocking MO (RGS18-MO3). Injection of embryos 

with splice blocking RGS18-MO3, even at the lowest dose of 200 uM, resulted in 

strongly reduced levels of the normal rgs18 transcript but also in the presence of a 

larger transcript that still contains the upstream intron 1-2 sequence (confirmed by 

sequencing; see supplement) (Figure 3A). Immunoblot analysis of embryo lysates (30 

embryos per condition) with a polyclonal zebrafish-specific RGS18 antibody 

confirmed its downregulation using the different RGS18 MOs (Figure 3B). Injected 

embryos were next analyzed by life-screening for GFP-labeled thrombocytes in the 

CHT region at 72 hpf. According to the severity of the phenotype, embryos were 

divided in 3 subclasses: a severe phenotype with no thrombocytes, a mild phenotype 

with only few (n<10) thrombocytes and a normal phenotype with >10 thrombocytes 

in the CHT region and having some circulating thrombocytes (Figure 3C). 

Thrombocytopenia was observed for the three different RGS18 MOs (Figure 3D). 

Both ATG MOs resulted in absence of thrombocytes in at least 66% of the injected 

embryos while splice blocking RGS18-MO3 resulted in a more pronounced 

phenotype with 88% of the embryos having no thrombocytes. It is not clear why 

RGS18-MO3 resulted in a more pronounced phenotype than RGS18-MO1 as both 

MOs down regulate RGS18 to similar levels. We can only speculate that the stability 

of MO3 is stronger than that of MO1. Further quantification of thrombocytes was 

determined by flow cytometry, measuring a total of 249 versus 79 GFP-labelled 

thrombocytes in Crl-MO versus RGS18-MO2 injected embryos, respectively (Figure 

3E). In addition, immunoblot analysis showed reduced GFP levels in pooled samples 
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(n=30) from RGS18 depleted embryos using different concentrations of each of the 

three RGS18 MOs compared to Crl-MO injected embryos (Figure 3F).  

To study the effect of RGS18 depletion on development of hemangioblasts and 

primitive erythrocytes, WISH was carried out on 24 hpf embryos using probes for 

SCL and GATA1, respectively. There were no expression differences for these 

lineage markers (Figure 3G). There was also no evidence for a role for RGS18 in the 

myeloid lineage as no differences were observed in the number or migration of 

leukocytes after tail injury using Crl-MO or RGS-MO3 injected embryos (30 ±18 vs 

30 ± 16; P=0,97 leukocytes at the site of injury) (Figure 3J).  
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Figure 3. RGS18 depletion leads to thrombocytopenia. A. RGS18 depletion using RGS18-
MO3 is verified by RT-PCR. RT-PCR was performed on 30 pooled 72hpf embryos. The 
lower RT-PCR band represents the normal transcript (WT) while the upper band corresponds 
to a transcript with a retained intron between exons 1 and 2. B. Western blot analysis for 
RGS18 using a rabbit polyclonal zebrafish anti-RGS18 antibody in control (Crl) and RGS18 
MOs injected embryos (50 g loaded from 30 deyolked, pooled and lysed embryos per 
condition) at the indicated concentration (µM) of MO. Though the three MOs down regulate 
RGS18 expression, there was a difference in efficacy being: MO3>MO2>MO1. C. 
Stereomicroscope images of the CHT region at 72hpf to visualize GFP-labeled thrombocytes 
(20x original magnification). Severe phenotype comprise embryos with no or one 
thrombocyte(s), the milder phenotype have few thrombocytes while controls (normal) have a 
large amount of non moving thrombocytes in the CHT region and already few thrombocytes 
in circulation. D. Phenotype after RGS18 depletion using RGS18-MO1, -MO2 or -MO3 at the 
indicated concentration (µM) and Crl MO used as a negative control. A total of 100 embryos 
(pooled from 3 independent experiments) were live screened and divided according to the 
severity of the phenotype: severe (red bars), mild (orange bars) or normal (yellow bars) 
phenotypes. E. Flow cytometic analysis of embryos injected with 600 µM of RGS18-MO2 or 
Crl MO. At 72 hpf, 30 embryos for each condition were pooled and the number of GFP-
positive cells was determined for a total of 500.000 total events. This experiment was 
performed in duplicate with similar findings. F. Western blot analysis for GFP expression for 
AB and CD41 transgenic embroys (50 g loaded from 30 deyolked, pooled and lysed 
embryos per condition, experiment was performed in duplicate with similar findings). 
RGS18-MO1 was injected at the indicated concentrations (µM). G. WISH assays for GATA 
1 (top panels) and Scl (lower panel) in 24hpf embryos. (performed in 30 embryos for each 
condition and in duplicate). Lateral views of embryos are shown. No obvious expression 
differences were noted between 600 µM RGS18-MO1 (left panels) and Crl MO injected 
embryos (right panels). H. Leukocyte migration was scored in 32 control and RGS18-MO3 
injected embryos. At 3dpf the total number of leukocytes that migrated to the site of the injury 
(x-axis) were counted for each embryo (30 ±18 vs 30 ± 16; P=0,97 leukocytes at the site of 
injury). 
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4. RGS18 depletion causes defective acoustic stimuli responses due to reduced 

cilia numbers in the hair cells of the inner ear 

WISH experiments showed RGS18 expression in the otic vesicle and the hair cells of 

the inner ear (Figure 2D-G). Moreover, RGS18 depleted embryos have bent body axis 

with curved tails, reduced pigmentation (Figure 4A middle and left panel) and swim 

in circular motions, all phenotypes known to be associated with ear problems (118). 

We therefore tested RGS18 depleted embryos for their responses to acoustic stimuli 

using a series of taps or vibrations. In contrast to 3 dpf controls, RGS18 MO injected 

embryos showed a very weak to absent response to these stimuli (Supplementary 

movies S1 and S2: see supplemental data: Regulator of G protein signaling 18 

controls megakaryopoiesis and the cilia-mediated vertebrate mechanosensory system 

(78)). A further detailed study of the inner ear was performed using three different 

approaches: morphological analysis of otoliths, use of anti-acetylated tubulin to stain 

the cilia of the hair cells and WISH with the paired box gene 2a (Pax2a) probe to 

detect nuclei of the hair cells. First, live screening at 24 hpf showed that one or both 

of the ear otoliths were dislocated and dysmorphic or absent in RGS18 depleted 

embryos (Figure 4B). Though we did not observe expression differences using the 

Pax2a probe (Figure 4C), the staining with anti-acetylated tubulin antibody showed 

decreased levels of acetylated tubulin (Figure 4D) meaning that not the nuclei but 

more specifically the cilia of the hear cells of the inner ears are disrupted after RGS18 

depletion. WISH using the zebrafish-specific RGS18 probe also showed a decrease in 

expression in the otic vescicle after RGS18 depletion (Figure 4E). To exclude a 

general defect in ciliogenesis, the distribution pattern of cilia in other ciliated organs, 

such as the olfactory placode and the pronephric duct, was normal after RGS18 

depletion (Figure 4F-G). 
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5. RGS18 depletion leads to defects in neuromast development and migration 

Beside their typical vertebrate inner ears and vestibular organs, fish have additional 

structures for detecting low-frequency stimuli being the lateral line (LL) organ (138). 

The LL is composed of rosette-like structures called neuromasts, which also consists 

of hair cells with cilia. The LL has an anterior part (ALL) located in the head and a 

posterior part (PLL) along the surface of the tail. Neuromasts can be easily visualized 

by their selective uptake of the FM1-43 dye. Moreover, as this dye only labels active 

hair cells, its staining pattern and intensity is the readout for functional neuromasts 

(139). We observed a pronounced reduction in FM1-43 dye uptake in neuromasts of 

RGS18 depleted embryos at 3 dpf. There was almost no uptake of the dye in PLL 

neuromasts while the number of ALL neuromasts was obviously reduced (Figure 4I). 
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Figure 4. RGS18 depletion affects the development of cilia in the hair cells of the inner 
ear and of neuromast cells of the lateral line. A. RGS18-MO1 injected embryos with a mild 
phenotype have a small deformation of the axis and almost normal pigmentation while a 
severe phenotype includes a clear axis deformation and almost no pigmentation when 
compared to Crl MO injected embryos. B. Stereomicroscope images of the otoliths of 24hpf 
in Crl MO (left panel) and RGS18-MO1 (right panel) injected embryos. Lateral view of ear is 
shown. (Scale bar of 25µM). C. Schematic redrawing of the stereomicroscope image clearly 
showing the otic vesicle with both otoliths present in the Crl MO injected embryos whereas 
no otoliths remain visible after RGS18 depletion with RGS18-MO1 at 600µM. Life screening 
experiments (A,B) were performed on at least 30 embryos for each condition and in duplicate. 
D. WISH assays for Pax2a in 24 hpf embryos showing no differences between RGS18-MO1 
at 600µM and Crl MO injected conditions. Dorsal view of embryos is shown. E. WISH 
assays for RGS18 in 24 hpf embryos showing reduced RGS18 expression in the otic vesicle 
(arrows) in RGS18-MO1 at 600 µM (right panel) compared Crl MO injected embryos  
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(left panel). Dorsal view of embryos is shown. F. Confocal images of whole mount 
immunostaining of hair cells in the inner ear of 24hpf embryos (x40 original magnification). 
RGS18-MO1 injected embryos at 600 µM (right panel) showed a reduced level of acetylated 
tubuline in all hair cells in the inner ear (arrows) compared to Crl MO injected embryos (left 
panel). G-H. Confocal images of whole mount immunostaining of hair cells in the olfactory 
placode (G) and in the pronephric duct (H) of 24hpf embryos (x40 original magnification). 
RGS18-MO1 injected embryos at 600 µM (right panel) didn’t show any differences when 
compared to Crl MO injected embryos (left panel). I. Stereomicroscope images of 3dpf 
embryos after FM1-43 dye staining. Lateral view is shown. RGS18-MO1 injected embryos at 
600 µM (lower panel) showed a reduced uptake of FM1-43 dye in ALL and PLL neuromast 
cells (arrows) at 3dpf compared to Crl MO injected embryos (upper panel) (Scale bar 1000 
µM). All in situ experiments and stainings were performed in duplicate of at least 30 embryos 
of each condition. 
 

6. Wnt5b but not Wnt5a depletion mimics the RGS18 depletion phenotype 

One of the three Wnt pathways, being the G protein-modulated Wnt/calcium pathway 

involves RGS proteins (56). It is also known that Wnt plays an important role in body 

axis patterning and recently it was shown that RGS3, belonging to the same RGS 

subfamily as RGS18, modulates calcium dynamics in zebrafish by interacting 

downstream of Wnt5b (140). To explore the possibility that RGS18 might also 

interact downstream of Wnt5, we injected different concentrations of a Wnt5a or 

Wnt5b MO in Tg(cd41:EGFP)  transgenic embryos and screened for defects in otolith 

morphology, thrombocyte formation and neuromast migration. Whereas Wnt5a 

depleted embryos have no defetcs in otolith morphology, thrombocyte formation and 

neuromast migration, these structures were clearly affected in Wnt5b depleted 

embryos (Figure 5A-P). Moreover, Wnt5b depleted embryos also showed a reduced 

response to acoustic stimuli (Movie S3: see supplemental data: Regulator of G protein 

signaling 18 controls megakaryopoiesis and the cilia-mediated vertebrate 

mechanosensory system (78)). Phenotypic comparisons were made by parallel 

injections with the RGS18 splice MO (see Table 1 for overview of  phenotypic output 

of performed experiments). 

. 
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Figure 5. Phenotypic comparisons of morphology, otolith seeding, thrombocyte 
formation and neuromast migration. A-D. Stereomicroscope images showing general 
morphology of 48hpf embryos. Lateral view, anterior to the left. Wnt5b-MO injected embryos 
show a mild axis formation whereas RGS18-MO3 embryos show a severely deformed axis. 
Wnt5a-MO injected embryos show no axis deformation. E-H. Stereomicroscope images of 
the otoliths of 48hpf embryos. Lateral view, anterior to the left. (Scale bar 25 µM). Otoliths 
were dislocated and dysmorphic in Wnt5b-MO injected embryos, were almost absent in RGS-
MO3 injected embryos and showed a normal localization and formation in Wnt5a-MO 
injected embryos. I-L. Stereomicroscope images of the CHT region at 72hpf to visualize 
GFP-labeled thrombocytes. Lateral view, anterior to the left. Both Wnt5b-MO and RGS18-
MO3 injected embryos show a severe thrombocytopenia whereas Wnt5a depletion resulted in 
a normal thrombocyte formation. M-P. Stereomicroscope images of 3dpf embryos after FM1-
43 dye staining to visualize neuromasts. Both the ALL and PLL formation were affected in 
Wnt5b-MO and RGS18-MO3 injected embryos but normal for Wnt5a-MO injected embryos. 
All life screening experiments were performed in duplicate of about 30 embryos for each 
condition. 
 
 
GFP immunoblot analysis was performed to quantify the thrombocytes. Wnt5b and 

RGS18 depleted embryos have reduced GFP levels while no effect was found after 

Wnt5a depletion (Figure 6A). Further quantification of thrombocyte number was 

determined by flow cytometry, measuring a total of 249 GFP-labelled thrombocytes 

in Crl-MO injected versus 79, 61 and 342 in RGS18-MO3, Wnt5b-MO and Wnt5a-

MO depleted embryos, respectively (Figure 6B). 
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7. Wnt5b as ligand for RGS18 signaling? 

We found no evidence that Wnt5b directly regulates RGS18 expression as WISH for 

RGS18 after Wnt5b depletion showed reduced but not absent RGS18 levels (Fig 6C). 

This reduced expression in the otic vesicles from 24 hpf Wnt5b depleted embryos is 

most likely secondarily caused by the formation of dysmorphic and smaller otic 

vesicles (Fig 5G). On the other hand, co-injection experiments with Wnt5b RNA and 

RGS18-MO suggest that Wnt5b acts upstream of RGS18 signaling. Overexpression 

of Wnt5b resulted in embryos with a severely deformed body axis as described 

previously (141) but interestingly without thrombocytopenia (Figure 6E and I). These 

embryos showed only a very mild reduction of platelets when compared to Crl MO 

injected embryos, which is remarkable since their tail with the caudal haematopoietic 

tissue region, is severely deformed (Figure 6E). Next, we compared the phenotype of 

embryos injected with RGS18-MO3 with (Figure 6G and K) or without (Figure 6F 

and J) co-injecting Wnt5b RNA. Combined injection of RGS18-MO3 with Wnt5b 

RNA did not affect the overall phenotype compared to embryos injected with RGS18-

MO3 only (see Table 1 for overview of phenotypic analysis). 

Further quantification of thrombocyte number by flow cytometry detected 349 in Crl-

MO injected versus 291, 165 and 208 GFP-labelled thrombocytes in Wnt5b RNA, 

RGS18-MO3 and combined RGS18-MO3 with Wnt5b RNA injected embryos, 

respectively (Figure 6L). Overexpression of Wnt5b in RGS18 depleted embryos 

seems not to be able to recue their thrombocytopenia phenotype. 
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Figure  6. Relation between Wnt5b and RGS18. A. Western blot analysis for GFP in MO 
injected embryos (50 g loaded from 30 deyolked, pooled and lysed embryos per condition). 
Embryos were injected with 400 µM of Crl MO, Wnt5b-MO, RGS18-MO3 or Wnt5a-MO. 
Wild type AB embryos were used as a negative control. GFP expression is reduced after 
RGS18 or Wnt5b depletion whereas GFP levels remained comparable after Wnt5a depletion 
and Crl MO injected embryos. B. Flow cytometic analysis of embryos injected with 400 µM 
of Crl MO, RGS18-MO3, Wnt5b-MO or Wnt5a-MO. At 72 hpf, 30 embryos for each 
condition were pooled and the number of GFP-positive cells was determined for a total of 
500.000 total events. C. WISH assays for RGS18 in 24hpf embryos (30 embryos for each 
condition and in duplicate). Lateral views of embryos are shown in left panel, dorsal views of 
embryos are shown in right panel. Wnt5b depleted embryos don’t show a general reduction in 
RGS18 expression when compared to Crl MO injected (left panels). There is a mild reduction 
in RGS18 expression in the otic vescicles in Wnt5b depleted embryos compared to controls 
(arrows in right panels). D-K. Stereomicroscope images to study general morphology of 
24hpf embryos after injection of Crl MO, 250 pg Wnt5b RNA, 400µM RGS18-MO3 or 250 
pg Wnt5b RNA combined with 400µM RGS18-MO3. Lateral view, anterior to the left. E-H. 
Stereomicroscope images at 72hpf to visualize the GFP-labeled thrombocytes after injection 
of Crl MO, 250 pg Wnt5b RNA, 400µM RGS18-MO3 or 250 pg Wnt5b RNA combined with 
400µM RGS18-MO3. Lateral view, anterior to the left. L. Flow cytometic analysis of 
embryos injected with Crl MO, 250 pg Wnt5b RNA, 400µM RGS18-MO3 or 250 pg Wnt5b 
RNA combined with 400µM RGS18-MO3. At 72 hpf, 30 embryos for each condition were 
pooled and the number of GFP-positive cells was determined for a total of 500.000 total 
events. 
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Table 1. Phenotypic output of the various overexpression and knock-down experiments. 
N = no, Y = yes, ND = not determined 
 

 curved 
tail 

otic vesicle + 
otolith 

neuromast 
ALL 

neuromast 
PLL 

thrombocytopenia

Wnt5a-MO N normal normal normal N 
Wnt5b-MO Y dysmorphic 

and dislocated 
reduced absent Y 

RGS18-
MO3 

Y absent reduced absent Y 

Wnt5b 
RNA 

Y smaller and 
dysmorphic 

ND ND N 

RGS18-
MO3 + 
Wnt5b 
RNA 

Y absent ND ND Y 
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IV Discussion 

An important role for G proteins and GPCRs in megakaryopoiesis and platelet 

function has been suggested by many studies under normal conditions but also in 

relation to human pathology (60). We previously described the Gαs-coupled receptor 

VPAC1 as a negative regulator of megakaryopoeisis and platelet function (128). The 

relevance of RGS proteins in these complex biological processes is still poorly 

described. However, it was recently shown that rat platelets express different RGS 

proteins including RGS2, RGS3, RGS5, RGS6, RGS10, RGS14, RGS16, RGS18, 

LARG, and GAIP (82) and RGS2, RGS10, RGS16 and RGS18 were also identified in 

human platelets and/or megakaryocytes (73). A physiological role for these RGS 

members in the regulation of platelet function and/or formation is not known or still 

remains poorly understood. More recently, it was shown that RGS2 regulates the 

platelet Gαs function and platelet morphology (142) and Berthebaud et al proved that 

RGS16 is a negative regulator of the stromal cell-derived factor 1 (SDF1) induced 

migration in megakaryocytes (76, 142). In the present study, we proved for the first 

time that RGS18 has a regulatory function in in vitro megakaryocyte differentiation 

and in the formation of zebrafish thrombocytes. We found no evidence of RGS18 

involvement in SDF1/CXCR4 signaling, as injection of a CXCR4 MO did not cause 

thrombocytopenia in zebrafish. This confirms published data that exclude interference 

of RGS18 with CXCR4 signaling in megakaryocytic MO7 cells (76).  

We here identified a rather unexpected role for RGS18 as regulator of ciliogenesis in 

the inner ear and in migration and formation of neuromasts. Ciliogenesis in the inner 

ear is known to be essential for regulation of otolith seeding (143). Moreover, a 

reduced pigmentation that is also present in the RGS18 depleted embryos, is a 
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characteristic phenotype of other zebrafish mutants that have defects in otolith 

formation (144).  

Taken together, RGS18 depleted embryos have a deformed body axis, 

thrombocytopenia, a reduction of hair cells in the inner ear and a reduced number of 

neuromast cells, all defects that point to a pathway involved in communication among 

cells in order to define patterning of the body axis. Secreted factors such as Wnt 

proteins play key roles in different cellular processes, including patterning of the body 

axis. One arm of the Wnt-signaling network, the non-canonical pathway, mediates 

intracellular calcium release via activation of heterotrimeric G proteins. Recently it 

was shown that RGS3, belonging to the same subfamily as RGS18, modulates 

calcium dynamics in zebrafish by interacting downstream of Wnt5b (140). Moreover, 

it was shown that the zebrafish Wnt5b mutant, pipetail, has a reduced Ca2+ release 

(145). Since Wnt5b, as RGS18, is only expressed in the myeloid cell line whereas 

Wnt5a is expressed in lymphocytes (146), it is more likely that Wnt5b and not Wnt5a 

plays a role in the RGS18 signaling pathway. Indeed, Wnt5b and not Wnt5a MO 

injected embryos mimic the phenotype of RGS18 depleted embryos. Recently, it was 

shown that Wnt5a mutations cause Robinow syndrome, a human disease 

characterized by skeletal dysplasia and to our knowledge these patients have no 

thrombocytopenia (147). Wnt5b or RGS18 pathology in humans is still unknown.  

Since Wnt5b depletion does not directly regulate RGS18 expression and 

overexpression of Wnt5b in RGS18 depleted embryos has no influence on the 

thrombocyte phenotype, it is more likely that RGS18 acts downstream of Wnt5b but 

further studies are needed to define the exact RGS18 signaling pathway (Figure 7). 
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Figure 7. Model showing the hypothetical, suggested interaction between Wnt5b and 
RGS18.  see text for details 
 
 
 

Disruption of the Ca2+ signaling can be one of the key players responsible for the 

different aspects of the RGS18 knockdown phenotype. It is known that Ca2+ signaling 

is necessary for platelet activation and formation (33). Moreover, Ca2+ signaling is 

associated with cilia function (143, 148) and formation (149), possibly explaining the 

reduced size of otoliths in RGS18 depleted embryos. Defects in neuromast migration 

can be a direct consequence of a disrupted Wnt signaling in general although this 

migration is controlled by a CXCR4 gradient and there is no evidence so far that 

RGS18 interacts with this chemokine receptor. It is therefore more likely that Ca2+ 

signaling is involved in the formation of the hair cells of the neuromasts as is 

described for the hair cells of the inner ear. 

In conclusion, this study was the first to illustrate a functional role for RGS18 in 

megakaryopoiesis and revealed its unexpected role in ciliogenesis of the 

mechanosensory system at least in lower vertebrates. We show that Wnt5b depletion 

leads to the same phenotype as observed RGS18 knockdown embryos.  Further 

studies are required to unravel the downstream pathway of RGS18 as novel regulator 

of thrombocyte formation. 

 



 

 

 

 

 

 

 

Chapter 4 

A role for Niemann-Pick type C1  

in platelet formation 

 

Adapted from: 

NPC1 defect results in abnormal platelet function and formation: studies 

in Niemann-Pick disease type C1 patients and zebrafish. Sophie 

Louwette, Luc Régal, Christine Wittevrongel, Chantal Thys, Gwenny 

Vandeweeghde, Elisa Decuyper, Rita De Vos, Chris Van Geet, Jaak 

Jaeken, Kathleen Freson. 2012. In revision for Human Molecular 

Genetics 
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I. Introduction 

As described in chapter 1, NPC1 is a lysosomal storage disease with defective 

intracellular processing of low-density lipoprotein (LDL)-derived cholesterol, which 

results in an accumulation of unesterified cholesterol in the endosomal-lysosomal 

system (120). In the majority of cases it is caused by mutations in the NPC1 gene and 

results in an accumulation of unesterified cholesterol in the endosomal-lysosomal 

system. The clinical spectrum of NPC ranges from a neonatal rapidly fatal disorder to 

an adult-onset chronic neurodegenerative disease. The condition manifests as 

progressive neurological impairment and leads to death at an early age (126, 150). 

The neurological involvement defines the disease severity in most patients but is 

typically preceded by systemic signs as cholestatic jaundice in the neonatal period or 

isolated spleno- or hepatosplenomegaly in infancy or childhood. Loss-of-function 

mutations in the NPC1 gene lead to a failure of the calcium-mediated fusion of 

endosomes with lysosomes, resulting in the accumulation of cholesterol and other 

lipids in late endosomes and lysosomes (151). The primary laboratory diagnosis 

requires living skin fibroblasts to demonstrate accumulation of unesterified 

cholesterol in perinuclear vesicles (lysosomes) after staining with filipin (152). 

Pronounced abnormalities are observed in about 80% of the cases, mild to moderate 

alterations in the remainder. Genotyping of patients is useful to confirm the diagnosis 

in the latter patients and essential for future prenatal diagnosis. Symptomatic 

management of patients is crucial and a first product, Miglustat, has been granted 

marketing authorization in Europe and several other countries for specific treatment 

of the neurological manifestations (153). 

Interestingly, in 1971 a report described for the first time coagulation and platelet 

changes in a NP disease patient (154). Thrombocytopenia, anemia and petechial rash 
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were also described immediately after birth in patients that were diagnosed with fetal 

onset NPC (126). NPC1 mutant mouse in a C57BL/6J background presented with red 

blood cell abnormalities and abundant ghost erythrocytes in addition to cytoplasmic 

granulation and neutrophil hypersegmentation that include lymphopenia and atypias 

(155). Remarkably, these blood cell abnormalities were not present when this NPC1 

mutant was present in the original BALB/c background. It was also suggested that the 

cholesterol-binding protein NPC2 plays a role in hematopoiesis as this protein, in the 

presence of thrombopoietin (TPO), increased CFU-GEMM and decreased CFU-GM 

colony numbers (156). A hematopoietic defect in NPC2 deficient patients has never 

been described probably because other molecules in the TPO system compensate for 

the loss of NPC2. To our knowledge, there are no detailed studies on the role of NPC1 

in megakaryopoiesis and/or platelet function in NPC1 deficient patients or under 

normal physiological conditions. 

 

Platelet study in NPC1 patients and zebrafish  

Platelets are easy to isolate in a non-active state and are ideal cells to evaluate signal 

transduction, secretion and adhesion in hemostatic disorders but we have shown that 

these kind of functional platelet studies are also useful to characterize the unknown 

role of a protein that is involved in a well known disorder that includes only a mild 

clinical or even subclinical platelet defect (79, 157). For example, we have found that 

Duchenne muscular dystrophy patients with dystrophin mutations have an impaired 

collagen platelet activation and a disorganized cytoskeletal platelet membrane 

organization that accounts for their increased blood loss during spinal surgery without 

generating a spontaneous platelet-related bleeding phenotype in these patients(158). 

We have therefore performed different functional tests in platelets from three 
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unrelated NPC1 patients, including one with a prolonged Ivy bleeding time. The 

morphology and functional activity of their platelets were studied in detail. NPC1 

expression studies were performed in megakaryocyte cell lines and primary cells. A 

role for NPC1 in platelet and erythrocyte formation was further addressed in 

transgenic zebrafish models after NPC1 depletion.  
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II. Experimental procedures 

1. Patient study (performed by Luc Régal and Jaak Jaeken) 

Informed consent was obtained from all participants and/or their legal 

representatives.  The Ethics Committee of the University of Leuven approved the 

study. 

 

2. Hematological counts and functional platelet studies (performed by Chantal 

Thys and Rita De Vos) 

EDTA anticoagulated blood was analyzed on an automated cell counter (Cell-Dyn 

1300; Abbott Laboratories, Abott Park, IL) to determine blood cell counts. Platelet-

rich plasma (PRP) was prepared by centrifugation (15 minutes at 150g) of whole 

blood anticoagulated with 3.8% trisodium citrate (9:1). The PRP was used for 

functional platelet studies and electron microscopy, as described previously (159). In 

short, aggregation studies were carried out by adding Horm collagen, epinephrine or 

ADP at the indicated concentrations. ATP secretion tests were performed after 

stimulation of platelets with Horm collagen 2 µg/mL and ADP 10 µM. 

 

3. Cell cultures and differentiation of CD34+ hematopoietic stem cells 

(performed by Christine Wittevrongel) 

Human megakaryocytic cell lines MEG01 and CHRF and human 

erythromyeloblastoid cells K562 were grown as described (158, 160). Human CD34+ 

cells were isolated from peripheral blood by magnetic cell sorting (Miltenyi Biotec, 

Auburn, CA) and were cultured in StemSpan SFEM medium (Stem cell technologies, 

Vancouver, Canada), supplemented with 20 ng/ml TPO, 10 ng/ml SCF, 10 ng/ml IL-6 
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and 10 ng/ml FLT-3 (Peprotech, London, United Kingdom) as described (158) for 6, 

8 and 12 days.  

 

4. Gene expression analysis using real-time RT-PCR (performed by Christine 

Wittevrongel) 

Total RNA was extracted from human cell lines (K562, MEG01 and CHRF), in vitro 

differentiated human megakaryocytes (day12), human platelets and control 

morpholino (MO) versus NPC1 MO injected zebrafish embryos (injection of 200 µM 

MO) using Trizol reagent (Life Technologies) and 1 µg RNA was used for cDNA 

synthesis with M-MLV reverse transcriptase (Life Technologies). Real time PCR was 

performed using  Sybr Green I fluorescence. Samples contained 1× SYBR green 

master mix (Promega), 2–4 pmol of each primer and 0.25 μl RT reaction for a final 

volume of 10 μl. Samples were run in triplicate and were analyzed using an ABI 7000 

real-time PCR machine (Life Technologies). For each sample a dissociation step was 

performed at 95°C × 15 s, 60°C × 15 s, and 95°C × 15 s at the end of the amplication 

phase to identify a single, specific melting temperature for each primer set. Ct values 

were averaged and human NPC1 or zebrafish SCL, GATA1 and CD41 expression 

was normalized to the endogenous reference control genes GADPH for human versus 

elfa for zebrafish samples, respectively. All primer sequences are listed in the Table 1. 
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Table 1: Real time RT-PCR primer sets. Primer sequences were designed with Primer 3 
Software and are as follow (z: zebrafish, h: human). 
 FW 5’- 3’ RV 5’- 3’ 

zscl TCGAATGGTGCAGTTGAGTC GAAGGCACCGTTCACATTCT 
zgata GAGTTCAGCCACTGGAGGA CTGGCCGTTCATCTTATGGT 
zcd41 TGAACGGTGAAACCAAAACA GCACGGTTGCTCCATTTATT 
znpc1 GGGTGAAGCCGCAGTCGACC GAGCGGCTCCCAGAAGCACG 
zelfa CTTCTCAGGCTGACTGTGC CCGCTAGCATTACCCTCC 

hNPC1 GCAGGCCTACCAGAGAGATG GCACCTCTGACACAGCAAAA 
hGADPH TGGTATCGTGGAAGGACTCATGAC ATGCCAGTGAGCTTCCCGTTCAGC
 

5. Immunoblot analysis 

Protein lysates were obtained from human cell lines (K562, MEG01 and CHRF), in 

vitro differentiated human megakaryocytes (days6 and 8), human platelets and control 

MO versus NPC1 MO injected zebrafish embryos (20 deyolked embryos per 

condition as described (137). Protein fractions were resolved by SDS/PAGE and blots 

were incubated with a rabbit polyclonal anti-NPC1 antibody, anti-tubulin (both from 

Santa Cruz Biotechnology Inc, Heidelberg) or a goat polyclonal anti-GFP antibody 

(Rockland immunochemicals Inc., Gilbertsville, PA). Membranes were next 

incubated with HRP-conjugated secondary antibody and staining was performed with 

the ECL detection reagent (GE Healthcare).  

 

6. Morpholino injection in zebrafish  

Tg(cd41:EGF) (108) and Tg(gata1:dsred) (161) zebrafish embryos were injected at 

the 1-cell stage with a start codon morpholino ATG MO (5’- 

TGTGGTTTCTCCCCAGCAGAAGCAT-3’) at the indicated concentrations (200-

800µM). 2nl/embryo was injected corresponding with respectively 13,44 ng (800 

µM), 6,72 ng (400 µM) and 3,36 ng (200 µM) of ATG MO. Off-target effects were 

assessed by including a standard control MO or buffer injected embryos. MOs were 

designed by Gene-Tools LLC (Philomath,OR). Embryos were live screened at 1, 2 
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and 3 days post fertilization (dpf) using a Zeiss Lumar V12 and images were captured 

with a Zeiss Axiocam MRc camera using AxioVision software (Carl Zeiss, Jena, 

Germany). All animal protocols were approved by the Ethical Committee of the 

Katholieke Universiteit Leuven. Tg(cd41:EGF) zebrafish were a gift from Dr L. Zon 

(Hematology Division, Brigham and Women's Hospital's, Boston) and 

Tg(gata1:dsred)zebrafish were a gift of Dr. C. Verfaillie (Stem cell Institute, 

KULeuven) . 

 

7. Whole-Mount In Situ Hybridization (WISH) of zebrafish  

Total RNA was extracted from zebrafish embryos at various stages of development to 

amplify a RT-PCR fragment of the zebrafish (NM_001243875.1) NPC1 orthologue. 

This NPC1 fragment was cloned into pGEM-T-easy (Promega) for making sense and 

antisense probes by linearization of the plasmid and subjection to in vitro transcription 

using the mMessage mMachine High Yield Capped RNA kit (Ambion). Primer 

sequences are available in the supplementary table. Developmental staging of injected 

zebrafish was determined by somite number and embryos were fixed in 4% 

paraformaldehyde. Assays for RNA expression using WISH were performed as 

described (132). 

 

8. Filipin staining in zebrafish  

For filipin staining of free sterols, embryos were fixed in 4% paraformaldehyde for 30 

minutes, washed twice in PBS, stained with 50 μg/ml filipin (Sigma Chemical Co., St. 

Louis, MO) in PBS solution for 30 minutes and washed again twice with PBS. Images 

were captured on a Zeiss LSM510 confocal laser scanning microscope. 
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9. Flow cytometric analysis of zebrafish thrombocytes and erythrocytes 

Control versus NPC1 MO injected Tg(cd41:EGFP) and Tg(gata1:dsred) embryos 

were dechorionated 72 hfp and processed as described (130). We used Cell Diva 

software for two-color immunofluorescence acquisition on a FACSCanto II flow 

cytometer (BD Biosciences, San Jose, CA, USA) and for data analysis to determine 

the percentage of respectively GFP-positive thrombocytes and dsred-positive 

erythrocytes.  
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III. Results 

1. Clinical description of three unrelated NPC1 patients 

Patient 1 is a girl that presented at the age of 10 days with cholestasis, which 

improved spontaneously and disappeared around the age of 6 months, and 

hepatosplenomegaly. Her length and weight followed the 3rd percentile. Head 

circumference followed the 10th to 25th percentile. Developmental delay was 

apparent from the age of 18 months. At the age of 2 years, ptosis and internal 

strabismus were noticed. From the age of 26 months there was neurological 

regression, with loss of motor and cognitive milestones. Tube feeding was started. 

Developmental age was 10 months at the age of 31 months. There was progressive 

appearance of pyramidal dysfunction with spasticity, as well as anterior horn 

dysfunction with muscular atrophy and tongue fasciculations. EMG showed an axonal 

polyneuropathy and cerebral MRI showed progressive cortical atrophy and 

periventricular white matter changes.  She died at the age of 3.5 years after further 

neurological and general deterioration. Studies in cultured skin fibroblasts showed 

strong reduction of exogenous cholesterol from lipoprotein, confirming the diagnosis 

of Niemann-Pick type C. Compound heterozygosity for two mutations in NPC1, 

S425X (paternal) and p.231Vfs (maternal), was found (Table 2).  

Patient 2 is a girl that presented on day 14 with cholestasis, which improved 

spontaneously, and hepatosplenomegaly. Electron microscopy of a liver biopsy at the 

age of 15 months showed lysosomal myelin-like inclusions in the hepatocytes and 

Kupffer cells. Mild developmental delay was apparent from the age of 18 months. 

From the age of 47 months, neurological regression, starting with vertical 

supranuclear gaze palsy, was noticed. Cerebral MRI at that time was normal. In the 

following months, progressive supranuclear gaze palsy, ataxia, spasticity, kataplexia, 
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and mental deterioration became apparent, and therapy with Miglustat was started at 

the age of 5.5 years. Miglustat is a synthetic analogue of D-glucose that inhibits the 

enzyme glucosylceramide synthase, catalyzing the first step in the biosynthesis of 

glycospingolipids such as the formation of glucosylceramide. A reduction of the latter 

will lead to decreased biosynthesis of more complex glycosylceramides. Miglustat is 

therefore a substrate reduction therapy for all disorders of intracellular accumulation 

of glycosphingolipids. SARA score for ataxia was 18 at that time, and has remained 

stable until now (age 7.5 years). Studies in cultured skin fibroblasts confirmed the 

diagnosis of Niemann-Pick type C. Compound heterozygosity for the frequent I1061T 

mutation and a N169K mutation in NPC1 was found (Table 2).  

Patient 3 is a boy that presented in the neonatal period with cholestasis, which 

improved spontaneously, hepatosplenomegaly, and bilateral inguinal hernia. Growth 

and development have been normal (current age is 6 years). Electron microscopy of a 

liver biopsy at the age of 3 months showed lysosomal myelin-like inclusions in the 

hepatocytes and Kupffer cells. Studies in cultured skin fibroblasts confirmed the 

diagnosis of Niemann-Pick type C. Homozygosity for the frequent I1061T mutation 

in NPC1 was found (Table 2). Both parents are carriers. 



 

Table 2. Patients’ characteristics: NPC1 mutations, hematological counts and functional platelet studies 
 
 Hematological counts Functional platelet tests 

WBC RBC MCV PLT MPV Aggregation 
Epinephrine 
1.25 M 

Aggregation 
Collagen 
2 g/ml 
(0.5 g/ml) 

Aggregatio
n ADP 
10 M 

ATP 
secretion 
Collagen 
2 g/ml 

ATP 
secretion 
ADP 
10 M 

Electron 
Microscopy 

Normal values  
 

5.5-
15.5 x 
109/L 

3.9-5.3 
x 
1012/L 

75-
87 
fL 

150-
450 x 
109/L 

9-13 
fL 

Amplitude 
71.8 ± 4.3 
% (n= 40) 

Amplitude 
78.9 ± 8.6 
% (n= 40) 

Amplitude 
75.1 ± 10.8 
% (n= 40) 

2.0 ± 0.8 
M 
(n= 40) 

1.3 ± 0.7 
M 
(n= 40) 

 

Patient 
identity 

Age (years); 
gender 

NPC1 
mutations 

 

Patient1 died 3.5; F S425X 
V231fs 

10.1 
12.5 

4,6 
4.82 

74 
77 
 

159 
122 

10.0 
10.1 

20* 65 
(52) 

60 0.5 0.5 Lysosomal alpha 
granules some 
with reduced 
content, reduced 
dense granules 

Patient2 8; F I1061T 
N169K 

8.4 
9.8 
 

5.2 
5.2 

73 
66.5 
 

177 
271 

10.0 
10.5 

24* 56*  
(28) 

55 0.28* 0.22 Normal alpha 
granules, 
reduced dense 
granules 

Patient3 7; M I1061T 
I1061T 

5.8 
8.0 

4.6 
4.3 

78 
77 

141 
187 

8.6 
7,8 

34* 58 * 
(39) 

43* 0.24* 0* Lysosomal alpha 
granules some 
with reduced 
content, some 
giant polyglonal 
alpha granules, 
reduced dense 
granules 

 
WBC, white blood cells; RBC, red blood cells; MCV, mean corpuscular volume; PLT, platelets; MPV, mean platelet volume; *z–score ±2 
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2. Morphological and functional platelet studies in NPC1 patients 

Interestingly, in addition to her other phenotypic features described above, patient 1 

also presented with a prolonged Ivy bleeding time of 10 minutes. Her standard 

coagulation parameters were normal but functional platelet testing at multiple 

occassions showed reduced aggregation and secretion values. In common, the 3 

patients have a reduced aggregation response to low concentrations of Horm collagen 

and an absent secundary response to epinephrine (aggregation amplitudes are reported 

in Table 2). Aggregation to high doses of ADP and collagen were normal. These 

results are typically seen in platelets with secretion defects (159). Indeed, ATP 

secretion with collagen and especially ADP were reduced for the patients. Electron 

microscopy further described that their platelets have a reduced number of dense 

granules and patients 1 and 3 also have abnormal alpha granules. Hematological 

counts showed platelet numbers with an MPV at the lower limit of the normal values 

for the patients (Table 2). They had normal counts for all types of white blood cells 

and erythrocytes but the MCV was always low. Immunoblot analysis of NPC1 

expression in platelets was strongly reduced in the patients (Figure 1A).  

 

3. NPC1 expression in human (erythro)megakaryocytic cells and platelets 

Platelets with ultrastructural abnormalities that lead to granule and secretion defects in 

combination with lower platelet counts are often a result of a defective 

megakaryopoiesis. Therefore, we studied the expression of NPC1 in human 

megakaryocyte cell lines (MEG01 and CHRF), in human erythromyeloblastoid cells 

(K562), in in vitro differentiated megakaryocytes from CD34+ human hematopoietic 

stem cells versus normal platelets using real time RT-PCR (Figure 1B) and 

immunoblot analysis (Figure 1C). NPC1 expression levels are especially high in 
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primary megakaryocytes and MEG01 cells, while its expression was low in CHRF 

cells. These data indicate a possible role for NPC1 in the commitment of blood cells 

to the myeloerythroid lineage (K562) but especially to megakaryocytes and platelets. 

Since it was not possible to obtain bone marrow from these patients to study the role 

of NPC1 in megakaryopoiesis and platelet production, we decided to study this 

further using our available transgenic zebrafish models with fluorescently labeled 

blood cells (78, 137) via morpholino (MO)-induced NPC1 depletion. 
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Figure 1 NPC1 expression in megakaryocytes and platelets. A.  Immunoblot analysis 
showing NPC1 expression in platelets from 3 control subjects and 3 NPC1 patients. Beta 
tubulin is the loading control. B. Real time RT-PCR using  Sybr Green I fluorescence and a 
specific human NPC1 probe to detect expression in respectively K562, MEG01, CHRF and 
differentiated megakaryocytes from control CD34+ hematopoietic stem cells (day 12). The 
expression was normalized to the endogenous reference control human GADPH and the 
experiment was performed in triplicate. C. Immunoblot analysis for NPC1 in K562, MEG01, 
CHRF, platelets (PLT) and differentiated megakaryocytes from control CD34+ hematopoietic 
stem cells (days 6 and 9). Equal amounts of 100 ug total lysate were loaded for each 
condition. 
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4. NPC1 is highly expressed in the developing brain, eyes and yolk syncytial layer 

of zebrafish  

To identify zebrafish NPC1, the human NPC1 amino acid sequence was used in a 

TBLASTP search and a 1278 amino acid protein was identified with 68% identity to 

the human NPC1 protein that corresponds to a gene with accession number 

NM_001243875.1. This sequence was later found to be identical to the NPC1 gene 

used by others to characterize the role of NPC1 in early embryonic zebrafish 

development (162). RT-PCR analysis confirmed NPC1 expression during different 

stages of zebrafish embryonic development (Figure 2A). WISH was used to determine 

the spatiotemporal expression pattern and NPC1 was detected at 24hpf in developing 

brain and eyes but with the highest expression in the yolk syncytial layer (Figure 2B).  

 

5. PC1 depletion results in increased cell death in the brain and abnormal 

cellular accumulation of cholesterol 

Schwend et al found that NPC1 depletion did not disrupt early cell fate or survival but 

early morphogenetic movements were delayed and increased cell death was detected 

(162). We used another NPC1 MO but showed that our ATG blocking MO 

completely inhibits NPC1 protein expression even at low dose of MO (200 µM) 

(Figure 2C). In addition, we also detected embryos at 24 hfp with malformed heads 

and dysmorphic brain and eyes with increased levels of necrosis in these regions, in a 

MO dose dependent manner (Figure 2D). Filipin staining clearly showed an 

accumulation of free sterols at the plasma membrane of all cells (Figure 2E), 

confirming hereby that NPC1 depletion in zebrafish also results in a defective 

intracellular processing of cholesterol.  
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Figure 2 NPC1 expression in zebrafish and phenotype analysis of NPC1 depleted 
embryos. A. RT-PCR showing NPC1 expression during different developmental stages of 
zebrafish embryos (30 embryos pooled for each stage). B.  WISH (30 embryos analyzed for 
each condition; WISH experiment performed in duplicate) in zebrafish shows NPC1 
expression in the head, brain and eye at 24 hpf, using a zebrafish specific antisense probe (left 
upper panel; arrow) when compared to the sense probe, used as a negative control (right 
upper panel). In the lower panels, a magnification of the tail region is shown to indicate NPC1 
expression in the YSL, with the specific zebrafish antisense probe (left lower panel; 
arrowhead) but not using a sense probe (right lower panel). C. Immunoblot analysis for NPC1 
in control (Crl) and NPC1 MO injected (200 µM) embryos (50 g loaded from 30 deyolked, 
pooled and lysed embryos per condition). D. Head phenotype analysis after NPC1 depletion 
using NPC1 MO at a concentration of 800, 400 and 200µM and Crl MO, used as a negative 
control. A total of 100 embryos (pooled from 3 independent experiments) were live screened 
and divided according to the severity of the phenotype as indicated. Severe phenotype 
comprises embryos with severely dysmorphic brain and eyes and a high level necrosis, clearly 
visible as a large amount of grey cells in this region. Mild phenotype comprises embryos with 
brain ventricles that are still visible but showing serious malformation with apoptosis in the 
head and eyes. E. Multiphoton images of filipin staining that marks cholesterol in all cells of 
control and NPC1 depleted embryos (magnification 63X showing filipin staining of 
cholesterol at the membrane of all cells located in the trunk of the zebrafish). Filipin staining 
in control embryos (left panel) show equal distribution of cholesterol at the plasma 
membrane, whereas in NPC1 depleted embryos (right panel) an accumulation of free sterols 
at the plasma membrane as well as in the cells is visible. (experiment performed in duplicate 
for 30 embryos)  
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6. NC1 depletion leads to thrombocytopenia and mild anemia  

To study the role of NPC1 in megakaryopoiesis, Tg(cd41:EGFP) transgenic zebrafish 

with GFP-labelled thrombocytes were used. Morpholino injected Tg(cd41:EGFP)  

embryos were analyzed by life-screening for GFP labeled thrombocytes in the caudal 

hematopoietic tissue (CHT) region at 72 hpf (Figure 3A). According to the severity of 

the phenotype, embryos were divided in 3 subclasses: a severe phenotype with no 

thrombocytes, a mild phenotype with only few (n<10) thrombocytes and a normal 

phenotype with many non-circulating thrombocytes in the CHT region and some 

circulating thrombocytes. Even at a low dose of MO (200 µM), 82% of the screened 

embryos showed an almost complete absence of thrombocytes at 3 dpf. At a higher 

dose of MO (400 and 800 µM) more than 90% of the embryos had severe 

thrombocytopenia and all these embryos died at 5dpf (Figure 3A). In addition, 

immunoblot analysis showed reduced GFP levels in pooled samples (n=30 

embryos/condition) from NPC1 depleted embryos for 200µM and 400µM NPC1 MO 

compared to Crl MO injected embryos (Figure 3B). Further quantification of 

thrombocytes was determined by flow cytometry, measuring a total of 900 versus 183 

GFP labeled thrombocytes in Crl MO versus NPC1 MO injected embryos, 

respectively (Figure 3C). Especially the GFP labelled thrombocytes were absent in the 

NPC1 condition. Interestingly, FSC plots also showed differences in thrombocyte size 

distribution. Since our NPC1 patients not only had lower normal limits of platelet 

count and MPV but also relatively low values for MCV (Table 2) and because anemia 

was described in NPC1 deficient mice in a C57BL/6J background (155), we also 

evaluated the NPC1 depletion using gata1 transgenic fish for which erythrocytes are 

DSred-labeled. Flow cytometric analysis of Crl MO versus NPC1 MO (200 µM) 

injected embryos showed a total of 5767 versus 3022 DSred-labeled erythrocytes 
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(Figure 3C). Again, the FSC plot of the DSred-positive erythrocytes was slightly 

different between the two groups. 

Real time RT-PCR confirmed a 68% reduction in relative expression of gata1 after 

NPC1 depletion compared to controls (Figure 3D). Relative expression of cd41 was 

also measured by real time PCR but cd41 levels appeared to be too low for detection 

after NPC1 depletion. GFPhigh–labelled (cd41 detection by RT-PCR) represent the 

mature thrombocytes while the GFPlow population are recently been accepted to fulfill 

all criteria for HSCs (163). We detected a strongly reduced but not absent level of 

GFP by immunoblot analysis (Figure 3B) and mainly absent population of GFPhigh-

labelled thrombocytes by flow cytrometry after NPC1 deletion. This would mean that 

the remaining population of GFPlow–labelled stem cells are only partially affected by 

NPC1 depletion and represent the population that are still detected by GFP 

immunoblot analysis. While the GFPhigh-labelled thrombocytes were not detected 

after NPC1 depletion (cd41 RT-PCR negative), primitive haemangioblasts are also 

reduced (by 74 %) but not absent, as screened by RT-PCR for Scl (Figure 3D). From 

these results, we concluded that the development of primitive erythrocytes is affected 

by NPC1 depletion. 
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Figure 3 Severe thrombocytopenia and anemia in NPC1 depleted embryos. 
 A. Thrombocyte phenotype after NPC1 depletion using NPC1 MO at concentrations of 800, 
400 and 200µM versus a Crl MO as negative control. A total of 100 embryos (pooled from 3 
independent experiments) were live screened and divided according to the severity of the 
phenotype: severe (green), mild (red) or normal (blue) phenotypes. Stereomicroscope images 
of the CHT region at 72hpf to visualize GFP-labeled thrombocytes (20x original 
magnification) to represent each phenotype are also shown. B.  Immunoblot analysis of GFP 
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expression for cd41 transgenic embryos (50 g loaded from 30 deyolked, pooled and lysed 
embryos per condition, experiment was performed in duplicate with similar findings). NPC1 
MO was injected at the indicated concentrations (µM). C. Flow cytometic analysis of 
transgenic cd41+ (upper panels) or gata1 (lower panels) embryos injected with 200 µM of 
NPC1 MO or Crl MO. At 72 hpf, 30 embryos for each condition were pooled and the number 
of GFP-positive cells was determined for a total of 500.000 total events (upper panels) or the 
number of DSred-positive cells was determined for a total of 100.000 total events (lower 
panels). These experiments were each performed in duplicate with similar findings. D. Real 
time RT-PCR using  Sybr Green I fluorescence and specific zebrafish primer sets for scl, 
gata1 and cd41. All relative expression levels were normalized to the endogenous reference 
control elfa. Graph shows the relative expression level of each marker for NPC1 depleted 
embryos (200 µM MO) compared to Crl MO injected embryos. Complete experiment was 
performed in triplicate.  
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IV. Discussion 

We have studied a patient (patient 1) with a prolonged Ivy bleeding time of 10 min 

and showed abnormal platelet morphology and functional aggregation and secretion 

tests before she was diagnosed with NPC1 disease. Literature evidence for a role of 

NPC1 in hemostasis and/or hematopoiesis is very limited. Though some evidence was 

present for a regulatory role of NPC1 in platelet function (154) and platelet and red 

blood cell formation (126, 155), this knowledge is only very basic and definitely 

required more studies. We therefore studied platelet count, function and morphology 

in 3 unrelated Niemann-Pick patients with a proven genetic and biochemical NPC1 

defect. It was clear form these studies that the NPC1 defect inhibits normal platelet 

secretion and subsequent stimulation as shown by an absent response in the 

epinephrine-induced aggregation, typically present in patients with dense granule 

platelets abnormalities (159). Abnormalities in granule number and/or content usually 

originate from a defective granulopoiesis in the megakaryocyte as for example found 

for Gray platelet syndrome (164-166). Since it was not possible to study 

megakaryopoiesis using bone marrow from NPC1 patients, we used NPC1 depleted 

zebrafish. 

We used Tg(cd41:EGFP)  transgenic zebrafish with GFP-labeled thrombocytes to 

show that the thrombocytopenia, obviously observed in some NPC1 patients (126), is 

a direct consequence of the genetic NPC1 defect and not caused by an increased 

destruction of platelets by their enlarged spleen and/or liver. MOs are only active 

during the first 4 to 7 days after injection, which is synchronically with the time 

period of thrombocyte formation (usually clearly visible in the CHT region at 3dpf) 

while the liver in zebrafish is not yet functional within this time frame (167). The 

exact stage of zebrafish spleen formation is not known but since it is part of the 
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digestive track, fully functional only at 4dpf (168), it is unlikely that a platelet 

destruction would be the origin of the thrombocytopenia, already observed at 3 dpf. 

This would indicate that NPC1 had a major regulatory role in thrombocyte formation. 

We did observe severe thrombocytopenia in NPC1 depleted embryos while the 

thrombocytopenia is typically mild in fetal onset NPC1 patients (126) or platelet 

counts were even just within normal limits for our NPC1 patients. This difference can 

be explained by the fact that a complete knockout in zebrafish is different than having 

autosomal recessive NPC1 mutations. In addition, we studied fetal and not adult 

hematopoiesis in zebrafish. HSCs in zebrafish migrate to and seed the caudal 

hematopoietic tissue (CHT) at 48 hpf, which acts as a transient hematopoietic site that 

gives rise to erythroid, myeloid and thromboid cells (169). The caudal hematopoietic 

tissue is equivalent to mouse fetal liver or placenta. HSCs from the aorta-gonad-

mesonephros region colonize kidney only around 48 hpf and this kidney marrow is 

functionally similar to mammalian bone marrow to give rise to all blood lineages for 

the larval and adult zebrafish. NPC1 could therefore have a different role in fetal 

versus adult hematopoiesis.  

Since NPC1 depletion in zebrafish has a role in fetal thrombopoiesis, it is expected 

that especially the lipid mobilization during early stages of development is important 

for  inducing a thrombocytopenia phenotype. During the first week of larval 

development, the yolk contains the main supply of lipids and other nutrients, needed 

for larval development. At the surface of the yolk a syncytium, named the yolk 

syncytial layer (YSL), demarcates the extra-embryonic yolk and plays a crucial role in 

embryonic patterning and morphogenesis, besides its function in the transfer of 

nutrients to the embryo (170). We and others (162) showed that zebrafish NPC1 is 

highly expressed in this important lipid transfer region. Interestingly, this YSL region 
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is in very close proximity to the CHT region for fetal hematopoieis but the link 

between defective lipid transfer and thrombocyte formation deserves further detailed 

studies. It is only known that disturbed cholesterol levels affect bone marrow cell 

mobilization (171), which indeed could result in changes of blood lineage 

development. Interestingly, the NPC1 depletion in zebrafish was not thrombocyte-

specific as we also found abnormalities in gata1 and scl expressing primitive 

erythrocytes and haemangioblasts, respectively. But also in some fetal onset NPC1 

patients, anemia and white blood cell abnormalities were described (126). Our 

patients had normal erythrocyte and white blood cell but seem to have a lower MCV 

and at some occasions, lower hemoglobin levels were also observed. 

Several publications recently raised the possibility that not cholesterol but disturbed 

sphingosine storage is the primary cause of the NPC1 disease. Sphingosine storage in 

the acidic compartment would lead to calcium depletion in these organelles, which 

then also results in cholesterol, sphingomyelin and glycospingolipid storage (172). 

They also claim that this calcium imbalance is a new target for therapeutic 

intervention since treatment of NPC1 deficient mice with curcumin, a SERCA 

antagonist, increased cytosolic calcium, thereby normalizing sphingolipid and 

cholesterol levels. We, however, treated NPC1 depleted zebrafish with 5 and 7µM 

curcumine in order to try to rescue the thrombocytopenic phenotype but we did not 

observed any correction (data not shown). However, the pharmacokinetics of 

curcumin in zebrafish were shown to be different compared to rats and even resulted 

in developmental defects such as shorter body axis with hooked tails, spinal column 

curving, edema in pericardial sac and retarded yolk sac resorption (173). The question 

whether disturbed cholesterol levels or imbalanced calcium with sphingosine storage 

plays a dominant role in the NPC1 depleted zebrafish phenotypes remains open. 
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In conclusion, this study showed morphological and functional platelet abnormalities 

in platelets from three unrelated NPC1 patients. These abnormalities consist of 

granulopoiesis defects and arise typically during megakaryopoiesis. In addition, the 

phenotype, observed upon NPC1 deletion, further supports an important role for 

NPC1 in thrombocyte formation. Moreover, we show that NPC1 depletion does not 

only affect megakaryopoiesis but also leads to anemia and a general defect in 

haemangioblast development but further studies are needed to link these phenotypes 

to a defective lipid storage metabolism. 



 



 

 

 

 

 

 

 

Chapter 5 

General discussion and future perspectives 
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My PhD project focused on the characterization of two potentially novel candidate 

genes, RGS18 and NPC1, as modifiers of megakaryopoiesis and/or platelet 

production. By using the transgenic Tg(cd41:EGF) zebrafish model with GFP-labeled 

thrombocytes in combination with morpholino technology, it was possible to study 

the effect of a temporary knock down of these candidates on thrombocyte 

development in vivo. In the first part of the thesis, the role of the regulator of G 

protein signaling 18 (RGS18) was studied, starting from the knowledge that RGS18 is 

a myeloid specific gene (75) without any functional evidence that it could regulate 

megakaryopoiesis or any other biological function. Based on these characterization 

studies, we expect to identify a physiological role for RGS18 in normal and 

pathological megakaryopoiesis and use this information to find a human RGS18 

mutation by selecting patients with thrombocytopenia and/or thrombopathy out of a 

large database (available in the host lab). For the second part of my thesis, this 

zebrafish model was used to clarify the thrombocytopenia phenotype in Niemann-

Pick disease type 1 (NPC1) patients. Recent studies in our lab have identified a 

platelet ultrastructural defect in some NPC1 patients. At this moment, it is not clear 

whether these patients develop thrombocytopenia as a result of abnormal platelet 

formation or increased platelet destruction. Therefore, our aim is to use the transgenic 

zebrafish Tg(cd41:EGF) model for the study of NPC1 in thrombopoïesis.  

 

I. The role of Regulator of G protein signaling 18 in 

megakaryopoiesis 

Lentiviral-mediated RGS18 overexpression experiments using an in vitro model of 

megakaryocyte differentiation from mouse sca1+ HSCs, showed a 50% increase of 

megakaryocyte proliferation compaired to overexpression of a dysfunctional RGS18 
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protein without the RGS domain. This experiment already suggested that RGS18 

indeed could be a regulator of megakaryopoiesis. Therefore, RGS18 was depleted in 

Tg(cd41:EGF) zebrafish as described in chapter 3. Data obtained from this study, 

collectively confirmed a role for RGS18 in megakaryopoiesis but also revealed, 

surprisingly, a novel function for this gene in the vertebrate mechanosensory system 

since RGS18 depletion led to a reduced number of cilia in the inner ear hair cells and 

a disturbed development and migration of neuromasts.  

In order to find a common RGS18 mode-of-action, linking these different biological 

RGS18 functions, several possible candidate signaling molecules were studied. 

Literature evidence suggested two interesting candidates that were already shown to 

have a function in hematopoiesis (33, 76). The first one, being the chemokine stromal 

derived factor-1 (SDF-1) and its G protein-coupled receptor CXCR4 that were 

described as regulators of neuromast migration in zebrafish (119) and known to 

interact with RGS proteins during megarkaryopoiesis (76). The second one, secreted 

Wnt glycoproteins, being Wnt8 and Wnt5b as members of the canonical and 

noncanonical Wnt signaling pathways, respectively, are involved in multiple aspects 

of embryonic development and also have been shown to interact with RGS molecules 

of the R4 RGS subfamily (61, 140). We could clearly exclude an interaction between 

RGS18 and the SDF-1/CXCR4 pathway using an CXCR4-specific morpholino (data 

not shown) as also evidenced from in vitro studies from Berthebaud et al. (76). There 

was also no interaction between RGS18 and Wnt8 signaling as overexpression of 

Wnt8 RNA in RGS18 depleted embryos had no effect on their phenotype (data not 

shown). On the other hand, we demonstrated that Wnt5b but not Wnt5a depletion 

phenocopied all aspects of the RGS18 KD embryos, suggesting a possible interaction 

between RGS18 signaling and the non-canonical Wnt pathway, further suggesting 
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that Ca2+ signaling is the key component that links the different aspects of the RGS18 

knockdown phenotype.  

It is indeed well known that Ca2+ signaling regulates many cellular functions in 

almost all cellular compartments and plays a fundamental role in platelet (79) and 

cilia (143, 148, 149) formation and function. Moreover, RGS molecules have been 

shown to interfere with an expanding network of proteins, lipids and ions, thereby 

adding additionally regulatory functions to their signature trait as being only a GAP 

protein (41). Spinophilin (SPL), a scaffold protein involved in the regulation of 

membrane and cytoskeletal function, is one of these proteins. Studies in the past 

pointed out a role for SPL in the regulation of Ca2+ signaling intensity by interacting 

with R4 family RGS members (57, 174). Moreover, as described in the introduction 

(part II) it was recently shown that SPL interferes with RGS18 and thereby regulates 

platelet activation (90). It will be interesting for further studies to investigate whether 

there is a possible connection between RGS18 and the non-canonical Wnt5b/Ca2+ 

signaling pathway and SPL. At present, we already studied the expression pattern of 

SPL in zebrafish and found it expressed during different developmental stages as well 

as in adult whole blood containing the thrombocytes. Moreover, it is as we found for 

RGS18, expressed in the otic vesicle and could be immunoprecipitated with our 

zebrafish-specific anti-RGS18 antibody. These preliminary data are promising and 

future studies could therefore comprise the knock down of spinophilin to verify 

whether this also mimics the phenotype of RGS18 or Wnt5b depleted zebrafish.  

Besides their main function as being an accelerator of GTP hydrolysis, R4 RGS 

family members as most RGS proteins do contain non-GAP functions mostly via 

binding of interaction proteins to their minimal C- and N-terminal extensions flanking 

the RGS domain (41). In addition to the above described interactors that were fully or 
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partially studied in my project, another such factor that is able to bind to RGS proteins 

is the scaffold protein14-3-3. 14-3-3 proteins are small dimeric proteins that comprise 

7 highly conserved isoforms of which 5 are expressed in platelets and acting as 

serine/threonine scaffolding units with a wide but largely similar range of functions 

(41, 175). As pointed out in the introduction (part II), this molecule was also recently 

identified as a key factor in the regulation of platelet activation via RGS18. Platelet 

activation stimulates the association of the scaffolding protein 14-3-3 and RGS18 by 

phosphorylation of the RGS18 residue S49. (91). Since the RGS18 residue S49 is 

conserved in the zebrafish sequence, it would be interesting to verify this association 

via phosphorylation of RGS18 S49 is also important during RGS18-dependent 

thrombocyte formation in zebrafish. This could be done via the study of RGS18 

phosphorylation after Wnt5b overexpression and depletion in zebrafish.  

Finally, this novel RGS18 (and Wnt5b) depleted phenotype that we have described in 

zebrafish will be used for our ongoing selection of patients with a potential defect in 

RGS18 for which we will now mainly recruit patients with inherited 

thrombocytopenia with or without deafness. Our lab has currently collected DNA 

samples from about 30 unrelated patients with mild to severe thrombocytopenia, 

including 3 patients who also suffered from idiopathic deafness and were already 

found to be negative for myosin, heavy chain 9 (MYH9) mutations. MYH9 encodes 

for the 224-kD nonmuscle myosin heavy chain IIA (MYHIIA) polypeptide. Mutations 

are typically found in patients with a MYH9-related macrothrombocytopenia with or 

without leukocyte inclusions, nephritis, deafness, and/or congenital cataracts (176). 

We could not detect RGS18 mutations in these 30 patients. In the future, we will 

collect more samples from patients with inherited thrombocytopenia with/without 

deafness from other centers in the framework of a European consortium.  
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II. A role for Niemann-Pick type C1 in platelet formation 

The goal of the second part of my project was to gain insights in the mechanism of the 

thrombocytopenic phenotype of some NPC1 patients. In general, the 

thrombocytopenia can result from increased platelet destruction by their often 

enlarged spleen or from a defective platelet formation. However, our lab studied three 

NPC1 patients that presented with mild thrombocytopenia but also had dysfunctional 

platelets with an abnormal morphology. This type of platelet dysfunction is usually 

not present in patients with increased platelet destruction. To gain insights in the role 

of NPC1 in thrombopoiesis, we have studied the role of NPC1 in zebrafish. As 

described in chapter 4, NPC1 deletion in zebrafish led to neurodegeneration, necrosis 

and cholesterol accumulation as being typically NPC1-related phenotypes. However, 

NPC1 depleted zebrafish also presented with a broad defect in hematopoiesis 

including reduced levels of markers for haemangioblasts, severe thrombocytopenia 

and mild anemia. We assumed that disturbed cholesterol levels, observed in the NPC1 

depleted embryos, are responsible for the defective hematopoiesis since it has been 

shown by others that disturbed cholesterol levels can affect bone marrow mobilization 

(171). However, several publications raised the possibility that not cholesterol but 

disturbed sphingosine storage is the primary cause of the NPC1 disease (172, 177-

179). Sphingosine accumulation in the acidic compartment could lead to calcium 

depletion in these organelles, which in turn results in disrupted cholesterol, 

sphingomyelin and glycospingolipid storage (172). Lloyd-Evans et al. claimed that 

calcium imbalance is a new target for therapeutic intervention since treatment of 

NPC1 deficient mice with curcumin, a SERCA antagonist, increased cytosolic 

calcium, thereby normalizing both sphingolipid and cholesterol levels. Moreover, Lee 

et al. (180) prevented further loss of Purkinje neurons in NPC1 deficient mice, in 
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which elevated sphingosine levels were detected, by transplantating bone marrow-

derived mesenchymal stem cells. These stem cells restored the defective lysosomal 

calcium storage, which in turn corrected the imbalanced sphingosine levels, proving 

thereby that calcium levels might play an important role in NPC1 disease. On the 

other hand it is known, that sphingosine 1-phosphate, a metabolite of sphingosine, 

attracts peripheral blood CD34 cells in vitro by augmenting CXCR4-mediated signal 

transduction (181).  However, we knocked down the CXCR4 pathway in 

Tg(cd41:EGF) zebrafish (as shortly described in chapter 3) without inducing any 

effect on thrombocyte development. In order to verify whether curcumin could rescue 

the thrombocytopenic phenotype in fish, we tested several concentrations but failed to 

see a correction. The pharmacokinetics of curcumin in fish was shown to be different 

than described for rats and moreover, even low concentrations of curcumin already 

led to severe developmental defects in zebrafish such as shortened body axes with 

hooked tails, spinal column curving, edema in the pericardial sac and retarded yolk 

sac resorption (173). These are all phenotypes that could result from abnormalities 

associated with the AGM site of thrombocyte formation in the fish, which makes it 

very difficult to study. Therefore, the question whether curcumin could improve 

thrombocyte formation in NPC1 depleted embryos remains open and as such we have 

no evidence whether the disturbed cholesterol levels or indirectly the imbalanced 

calcium and sphingosine storage is the main cause of their thrombocytopenia 

phenotype. It would be interesting to verify whether calcium levels are indeed 

affected in NPC1 deleted fish. In conclusion, more studies are needed in order to 

unravel the exact mechanism behind the NPC1-induced thrombocytopenia observed 

in zebrafish. 
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Summary 

My PhD project focused on the discovery of novel regulators of thrombopoiesis using 

functional genetics in a Tg(cd41:EGF) zebrafish model in which thrombocytes are 

GFP labeled. 

In the first part of the thesis, the role of the regulator of G protein signaling 18 

(RGS18) was studied in hematopoiesis, megakaryopoiesis and the vertebrate 

mechanosensory system. RGS proteins can enhance the intrinsic GTPase activity of 

Gα subunits that bind to seven-transmembrane G-protein-coupled receptors (GPCRs), 

known to play a role in signal transduction of extracellular information during 

hematopoiesis. Originally, RGS18 was identified as a R4 subfamily member of 

regulators of G protein signaling (RGS) with specific expression in hematopoietic 

progenitors, myeloerythroid cells and megakaryocytes though its physiological role in 

these cells remained completely unknown. Lentiviral-mediated RGS18 

overexpression experiments using an in vitro model of megakaryocyte differentiation 

starting from transduced bone marrow-derived mouse sca1+ HSCs, showed a 50% 

increase of megakaryocyte proliferation compared to overexpression of a 

dysfunctional RGS18 protein that lacks the RGS domain. This experiment already 

suggested that RGS18 could be an important regulator of megakaryopoiesis. RGS18 

depletion in Tg(cd41:EGF) zebrafish confirmed its role in megakaryopoiesis but also 

revealed, surprisingly, a novel function for this gene in the mechanosensory system 

since RGS18 depletion led to a reduced number of cilia in the inner ear hair cells and 

a disturbed development and migration of neuromasts. In order to find a common 

RGS18 mode-of-action, linking these different biological RGS18 functions, several 

possible candidate signaling molecules were studied. Based on literature evidence that 
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R4 RGS family members interact with the G protein-modulated Wnt/calcium 

pathway, we showed that Wnt5b but not Wnt5a depleted embryos phenocopy all 

RGS18 knockdown effects, pointing to interaction of RGS18 with the non canonical 

Wnt pathway, at least in lower vertebrates.  

For the second part of my thesis, this zebrafish model was used to clarify the 

thrombocytopenia phenotype in Niemann-Pick disease type C1 (NPC1) patients. At 

this moment, it is not clear whether these patients develop thrombocytopenia as a 

result of abnormal platelet formation or increased platelet destruction. We showed 

that NPC1 is indeed present in differentiating human and mouse megakaryocytic cells 

as well as in zebrafish embryos. NPC1 depletion led to thrombocytopenia, anemia and 

a disturbed migration of cells of the lymphoid linage as well as a general defect in 

stem cell development and migration, possibly as a consequence of a defective bone 

marrow cell mobilization caused by the disturbed cholesterol metabolism in these 

animals. Since thrombocytopenia is already observed in developmental stages at 

which their spleen is even not fully functional yet, we suggest that the observed 

thrombocytopenia is a direct consequence of NPC1 defects and not caused by an 

increased destruction of platelets by an enlarged spleen. Further studies are needed to 

define the exact role on megakaryopoiesis.  
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Samenvatting 

Deze doctoraatsthesis spitst zich toe op het identificeren van nieuwe regulatoren van 

megakaryopoiëse, gebruik makend van een transgeen Tg(cd41:EGF) zebravis model 

waarin trombocytes GFP gelabeld zijn. 

In het eerste deel van de thesis, werd de rol van de regulator van G eiwit signalisatie 

18 (RGS18) in hematopoïese, trombopoïese en het mechanosensorisch systeem 

bestudeerd. RGS eiwitten versterken de GTPase aktiviteit van Gα subeenheden die 

gebonden zijn aan zeven-transmembranaire receptoren en waarvan bekend is dat ze 

een rol spelen in de transductie van extracellulaire informatie tijdens de verschillende 

processen in hematopoiëse. Oorspronkelijk werd RGS18 geïdentificeerd als een lid 

van de R4 subfamilie van RGS eiwitten en bleek het een specifiek expressiepatroon in 

hematopoietische stamcellen, myeloerythroïde voorlopers en megakaryocyten te 

hebben maar de fysiologische rol ervan in deze cellen was onbekend. Lentivirale 

gemedieerde in vitro overexpressie experimenten, waarbij gebruik gemaakt wordt van 

getransduceerde sca1+ HSCs, geïsoleerd uit beenmerg van de muis, toonden aan dat 

RGS18 overexpressie de megakaryocyten differentiatie met ongeveer 50% doet 

toenemen vergeleken met de conditie na transductie met een dysfunctionele RGS18 

eiwit zonder RGS domein. Dit experiment suggereerde een mogelijk belangrijke rol 

voor RGS18 in megakaryopoïesis. RGS18 depletie experimenten in transgene 

Tg(cd41:EGF) zebravissen bevestigden deze rol maar onthulden, verrassend, ook een 

nieuwe functie voor dit gen in het mechanosensorisch systeem. RGS18 depletie leidde 

namelijk ook tot een reductie in het aantal haarcellen in het equivalent van het 

binnenoor en tot een verstoorde migratie van neuromast cellen. Om een 

gemeenschappelijk werkingsmechanisme, dat deze verschillende biologische functies 



Samenvatting - 130 
 

kan linken, te vinden, werden verschillende mogelijke kandidaat signalisatie 

moleculen bestudeerd. Gebaseerd op bewijs uit de literatuur, namelijk dat leden van 

de R4 RGS subfamilie interageren met de G protein-gemedieerde Wnt/calcium 

signalisatie, toonden wij aan dat bij Wnt5b maar niet Wnt5a depletie, alle 

fenotypische kenmerken van RGS18 deficientie voorkwamen, wat wijst op een 

mogelijke interactie van RGS18 met de “non canonical” Wnt signalisatie, tenminste 

bij lagere vertebraten. 

Voor het tweede gedeelte van mijn thesis, werd hetzelfde zebravis model gebruikt om 

de trombocytopenie waargenomen bij patiënten die leiden aan de ziekte van 

Niemann-Pick type I, op te helderen. Tot nog toe is het niet duidelijk of deze 

patiënten trombocytopenie ontwikkelen ten gevolge van abnormale bloedplaatjes 

vorming of eerder ten gevolge van een verhoogde afbraak. Wij toonden aan dat NPC1 

inderdaad tot expressie komt in humane en muis megakaryocyten en bij zebravis 

embryo’s. Depletie van NPC1 leidde tot trombocytopenie, anemie, een verstoorde 

migratie lymfoïde cellen en tot een algemeen defect in stamcel ontwikkeling en 

migratie, veroorzaakt door een verstoord cholesterol metabolisme in deze dieren. 

Aangezien de trombocytopenie reeds werd waargenomen in stadia waarin de mild nog 

niet volledig ontwikkeld is, suggereren wij dat de waargenomen trombocytopie een 

rechtstreeks gevolg is van het NPC1 defect en niet te wijten is aan een verhoogde 

bloedplaatjes afbraak door de mild. Verdere studies zijn niettemin vereist om de 

exacte rol van NPC1 in megakaryopoïesis te definiëren. 
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Reverse sequence of long Rgs18 transcript 

Exon 2                                                Intron 1‐2   

CTGCGCATTTTGAAATATGCTTCCTCCTTGGGGGCAGAGAAGTTGAACTGAGGAAACAG

Reverse sequence of normal Rgs18 transcript 

Exon 2                                                Exon 1   

CTGCGCATTTTGAAATATGCTTCCTCCTTGGGGGCAGAGAAGTTGAACTGTCAAGATGACTTCCT



 

 


