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ABSTRACT (ENGLISH) 

Hematopoiesis is dependent on the actions of hematopoietic stem cells (HSCs). This process is 

tightly controlled through a complex array of extrinsic and intrinsic factors. Even though the 

hematopoiesis seems to be well conserved across the disparate vertebrate animals, erythroid 

and thrombocytic differentiation have changed during the evolution of mammals. Specifically, 

adult mammalian red blood cells have the unique feature of being enucleated, and mammalian 

thrombocytes are not individual cells, but fragments of megakaryocytes, instead. It is likely that 

these enhancements provided a survival advantage to early mammalian species; however, they 

also bring up the question of evolutionary origin of these cells that studied using zebrafish 

(Danio rerio) model. First, it was necessary to generate a toolbox of a recombinant cytokines 

and optimized culture media that allowed us to manipulate zebrafish hematopoietic cells ex 

vivo in liquid and clonal cultures. Interestingly, teleost species underwent an extra duplication 

event during their evolution and as a result, two copies (paralogs) of some of the genes are 

present in zebrafish. This was also the case for majority of the cytokines from our toolbox and 

here, we provide functional characterization of these paralogs. Strikingly, our results 

demonstrate that zebrafish Gcsf signaling is required, in addition to myeloid differentiation, 

also for HSC specification and expansion - roles that have not been ascribed to mammalian 

Gcsf. In addition, we aimed to track the origins of vertebrate erythro-thrombocytic system. 

Clear link between mammalian and non-mammalian erythroid and thrombocytic cells led us to 

propose the “Integrated model of hematopoiesis”. This model enable us to use non-

mammalian model organisms to uncover novel evolutionary conserved mechanisms of 

hematopoietic cell fate determination. As a result, we identified several candidate genes that 

likely act to control HSPC, thrombocytic and erythroid commitment.  
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ABSTRACT (CZECH) 

Krvetvorba je závislá na schopnostech sebeobnovy a diferenciace krvetvorných kmenových 

buněk (HSCs). Tyto procesy jsou řízeny pomocí nejrůznějších mimo-buněčných a vnitro-

buněčných signálů. Obecně je krvetvorba obratlovců velmi dobře konzervována. To však neplatí 

pro diferenciaci savčích a nesavčích erytrocytů a trombocytů. Během evoluce savců došlo 

k výrazným změnám během zrání těchto buněk. Savčí erytrocyty ztrácejí během diferenciace 

jádro a trombocyty vznikají odštěpováním z mnohojaderných megakaryocytů. Zdá se, že tyto 

změny přinesly celou řadu výhod, které primárně zvyšují biologickou fitness savčích buněk. 

Otázkou však zůstává evoluční původ těchto buněk, který jsme se rozhodli studovat na 

modelovém organizmu Dánia pruhovaného (zebřička). Nejprve však bylo nutné ustanovit 

podmínky kultivace rybích buněk ex vivo v tekutých a v polotuhých médiích. Připravili a 

charakterizovali jsme panel rybích cytokinů. Protože genom kostnatých ryb prošel během 

evoluce jednou duplikací navíc, mnoho genů nacházíme ve formě dvou paralogů. To se týká 

rovněž některých námi připravených cytokinů, např. Gcsf, Epo, Scf. Součástí této práce je 

charakterizace těchto paralogů. Naše výsledky ukazují, že rybí Gcsf je schopen kromě 

diferenciace myeloidních buněk se podílet také na sebeobnově a expanzi HSC. Jelikož savčí 

GCSF tuto roli ztrácí, zdá se, že rybí Gcsf funguje jako multifunkční cytokin, jehož některé funkce 

později během evoluce obratlovců převzaly jiné faktory, které u ryb chybí. Dalším cílem této 

práce bylo studium původu erytrocytů a trombocytů u obratlovců. Jasná korelace mezi stavbou 

a vývojem savčích a nesavčích erytrocytů a trombocytů nás vedla k vytvoření „Integrovaného 

modelu krvetvorby“. Díky těmto poznatkům jsme se rozhodli použít nesavčí modelové 

organizmy (kuřata a ryby) jako nástroj k nalezení nových evolučně konzervovaných regulátorů 

krvetvorby. Výsledkem byla identifikace několika genů, které se potenciálně účastní těchto 

procesů.  
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INTRODUCTION 

1| HEMATOPOIESIS 

Hematopoiesis is a process of blood cell formation and development. This process is mediated 

by self-renewal and differentiation of hematopoietic stem cells (HSCs) and their progenies, 

which is tightly controlled through a complex array of extrinsic and intrinsic factors [1, 2]. 

Dysregulation of some of these pathways can lead to distinct hematopoietic disorders, such 

as anemia, thrombocytopenia, neutropenia and myelogenous leukemia, predominantly 

caused by defects in erythro-myeloid compartment [3, 4]. The direct downstream progenies 

of HSCs are multipotent progenitor cells (MPPs) that possess significantly reduced self-

renewal capabilities. MPPs further differentiate into either common lymphoid progenitors or 

common myeloid progenitors (CMPs). CMPs give rise to myelo-monocytic restricted 

progenitors and bi-potent megakaryocyte-erythrocyte progenitors (MEPs) that generate 

platelets and red blood cells (RBCs) [5, 6].  

In mammals, megakaryocytes are formed by endoreduplication of megakaryoblasts to 

generate polyploid cells. Once the ploidy state of 8-64N is reached, megakaryocytes produce 

thrombocytes (in mammals also referred to as platelets) [7]. The key mediator of this process 

is thrombopoietin (TPO) [8, 9]. Red blood cells (RBCs) do likewise develop from MEPs through 

several stages of committed progenitors, termed burst forming units-erythroid (BFU-E), 

colony forming units-erythroid (CFU-E) and erythroblasts. The most prominent factors 

regulating erythropoiesis in vivo and ex vivo are erythropoietin (EPO) and stem cell factor (SCF, 

or KIT ligand, KITL) [10, 11]. Notably, mammalian erythroblasts undergo chromatin 

condensation and nucleus extrusion, giving rise to enucleated mature erythrocytes [12, 13]. 

On the contrary, non-mammalian vertebrates possess nucleated oval-shaped diploid 

thrombocytes [14, 15] and RBCs [16] (Figure 1). Similarly to mammals, both of these lineages 

are also thought to arise from bi-potent progenitors in non-mammalian vertebrates, termed 

thrombocyte-erythrocyte progenitors (TEPs), cells equivalent to mammalian MEPs [17]. 

However, any direct evidences supporting this hypothesis are missing. 

The other important cell types that arise from CMPs are myelo-monocytic cells - granulocytes, 

monocytes/macrophages and dendritic cells [5]. The key regulators of their production are 
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macrophage colony-stimulating factor (M-CSF, or CSF1), granulocyte CSF (G-CSF, or CSF3), 

granulocyte-macrophage CSF (GM-CSF, or CSF2) and interleukin 3 (IL3). These factors 

redundantly regulate various aspects of the proliferation and differentiation of granulocytes, 

monocytes and macrophages from hematopoietic stem and progenitor cells (HSPCs) [18-22]. 

Each of these factors promote its biological activity via binding to its receptor – M-CSF 

receptor (M-CSFR, or CSF1R), G-CSF receptor (G-CSFR, or CSF3R), and GM-CSF receptor (GM-

CSFR, or CSF2RA), respectively. The G-CSFR and M-CSFR receptors form homodimers after 

ligand binding, whereas activation of GM-CSFR lead to heterodimer recruitment together with 

common IL3 receptor family beta c subunit [23]. 

 

Figure 1: A comparative view of erythrocytes and thrombocytes from zebrafish (Danio rerio), xenopus 
(Xenopus laevis), chicken (Gallus gallus) or human (Homo sapiens) peripheral blood. Cells were smeared 
on glass slides and stained with May-Grünwald Giemsa. 

 

2| MODELS OF ADULT HEMATOPOIESIS 

Both in vivo and ex vivo, all terminally differentiated blood cells in adult organisms arise from 

long term HSCs (LT-HSC) [24, 25] that have unlimited self-renewal capacity. Direct 

downstream progenies of HSCs, termed short-term HSCs (ST-HSCs) and MPPs, are 

progressively losing their self-renewal capability upon commitment. According to the most 

prevalent classical hierarchical model of hematopoiesis (Figure 2) [5, 26], the MPPs further 

give rise to common lymphoid progenitors (CLPs) and CMPs. CLPs are responsible for the 

production of lymphoid cells, whereas CMPs differentiate into the granulocyte-monocyte 
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progenitors (GMPs) and bi-potent MEPs/TEPs that are responsible for the generation of 

thrombocytes and erythrocytes [7, 17], one of the most abundant and specialized cell types 

in the adult organism. 

Although the hierarchical model of hematopoiesis has been generally accepted over years, 

recent development of state-of-the-art technologies led to discoveries of alternative 

hematopoietic pathways that are either biasing or bypassing certain multipotent progenitors. 

This includes myeloid/lymphoid biased model [27], revised model for adult hematopoiesis 

[28], myeloid based model [29] or myeloid bypass model [30]. Some of these models are in 

accordance with the classical hierarchical model and provide alternative pathways for 

development of more specialized cell types at a much higher hierarchical level than previously 

realized (Figure 2). Those alternative pathways that refer to the production of erythrocytes 

and megakaryocytes are highlighted below. 

First evidence suggesting a direct pathway leading from HSCs to the MEPs was based on the 

identification of a subset of HSCs, marked by Lineage–Sca1+c-Kithigh (LSK) and Flt3- antibodies, 

that may have given rise directly to MEPs [27]. This is in agreement with recent findings, 

further proving that the LSK CD150+CD48-CD34- subset of HSCs is capable of short-term and 

long-term platelet reconstitution as well as reconstitution of other erythro-myeloid, but not 

lymphoid, cell lineages [31]. Extensive single cell transplantation experiments revealed the 

presence of long-term megakaryocyte repopulating progenitors (MkRPs), megakaryocyte-

erythroid repopulating progenitors (MERPs) and common myeloid repopulating progenitors 

(CMRPs) within the CD150+/-CD41+/-CD34-LSK cells (Figure 2) [30]. While CMRPs were shown 

to be generally present within the CD34-LSK fraction of cells, MkRPs and MERPs seem to be 

present only within the CD150+CD41-CD34-LSK or CD150-CD41+CD34-LSK fraction of cells. As a 

follow-up, the intermediate pathway bridging MkRP and megakaryocytes was identified and 

fully restricted unipotent megakaryocyte progenitors CD41+CD42b+LSK were characterized 

recently [32]. 

Importantly, the experimental data, suggesting alternative erythroid and megakaryocytic 

pathways, are solely based on experiments performed in mammalian hematopoietic models 

and there is a lack of evidence of their existence in non-mammalian vertebrate species. We 

can only speculate, whether these pathways evolved only in mammals or whether they are 
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evolutionary conserved. One may presume that these mechanisms might play an important 

physiological role in the steady state and stress hematopoiesis. 

 

Figure 2: Models of mammalian adult hematopoiesis with respect to the megakaryocytic-erythroid 
compartment (grey box). Hierarchical [5, 26] (black arrows) and myeloid bypass [30] (red arrowheads) 
models of hematopoiesis are shown. According to the conventional hierarchical model of 
hematopoiesis, LT-HSCs give rise to ST-HSCs and MPPs. The MPPs further give rise to CLPs and CMPs. 
CLPs are responsible for the production of lymphoid cells, whereas CMPs differentiate into the GMPs 
and bi-potent MEPs. The MEPs are able to give rise to megakaryocytes and erythrocytes. Alternative 
myeloid bypass model predicts the existence of various myeloid repopulating progenitors (MyRPs) as a 
subset of long-term hematopoietic stem cells (LT-HSCs), such as common myeloid repopulating 
progenitors (CMRPs), megakaryocyte repopulating progenitors (MkRPs) and megakaryocyte-erythroid 
repopulating progenitors (MERPs). These progenitors are capable of long-term repopulation and 
differentiation into the particular cell lineages. LT-HSC, long-term hematopoietic stem cell, ST-HSC, 
short-term HSC; MPP, multipotent progenitor cell; CLP, common lymphoid progenitor; CMP, common 
myeloid progenitor, GMP, granulocyte-monocyte progenitor; CFU-Mk, colony forming unit-
megakaryocyte; BFU-E, burst forming units-erythroid; CFU-E, colony forming units erythroid. 

 

3| EXTRINSIC FACTORS INVOLVED IN ERYTHRO-THROMBOPOIESIS 

Erythro-thrombocytic differentiation has been shown to be regulated by multiple cytokines 

(Figure 3), many of which have broad effects on all hematopoietic lineages. The most 
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important factors regulating erythropoiesis are EPO and SCF [10, 11]. EPO interacts with its 

cognate receptor, EPOR, and promotes erythroid progenitor self-renewal, survival and 

differentiation, while SCF mediates proliferation and self-renewal of these progenitors. Other 

important factors that control erythropoiesis include fibroblast growth factor 2 (FGF2) [33], , 

insulin (INS) and insulin-like growth factor 1 (IGF1) [34], transforming growth factor α (TGFα) 

and TGFβ family members (TGFβ, bone morphogenetic protein 4, BMP4) [35-39] 

glucocorticoids (GCs, such as dexamethasone, Dex) [40]. These factors could either promote 

erythroid progenitor self-renewal or take part in their differentiation, depending on the 

cooperating signals. Further cytokines that act synergistically with the lineage restricted 

factors and that could instrument both erythroid and thrombocytic differentiation pathways 

are IL3, IL6, IL11, G-CSF, GM-CSF [41, 42] and previously mentioned SCF [11, 43]. These factors 

act as early modulators of upstream progenitors in erythroid and thrombocytic 

differentiation, driving their self-renewal, or promote megakaryocytic maturation. Other 

cytokines involved in thrombocytic differentiation, megakaryocytic maturation or platelets 

biogenesis include besides TPO also IL12, SDF1 [41]. TPO interacts with its cognate receptor, 

TPOR (c-MPL) [44, 45]. Its signalization seems to be strongly required for thrombopoiesis, 

since mice lacking c-MPL signaling are highly thrombocytopenic [46].  

It is interesting that EPO and TPO signaling share many common features. Both ligands belong 

to a four-helix bundle cytokine family and share a highly conserved amino-terminal EPO/TPO 

domain [47]. In mammals, TPO’s C-terminal portion encodes a highly glycosylated domain [48, 

49] that is missing in non-mammalian vertebrates [17] and its role in mammals is to regulate 

half-life of TPO in circulation [46]. EPO and TPO share 4 conserved cysteine (Cys) residues that 

form disulfide bonds [17, 50] responsible for keeping ligand´s tertiary structure. Importantly, 

also EPOR and TPOR are reminiscent of each other. Both receptors belong to the family of 

type I cytokine receptors [51, 52]. Extracellular domains of these receptors [53] are 

characterized by the presence of four conserved Cys residues and a tryptophan-serine-x-

serine-tryptophan (WSXSW) motif, involved in ligand binding and receptor signaling. Class I 

receptors possess one transmembrane domain and their intracellular region consists of two 

conserved domains, Box1/Box2, involved in mediating downstream signals. Other important 

feature of these receptors are intracellular tyrosine residues, many of which are conserved 

throughout the vertebrate species (Figure 3). The only structural difference between EPOR 
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and TPOR is that the extracellular domain has been duplicated in TPOR, having eight 

conserved Cys residues and two WSXSW motifs [51]. The activation of EPOR as well as TPOR 

occurs through the receptor homodimerization upon ligand binding, which in turn triggers 

similar downstream signaling pathways. These similarities between EPO/TPO ligands and their 

receptors suggest that they might have evolved from a single ligand/receptor by a duplication 

event during evolution. 

 

4| INTRINSIC FACTORS INVOLVED IN ERYTHRO-THROMBOPOIESIS 

The intracellular signaling pathways, mediated by EPOR and TPOR do overlap to a large extent 

(Figure 3). Neither EPOR nor TPOR have an intrinsic enzymatic activity and their signaling is 

primary dependent on associated Janus kinase 2 (JAK2) [54, 55]. Particularly, receptor 

homodimerization leads to auto-phosphorylation of JAK2 that is bound to the Box1/2 and 

which, in turn phosphorylates receptor itself as well as other signaling molecules. Both EPOR 

and TPOR stimulate JAK2 mediated phosphorylation of STAT5 (signal transducers and 

activators of transcription 5), activate phosphatidylinositol 3-kinase (PI-3K)/AKT pathway and 

promote mitogen-activated protein kinase (MAPK) signaling [54, 55]. This is achieved by the 

recruitment of GRB2 either directly or indirectly via the adaptor molecule SHC, while GRB2 

further activates SOS, RAF and MEK proteins, finally leading to MAPK activation [56, 57]. In 

contrast to EPOR, the TPOR is a much more potent activator of the MAPK pathway and STAT3 

signaling [58]. Conversely, it has been shown that EPOR interacts with LYN kinase, which can 

bind to JAK2 and affects STAT5 [59]. EPOR and TPOR signaling is limited by a negative feedback 

loop employing SHP1 and SHIP phosphatases and suppressors of cytokine signaling (SOCS1, 

SOCS3) [54, 60, 61]. 

Described signaling networks work either together or antagonistically to drive specification of 

erythroid and thrombocytic cell lineages. This is mainly governed by a balanced activity of 

transcription factors binding to GATA or ETS motifs and others [62], including GATA binding 

factors - GATA1, GATA2; ETS factors - ETS1, ETS Variant 6 (ETV6/TEL), friend leukemia virus 

integration 1 (FLI1), GA binding protein transcription factor (GABPα); and other factors - runt-

related transcription factor 1 (RUNX1/AML1), c-MYB (MYB), friend of GATA1 (FOG1), growth 

factor independent 1B (GFI1B), nuclear factor-erythroid2 complex (NFE2, NFE2 and MAFK 
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subunits), LIM domain only 2 (LMO2), T-cell acute lymphocytic leukemia 1 (TAL1/SCL) and 

Krüppel like factor (KLF1) [3, 62-64]. It is the interaction and crosstalk between these 

transcription factors that makes the system complex. A number of these transcription factors, 

such as FOG1, GATA1/2, GFI1B, LMO2, NFE2, TAL1, are critical for both erythroid and 

thrombocytic development, whereas others are rather dedicated to unilineage 

differentiation, such as the erythroid EKLF and MYB or the thrombocytic ETS1, ETV6, FLI1, 

GABPα and RUNX1 (Figure 3). From this overview, it is more than apparent that erythroid and 

thrombocytic signaling share many common features, further suggesting common 

evolutionary origin of EPO/TPO signaling pathways. 

 

Figure 3: Composite summary of the most prominent factors and signals involved in regulation of 
erythro-thrombopoiesis. Erythroid signals are in red, thrombocytic signals are in blue and signals 
involved in both differentiation pathways are depicted in black. Human TPO ligand and TPOR are shown 
in blue, human EPO and EPOR are shown in red. Tyrosine residues (Y, pink lines) in TPOR/EPOR 
intracellular domains important for receptor signaling are shown. Some of them are highly conserved 
throughout the vertebrate species as demonstrated in the table. Cytokine’s signal peptides are in black 
and Epo/Tpo domains are shown. Receptor’s WSXSW motifs are in grey and squared boxes represent 
Box1/Box2. Cs represent conserved Cys residues, *s represent glycosylation sites.  
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5| ZEBRAFISH MODEL OF HEMATOPOIESIS 

The zebrafish (Danio rerio) is a fresh water cyprinid fish, originating from eastern Asia. It 

possess several unique features, such as embryonic optical transparency, genetic amenability, 

and fecundity, that led to its establishment as a model organism. Over the past few decades, 

zebrafish has been very useful in answering numerous biological questions in various 

biological studies [65-68] including hematopoiesis [69-71]. This popularity and utility is due to 

the development and refinement of crucial techniques that allow efficient genetic 

manipulation, in vivo visualization of development in real time, and methods for high-

throughput screening [71]. Importantly, zebrafish were essential for mapping the origins of 

hematopoietic stem cells (HSCs) using real time in vivo fate mapping [72] and in the 

elucidation of signaling pathways involved in these processes [73-75].  

Zebrafish possess the same major blood lineages found in mammals, enabling comparative 

studies of hematopoiesis among vertebrate phyla. Zebrafish, like all other vertebrate animals 

studied to date, possess sequential waves of blood cell formation during development. It has 

been demonstrated that hematopoiesis proceeds through four independent phases. The first 

initiates before 24 hours post-fertilization (hpf) with the generation of primitive macrophages 

[76] and granulocytes [77] from cephalic mesoderm. Primitive erythroid cells develop in the 

intermediate cell mass (ICM), which enter circulation around 26hpf. These first blood cell 

types have been termed “primitive,” since each lineage arises only transiently during 

embryogenesis without passaging though a multipotent progenitor. Multipotency is first 

observed in erythro-myeloid progenitors (EMPs), which arise in the posterior blood island 

(PBI) at 26-30hpf [78]. The EMP is a transient definitive precursor responsible for generating 

adult-type myeloid and erythroid cells in the zebrafish [78, 79] and mouse [80, 81] embryo. 

Finally, HSCs arise from the transdifferentiation of ventral aortic endothelium, migrate to 

caudal hematopoietic tissue (CHT) and subsequently colonize kidney and thymus as a 

definitive sites of adult hematopoiesis between 36-72hpf [72, 82-84], generating erythroid, 

myeloid, and lymphoid cells for the remainder of life. Importantly, the signals that regulate 

specification and maturation of each wave are not completely understood.
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MOTIVATION AND AIMS OF THE STUDY 

This study aims to explore the field of regulation of vertebrate erythro-myeloid differentiation 

at the molecular level. Since the employment of mammalian model organisms currently brings 

only partial success in this research field, we try to exploit non-mammalian model organisms, 

such as chicken or zebrafish, that could be then efficiently utilized to identify novel key 

regulators of cell fate determination. Among the many advantages of using these model 

organisms, the most prominent is their ability to allow efficient genetic manipulation, the 

extrauterine development allowing in ovo/vivo visualization of embryogenesis in real time, 

and the simplicity of hematopoietic differentiation, particularly in the megakaryocytic-

erythroid compartment, which seems to be evolutionary conserved. However, to gain most 

out of these benefits and to make the new insights relevant to mammalian studies, it was 

crucial to define the actual relationship between the mammalian and non-mammalian blood 

cell, first. This led us to study the origins of vertebrate hematopoietic system and to propose 

the “Integrated model of hematopoiesis”. 

 

Specifically, we aim at: 

1. The establishment of culture conditions for cultivation and differentiation of zebrafish 

hematopoietic progenitors 

In other model organisms such as the mouse and chicken, in vivo observations are routinely 

complemented by ex vivo experiments [85-87], culturing hematopoietic cells ex vivo in tissue 

culture. Importantly, these approaches have not been established in zebrafish hematopoiesis 

research until recently, due to the incompatibility of broadly used mammalian or avian culture 

media with zebrafish cell culture and due to the high divergence of mammalian and zebrafish 

growth factors and cytokines [88]. The establishment of such a techniques would have a major 

impact on the zebrafish hematopoietic field.  
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2. Characterization of zebrafish cytokines and their paralogs 

Cytokines generally exhibit very low conservation throughout the vertebrate phylum. This 

might lead to diversification of orthologous cytokines in distinct organisms. Moreover, 

zebrafish genome and genome of other teleost species underwent an extra duplication event 

during their evolution as compared to other vertebrate genomes [89, 90]. This implies the fact 

that approximately 20% of mammalian genes are represented by two orthologs in teleost fish. 

Such a duplication might have been subsequently followed by specialization and gain of 

function or loss of function of individual genes and gene clusters [91]. Therefore, zebrafish 

represents a well suitable model to study formation and evolution of paralogous genes. Using 

comparative studies, it can also be utilized for identification of those factors, whose functional 

role has been evolutionary conserved from fish to man. 

3. Finding a phylogenetic link between non-mammalian and mammalian erythrocytes and 

thrombocytes 

Erythroid enucleation and megakaryocytic endoreduplication represent key evolutionary 

improvements of mammalian erythroid and thrombocytic cell lineages [92, 93]. Although the 

evolutionary connection between non-mammalian and mammalian RBCs is clear, the 

appearance of megakaryocytes during vertebrate evolution is less so. Mammalian 

megakaryocytes could have evolved de novo, functioning as analogs to thrombocytes. 

Conversely, they may have evolved as an evolutionary improvement from an ancestral 

thrombocytic precursor, indicating that thrombocytes and megakaryocytes are homologs. 

Answering these questions might justify utilization of non-mammalian model organisms in the 

studies of mammalian hematopoiesis. 

4. Identification of new regulators of hematopoiesis 

Cell fate determination of HSCs and their differentiated progenies is controlled by defined sets 

of cytokines, growth factors and transcriptional regulators. Some of these factors specify a 

particular lineage whereas others participate in a pleiotropic manner. Therefore, it is believed 

that it is the balanced interaction and crosstalk between all of these factors that make the 

system complex. Although, many important regulators have been identified so far, the exact 

molecular mechanisms that control the hematopoietic commitment are not yet fully 

understood and need to be further studied. Therefore, to gain new insights into this field, we 

try to identify some of the new regulators of hematopoiesis.
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MATERIAL AND METHODS 

Generation of recombinant zebrafish Scfa/b 

Zebrafish sequence encoding mature extracellular form of Scfa was amplified from kidney 

cDNA using primers SCFa-3 (5‘–CGGGATCCATTGAAATAGGAAATCCCAT -3‘) and SCFa-5 (5‘–

GCGGATCCTTACTCATTTGTACTATGTTGCGC-3‘), digested using BamHI and the 486bp fragment 

was ligated into pETH2a to generate pHis-Scfa vector. This vector was digested using NdeI and 

HindIII, and the fragment was blunted and ligated into pAcGP67-B (BD Biosciences). The 

resulting pAc-His-Scfa vector was used for Scfa expression in insect cells according to the 

manufacturer’s (Baculogold DNA, BD Biosciences) protocol. 

Zebrafish sequence encoding mature extracellular form of Scfb was amplified from retina 

cDNA using primers SCFb-3 (5‘–GCGGATCCGGGAGCCCTTTAACAGATGA -3‘) and SCFb-5 (5‘–

GCGGATCCTTAATGAACCGCAGAGTTCATGCC-3‘), digested using BamHI and the 480bp 

fragment was ligated into pETH2a to generate pHis-Scfb vector. This vector was digested using 

NdeI and HindIII, and the fragment was blunted and ligated into pAcGP67-B (BD Biosciences). 

The resulting pAc-His-Scfb vector was used for Scfa expression in insect cells according to the 

manufacturer’s (Baculogold DNA, BD Biosciences) protocol. 

Zebrafish lines 

All zebrafish procedures were carried out according to the following guide: “The zebrafish 

book. A guide for the laboratory use of zebrafish (Danio rerio)” [94]. Fish were kept in ZebTEC 

aquatic system (Tecniplast). Preferably fish around 6 months of age were used for majority of 

the experiments. Wild-type as well as mutant Casper zebrafish that lack pigmentation [95] 

and numerous transgenic reporter strains were utilized in this study. Transgenic reporter 

strains express fluorescent genes under the control of tissue-specific promoters, such as 

gata1:dsRed fish that express dsRed in erythrocytes [96], cd41:GFP fish that possess GFP+ 

progenitors/thrombocytes [97], mpx:GFP and lyz:dsRed fish with GFP+/dsRed+ neutrophils and 

macrophages [98, 99], mpeg1:GFP with GFP+ macrophages [100], lmo2:GFP and kdrl:mCherry 

with GFP+/mCherry+ endothelial cells [101, 102], and cmyb:GFP fish with GFP+ hematopoietic 

progenitors [72]. Some of these animals were further mated to generate double transgenic 

reporters, such as gata1:dsRed; cd41:gfp (Figure 4) or lyz:dsRed; cd41:gfp [103], essential for 

observing multilineage development in the same animal. 
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Figure 4: Representative micrograph of gata1:dsRed; cd41:gfp double transgenic zebrafish larvae at 10 

days post-fertilization (dpf). Erythrocytes express dsRed, whereas thrombocytes and progenitor cells 
express GFP. 

 

Liquid cultures 

Zebrafish cells were cultivated in CFU-E medium (see the manuscript “Ex vivo tools for the 

clonal analysis of zebrafish hematopoiesis” in the Appendix) and chicken cells were cultivated 

in modified CFU-E medium containing 140mg/l of ovotransferrin instead of iron supplement 

(Fe-SIH) and 5% chicken serum instead of carp serum. Optionally, particular cytokines and 

growth factors were added to induce self-renewal or cell differentiation at the following final 

concentrations, if not explicitly stated otherwise - all zebrafish and chicken cytokines (100 

ng/ml), INS (0.024 IU/ml), IGF1 (40ng/ml), Dex (1uM). Cells were adjusted to an optimal 

density of 2x106/ml every day by adding fresh CFU-E medium and growth factors. 

Alternatively, partial medium change was performed, if cells density was too low to ensure 

the optimal growth. Thymidine proliferation and hemoglobin differentiation assays were 

performed as previously published [86]. Note that 2% carp serum and iron supplement have 

been added into all zebrafish liquid cultures, if not explicitly stated otherwise. 

Gene expression profiling of chicken and zebrafish cells 

Multipotent progenitor cells were isolated from chicken bone marrow by flow cytometry and 

fluorescence-activated cell sorting (FACS) using anti CD41/61 (11C3) antibody (AbD Serotec). 

Sorted cells were differentiated into thrombocytic or erythroid lineage using recombinant 

chicken TPO or human INS, respectively. Total RNA was isolated from these cells at 12, 24 and 

36 hours after the induction of differentiation. The total RNA was subsequently analyzed using 

whole genome profiling by microarrays (Affymetrix). Based on these data, differentially 
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expressed genes that were specifically up/down regulated in thrombocytic/erythroid lineage 

were identified.  

Zebrafish erythroid burst (ZEB) cell line was spontaneously established by cultivation of whole 

kidney marrow (WKM) cells in CFU-E medium in the presence of recombinant zebrafish Epo 

and Scfa in the combination with Dex. The total RNA from ZEB cells was isolated and the 

transcriptome was sequenced by Next-Generation Sequencing (NGS) using HiSeq 2000 

sequencing system (Illumina). The exome was analyzed for genes and pathways deregulated 

in immortalized ZEB cells and compared to primary erythroid cells grown for 7-10 days.  

Clonal assays 

Clonal assays are routinely used for studying steady-state or aberrant hematopoiesis at the 

single-cell level. To prevent movement, cells are essentially plated in a suspension of semi-

solid media such as methylcellulose. In such conditions, cells stay together and form distinct 

colonies. If optimal plating density is attained, every HSPC generates a single colony. To see 

the detailed description of these assays, please refer to the manuscript “Ex vivo tools for the 

clonal analysis of zebrafish hematopoiesis” in the Appendix. For the kidney dissection 

procedure, see the Movie 1 in electronic supplement. Note that 2% carp serum and iron 

supplement have been added into all zebrafish semi-solid media, if not explicitly stated 

otherwise. 

Other methods 

For detailed methods describing data-mining, cloning and generation of recombinant 

zebrafish Epo, Tpo and Gcsfa/b, in vitro transcription and translation, western blotting, gel 

exclusion chromatography, RNA extraction, quantitative reverse transcriptase PCR (qRT-PCR), 

whole mount in situ hybridization (WISH), embryo injections, culture media, Baf3 

experiments, FACS, and cytology, please refer to the following publications and the respective 

supplementary information – “Clonal analysis of hematopoietic progenitor cells in the 

zebrafish“, “The zebrafish granulocyte colony-stimulating factors (Gcsfs): 2 paralogous 

cytokines and their roles in hematopoietic development and maintenance”, “Dissection of 

vertebrate hematopoiesis using zebrafish thrombopoietin“ as well as to the manuscript “Ex 

vivo tools for the clonal analysis of zebrafish hematopoiesis” in the Appendix. 
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RESULTS 

1| THE ESTABLISHMENT OF CULTURE CONDITIONS FOR CULTIVATION AND DIFFERENTIATION 

OF ZEBRAFISH HEMATOPOIETIC PROGENITORS 

 

Results presented in this chapter were included in publication D. L. Stachura, O. Svoboda, R. 

P. Lau, K. M. Balla, L. I. Zon, P. Bartunek, and D. Traver, "Clonal analysis of hematopoietic 

progenitor cells in the zebrafish", Blood, vol. 118, no. 5, pp. 1274-82, 2011 and in submitted 

manuscript O. Svoboda, D. L. Stachura, O. Machonova, LI Zon, D Traver, and P. Bartunek, "Ex 

vivo tools for the clonal analysis of zebrafish hematopoiesis", Nature Protocols, 2015. 

 

Prior to this work, we established a method for culturing zebrafish hematopoietic stem and 

progenitor cells (HSPCs) in co-culture with zebrafish kidney stromal (ZKS) cells. These 

conditions encouraged growth and multilineage differentiation of HSPCs by cell-cell 

interaction and the production of a broad range of growth factors and cytokines [88]. In order 

to manipulate cell fates more specifically and more efficiently, we generated several zebrafish 

recombinant cytokines. Even though we observed the terminal differentiation of zebrafish 

erythro-myeloid cells, this technique did not allow the study of differentiation and self-

renewal potential of HSPCs at the single-cell level. Therefore, we devised zebrafish 

methylcellulose clonal assays, enabling the analysis of clonal HSPC ontogeny in semi-solid 

media for the first time [104]. Alternatively, we also established conditions for the 

maintenance and differentiation of zebrafish HSPCs in liquid conditions. These protocols were 

the first description of culture conditions that supported primary zebrafish HSPCs in semi-solid 

and liquid media. While these protocols are based on mammalian clonal/liquid assays they 

have several substantial modifications. 

The optimum culture conditions 

The optimum culture conditions for zebrafish hematopoietic cells are 32° C and a humidified 

5% CO2 environment. While cells were healthy at the physiological temperature of zebrafish 

(28° C), they divided faster, and appeared similarly healthy at 32° C. On the other hand, raising 

the temperature to 37° C for extended periods of time had a detrimental effect on cells [88]. 
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Cytokines 

Cytokines are essential proteins for manipulating the differentiation of hematopoietic cells ex 

vivo. Due to their divergence amongst vertebrates, most mammalian and avian factors are not 

effective in fish cultures [88, 103-109]. Moreover, as many genes were duplicated during the 

evolution of the teleost genome [89, 90], multiple copies of cytokines are present in zebrafish. 

We have identified, cloned, recombinantly expressed, and purified a number of these genes, 

such as Epo [88], Gcsfa and Gcsfb [104, 109], Tpo [103], and Scfa and Scfb. We successfully 

implemented majority of these factors in our experiments (for details see the next chapters). 

Predicted colony outcomes based on the presence of particular cytokines are listed in the 

Table 1. 

Table 1: Colony generation depends on zebrafish cytokines present in media. 

Cytokines 
added 

Colony type detected 
Suitable zebrafish strain for 
colony detection 

Note 

Epo CFU-E, BFU-E 
Tg(b-globin:GFP) [110], 
Tg(gata1:dsRed) [96] 

 

Gcsfa/b CFU-G, CFU-M 
Tg(mpx:GFP) [98], Tg(lyz:dsRed) 
[99]; Tg(mpeg1:gfp) [100] 

 

Scfa - - 
Activity detected only in 
cooperation with Epo. 

Tpo CFU-T Tg(cd41:GFP) [97]  

Epo, Gcsfa/b CFU-GEM 
Tg(gata1:dsRed, mpx:GFP) 
[104] 

 

Epo, Scfa CFU-E, BFU-E 
Tg(b-globin:GFP) [110], 
Tg(gata1:dsRed) [96] 

Addition of Scfa increases 
proliferation capacity of 
erythroid colonies. 

Epo, Tpo 
CFU-E, BFU-E, CFU-T, 
CFU-TE 

Tg(gata1:dsRed; cd41:GFP) 
[103] 

 

Epo, 
Gcsfa/b, Tpo 

CFU-E, BFU-E, CFU-G, 
CFU-M, CFU-T, CFU-TE, 
CFU-GEM, CFU-GEMT 

Tg(lyz:dsRed; cd41:GFP) [103] 
Erythroid colonies can be 
detected based on 
hemoglobinization. 

CFU-E (colony forming unit erythroid); BFU-E (burst forming unit erythroid); CFU-G (colony forming unit 
granulocyte); CFU-M (colony forming unit macrophage); CFU-TE (colony forming unit thrombocyte, erythroid); 
CFU-GEM (colony forming unit granulocyte, erythroid, macrophage); CFU-GEMT (colony forming unit granulocyte, 
erythroid, macrophage, thrombocyte). 

 

The serum 

Serum is a critical component of most culture media. It contains growth factors and cytokines, 

and along with exogenously added cytokines, cooperatively ensures the optimal growth and 

differentiation of cells. Presumably due to high genetic divergence between mammals and 

teleosts, we observed that our culture medium worked best when supplemented with 10% 

fetal bovine serum (FBS) and 1-2% fish serum. Due to the fact that isolation of sufficient 
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amount of zebrafish serum is technically challenging, we experimentally tested the serum 

from other larger but phylogenetically related teleosts. Our experiments indicated that sera 

derived from multiple fish species such as European perch, salmonids (SeaGrow JJ80), and 

northern pike was ineffective (data not shown), while serum from the common carp 

stimulated the most cell survival and proliferation ex vivo, as visualized on number and 

morphology of colonies, when cells were co-stimulated with Gcsf and Epo with or without 

carp serum (Figure 5). 

 

 

 

 

 

 

 

 

Figure 5: Zebrafish Gcsfa and 
Epo increase colony formation 
from mpx:GFP WKM. (A) 
CFUs/100 000 WKM cells 
plated in methylcellulose with 
combinations of carp serum, 
Gcsfa, or Epo added. Bars 
represent average of at least 3 
independent experiments, 
with error bars representing 
SD. Black bars represent 
mpx:GFP+ colonies and green 
bars represent mpx:GFP- 

colonies. (B) Brightfield (top 
rows) and GFP fluorescent 
images (bottom rows) of 
representative colonies 
enumerated in panel A. All 
images were taken at 50x. 
Scale bar in top left panel is 50 
um. Figure is reproduced from 
Stachura et al., 2011 [104].  
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Transferrin  

Transferrin is an essential mediator of iron transport during erythrocyte differentiation [111]. 

Due to the divergence of vertebrate transferrin genes and a lack of available recombinant 

zebrafish transferrin, a synthetic iron supplement, ferric salicylaldehyde isonicotinoyl 

hydrazine (Fe-SIH), is utilized that is able to diffuse across membranes and bypass the Tfr and 

DMT1 transporters normally required for mitochondrial iron import [112]. Addition of iron 

supplement or carp serum into HSPC cultures in combination with recombinant zebrafish Epo 

enabled full erythroid maturation, as demonstrated by a percentage of hemoglobinized cells 

after o-Dianisidine staining [88] (Figure 6). 

 

 

Figure 6: Zebrafish erythropoietin 
increases precursor cell survival and 
differentiation. Increased erythroid 
differentiation achieved by exogenous 
iron delivery. Percent o-Dianisidine 
positive erythroid cells after 5 days of 
culture with erythroid stimulating factors. 
Factors added to media listed at bottom. 
n=3. Figure is reproduced from Stachura 
et al., 2009 [88].  
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Source of zebrafish HSPCs 

As a source of zebrafish hematopoietic progenitor cells, cells isolated from embryos or from 

whole kidney marrow (WKM) of adult (preferably around 6 months of age) were used. 

Cells can be plated directly after their dissociation from tissues (termed “unfractionated 

cells”), but Ficoll-Hypaque/Biocoll (density 1.077 g/ml) centrifugation can also be utilized to 

remove unwanted mature erythrocytes and dead cells (termed “fractionated cells”). 

Alternatively, hematopoietic progenitor cells can be sorted using FACS. With FACS, several 

distinct scatter populations termed “erythroid”, “lymphoid”, “precursor”, and “myeloid” can 

be resolved by light scatter characteristics [96] (Figure 7). Erythroid and myeloid population 

predominantly contains postmitotic erythroid and mature myeloid cells (data not shown), 

whereas lymphoid and precursor population predominantly contain HSPCs as visualized using 

clonal assays when sorted cells isolated from double transgenic mpx:GFP; gata1:dsRed fish 

were cultivated in the presence of Epo and/or Gcsf (Figure 8). 

 

Figure 7: Representative illustration of the gating for the isolation of distinct fractions of kidney marrow 
cells, such as (a) “erythroid” (E), “lymphoid” (L), “precursor” (P) and “myeloid” (M) population.  
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Figure 8: Precursor and lymphoid fractions of WKM contain myeloid and erythroid progenitors. (A) 
Experimental schematic for isolation and culture of mpx:GFP-; gata1:dsRed- cells from precursor (blue) 
and lymphoid (purple) fraction of adult WKM. (B) CFUs/100 000 mpx:GFP-; gata1:dsRed- precursor cells 
plated in methylcellulose with combinations of carp serum, Gcsfa, or Epo added. Red bars represent 
gata1:dsRed+ colonies, green bars represent mpx:GFP+ colonies, and black bars represent negative 
colonies generated from the precursor fraction. (C) CFUs/100 000 mpx:GFP-; gata1:dsRed- lymphoid 
cells plated in methylcellulose with combinations of carp serum, Gcsfa, or Epo added. Red bars 
represent gata1:dsRed+ colonies, green bars represent mpx:GFP+ colonies, and black bars represent 
negative colonies generated from the lymphoid fraction. Bars represent average of at least 3 
independent experiments, with error bars representing SD. Figure is reproduced from Stachura et al., 
2011 [104].  
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2| CHARACTERIZATION OF ZEBRAFISH CYTOKINES AND THEIR PARALOGS 

 

2a| Zebrafish Gcsfa/b 

Results presented in this chapter were included in publication D. L. Stachura, O. Svoboda, C. 

A. Campbell, R. Espin-Palazon, R. P. Lau, L. I. Zon, P. Bartunek, and D. Traver, "The zebrafish 

granulocyte colony-stimulating factors (Gcsfs): 2 paralogous cytokines and their roles in 

hematopoietic development and maintenance", Blood, vol. 122, no. 24, pp. 3918-28. 

 

Identification of zebrafish Gcsfa/b 

Gcsf was first purified and characterized in the murine system [18, 113] and subsequently 

identified in a number of other non-mammalian vertebrates, including chicken (Gallus gallus) 

[114], Japanese flounder (Paralichthys olivaceus) [108], fugu (Takifugu rubipes) [108], green 

spotted pufferfish (Tetraodon nigroviridis)[108], and zebrafish [106]. These Gcsf ligands show 

significant conservation in their structure, binding domains, and synteny across species. 

Interestingly, due to a whole-genome duplication event that occurred early in teleost 

evolution, fugu and green spotted pufferfish have two copies of Gcsf that likely arose from a 

single common ancestral gene based on phylogenetic analysis. Using synteny approach with 

BLAST, we were able to identify an additional copy of Gcsf also in zebrafish, resulting in two 

zebrafish Gcsf paralogs – Gcsfa and Gcsfb.  

As shown in Figure 9A, Gcsf shows a high degree of synteny across vertebrate phyla, with the 

genes Stard3 and Psmd3 upstream, and Med24 and Top2A downstream. This synteny is 

maintained in zebrafish, with the previously described Gcsf ligand (which we refer to as Gcsfa) 

present on chromosome 12, upstream of Med24 and Top2A [106]. The newly discovered Gcsf 

ligand (Gcsfb) is located on chromosome 19, downstream of Stard3 and Psmd3. Gcsfb is a 

558bp mRNA that encodes a 185aa protein with five exons, similar to reported Gcsf ligands. 

Whereas Gcsfa and Gcsfb show little sequence similarity (Figure 9B), they share a similar 

predicted structure (Figure 1C). Therefore we asked, what are the roles of both Gcsfs during 

development of the zebrafish hematopoietic system and during steady-state hematopoiesis 

in the adult animal. 
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Figure 9: Gcsfa and Gcsfb are paralogous genes that arose from a gene duplication event early in teleost 
evolution. (A) Synteny analysis of GCSF ligands across species. Data from chicken, green spotted 
pufferfish, and fugu are adapted from [108]. (B) Alignment of human, mouse, and zebrafish Gcsfa and 
Gcsfb with Clustal Omega. (C) Proposed structure of Gcsfa (cyan color) and Gcsfb (magenta color), 
modeled on the structure of human GCSF. Figure is reproduced from Stachura et al., 2013 [109]. 
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Ex vivo analysis of zebrafish Gcsfs 

To determine effects of Gcsfa/b on adult HSPC differentiation, we produced recombinant 

versions of Gcsfa and Gcsfb ligands (Figure 10). To ensure that both proteins are fully native, 

we performed gel exclusion chromatography, which revealed one major fraction for each Gcsf 

with no misfolded protein forms (Figure 10D). Next, we performed clonal assays to 

quantitatively and functionally assess their proliferative and differentiation activity. To 

analyze erythro-myeloid differentiation, we plated unfractionated WKM from mpx:GFP+; 

gata1:dsRed+ adult fish, together with zebrafish Epo, and increasing concentrations of 

individual Gcsf ligands. Gcsfb encouraged slightly more colony formation at 5 and 10ng/ml, 

but between 10-100ng/ml Gcsfa encouraged significantly more colony formation (Figure 

11A). At 500ng/ml, both Gcsf ligands encouraged similar numbers of colony growth. To assess 

whether there were functional differences in the maturation of these colonies, we 

enumerated myeloid colonies marked by the myeloid-specific mpx:GFP transgene. 

Additionally, we enumerated erythroid colonies marked by the erythroid-specific 

gata1:DsRed transgene to determine if Gcsf ligands would skew the differentiation of erythro-

myeloid progenitors. Finally, we observed and enumerated “mixed” colonies that contained 

erythroid and myeloid cells that putatively arose from multilineage erythro-myeloid 

progenitor cells (Figure 11B). Gcsfa and Gcsfb both stimulated GFP+ ruffled myeloid colonies 

(comprised mainly of neutrophils) [104], as well as spread GFP+ colonies (comprised of 

neutrophils, monocytes, and macrophages) [104] (Figure 11C). There were no notable 

differences in colony size, indicating that the two ligands induced no measurable difference in 

progenitor proliferation capacity. Neither Gcsfa nor Gcsfb prevented or skewed the 

differentiation of erythroid colonies (Figure 11B and C). To confirm that Gcsfa and Gcsfb had 

differential biological activities with respect to their kinetic behavior, we stably transfected 

Baf3 murine cells with zebrafish Gcsfr and found that both proteins stimulated the survival of 

these cells in a ligand-dependent manner (Figure 12). These studies indicated that Gcsfa 

stimulated survival at lower concentrations than Gcsfb, indicating higher biological activity. 

Importantly, the Baf3 study also indicated that downstream Gcsf signaling is well conserved 

between fish and mammals. Overall, these data confirm that Gcsfa and Gcsfb possess 

redundant roles in the differentiation of myelo-monocytic cells, although Gcsfa has higher 

CFU-promoting capabilities.  
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Figure 10: Generation and purification of recombinant Gcsfa and Gcsfb. SDS-PAGE analysis of expression 
and purification of recombinant Gcsfa (21.9kDa, (A) and Gcsfb (18.9 kDa, (B). (C) Purified proteins after 
dialysis. IPTG-induced (+) and uninduced (-) bacterial lysates; W, protein washes; E, protein elution 
fraction; Beads, Ni-NTA agarose beads; M, PageRuler Plus Protein ladder, sizes (in kDa) are listed next 
to corresponding bands. (D) Gel exclusion chromatography of Gcsfa (top, blue line, 16.63ml) and protein 
standards (red line). Gel exclusion chromatography of Gcsfb (bottom, red line, 17.36ml) and protein 
standards (blue line). Protein standards are Blue Dextran, 2000kDa (7.91 ml); BSA, 66kDa (14.01 ml); 
CAII, 29kDa (16.36 ml); CytC, 12.4kDa (17.83 ml); and Aprotinin, 6.5kDa (19.33 ml). Figure is reproduced 
from Stachura et al., 2013 [109]. 
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Figure 11: Gcsfa is more efficient than Gcsfb at expanding erythro-myeloid HSPCs cells in the adult 
zebrafish. (A) Numbers of colony forming units (CFUs; combined erythroid, myeloid, and mixed) per 
100,000 cells plated from unfractionated WKM grown with Gcsfa (black line, circles) and Gcsfb (gray 
line, squares) cytokine concentrations as listed along the x-axis. Each point represents the mean of 
biological triplicate experiments, and error bars represent the SEM of those triplicate experiments. 
Statistical significance represents the difference between Gcsfa and Gcsfb effects (*P < 0.03, ** P < 
0.06, N.S. no significance). (B) Breakdown of different CFU types per 100,000 cells plated from 
unfractionated WKM grown with 100 ng/ml of Gcsfa and Gcsfb in the presence of Epo. Green bars 
represent mpx:GFP+ ruffled and spread colonies (Mpx+), red bars represent gata1:dsRed+ compact 
colonies (Gata1+), and green/red checkered bars represent colonies with mpx:GFP+ and gata1:dsRed+ 
cells both present (Mixed). Bars represent the mean of biological duplicate experiments, and error bars 
represent the SEM of those experiments. Statistical significance represents the difference between 
Gcsfa and Gcsfb effects (*P < 0.03, **P < 0.09). (C) Images of representative colonies derived from 
unfractionated WKM after stimulation with 100 ng/ml of Gcsfa (left half of figure) or Gcsfb (right half of 
figure). All cultures also had Epo added. Brightfield (top row), mpx:GFP (middle row), and gata1:dsRed 
(bottom row) images are shown to illustrate representative colonies seen with these different growth 
conditions. Mixed colonies are not shown, but were present in both cultures. Figure is reproduced from 
Stachura et al., 2013 [109]. 
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Figure 12: Gcsfa has increased biological activity compared to Gcsfb. Murine IL-3-dependent Baf3 cells 
were stably transfected with zebrafish Gcsfr, and increasing amounts (Y axis) of Gcsfa (gray squares) or 
Gcsfb (light gray triangles) were added to the culture. Murine IL-3 (black triangles) is shown as a positive 
control. Incorporation of radio-labeled thymidine uptake was plotted (X axis). For each concentration, 
mean of sample is shown (bars represent SD). Figure is reproduced from Stachura et al., 2013 [109]. 

 

Expression of gcsfr, gcsfa and gcsfb in zebrafish embryos and adults 

To determine if Gcsf signaling was important for zebrafish hematopoietic development in vivo, 

we performed qRT-PCR analysis on embryos. gcsfr was expressed as early as 6hpf, increased 

at 24hpf, and maintained at similar levels when assayed up to 72hpf, indicating that Gcsf 

signaling is active during both primitive and definitive hematopoiesis (Figure 13A). To 

investigate if gcsf ligands were expressed differentially during these time windows, we 

examined expression of gcsfa and gcsfb. gcsfa was expressed at low levels in 6hpf embryos, 

with levels slowly increasing over time (Figure 13B). In contrast, expression of gcsfb was more 

dynamic (Figure 13B). Notably, gcsfb was expressed at higher levels early in development, 

decreasing at 24hpf, then returning to higher levels by 60hpf. To investigate if these ligands 

showed different spatial expression patterns in the developing embryo, WISH was performed. 

Similar to previous studies [106], and likely due to their low expression, WISH analyses were 

uninformative (data not shown).  

Since Gcsf signaling is essential for the continual production of myeloid cells from progenitors, 

we assessed where gcsfr and its ligands were expressed in adult fish. Not surprisingly, we 
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found that gcsfr was expressed highly in the kidney, the main site of hematopoiesis in adult 

teleosts [115] (Figure 13C). Fractionation of WKM by light scatter characteristics [96] indicated 

that gcsfr was highly expressed in mature myeloid cells. Additionally, gcsfr was expressed in 

the “precursor” population, likely due to the presence of myeloid progenitors identified in this 

scatter fraction [88, 104] including putative common myeloid progenitors (CMPs) and 

granulocyte colony progenitors (GMPs) [116]. gcsfr was also detected in the spleen and skin, 

likely due to the presence of neutrophils. Examination of gcsfa and gcsfb showed differential 

expression among various tissues (Figure 13D). gcsfb was expressed highly in gills, skin, and 

testes. gcsfa was also present in these organs, but highly expressed in the heart. Both gcsfa 

and gcsfb were expressed in the kidney, but gcsfb was expressed at much higher levels in 

lymphoid, myeloid, and precursor scatter fractions. Due to the differences in the expression 

patterns of these Gcsf ligands, we hypothesized that each likely played differential roles in 

embryonic and adult hematopoietic development and homeostasis.  
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Figure 13: Expression levels of gcsfr, gcsfa, and gcsfb in embryonic and adult zebrafish. (A) qRT-PCR 
analysis of gcsfr in pooled whole zebrafish embryos at developmental stages listed along x-axis. (B) qRT-
PCR analysis of gcsf ligands (gcsfa, black bars; gcsfb, gray bars) in pooled whole zebrafish embryos at 
developmental stages listed along x-axis. (C) qRT-PCR analysis of gcsfr in adult zebrafish tissues listed 
along x-axis. Lymphoid, myeloid, and precursor cells (hatched bars) are different cell populations 
isolated by FACS from the adult WKM. (D) qRT-PCR analysis of gcsfa (black bars) and gcsfb (gray bars) in 
adult zebrafish tissues listed along x-axis. Lymphoid, myeloid, and precursor cells (hatched bars) are 
different cell populations isolated by FACS from the adult WKM. Expression levels are relative to the 
housekeeping gene ef1a. All embryonic samples are biological triplicate preparations of at least 10 
embryos per time point. All adult tissue samples are biological triplicate preparations from individual 
adult fish. All bars represent the mean of the samples, and error bars represent the SEM. Figure is 
reproduced from Stachura et al., 2013 [109]. 
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Gcsf signaling promotes primitive and definitive myelopoiesis 

To examine if each ligand showed differential effects on primitive myelopoiesis, we first 

performed gain-of-function experiments, injecting in vitro-transcribed mRNA into lyz:GFP 

transgenic embryos whereby GFP marks primitive macrophages [99] and neutrophils[100] at 

22-24hpf. Both gcsfa and gcsfb significantly expanded lyz:GFP+ cells when compared to mock-

injected embryos (Figure 14A and B). To investigate whether Gcsf ligands were capable of 

expanding myeloid cells originating from definitive, multilineage precursors, we examined 

later developmental time points. We performed these studies at 72hpf, a time in 

hematopoietic development whereby the majority of blood cells are derived from definitive 

HSPCs. We observed that gcsfa and gcsfb significantly expanded the number of mpx:GFP+ 

myeloid cells present at 72hpf (Figure 14C and D).  
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Figure 14: Gcsfa and Gcsfb ligands expand primitive and definitive neutrophils and macrophages in the 
zebrafish embryo. (A) Fluorescence images of 24hpf lyz:GFP embryos injected at the one-cell stage of 
development with PBS (mock) and either gcsfa or gcsfb mRNA. (B) Numbers of lyz:GFP+ cells at 22-24hpf 
(Y-axis) after injection of PBS (circles) and in vitro transcribed gcsfa (squares) or gcsfb (triangles) mRNA. 
(C) Fluorescence images of 72hpf mpx:GFP transgenic zebrafish injected with PBS and either in vitro 
transcribed gcsfa or gcsfb mRNA. (D) Numbers of mpx:GFP+ cells at 72hpf (Y-axis) after injection of PBS 
(circles) and gcsfa (squares) or gcsfb (triangles) mRNA at the single-cell stage. Mean (dashed red line) 
with 95% confidence interval (red error bars) and level of statistical significance (* P < 0.0001, N.S. no 
significance). Figure is modified from Stachura et al., 2013 [109]. 

 

Gcsf signaling expands HSCs 

To investigate if Gcsf signaling regulated the specification and expansion of embryonic HSPCs, 

we again performed gain-of-function experiments and analyzed the number of HSCs and EMPs 

present. Surprisingly, both ligands caused expansion of runx1+ HSCs at 24hpf when analyzed 

by WISH (Figure 15A), and quantitation of runx1+ cells along the dorsal aorta and in the PBI 

indicated significant expansion (Figure 15B). Further analysis of cells expressing the HSC-

marker cmyb along the dorsal aorta and caudal hematopoietic tissue (CHT) at 36hpf confirmed 

that both ligands were expanding HSCs (Figure 15C and D). We next analyzed the effect of 

increased Gcsf signaling on EMPs, transient definitive progenitors that lack lymphoid 

potential. Whereas enforced Gcsf expression significantly expanded HSCs, neither ligand 

showed significant effects on lmo2:GFP+; gata1:dsRed+ EMPs when analyzed by flow 

cytometry (Figure 15E). To examine if these two definitive progenitor subtypes could respond 

to Gcsf signaling, we examined their gcsfr expression. While FACS-isolated HSCs expressed 

significant levels of gcsfr, EMPs expressed less transcript than adult kidney (Figure 15F), 

potentially explaining their inability to respond to Gcsf signaling.  

To investigate if Gcsf ligands were directly responsible for the expansion of HSCs, we 

performed confocal microscopy to visualize the emergence of individual cmyb:GFP+; 

flk1:mCherry+ HSCs along the aortic floor at 48hpf [72]. In agreement with our previous data, 

we observed that gcsf ligand mRNA injections significantly increased HSCs along the dorsal 

aorta (Figure 16A and B). We also investigated the CHT region of these embryos, since this 

area has been suggested to be the first site of HSC expansion following emergence from the 

ventral aortic endothelium [84]. In agreement with aortic HSC expansion, the CHT also showed 

significant increases in HSCs (Figure 16C and D). To investigate if Gcsf signaling was responsible 

for this expansion, we again utilized gcsfr-MO, which caused significant decreases in HSCs 
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(Figure 16B and D). Injection of gcsfa and gcsfb mRNA failed to rescue this reduction, 

indicating that both ligands were signaling through the Gcsfr to expand HSCs. To further 

investigate, we generated ligand-specific MOs, to see if the depletion of either ligand would 

have similar effects. The knockdown of either gcsfa or gcsfb significantly reduced the amount 

of HSCs present along the aorta (Figure 16A and B) and CHT (Figure 16C and D), indicating that 

both ligands play a role in the emergence and expansion of HSCs in the embryo. We were able 

to rescue the depletion of Gcsfa by injecting either gcsfa or gcsfb mRNA, indicating that not 

only was this effect directly attributable to Gcsf signaling, but also that these ligands function 

redundantly (Figure 16B and D). The same results were achieved when Gcsfb was depleted 

and rescued (Figure 16B and D). Taken together, these data indicate that embryonic HSCs are 

responsive to Gcsf signaling, and that this signaling is essential for their expansion.  
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Figure 15: Gcsfa and Gcsfb expand HSCs but not EMPs in the zebrafish embryo. (A) WISH of 24hpf 
embryos for runx1 after injection of PBS (mock) or in vitro transcribed gcsfa or gcsfb mRNA at the single-
cell stage of development. (B) Numbers of runx1+ cells along the dorsal aorta and PBI region quantitated 
from three independent experiments as in (A). (C) WISH of 36hpf embryos for cmyb after injection of 
PBS (mock) or in vitro transcribed gcsfa or gcsfb mRNA at the single-cell stage of development. (D) 
Numbers of cmyb+ cells along the dorsal aorta and CHT region quantitated from three independent 
experiments as in (C). (E) Percentage of lmo2:GFP+; gata1:dsRed+ EMPs at 30-32hpf (Y-axis) after 
injection of PBS (mock, circles) or in vitro transcribed gcsfa (squares) or gcsfb (triangles) mRNA at the 
single-cell stage of development. Each data point corresponds to 5 embryos pooled together before 
digestion and flow cytometry. (F) qRT-PCR analysis of gcsfr in FACS-isolated HSCs (cmyb:GFP+; 
flk1:dsRed+ cells at 48hpf), EMPs (lmo2:GFP+; gata1:DsRed+ cells at 30hpf), and adult zebrafish kidney 
(Whole Kidney). Levels are relative to the housekeeping gene ef1a. All samples are at least biological 
duplicate preparations. Mean (dashed red line) with 95% confidence interval (red error bars) and level 
of statistical significance (* P < 0.0001, ** P < 0.02, N.S. no significance). Figure is reproduced from 
Stachura et al., 2013 [109]. 
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Figure 16: Gcsfa and Gcsfb expand HSCs in the zebrafish embryo. (A) Maximum projection of multiple z-
stack images of the dorsal aorta region of 48hpf cmyb:GFP+; flk1:mCherry+ transgenic animals after 
injection of PBS (mock, top), gcsfa-MO, gcsfb-MO, and gcsfr-MO, in vitro transcribed gcsfa, and in vitro 
transcribed gcsfb at the single-cell stage of development. White arrowheads (yellow cells) denote 
double-positive HSCs located between the dorsal aorta and cardinal vein. (B) Numbers of HSCs 
(cmyb:GFP+; flk1:mCherry+) were enumerated from individual confocal z-stacks from the dorsal aorta 
region of 48hpf cmyb:GFP+; flk1:mCherry+ transgenic animals as shown in (A). (C) Maximum projection 
of multiple z-stack images of the CHT region of embryos shown in (A). White arrowheads (yellow cells) 
denote double-positive HSCs located in contact with the vascular plexus of the CHT. (D) Numbers of 
HSCs (cmyb:GFP+; flk1:mCherry+) were enumerated from individual confocal z-stacks from the CHT 
region of 48hpf cmyb:GFP+; flk1:mCherry+ transgenic animals as shown in (C). Mean (dashed red line) 
with 95% confidence interval (red error bars) and level of statistical significance (*P < 0.001, **P < 0.04, 
N.S. no significance). Figure is reproduced from Stachura et al., 2013 [109].  
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2b| Zebrafish Epo and Tpo 

Results presented in this chapter were included in publication O. Svoboda, D. L. Stachura, O. 

Machonova, P. Pajer, J. Brynda, L. I. Zon, D. Traver, and P. Bartunek, "Dissection of 

vertebrate hematopoiesis using zebrafish thrombopoietin", Blood, vol. 124, no. 2, pp. 220-

8, 2014. 

 

Zebrafish Epo encourages erythroid differentiation 

The zebrafish Epoa (that we refer to as Epo for the rest of this work) has been characterized 

in vivo previously [107]. In addition, recently we identified another zebrafish paralog of epo 

that we refer to as epob (Bartunek and Svoboda, unpublished). However, the epob has been 

poorly characterized so far and recombinant Epob had no activity in our hematopoietic assays 

(data not shown). The zebrafish Epo activates Epor and morpholino experiments revealed that 

Epo/Epor signal is mediated by Stat5, similarly to mammals. Zebrafish Epo is an essential 

cytokine involved in regulation of the hematopoiesis during development and for the 

maintenance of erythroid cells in vivo [107]. For these reasons, we previously generated 

recombinant zebrafish Epo and we added it to our stromal cultures to determine its biological 

function ex vivo [88]. As a result, we clearly observed that it stimulated the proliferation and 

encouraged differentiation of erythroid progenitors (Figure 6).  

To determine the effect of Epo on hematopoietic progenitors, we utilized the ex vivo clonal 

assays. For this, fractionated WKM was harvested from adult double transgenic cd41:GFP; 

gata1:dsRed fish (Figure 4). These fish have the thrombocytic-specific promoter cd41 driving 

GFP expression, and the erythroid-specific gata1 promoter driving dsRed fluorescence, 

allowing examination of thrombocytic/erythroid differentiation. Plating WKM cells from these 

fish with no growth factors resulted in a limited number of small, cd41:GFP- gata1:dsRed- 

colonies (data not shown). The addition of Epo encouraged the growth and differentiation of 

small, hemoglobinized, erythroid gata1:dsRed+ colonies that were uniformly cd41:GFP- (Figure 

17, top row), which resembled zebrafish CFU-Es [104]. In addition, we also observed large 

(>256 cells) gata1:dsRed+ erythroid colonies (Figure 17, middle row), which we refer to as 

BFU-Es due to their appearance and similarity to avian BFU-Es [117, 118].  
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Figure 17: Representative images of erythroid colonies grown in methylcellulose. Progenitor cells 
isolated from fractionated WKM of adult Tg(cd41:GFP, gata1:dsRed) fish were grown for 4 days in the 
presence of recombinant zebrafish Epo, which stimulated growth and differentiation of small CFU-E (*) 
and large BFU-E (**) colonies that were hemoglobinized and expressed gata1:dsRed, but not cd41:GFP. 
All photomicrographs were taken at original 200x magnification. Scale bar (top left) represents 100 um. 
Figure is modified from Svoboda et al., 2014 [103]. 

 

Cloning and expression of zebrafish tpo 

cDNA containing full-length tpo was cloned from zebrafish hearts by RT-PCR and 5’ RACE and 

its sequence was deposited into GenBank (EU267076). Zebrafish Tpo contains a conserved N-

terminal Epo/Tpo domain (pfam00758), while the mammalian C-terminal domain is missing 

(Figure 18A). The mature form of zebrafish Tpo (38aa - 191aa) shares 40% sequence homology 

(23% identity) to human TPO as well as Tpo from other species (Figure 18B). The structural 

prediction [119, 120] revealed a classical four-helix bundle structure (Figure 18C) similar to 

human TPO. To assess what organs in the adult zebrafish expressed tpo, transcripts were 

assayed by qRT-PCR. We detected high levels of tpo in heart, liver, and testes (Figure 18D). 

Expression of tpo during embryogenesis was low when assessed by qRT-PCR and WISH 

analyses, with transcript levels continuously increasing over time (data not shown). 
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Figure 18: Structure and 
expression of zebrafish Tpo. (A) 
Protein structure diagram of 
human (top) and zebrafish 
(bottom) Tpo. Black boxes 
represents the leader 
sequence, open boxes 
represent the conserved 
Epo/Tpo domain, Cs represent 
conserved Cys residues, *s 
represent glycosylation sites, 
and the gray box represents 
the C-terminal Tpo domain 
only found in mammals. (B) 
ClustalW alignment of the 
Epo/Tpo domains of the 
human, mouse, chicken, 
xenopus, salmon, trout and 
zebrafish Tpo. The first amino 
acid in human sequence 
corresponds to aa 21 of 
GenBank AAC37568. Positions 
of conserved Cys residues are 
boxed. (C) Cartoon 
representation of Tpo model. 
Overlay of human TPO (green) 
and zebrafish Tpo (magenta). 
Residues important for 
interaction with receptor are 
depicted in stick 
representation (cluster 1 
carbon atoms in yellow, cluster 
2 carbon atom in orange). 
Clustering performed as 
published before [121].(D) qRT-
PCR analysis of tpo levels in 
adult organs. Tissues are listed 
along x-axis. The fold change in 
the expression is relative to 
kidney marrow, defined as “1.” 
Bars represent the mean values 
of three biological samples, 
with error bars representing 
standard deviation. Figure is 
modified from Svoboda et al., 
2014 [103].  
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tpo expands HSPCs and thrombocytes in zebrafish embryos 

To investigate the role of Tpo in embryonic hematopoiesis, we performed gain-of-function 

experiments by injecting tpo mRNA into zebrafish embryos. Injection of tpo into cd41:GFP 

transgenic animals significantly increased the number of GFP+ cells present at 72 and 96hpf 

(Figure 19A and B), which represent HSPCs and thrombocytes [82, 122, 123]. Similarly, WISH 

analyses indicated that cmyb, a marker of embryonic HSPCs [82], was significantly increased 

in the caudal hematopoietic tissue (CHT) of injected embryos at 36hpf (Figure 19C and D). 

Figure 19: tpo expands the 
number of thrombocytes and 
HSPCs in the developing zebrafish 
embryo. (A) cd41:GFP+ cells in 
72hpf zebrafish embryos 
uninjected (top), or injected with 
tpo mRNA (bottom). (B) Numbers 
of cd41:GFP+ cells quantitated 
from 96hpf embryos. Embryos 
were analyzed using FACS and the 
number of cd41:GFP+ cells was 
calculated based on the 
frequency of these cells 
multiplied by the total cell 
number per embryo. Each data 
point represents 5 embryos 
pooled together. (C) cmyb+ HSPCs 
present in the CHT (brackets) at 
36hpf in embryos that were 
uninjected (top) or injected with 
tpo mRNA (bottom). (D) Numbers 
of cmyb+ cells along the dorsal 
aorta and caudal hematopoietic 
tissue (brackets) region at 36hpf 
quantitated from 2 independent 
experiments. Dashed red lines in 
B and D represent the mean with 
95% confidence interval (black 
error bars). Figure is reproduced 
from Svoboda et al., 2014 [103]. 

 

Tpo expands HSPCs ex vivo and encourages thrombocytic differentiation 

To determine if Tpo stimulated thrombocytic differentiation ex vivo, we performed clonal 

assays with recombinant zebrafish Tpo (Figure 20), using WKM isolated from cd41:GFP; 

gata1:dsRed fish (Figure 4). 
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Figure 20: Western blotting analysis of the 
expression and purification of recombinant Tpo 
using the secretion baculovirus system. Secreted 
Tpo present in insect media supernatant (Sup) is 
marked by an arrowhead. Eluted Ni-NTA purified 
Tpo is present in lanes 1, 2, and 3. 

 

In contrast to Epo, Tpo encouraged formation of small, non-hemoglobinized colonies that 

were mainly comprised of cd41:GFP+ cells (Figure 21), which we refer to as CFU-thrombocytes 

(CFU-Ts), indicating that Tpo encouraged thrombocytic differentiation. A few of these colonies 

also possessed weak gata1:dsRed+ signal, in agreement with previous studies that Gata1 is 

involved in the differentiation of platelets from MEPs [124, 125]. 

 

Figure 21: Representative images of thrombocytic colonies grown in methylcellulose. Progenitor cells 
isolated from fractionated WKM of adult Tg(cd41:GFP, gata1:dsRed) fish were grown for 4 days in the 

presence of recombinant zebrafish Tpo, which stimulated growth and differentiation of relatively 

small CFU-T colonies that expressed high levels of cd41:GFP and low levels of gata1:dsRed. All 
photomicrographs were taken at original 200x magnification. Scale bar (top left) represents 
100 um. Figure is modified from Svoboda et al., 2014 [103]. 
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2c| Zebrafish Scfa/b 

Results presented in this chapter are unpublished. 

 

Cloning and expression of zebrafish Scfa/b 

Zebrafish scf genes (scfa and scfb, also termed kitla and kitlb) represent another paralogous 

pair, found in teleost fish [105, 126, 127]. In mammals and birds, SCF signaling is crucial in 

many aspects of hematopoiesis. SCF acts on hematopoietic stem cells, it supports proliferation 

and differentiation of erythroid and megakaryocytic cells and promotes survival, proliferation 

and maturation of mast cells [11]. Similar functions are attributed to the Scfa of the goldfish 

(Carassius auratus L.) [105, 128], another teleost species. However, surprisingly recent 

zebrafish experiments did not reveal any involvement for Scf signaling in zebrafish 

hematopoiesis. While the zebrafish Scf receptor a (Scfra, also termed Kita) is expressed on the 

surface of hematopoietic cells, the zebrafish mutant for scfra (termed sparse) has no 

hematopoietic defects [127] and neither zebrafish scfrb does not seem to be involved in 

hematopoiesis, since is it not expressed in hematopoietic tissues [126]. To clarify these 

controversial data concerning the SCF involvement in mammalian/goldfish and zebrafish 

hematopoiesis, we decided to generate recombinant versions of both zebrafish Scfs using 

baculoviral expression system (Figure 22) to utilize them in our ex vivo cultures.  

 

 

 

Figure 22: Expression and purification of 
recombinant zebrafish Scfa and Scfb. The 
sf21 insect cells were co-transfected by 
BaculoGold Bright DNA (BD Biosciences) 
and pAcGP67B-HisScfa/b transfer vector, 
leading to recombinant virus production. 
Virus-infected cells were GFP+. Infected 
cells secreted recombinant zebrafish 
HisScfa/b extracellularly. Recombinant 
protein was purified using affinity 
chromatography and detected using anti-
His antibody.  
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Zebrafish Scfa promotes erythro-myeloid proliferation 

First, we tested the ability of zebrafish Scfs to support the proliferation and erythroid 

differentiation of zebrafish fractionated WKM cells using thymidine incorporation 

proliferation assay and hemoglobin differentiation assay (Figure 23). Neither Scfa, nor Scfb 

were effective on their own in these assays. However, when we combined Scfa with Epo or 

Gcsfa, we observed increase in proliferation of WKM cells. Similarly, it enhanced erythroid 

differentiation when combined with Epo. On the other hand, Scfb caused only slight increase 

in myeloid proliferation, when plated together with Gcsfa. 

 

 

 

 

 

 

Figure 23: Zebrafish Scfs 
stimulate WKM cells as 
revealed by (A) thymidine 
incorporation proliferation 
assay and (B) hemoglobin 
differentiation assay. 
Incorporation of radio-
labeled thymidine uptake 
or an absorbance at 405nm 
(Y axis) was measured at 48 
or 72 hours after WKM cells 
were plated along with 
recombinant cytokines (X 
axis). Bars represent the 
mean values of three 
biological samples, with 
error bars representing 
standard deviation and 
level of statistical 
significance (*P < 0.02, **P 
< 0.006, ns no significance).   
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To support these findings, we employed the ex vivo clonal assays. Fractionated WKM cells 

were isolated from gata1:dsRed; mpx:GFP double transgenic fish and cells were plated in 

methylcellulose together with recombinant cytokines. Similarly to our previous findings 

(Figure 23) we showed that Scfa acts synergistically together with Epo or Gcsfa to enhance 

erythro-myeloid proliferation and differentiation, whereas Scfb caused only modest, yet still 

significant increase in myeloid colony formation when combined together with Gcsfa (Figure 

24). Furthermore, we found that the ability of Scfa to synergistically enhance erythroid 

proliferation and differentiation corresponds with its potential to increase self-renewal of 

BFU-Es (Figure 25). 

 

Figure 24: Zebrafish Scfs 
promote (A) erythroid 
and (B) myeloid colony 
formation. gata1:dsRed+ 
colonies were evaluated 
at day 3 after plating and 
mpx:GFP+ colonies were 
evaluated at day 10 after 
plating. Y axis represents 
relative fluorescence 
intensity signal from the 
whole wells. Bars 
represent the mean 
values of three biological 
samples, with error bars 
representing standard 
deviation and level of 
statistical significance (*P 
< 0.05, **P < 0.007, ns no 
significance).  

 

As a follow up, we established primary liquid cultures that enabled us to study the effect of 

Scfa on hematopoietic cells in a suspension. Addition of Epo, Kitla and dexamethasone (Dex) 

to zebrafish progenitors synergistically stimulated expansion of erythroid progenitors for up 

to 14 days (Figure 26). By employing these conditions, we were able to spontaneously 

establish the zebrafish erythroid burst cell line (ZEB). The ZEB cells were initially dependent 

on Epo, Scfa and Dex, but their dependence on Scfa and Dex was lost after 40 days in culture 

and Epo is the only factor critically required for proliferation of these cells. This cell line 
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currently serve as a model for understanding molecular mechanisms underlying erythroid 

transformation and differentiation. For details see the chapter “4b|Zebrafish erythroid burst 

cell line (ZEBs) as a tool for identification of new mechanisms responsible for erythroid 

immortalization”, page 79. 

 

 

 

Figure 25: Methylcellulose assays 
using progenitor cells isolated from 
WKM of adult transgenic 
gata1:dsRed fish in the presence of 
recombinant Epo, Epo and Scfa or 
Epo and Scfb. Epo stimulates growth 
and differentiation of small CFU-E 
(*) and large BFU-E (**) colonies 
that express gata1:dsRed (left 
panel) and that are hemoglobinized 
(right panel). Co-stimulation of cells 
with Scfa but not Scfb in addition to 
Epo leads to enhanced growth of 
erythroid BFU-E colonies. All 
photomicrographs were taken at 
original 100x magnification. Scale 
bar (top left) represents 200 um. 

 

 

 

Figure 26: Zebrafish 
Epo, Scfa and Dex 
synergistically expand 
primary WKM cells ex 
vivo. Cumulative 
number of cells was 
accessed by regular 
counting (X axis) and 
plotted (Y axis).  D0 D3 D5 D10 D11
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3| FINDING A PHYLOGENETIC LINK BETWEEN NON-MAMMALIAN AND MAMMALIAN 

ERYTHROCYTES AND THROMBOCYTES 

Results presented in this chapter were included in publication O. Svoboda, D. L. Stachura, O. 

Machonova, P. Pajer, J. Brynda, L. I. Zon, D. Traver, and P. Bartunek, "Dissection of 

vertebrate hematopoiesis using zebrafish thrombopoietin", Blood, vol. 124, no. 2, pp. 220-

8, 2014. 

 

Visualization of zebrafish HSPCs 

To assess if we could visualize colonies with mature thrombocytes and erythrocytes arising 

from bi-potent TEPs, we repeatedly isolated WKM from double-transgenic cd41:GFP; 

gata1:dsRed fish (Figure 4). When we added Epo or Tpo individually, we observed the same 

erythroid and thrombocytic colonies as previously discussed (Figure 17, Figure 21 and Figure 

27). However, when we combinatorially added Epo and Tpo to fractionated WKM, we 

observed large, partially hemoglobinized colonies containing both gata1:dsRed+ and 

cd41:GFP+ cells (Figure 27A), in addition to small CFU-Es, large BFU-Es, and small CFU-Ts. We 

refer to these large colonies derived predominantly from presumptive TEPs (see the Movies 

2 and 3 in electronic supplement) as CFU-thrombocytic/erythroid colonies (CFU-TEs). For the 

enumeration of the erythro-myeloid and other colonies, see the Figure 28. 

To examine hematopoietic progenitors upstream of TEPs that are also capable of myeloid 

differentiation, we isolated and plated WKM from double transgenic cd41:GFP; lyz:dsRed 

animals (Figure 27B). Cultivation of WKM with Epo and Gcsfa encouraged differentiation of 

hemoglobinized lyz:dsRed+ colonies comprised of erythroid and myeloid cells. Adding Tpo and 

Gcsfa to WKM encouraged the formation of non-hemoglobinized lyz:dsRed+; cd41:GFP+ mixed 

myeloid and thrombocytic colonies. Importantly, the combinatorial addition of Epo, Tpo, and 

Gcsfa allowed the observation of extremely rare hemoglobinized colonies with cd41:GFP+ 

thrombocytes and lyz:dsRed+ myeloid cells, which we refer to as CFU-granulocyte, erythroid, 

macrophage, thrombocyte (CFU-GEMT) colonies that likely derived from progenitors 

upstream of TEPs, as they also have the ability to generate myeloid cells when stimulated with 

Gcsfa. The occurrence rate of these colonies was low; on average only around 40 GEMT 

colonies were generated for every 100,000 fractionated WKM cells plated (Figure 28). 
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Importantly, we were still able to observe CFU-TEs within these multipotent conditions, 

suggesting the ability to putatively isolate TEPs from upstream progenitors.  

 

Figure 27: Representative images of particular colonies grown in methylcellulose. Progenitor cells 
isolated from fractionated WKM of adult (A) Tg(cd41:GFP, gata1:dsRed) and (B) Tg(cd41:GFP, 
gata1:dsRed) fish were grown for 4 days in the presence of zebrafish cytokines. (A) Epo stimulates 
growth and differentiation of small CFU-E (*) and large BFU-E (**) colonies that are hemoglobinized and 
express gata1:dsRed (left).Tpo stimulates growth and differentiation of relatively small CFU-T colonies 
that express high levels of cd41:GFP and low levels of gata1:dsRed (middle). Combinatorial addition of 
Epo and Tpo stimulates mixed CFU-TE colonies, consisting of clusters of erythrocytes and thrombocytes 
that express high levels of both cd41:GFP and gata1:dsRed (right). (B) Gcsf stimulates growth and 
differentiation of myeloid CFU-G/M colonies that express lyz:dsRed (left), whereas combination of Epo 
and Gcsf encourage differentiation of hemoglobinized lyz:dsRed CFU-GEM colonies (middle). 
Combinatorial addition of Epo, Tpo, and Gcsf expand hemoglobinized CFU-GEMT colonies that express 
both cd41:GFP and lyz:dsRed (right). All photomicrographs were taken at original 200x magnification. 
Scale bar (top left) represents 100um. Figure is modified from Svoboda et al., 2014 [103].  
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Figure 28: Enumeration of colonies from fractionated WKM cells and cd41medium cells. Colonies were 
generated by culturing cells in methylcellulose with Epo, Tpo, Gcsf or with a combination of Epo and 
Tpo or Epo, Tpo and Gcsf. Overall cell differentiation potential is represented by number of colony 
forming cells (CFUs) per 100,000 cells plated. Figure is modified from Svoboda et al., 2014 [103]. 

 

 

Movies 2 and 3: Fate-mapping of mixed CFU-TEs over time. 
cd41:GFPmedium cells from double transgenic cd41:GFP, 
gata1:dsRed adult WKM were cultivated for 87 (Movie 2) or 93 
(Movie 3) hours in the presence of both Epo and Tpo. Individual 
pictures for timelapse sequences were acquired every 60 minutes 
in the brightfield, red fluorescent, and green fluorescent channels. 
See the electronic supplement. 

 

Detailed examination of thrombocytic and erythroid differentiation 

To determine the cellular constituents of these cultured colonies, we isolated them and 

prepared cell smears (Figure 29). As a control, we compared colony smears to FACS-isolated 

cd41:GFP+ WKM cells. Morphological examination revealed that sorted cd41:GFPhigh cells were 

small nucleated cells with dense cytoplasm, in agreement with previous descriptions of 

zebrafish thrombocytes [129]. cd41:GFPmedium cells, likely thrombocytic/erythroid precursors, 

were larger and had lacy nuclear chromatin. As expected, CFU-T colonies generated by the 

addition of Tpo were comprised of morphologically similar cells as those marked by cd41:GFP 

expression. These colonies contained small, dense thrombocytes and larger precursors that 

were likely thromboblasts. To examine mixed colonies obtained from combinatorial addition 
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of Epo and Tpo, we isolated CFU-TEs and observed thrombocytes and mature, nucleated 

erythroid cells with eosinophilic cytoplasm and ovoid nuclei. Additionally, large immature 

precursor cells, likely TEPs, and downstream immature erythroid and thrombocytic 

progenitors were present. In addition to this, the CFU-GEMT colonies contained besides the 

erythroid and thrombocytic cells, also monocytes and granulocytes (Figure 29). 

 

 

 

 

 

 

 

 

 

Figure 29: Morphology of isolated 
colonies. Smeared sorted cells or 
colonies isolated from 
methylcellulose cultures after six days 
in culture were stained with May-
Grünwald Giemsa. Top panels show 
cd41:GFPhigh, cd41:GFPmedium cells 
isolated from adult zebrafish WKM 
and smeared CFU-T colonies isolated 
from cells cultured in Tpo. Middle 
panel shows CFU-TEs, isolated from 
cultures grown in the presence of 
both Epo and Tpo. Bottom panel 
shows CFU-GEMTs, isolated from 
cultures grown in the presence of 
both Epo, Tpo and Gcsfa. 
Photomicrographs were taken at 
1000x magnification. Scale bar is 
20um. Figure is modified from 
Svoboda et al., 2014 [103].  
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To evaluate the size of zebrafish thrombocytes and their precursors, we compared the sizes 

of unfractionated WKM cells to FACS-sorted cd41:GFPmedium and cd41:GFPhigh cells with CASY 

Cell Counter and Analyzer technology (Figure 30A). The profile of unfractionated WKM cells 

displayed two distinct peaks, where erythrocytes and other cell types were measured as 5 and 

7µm, respectively. The profile of cd41:GFPmedium and cd41:GFPhigh populations displayed only 

one peak each, with a size of either 5 or 6µm in thrombocytes and progenitors, respectively.  

To examine the gene expression of cultured colonies (Figure 27), we performed qRT-PCR. BFU-

E and CFU-E colonies cultured in Epo predominantly expressed the erythroid markers gata1, 

globinA, and globinB. In contrast, CFU-Ts cultured in Tpo showed little expression of mature 

myeloid and erythroid genes, but showed increased levels of the thrombocytic integrin cd41 

and the Tpo receptor cmpl (Figure 30B). CFU-Ts also expressed intermediate levels of gata1, 

likely due to this transcription factor’s shared role in thrombocytic and erythroid 

differentiation. fli1 was also expressed, likely due to its important role during thrombopoiesis. 

The analysis of CFU-TEs cultured in Epo and Tpo indicated the presence of erythroid and 

thrombocytic transcripts, confirming the presence of erythroid and thrombocytic cells within 

these colonies. Finally, the analysis of CFU-GEMTs revealed the expression of erythroid, 

thrombocytic and myeloid transcripts similarly to CFU-GM colonies, cultured in the presence 

of Gcsfa alone (Figure 30B).  
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Figure 30: Morphology and 
gene expression analysis of 
isolated colonies. (A) CASY 
profile of sorted 
cd41:GFPmedium (dark 
green), cd41:GFPhigh (light 
green), and WKM (red) 
cells. Peaks represent the 
average size distribution of 
cells in µm. (B) qRT-PCR 
analysis of sorted cd41:GFP 
cells and colonies grown 
for 6 days using their 
appearance in combination 
with lineage specific genes. 
Bars represent mean 
values of three samples, 
with error bars 
representing SD. Figure is 
modified from Svoboda et 
al., 2014 [103].  
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Enrichment and characterization of thrombocytic/erythroid progenitors from WKM 

Having confirmed the presence of multi-potent cells that generated erythroid, thrombocytic, 

and myeloid cells, we attempted to enrich the population of these HSPCs within adult WKM. 

HSPCs reside within two populations resolved by light scatter characteristics within WKM. 

Whereas HSCs reside within the “lymphoid” fraction [96], various downstream progenitors 

reside within the “precursor” fraction [88, 104, 109]. Additionally, studies indicate that the 

CD41 antigen is strongly expressed on thrombocytes/platelets [130, 131] as well as HSPCs at 

lower levels, although its functional role in HSPC biology is unclear [17, 82, 122, 123]. For these 

reasons, we hypothesized that TEPs might be marked by cd41:GFP in adult WKM. To test this 

hypothesis, we FACS-isolated WKM cells from double transgenic cd41:GFP+; gata1:dsRed+ fish 

based on their light scatter characteristics and cd41:GFP expression. We were able to 

distinguish at least three cd41+ populations within the lymphoid and precursor scatter 

fractions that were cd41:GFPlow, cd41:GFPmedium, and cd41:GFPhigh (Figure 31). To characterize 

these populations, we sorted each and performed clonal assays (Figure 28 and Figure 32). 

First, we sorted the cd41:GFPlow, cd41:GFPmedium, and cd41:GFPhigh cells within the combined 

lymphoid and precursor scatter fractions (Figure 31). We also sorted cd41:GFPlow lymphoid 

cells and cd41:GFPlow precursor cells (Figure 31). Additionally, we isolated double-positive 

lymphoid and precursor cd41:GFPlow&medium; gata1:dsRed+ cells, which did not enrich for any 

progenitors when compared to cd41:GFPlow&medium cells (data not shown). 

In summary, we observed 3-6 fold enrichment of erythroid progenitors in the cd41:GFPlow and 

cd41:GFPmedium lymphoid and precursor cells compared to fractionated WKM cultured in Epo 

(Figure 28 and Figure 32A). This enrichment was even more pronounced when the cells were 

cultured in Epo and Tpo (Figure 28 and Figure 32A).  

Importantly, we observed enrichment of thrombocytic progenitor cells in all cd41:GFP+ 

fractions. Thrombocytic progenitors were mainly present in the cd41:GFPmedium combined 

lymphoid and precursor (L+P) populations, as indicated by 50 fold enrichment of cd41:GFP+; 

gata1:dsRed- CFU-T colonies compared to fractionated WKM (Figure 28 and Figure 32B). 

Additionally, cd41:GFP+; gata1:dsRed+ double-positive small CFU-T and large CFU-TE colonies 

were enriched over 30 fold in combined lymphoid and precursor cd41:GFPmedium L+P cells 

compared to fractionated WKM when grown with Epo and Tpo (Figure 28 and Figure 32C). In 

addition to thrombocytic progenitors, the combined cd41:GFPlow lymphoid and precursor cells 
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also generated myeloid colonies, indicating that there are likely upstream multi-potent 

progenitors present in this population (Figure 33). In contrast to the cd41:GFPlow/medium cells, 

culturing cd41:GFPhigh cells generated few CFUs, likely because these cells are mature, post-

mitotic thrombocytes (Figure 32C).  

In summary, cd41:GFPlow cells in the combined L+P populations are mainly erythro-myeloid 

progenitors (Figure 32), although they also have thrombocytic (Figure 32) and myeloid 

differentiation capability when grown in the presence of Gcsfa (Figure 33). Additionally, 

cd41:GFPmedium L+P cells generate more CFU-TE and CFU-T colonies than other cell fractions 

investigated (Figure 32), even though they also generate CFU-E and BFU-E colonies (Figure 32) 

and small numbers of myeloid colonies when cultured in the presence of Gcsfa (Figure 33).  

 

Figure 31 : Strategy for the isolation of WKM HSPC populations.Experimental schematic for the isolation 
of cd41:GFPlow (Low), cd41:GFPmedium (Med), and cd41:GFPhigh (High) cells from lymphoid (L), precursor 
(P), or combined (L+P) scatter fractions of adult WKM. Figure is reproduced from Svoboda et al., 2014 
[103].  
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Figure 32: Thorough characterization of cd41:GFP WKM HSPC cell populations cultured with cytokines. 
Number of CFU-E (red bars), BFU-E (dark red bars), CFU-T (green bars and yellow bars) and CFU-TE 
(yellow hatched bars) colonies per 100,000 sorted cd41:GFP+ cells plated in methylcellulose with no 
factors (unstimulated) or methylcellulose plus Epo (Epo), Tpo (Tpo), or both Epo and Tpo (Epo, Tpo). (A) 
Evaluation of cd41:GFP-, gata1:dsRed+ CFU-E (red bars) and BFU-E (dark red bars) colonies. (B) 
Evaluation of cd41:GFP+, gata1:dsRed- CFU-T colonies (green bars). (C) Evaluation of small, mixed CFU-
T (yellow bars) and large, mixed CFU-TE (hatched yellow bars) cd41:GFP+, gata1:dsRed+ colonies. Figure 
is reproduced from Svoboda et al., 2014 [103]. 

 

 

 

 

 

 

 

Figure 33: Characterization of myeloid differentiation capacity of cd41+ HSPCs from the lymphoid and 
precursor combined fraction (L+P) fraction of WKM. CFU-GMs per 100,000 cells plated from cd41:GFPlow 

L+P (Low), cd41:GFPmedium L+P (Medium), cd41:GFPhigh L+P (High) combined lymphoid and precursor 
scatter fractions (L+P) of WKM generated in methylcellulose with Gcsfa added and grown for 3 days. 
Bars represent mean values of three biological samples, and error bars represent the SD. Figure is 
reproduced from Svoboda et al., 2014 [103]. 

 

Characterization of HSPC proliferation  

The growth and proliferation kinetics of HSPCs has been well studied in mammals [40, 132-

135]. However, very little is known about the proliferative capacity of non-mammalian HSPCs. 

To study the proliferative capacity of zebrafish thrombocytic progenitors, we first determined 

how many cells comprised CFU-T colonies (Figure 34A). We enumerated an average of 32 

individual cells, indicating that the proliferative capacity of the colony initiating progenitors 

was approximately 5 cell divisions (Figure 34B). Using the same approach, we examined small 

CFU-Es and large BFU-Es (Figure 34A and B). We determined that zebrafish BFU-E colonies 

were generated by 8-9 cell divisions, and CFU-Es were generated from up to 6 cell divisions, 

similar to mammalian erythroid progenitors [40, 132, 133]. Finally, we analyzed the 

proliferation capacity of CFU-TEs, which was in the range of 6-10 cell divisions. The size and 
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proliferation capacity of these colonies is more variable and dependent on the cellular 

composition of the mixed colonies, likely due to the asymmetric proliferation capacity 

between the thrombocytic and erythroid lineages.  

As manually counting the cellular constituents of disaggregated colonies likely 

underestimated the number of actively dividing cells in the culture, the proliferative capacity 

of erythroid and thrombocytic cells was also measured with the membrane dye PKH26. We 

analyzed WKM cells grown in liquid 

culture [86, 88] with Epo or Tpo added, 

and monitored division-mediated dye 

dilution during erythroid and 

thrombocytic differentiation (Figure 

34B). Proliferative capacity indexes 

obtained were in agreement with results 

obtained using clonal assays. Taken 

together, these data indicated that our ex 

vivo assays provide the ability to precisely 

determine the differentiation and 

proliferative capacity of CFU-TEs, BFU-Es, 

CFU-Es, and CFU-Ts. 

 

Figure 34: Proliferative capacity of CFU-TEs, 
BFU-Es, CFU-Es, and CFU-Ts. (A) Fluorescent 
photomicrographs of colonies grown in 
methylcellulose for 4 days and their 
categorization according to their proliferation 
capacity (size) and expression of cd41:GFP 
and gata1:dsRed. Photomicrographs were 
taken at 200x magnification, scale bar is 50 
µm. (B) Proliferation capacity of BFU-Es, CFU-
Es and CFU-Ts assessed by cell counts of 
isolated colonies. (C) Proliferation capacity of 
WKM cells, grown in suspension with 
combination of recombinant Epo or Tpo 
protein added assessed by the division-
mediated dilution of membrane dye PKH26. 
Figure is reproduced from Svoboda et al., 

2014 [103].  
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Model of TEP proliferation and differentiation 

Utilizing our sensitive ex vivo clonal techniques, we prospectively isolated thrombocytic and 

erythropoietic progenitor cells based on cd41:GFP expression in the combined L+P scatter 

fractions. cd41:GFPlow cells formed CFU-GM, BFU-E, and CFU-E colonies (Figure 28, Figure 32 

and Figure 33), while increasing levels of cd41:GFP marked progenitors already committed 

down the thrombocytic pathway, indicated by their increasing ability to generate CFU-TEs and 

CFU-Ts (Figure 32). High levels of cd41:GFP marked mature post-mitotic thrombocytes, which 

generated very few colonies (Figure 32). These data are summarized in Figure 35A. 

Furthermore, our analysis of these colonies yielded important information about the number 

of cell divisions of thrombocytic/erythroid progenitors (Figure 35B). Combining our assays 

measuring the size and proliferative capacity of erythroid, thrombocytic, and mixed colonies 

indicated that TEPs divided 6-10 times, generating downstream CFU-Ts that proliferated 5 

times on average, and BFU-Es that proliferated up to 9 times. CFU-Es had a more limited 

proliferative capacity, only dividing 6 times on average before they generated mature RBCs. 

 

 

 

 

Figure 35: Levels of cd41:GFP 
mark differential populations of 
progenitor cells with varied 
proliferative capacity. (A) 
Schematic representation of CFU 
frequencies within the cd41:GFP+ 
combined lymphoid and 
precursor scatter fractions. (B) 
Schematic representation of the 
proliferation capacity of erythroid 
(BFU-E, CFU-E) and thrombocytic 
(CFU-T) progenitors assessed by 
counting of colony forming cells. 
Figure is reproduced from 
Svoboda et al., 2014 [103]. 
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4| IDENTIFICATION OF NEW REGULATORS OF HEMATOPOIESIS 

 

4a| New regulators of megakaryocyte and erythroid lineage commitment 

Results presented in this chapter are unpublished. 

 

Selection of model organisms 

The non-mammalian model organisms are well suitable for identification of key regulators of 

erythro-thrombopoiesis, due to lack of the interference with sophisticated mammalian 

megakaryocytic and erythroid enhancements (erythroid enucleation, megakaryocyte 

endoreduplication and platelet formation, Figure 36). To identify new potential regulators of 

these processes, we used a unique interspecies approach, employing two non-mammalian 

model organisms - chicken (Gallus gallus) and zebrafish (Danio rerio), members of two 

phylogenetically independent clades. This selection allowed us to solely focus on the core 

evolutionary conserved regulatory mechanisms of hematopoiesis Figure 36.  

 

 

 

 

 

Figure 36: Schematic representation of 
mammalian and non-mammalian 
erythroid and thrombocytic 
development from a common progenitor 
(MEP/TEP). Non-mammalian model 
represents simple evolutionary 
conserved and default model well-
suitable for identification of key 
regulators of erythro-thrombopoiesis. 
Figure is reproduced from Bartunek et al. 
[17] and Svoboda et al., 2014 [103].   
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Optimization of culture conditions enabling the differentiation of chicken multipotent 

progenitors 

First, we focused on optimizing the culture conditions for the differentiation of chicken 

hematopoietic multipotent progenitor cells, isolated from chicken bone marrow. Multipotent 

progenitors were isolated from chicken bone marrow by flow cytometry using anti CD41/61 

(also termed gpIIbIIIa) 11C3 monoclonal antibody (Figure 37). Isolated cells that consisted of 

HSPCs, CMPs and TEPs, were cultivated ex vivo for 6 days in liquid culture in the presence of 

recombinant human INS or chicken TPO to induce erythroid or thrombocytic differentiation, 

respectively (Figure 37). Next, we examined the differentiation state of cultured cells by 

several criteria that include cell morphology (Figure 37), cell surface antigen expression (FACS, 

Figure 38A) and lineage-specific marker gene expression using qRT-PCR (Figure 38B). This 

analysis allowed us to monitor early changes in the gene expression upon lineage commitment 

and we confirmed that committed cells were fully differentiated between day 2 and day 4 

(Figure 38). 
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Figure 37: Isolation and differentiation of erythro-thrombocytic progenitors. Chicken bone marrow 
derived hematopoietic cells were stained with chicken CD41/61 monoclonal antibody and sorted using 
FACS. Sorted low/medium (Low/Med) cells were further cultivated for up to 6 days in the presence of 
human INS or chicken TPO to induce erythroid (*) or thrombocytic (+) differentiation, respectively. Cells 
were visualized under the phase contrast or smeared cells were stained by DiffQuik and benzidine for 
the analysis of cell morphology and to reveal cell hemoglobinization. Phase contract microphotographs 
were taken at original 200x magnification and microphotographs of smeared cells were taken at original 
1000x magnification. 

 

 

 

 

 

 

 

 

 

Figure 38: Examination of cell 
differentiation. (A) FACS profiles of 
cells differentiating into thrombocytic 
or erythroid lineages at days 2 (blue 
line), 4 (orange line) and 6 (green 
line). Thrombocytes and erythrocytes 
were identified at late stages of 
differentiation by lineage specific 
markers CD41/61 and JS4, 
respectively. (B) Relative mRNA 
expression levels at day 3 of 
differentiation of selected 
thrombocytic (CD61, FLI1) and 
erythroid (BAND3 and b - g l o b i n ,  
HBB) markers. Data were calculated by 
deltaCt method and normalized 
against GAPDH. Fold 1 corresponds to 
untreated control (not shown). 
Experiment was done in triplicate and 
the error bars indicate standard 
deviation.   
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Gene expression profiling and identification of candidate master regulator genes 

After establishment of culture conditions necessary for erythro-thrombocytic 

differentiation, we performed gene expression study to identify genes with altered 

expression in erythroid and thrombocytic lineage. We collected and isolated total RNA from 

sorted chicken multipotent progenitor cells before and after differentiation induction. 

Based on the information gained from monitoring the early commitment changes (Figure 

38), we decided to collect the samples at three time points (~8, 24 and 36 hours) after the 

induction of differentiation using INS or TPO. The RNA 

samples were analyzed using GeneChip® Chicken Genome 

Array (Affymetrix) and scanned GeneChip DAT files were 

evaluated using Partek Genomic Suite software. Based on 

the microarray data analysis, we identified multiple 

differentially expressed genes specifically up/down 

regulated in erythroid and thrombocytic lineages. 

Whereas many of these genes were previously known to 

be differentially expressed during erythro-

thrombopoiesis, we identified 38 candidate genes with 

potential regulatory role that were not previously 

associated with hematopoiesis or with erythro-

thrombocytic differentiation (Figure 39). 

 

 

Figure 39: Expression patterns (heat map) of differently expressed 
candidate genes at 12, 24, 36 h post-differentiation induction 
during thrombocytic and erythroid differentiation as revealed by 
GeneChip® microarrays (Affymetrix). Data were corrected by RMA 
Background correction method and normalized by Quantile 
Normalization. Log2 transformed probe intensities were shifted to 
means of zero and the heat map was generated. 

 

To confirm the initial microarray data, we repeatedly (twice) isolated and sorted chicken 

multipotent progenitors and differentiated them into erythroid and thrombocytic lineages. 

The cDNA from committed cells was subsequently used as a template for hit confirmation by 
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qRT-PCR. We were able to confirm majority of these genes (Figure 40 and Table 2). In the next 

step, we decided to validate the confirmed genes in vivo in a zebrafish model due to its 

numerous advantages (fast development, optical transparency, possibility to fluorescently 

detect individual cell lineages in transgenic reporter animals, etc.). Importance was attributed 

to candidate genes according to their expression profile and to the degree of conservation. 

We created a list of primary candidate hits and identified their zebrafish orthologs and 

potential paralogs. Finally, we designed and ordered 25 morpholino oligonucleotides (Table 

2) for zebrafish in vivo knock-down validation study.  
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Figure 40: Relative mRNA expression levels of selected candidate genes from the list shown in the Figure 
39. Sorted multipotent CD41/61Low/Med cells (Low, green bars) were cultivated in the presence of TPO 
(blue bars) and INS (red bars) for 12, 24, 36 and 120 hours to induce differentiation, RNA was isolated 
and used as a template for qRT-PCR. Data were calculated by deltaCt method and normalized against 
GAPDH. Fold 1 corresponds to the sorted CD41/61low/medium (Low/Med) multipotent progenitors. 
Experiment was done in triplicate and the error bars indicate standard deviation.  

 

Table 2: List of morpholino oligonucleotides designed for in vivo validation of potential master regulator 
genes in zebrafish embryos. Type of morpholino, its targeting site, sequence and a particular zebrafish 
and chicken orthologs are shown for each gene. In addition, table summarizes results from chicken gene 
expression profiling experiments – microarrays, qRT-PCR RNA confirmation data set 1 and data set 2. 
The “T” and “E” refers to up-regulation of particular gene during thrombocytic or erythroid 
differentiation, respectively. “E-late” refers to erythroid up-regulation at later time points, “T-early” 
refers to thrombocytic up-regulation during early thrombocytic commitment. For details see the Figure 
40. 

Morpholino 
type 

Morpholino 
name 

Morpholino sequence 
Zebrafish 
ortholog 

Chicken 
ortholog 

Microarrays 
qRT-PCR, 
RNA set1 

qRT-PCR, 
RNA set2 

splice, e1i1 C1qtnf7-MO1 ATACTGAATAGCTCCTCTACCTGGA C1qtnf7 C1QTNF7 T T T 

splice, i3e4 Celf2-MO1 CTCCACCGCTGAGCAAAAGAGGAGA Celf2 CELF2 T E-late E-late 

splice, e2i2 Cish-MO1 ATTCTGTTTTCATCTACCTGAGGCA Cish CISH T T T 

splice, e2i2 Dusp4-MO1 GTGCTGCTTGTGTATTTACCTGGTC Dusp4 DUSP4 T T T 

splice, e2i2 Dusp5-MO1 ACAGCTCGCTTTCTTCTCTCTTACC Dusp5 DUSP5 T T T 

splice, i2e3 Dusp6-MO1 ACGGGCCTCATCTGAGGGAAAAAAA Dusp6 DUSP6 T T T 

translation Eaf2-MO1 ATATGCTGTTCCATTCATTCTAATC Eaf2 EAF2 E E E 

translation Etv5a/b-MO1 TGCTGGTCATAAAATCCGTCCATGT Etv5 a/b ETV5 T T T 

splice, e1i1 Frzb-MO1 AAGCATGAATAATAACCTGGCCCCT Frzb FRZB E E E 

splice, e2i2 Itpk1-MO1 AGCGTTTTTTACACACCTGCACAAA Itpk1 1/2 ITPK1 E E E 

splice, e1i1 Msxa-MO1 CCGTTTCCATTCTGGCAACTTACGT Msx a MSX2 T T T 

splice, e1i1 Msxd-MO1 TAAGGTAAACTTCTTACGAGTCTGC Msx d MSX2 T T T 

translation Nkx2-7-MO1 GTCACAGGACTCGGAAGCATCGTGC Nkx2-7 NKX2-6 E E E 

translation Phlda2-MO1 TATCAGAGCCCGTCATTTTGCCGAC Phlda2 PHLDA2 T 
T-early, 
E-late 

T-early, 
E-late 

splice, e3i3 Ptpn2a-MO1 ATAGATGAAACTTACAAGGACTGAC Ptpn2 a PTPN2 T E E 

splice, e1i1 Ptpn2b-MO1 CTAGCTGTCTTAGCTGTACTTACTA Ptpn2 b PTPN3 T E E 

splice, e5i5 Ptpn5-MO1 AATGCATGACACTCACATAGAACTC Ptpn5 PTPN5 E E E 

splice, e25i25 Ptprb-MO1 GAAGCGTCTTCTTCACTCACCATGC Ptprb PTPRB T T T 

splice, e3i3 Ptprfa-MO1 CTTCCATTGAAGCACTCACCAGGCA Ptprf a PTPRF T T T 

splice, e12i12 Ptprfb-MO1 AGAATTAGCAAGTAGTACCTGTGCT Ptprf b PTPRF T T T 

splice, e6i6 Rnf207b-MO1 GCTAATGGAGTCACATGACACCTGC Rnf207 b RNF207 T E E 

splice, e2i2 Slmo1-MO1 TATTGAAGCTCATCATCTAACCGCT Slmo1 SLMO1 T E E 

splice, e9i9 Smyd1b-MO1 CGTCACCTCTAGGTCTTTAGTGATG Smyd1 a/b SMYD1 E E E 

splice, e4i4 Tesk2-MO1 ATTTGATAGAGTCCTGTACCTTGGA Tesk2 TESK2 E E E 

splice, e1i1 Trib2-MO1 GCATAGAGAAGCGAGTTCCTTACCT Trib2 TRIB2 T T T 
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Functional in vivo validation of selected regulators 

Next, we performed in vivo validation study of primary candidate genes using morpholino 

oligonucleotide knock‐downs in zebrafish. Morpholinos targeting gene of interest and its 

paralogs were injected into cd41:GFP transgenic 1-2 cell stage embryos. First, morpholinos 

were screened for toxicity and off-target effects. To decrease these unspecific effects of some 

of the morpholinos, we decreased their injection dose. Second, morpholinos were tested on 

their ability to interfere with erythroid and/or thrombocytic differentiation during embryonic 

development (Figure 41). Specifically, we tested their potential to cause hemoglobinization 

defects and defects in thrombocytic differentiation. To reveal hemoglobinization defects, 

morpholino injected embryos were stained using benzidine at 48 hpf and photomicrographed. 

These embryos were classified into 3 categories (“normal”, “intermediate” and “severe”), 

recapitulating the overall hemoglobinization phenotype (Figure 41). To evaluate thrombocytic 

differentiation defects, we counted number of cd41:GFP+ cells in CHT at 72 hpf and classified 

severity of phenotype caused by each morpholino according to the statistical significance 

(Figure 42).  

 

Figure 41: Hematopoietic phenotypes in morpholino injected zebrafish. Demonstration of 
hemoglobinization (top row) and cd41:GFP expression (bottom row) phenotypic defects, classified as 
“normal”, “intermediate” and “severe”. Morpholino injected cd41:GFP transgenic zebrafish embryos 
were either stained at 48 hpf by benzidine to reveal hemoglobinization or fluorescent micrographs were 
taken at 72 hpf to visualize thrombocytic differentiation.  
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Figure 42: Statistical analysis of loss of function phenotypes. Fluorescence images of uninjected and 
morpholino injected cd41:GFP transgenic zebrafish embryos were analyzed at 72 hpf and numbers of 
cd41:GFP+ cells were enumerated. Mean (red line) with standard deviation (red error bars) and level of 
statistical significance; p value <0.05 (*), p value <0.005 (**), p value <0.0005 (***), p value <0.0001 
(****). 

 

In summary, these assays revealed obvious phenotype in 12 out of 25 morpholinos tested. 

We identified 3 morpholino knock-downs with hemoglobinization defects (Etv5, Ptpn2, 

Rnf207) and 2 knock-downs with decreased number of cd41:GFP+ cells (Itpk1, Phlda2). 

Interestingly, 7 morpholinos showed both phenotypes at once (C1qtnf7, Cish, Dusp4, Dusp5, 

Dusp6, Nkx2-6, Ptprb). These results together with the results are summarized in Table 3. 

In conclusion, this approach allowed us to identify those candidate genes that were involved 

during either thrombopoiesis or erythropoiesis. In addition, we also identified those 

candidate genes that seem to be involved upstream of t h e  bi-‐‐potent TEP cells and might 

regulate commitment, proliferation or differentiation of hematopoietic stem cells, 

multipotent progenitor cells or common myeloid progenitors (Table 3). Among our validated 

candidate genes several members of protein phosphatases, kinases and transcription factors 

are present. Nevertheless, we also identified several unknown genes, their function need to 

be further determined. Based on these results, we generated hierarchical model of 

hematopoiesis, where we predict the site of action for each validated candidate gene (Figure 
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43). In the future, we will utilize lentiviral expression system to efficiently transduce human 

CD34+ cells isolated from umbilical cord blood. This will enable final validation of our candidate 

genes in a human model using gain of function and loss of function studies ex vivo. 

 

Table 3: Summary of zebrafish in vivo validation results as revealed by defects in hemoglobinization 
and/or cd41:GFP expression. Observed phenotypes were classified according to their significance as 
“normal”, “intermediate” and “severe”. 

Morpholino 
name 

Zf 
ortholog 

cd41:GFP 
phenotype 

Hemoglobinization 
phenotype 

C1qtnf7-MO1 C1qtnf7 Severe Severe 

Celf2-MO1 Celf2 Normal Normal 

Cish-MO1 Cish Intermediate Intermediate 

Dusp4-MO1 Dusp4 Severe Severe 

Dusp5-MO1 Dusp5 Intermediate Severe 

Dusp6-MO1 Dusp6 Severe Severe 

Eaf2-MO1 Eaf2 Normal Normal 

Etv5a/b-MO1 Etv5 a/b Normal Intermediate 

Frzb-MO1 Frzb Normal Normal 

Itpk1-MO1 Itpk1 1/2 Intermediate Normal 

Msxa-MO1 Msx a Normal Normal 

Msxd-MO1 Msx d Normal Normal 

Nkx2-7-MO1 Nkx2-7 Intermediate Intermediate 

Phlda2-MO1 Phlda2 Severe Normal 

Ptpn2a-MO1 Ptpn2 a Normal Severe 

Ptpn2b-MO1 Ptpn2 b Normal Normal 

Ptpn5-MO1 Ptpn5 Normal Normal 

Ptprb-MO1 Ptprb Intermediate Intermediate 

Ptprfa-MO1 Ptprf a Normal Normal 

Ptprfb-MO1 Ptprf b Normal Normal 

Rnf207b-MO1 Rnf207 b Normal Intermediate 

Slmo1-MO1 Slmo1 Normal Normal 

Smyd1b-MO1 
Smyd1 
a/b 

Normal Normal 

Tesk2-MO1 Tesk2 Normal Normal 

Trib2-MO1 Trib2 Normal Normal 
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Figure 43: Validated candidate genes might function at different levels of hematopoietic hierarchy. 
Proposed point of action was mapped into the hierarchical model of hematopoiesis. Figure is modified 
from [3, 4]   
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4b| Zebrafish erythroid burst cell line (ZEBs) as a tool for identification of new 

mechanisms responsible for erythroid immortalization 

Results presented in this chapter are unpublished. 

 

Characterization of ZEBs 

As previously discussed in the chapter “2c| Zebrafish Scfa/b”, page 55, the ZEB cells were 

derived from zebrafish WKM cells by spontaneous immortalization. The WKM was isolated 

from gata1:dsRed fish and subsequently plated in the presence of Epo, Scfa and Dex. Cells 

were fully dependent on Epo, Scfa and Dex for 40 days. After that period of time they lost 

their dependence on Scfa and Dex and Epo became the only factor required for their 

proliferation. The lowest effective final concentration of Epo that still supported full 

proliferation of ZEBs was titrated to 1ng/ml (Figure 44A). The examination of proliferation 

kinetics revealed asymmetry in cell divisions, meaning that proliferating cells gave rise to self-

renewing progenitors as well as to restricted cells with limited proliferation potential that 

eventually underwent apoptosis likely due to block in differentiation. On average, cell 

proliferation index of ZEBs was around two cell divisions per every three days (Figure 44B) 

that yields currently (day 500 after culture establishment) in total 350 cell divisions, 

approximately.  

Figure 44: Epo stimulates sustained growth of ZEBs. (A) Epo was titrated (X axis) to determine lowest 
effective concentration to sustain growth of ZEBs. Thymidine incorporation proliferation assay was used 
as a readout (Y axis). Each point represents the mean of biological triplicate experiments, and error bars 
represent the standard deviation (B) ZEBs proliferation kinetics was measured by regular monitoring (X 
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axis) number of cells in culture. The cumulative number of cells was logged (base 2) to determine 
number of cell divisions (Y axis). Experiment was done in quadruplicate and mean values including 
standard deviations were plotted. 

In liquid culture conditions, ZEBs formed gata1:dsRed+ clusters of cells (Figure 45A), whereas 

in semi-solid media, cells formed large compact non-hemoglobinized colonies that were also 

gata1:dsRed+ (Figure 45B). On average approximately 40% of these colonies had the potential 

to be serially plucked from methylcellulose into the liquid culture and vice versa. 

Morphological examination of ZEBs (Figure 45C) revealed that the culture consisted of small 

nucleated non-hemoglobinized (data not shown) erythroid cells and larger precursors that 

were likely erythroblasts.  

 

Figure 45: Visualization of ZEB cells. (A) In liquid culture, ZEBs formed clusters, whereas in semi-solid 
medium (B) they formed compact BFU-E colonies. Cells were photomicrographed in (A) and (B) and 
brightfield image was merged with red fluorescent channel to demonstrate gata1:dsRed expression. (C) 
Morphology of ZEBs show presence of small nucleated immature erythroid cells and erythroblast-like 
cells. Smeared cells were stained with May-Grünwald Giemsa. Scale bars represents 100 um in (A) and 
(B) and 20 um in (C). 

 

To better understand the responsiveness of ZEBs to various signals, we performed a set of 

experiments, including phospho-tyrosine biochemical analysis, thymidine incorporation assay 

and hemoglobin differentiation assay using panel of recombinant cytokines.  

Phospho-tyrosine analysis of ZEBs showed extensive responsiveness to various stimuli. Using 

4G10 monoclonal antibody that detects tyrosine phosphorylated proteins in all species, we 

detected phospho-signaling upon stimulation of cells using Epo, Scfa, IGF1 and INS (Figure 

46A). Next, we asked, if we could similarly detect activated Stat5, essential mediator of Epo 

signaling. Since STAT5 sequence is well conserved throughout the vertebrate species, we used 

murine anti-phospho-STAT5 antibody to detect phosphorylated zebrafish Stat5 after 

stimulation of ZEBs with Epo (Figure 46B). Based on these biochemical assays, we were able 
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to directly analyze phospho-tyrosine signaling in zebrafish hematopoietic cells for the first 

time.  

Next we performed proliferation and differentiation assay to see if, in the presence of Epo, 

ZEBs responded also to other cytokines in terms of cell proliferation and differentiation. 

However, even though thorough biochemical characterization revealed strong tyrosine 

phosphorylation upon stimulation with Epo, Scfa, IGF1 and INS, extensive proliferation assays 

showed besides Epo alone only weak response to INS and weak synergy of INS and/or IGF1 

together with Epo (Figure 47A). Surprisingly, stimulation with Kitla had no effect on its own 

and did not act in synergy with other factors. Finally, hemoglobin differentiation assay did not 

reveal any hemoglobinization (Figure 47B), since we only measured the background signal 

that correlated with number of cells. This finding suggests that ZEBs are strongly arrested in 

differentiation.  

 

Figure 46: Western blotting analysis of the phospho-tyrosine signaling using 4G10 phospho-tyrosine 
antibody and anti-phospho-STAT5 antibody. ZEBs were starved for 2 hours and phospho-tyrosine 
signaling was induced by stimulation with particular cytokine for 10 minutes. β-actin was used for 
loading control.   



RESULTS 
 

82 

 

 

 

Figure 47: ZEBs respond to Epo 
and it modulates mild synergy 
together with IGF1 and/or INS. 
(A) Thymidine incorporation 
proliferation assay and (B) 
hemoglobin differentiation assay. 
Incorporation of radio-labeled 
thymidine uptake or an 
absorbance at 405nm (Y axis) was 
measured at 16 or 72 hours after 
plating along with recombinant 
cytokines (X axis). Bars represent 
the mean values of three 
biological samples, with error 
bars representing standard 
deviation and level of statistical 
significance. 

 

Transplantation of ZEBs into zebrafish recipients 

To further utilize general significance of ZEB cells as a model to study erythroid cell signaling, 

we decided to determine, if ZEBs could engraft zebrafish recipients. First, we tested, if we 

could transplant recipient embryos at 48 hpf stage. At this stage, the immune system is not 

developed enough, to enable the rejection of transplanted cells [96]. We clearly observed 

transplanted cells directly after injection. Approximately in 80% (data not shown) of the 

injected embryos the ZEBs disappeared during the first 7 days post-transplantation; however, 

we were still able to monitor the presence of ZEBs in the remaining 20% of larvae after this 

time point. During the next 2 weeks post-transplantation, the transplanted cells continuously 

disappeared from some of the larvae, but the remaining zebrafish showed massive expansion 

of circulating gata1:dsRed+ ZEB cells (Figure 49A and Movie 4 in electronic supplement). Our 

attempts to fate map ZEBs in these fish were so far not successful, because the fish eventually 

died likely due to the capillary blockage by expanded ZEB cells in circulation. 

To prevent these issues, caused by blocking the thin embryonic capillaries by massively 

expanded cells, we tested the ability of ZEBs to engraft the adult organism. To ensure the 
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successful engraftment of adult organisms, myeloablation or use of mutant 

immunocompromised recipients is generally necessary [136, 137]. Similarly to the mouse 

model, myeloablation is achieved by exposure of the animal to gamma/X-ray irradiation. 

Irradiation dose could be either lethal or sub-lethal. Since the lethal dose of gamma/X-ray 

irradiation generally leads to high mortality, we decided to test the sub-lethal irradiation dose 

for the ZEB transplantation experiment. Generally, the sub-lethal dose is sufficient for robust 

engraftment and yields high survival rates as shown by previous studies [137]. To determine 

the lethal and sub-lethal doses of irradiation, we performed irradiation titration experiment 

on adult zebrafish in 5-Gy increments ranging from 30 to 60 Gy using the T-200 (Wolf-

Medizintechnik) X-ray device. Using this approach, we determined that the sub-lethal dose 

resulting in more than 90% survival after 40 days post-irradiation was 40Gy (Figure 48).  

 

Figure 48: Kaplan-Meier survival curves following graded doses of total body irradiation. Groups of 20 
adult zebrafish were irradiated at doses from 30 Gy to 60 Gy in 5-Gy increments. The sub-lethal dose is 
40 Gy, as defined as the dose resulting in less than 10% survival. 

 

For the transplantation experiment, we employed transparent Casper fish [95] that were sub-

lethally irradiated with 40 Gy. After two days post-irradiation, we performed retro-orbital 

injection [110] of ZEBs. Injected fish were periodically examined for signs of engraftment. 

Similarly to embryonic transplantation experiment, we observed the presence of transplanted 

cells directly after transplantation. Approximately 20% of fish (data not shown) showed the 
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presence of gata1:dsRed+ ZEBs in circulation after 2 weeks post-transplantation (Figure 49B 

and Movie 5 in electronic supplement) and this number has been stably retained for up-to 6 

weeks (note that this is a currently ongoing experiment).  

 

 

 

Figure 49: ZEBs can be successfully engrafted 
in zebrafish. (A) ZEBs were micro-injected into 
zebrafish embryos at 2dpf and engrafted 
circulating ZEB gata1:dsRed+ cells were 
visualized using fluorescent microscopy at 16 
dpf. For circulating cells, see the Movie 4 in 
electronic supplement. (B) Adult Casper 
zebrafish were sub-lethally irradiated (40 
grays) and ZEBs were transplanted 2 days after 
irradiation. Engrafted cells (red dots) were 
visualized in eye using fluorescent microscopy 
at 21 days post-transplantation. For circulating 
cells, see the Movie 5 in electronic 
supplement. 

 

In the future, we plan to determine, if transplanted cells could temporary rescue lethally 

irradiated animals that would eventually die, if not transplanted with HSCs. We will also utilize 

the immunodeficient rag2E450fs mutant fish [136] for the adult transplantation study to see if 

we could enhance the ZEB engraftment. Importantly, these fish do not require any 

preconditioning due to frame-shift mutation in rag2 gene, which yields impaired V(D)J 

recombination, leading to loss of T- and B-cell receptor rearrangements. Furthermore, we plan 

to study the mechanism that lead to ZEB engraftment and homing. In addition, we will monitor 

any changes in the lineage commitment of ZEBs, due to their possible reprogramming in vivo. 

For this, we will isolate ZEBs from successfully engrafted fish and we will grow them in liquid 

culture and in semisolid media. Their ability to transdifferentiate into various blood cell 

lineages will be tested using recombinant growth factors, such as Tpo, IL-7 (unpublished), 

Gcsfa/b, Mcsfa/b (unpublished).  
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Mechanisms of ZEBs self-renewal 

To understand the mechanisms underlying the self-renewal and immortalization of ZEB cells, 

we analyzed their transcriptome by deep sequencing (next generation sequencing, NGS). We 

collected and isolated total RNA from ZEBs at several time points after culture 

establishment at day 20 (D20), day 31 (D31), day 156 (D156) and day 230(D230). In addition, 

we isolated RNA from WKM control cells cultivated under the same conditions in the 

presence of Scfa, Epo and Dex for 7 days. These primary cells were grown in a suspension 

with or without ZKS cells co-culture (C_ZKS or C); none of these control cells were able to 

sustain in the culture for more than 14 days.  

Deep transcriptome sequencing revealed that the transcriptome profile of ZEB cells was 

constantly evolving with time (Figure 50) as shown by principal component analysis (PCA). We 

observed that gata1a expression was slightly decreased with time (Figure 51), confirming the 

decrease in gata1:dsRed fluorescent intensity signal that we noticed at later time points of 

the culture using fluorescent microscopy and FACS (data not shown). Further, we showed that 

ZEBs did not express c-mpl (Figure 51). On the other hand, the gata2a signal increased over 

10 folds between D20 and D230 (Figure 51). These expression profiles confirmed that ZEBs 

were most likely early committed BFU-E progenitors. The transcriptome analysis for genes and 

pathways deregulated in immortalized cells compared to primary cells revealed 1,794 

differently expressed genes (P <0.00623) between D20 and C (Figure 52A). From the list of 

differently expressed genes, we created list of candidate genes that might be responsible for 

ZEBs immortalization and self-renewal (Figure 52B). Some of these genes are known proto-

oncogenes (Bcl11, Mecom, Mdk, Prox1, Tbx) and tumor suppressors (Prox1, SOCS1), however 

the function of other candidates from this list is unknown.  

In the future, we will perform the analysis of single nucleotide polymorphisms (SNPs) of 

selected genes to identify potential mutations responsible for cell immortalization or 

transformation. It will also be interesting to monitor the future evolvement of the expression 

profiles in ZEB cells. Particularly, we will test, whether such an evolvement might optionally 

lead to re-differentiation of these cells.  
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Figure 50: The PCA analysis of ZEB 
samples at D20, D31, D156 and D230 
and control WKM samples at day 7 
cultivated with (C_ZKS) or without (C) 
feeder ZKS cells. X-Axis denotes the 
value of principal component 1 (PC1), 
while Y-axis denotes the value of PC2. 
Arrowheads demonstrate development 
of ZEB cells in time. 

 

 

 

 

Figure 51: Expression profiles of selected genes (gata1a, left; gata2a, middle; mpl right) in controls (C) 
and ZEBs at different time points (D20, D31, D156 and D230), X-axis. Y-axis demonstrate normalized 
number of reads.  
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Figure 52: Expression patterns (heat map) of (A) overall differently expressed genes between control 
and ZEB cells at D20 and patterns of (B) candidate genes that are potentially responsible for ZEB 
immortalization and self-renewal. Normalized gene expression ranging from low (blue) to 
overexpressed (red). 
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DISCUSSION 

Zebrafish cultures and cytokines 

This study aimed to explore the origins of vertebrate hematopoietic system. It is believed that 

the hematopoietic system of higher vertebrates evolved from a common fish ancestor present 

in the sea approximately 450 million years ago. The conservation of hematopoietic lineages, 

their respective functions, morphologies and gene expression programs across the disparate 

vertebrate animals suggest that the fundamental roles played by each lineage were likely well-

established in this ancestral precursor [138]. Whereas the detailed description of the 

components and the hierarchy of the hematopoietic tree has been well studied in mammals 

and birds, less attention has been focused upon the zebrafish hematopoietic system due to a 

paucity of culture media and cytokines to stimulate progenitor cell growth. In this work, we 

have established the basic parameters of hematopoietic progenitor assays in the zebrafish 

using culture conditions that enable the cultivation and differentiation of myeloid and 

erythroid progenitors. These ex vivo assays have been essential in the analyses of zebrafish 

progenitor cells to elucidate the cytokines requirements and their proliferative and 

differentiation potential. 

In our experience, mammalian hematopoietic cytokines have generally not cross-reacted with 

zebrafish hematopoietic cells. We thus identified and generated set of recombinant zebrafish 

cytokines (Epo, Epob, Gcsfa/b, Scfa/b, Tpo and also Mcsfa/b, IL7, data not shown) and 

developed culture conditions that enable ex vivo assays for cultivation and differentiation of 

zebrafish hematopoietic stem and progenitor cells in liquid and semi-solid media. 

Combination of these approaches together with utilization of transgenic zebrafish allowed us 

to deduce the evolution of growth factor signaling in the vertebrate hematopoietic system 

and to quantitatively and functionally test the full lineage potentials of putative hematopoietic 

stem and progenitor cell subsets in the zebrafish. In the future, these assays will similarly 

provide the means to functionally assess mutant and transgenic animals, to validate genes 

identified in genome-wide association studies (GWAS) and will allow to functionally assess the 

recovery of the hematopoietic system to environmental (irradiation) and chemical insults.  

Due to an extra whole-genome duplication event that occurred early in teleost evolution, 

zebrafish have two copies (paralogues) of multiple genes (Figure 53) that likely arose from a 
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single common ancestral genes [89, 90]. Here, we provide in depth analysis for some of these 

duplicated (gcsfa/b, epoa/b, scfa/b) and non-duplicated (tpo) genes. We show that the 

function for some of these cytokines is similar to their mammalian orthologs. This has been 

shown to be the case for Epoa (that has been referred to as Epo in this study for simplicity 

reasons), for Tpo and particularly also for Scfa, even though previously not appreciated [126, 

127] and more experiments need to be done to determine its exact role. Interestingly, some 

cytokines seem to possess only partially orthologous functions with their mammalian 

counterparts (Scfb, Gcsfa and Gcsfb), whereas the others were not active in our assays and 

their exact role needs to be further determined (Epob and IL-7; data not shown).  

 

Zebrafish Gcsfs, story of paralogous cytokines 

As in mammals, both zebrafish gcsf paralogs stimulate granulocytic differentiation [113, 139], 

along with the differentiation of monocytes/macrophages [20]. In the zebrafish, however, 

Gcsf signaling appears to play a broader role in hematopoiesis. Our studies demonstrate that 

Gcsf signaling is required for HSC specification and expansion, roles that have not been 

described for mammalian Gcsf. One possible explanation is that, during vertebrate evolution, 

the Gcsf signaling pathway initially functioned to broadly support many levels of 

hematopoiesis. However, following the radiation of mammals, other cytokines likely evolved 

to take on more specialized roles following gene duplication events [140, 141]. 

Supporting this idea, zebrafish lack several members of the class I cytokine signaling pathway, 

which regulate multiple stages of hematopoiesis and immune cell function [142]. Extensive 

searches in the zebrafish genome indicate that zebrafish lack both the ligands and receptors 

of IL3 subfamily, which include IL5, Gmcsf and IL3. In mammals, these cytokines encourage 

the production and maintenance of HSPCs and myelo-monocytic lineages, including 

neutrophils, monocytes/macrophages and eosinophils. That each of these lineages exist and 

seem to function in teleosts without these cytokines indicates that the ancestral requirements 

for these specialized cytokines were less complex and could have been partially substituted 

with Gcsf (Figure 53). Our findings suggest that Gcsf possesses many functional traits that 

became diversified over evolution through modification of the Gcsf paradigm.  
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Figure 53: Comparison of some of the orthologous 
cytokines between mammals and zebrafish. Some of 
these cytokines have been duplicated in zebrafish 
(Mcsfa/b, Epoa/b, Scfa/b), whereas others are 
missing, such as cluster of IL3 subfamily genes 
(orange box). Here we hypothesize that the role of 
some of these cytokines might have been partially 
substituted with Gcsf in the zebrafish (orange 
arrowhead). 

 

We showed that both zebrafish Gcsfs are important in the support of myelo-monocytic cells 

and act similarly to each other. However, we found that gcsfa and gcsfb are differentially 

expressed temporally during development and spatially in adult fish. We observed that gcsfa 

was expressed at low levels early in development but slowly increased over time, whereas 

gcsfb was initially expressed at high levels and decreased later in development. While we 

hypothesized that the dynamic expression of each Gcsf ligand may reflect different roles 

during development, overexpression of either showed redundant functions. The possibility 

exists that these ligands are expressed in different locations of the embryo and have distinct, 

specific roles in different tissues, even though WISH analysis was inconclusive, likely due to 

the low expression of these ligands in the embryo. Interestingly, gcsfb was expressed highly 

in the kidney, the main site of hematopoiesis in the zebrafish, as well as the testes, skin, and 

gills. gcsfa was also present in all of these tissues, but at significantly lower levels. The only 

two tissues where gcsfa levels were significantly higher in the adult zebrafish were the heart 

and spleen. However, both of these ligands stimulated granulocytic and 

monocyte/macrophage differentiation from WKM ex vivo, indicating that even though gcsfa 

was not highly expressed in the kidney, it still retains the ability to differentiate myeloid 

progenitors.  

Despite these redundancies we found that the two Gcsf ligands stimulated colony formation 

at different concentrations; at low concentrations Gcsfb encouraged slightly more CFUs, but 

between 10-100ng/ml Gcsfa stimulated significantly more colonies. Since there is only one 

copy of gcsfr in zebrafish, these results are likely due to a modestly higher binding affinity of 
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Gcsfa to Gcsfr. This was confirmed by our ex vivo ligand binding study in Baf3 cells and other 

in vitro affinity studies (data not shown). Importantly, using the Baf3, we prooved for the first 

time that Gcsfs downstream signaling is well evolutionary conserved between the fish and 

mammals. 

 

Phylogeny of erythrocytes and thrombocytes in vertebrates  

The establishment of zebrafish ex vivo cultures together with the characterization of zebrafish 

cytokines let us focus to study the evolutionary relationships between mammalian and non-

mammalian erythro-thrombocytic cells. It is important to note that these cells appear to be 

phenotypically very different as a result of divergent evolution. It has been shown that 

mammals and birds split off from their lizard-like ancestors 310 million years ago [143]. During 

this time, certain aspects of erythroid and thrombocytic differentiation have changed; adult 

mammalian RBCs have the unique feature of being enucleated, and mammalian thrombocytes 

are not individual cells, but fragments of megakaryocytes. These adaptations likely enhanced 

the biological performance of the corresponding cells, which could be demonstrated on a few 

examples. Enucleated erythrocytes are more flexible, allowing the development of thinner 

capillaries and preventing their possible blockage [92]. The lack of the nucleus also creates 

more intracellular space for hemoglobin and provides a typical biconcave shape, increasing 

the surface area for an efficient hemoglobin access [92]. Mammalian platelets are generated 

in very high numbers (thousands of platelets per one megakaryocyte), as compared to non-

mammalian thrombocytes, and are much smaller and more flexible. These features lead to 

their efficient spreading and increased resistance to fluid shear forces [93]. It is likely that 

these erythro-megakaryocytic enhancements provided a survival advantage to early 

mammalian species.  

However, these enhancements also bring up the question of evolutionary origin of these cells. 

Hypothetically, mammalian erythrocytes and megakaryocytes could have been evolved de 

novo, functioning as analogs of non-mammalian erythrocytes and thrombocytes. Conversely, 

they might have been evolved as an improvement from ancestral erythro-thrombocytic cells, 

as previously discussed, indicating that mammalian and non-mammalian erythrocytes and 

thrombocytes are homologs. Indeed, the following lines of evidence suggest that the latter 

hypothesis seems to be more probable. 



DISCUSSION 
 

93 

First, the initial commitment of both lineages requires involvement of similar signaling 

pathways and transcription factors throughout the vertebrate phylum. The most prominent 

factors necessary for erythroid differentiation that were found to be functionally conserved 

from fish to man are FOG1, GATA1, GATA2, KLF1 (zebrafish orthologue Klf4), LMO2, MYB, 

NFE2, TAL1 and others [69, 103, 144-146]. Similarly, the list of conserved factors that are 

involved in vertebrate thrombopoiesis includes ETS1, FLI1, FOG1, GATA1, GATA2, NFE2, 

RUNX1, TAL1 and others [69, 97, 103, 147, 148]. In this work, we experimentally confirmed 

expression of some of these genes during extensive gene expression profiling experiments of 

chicken and zebrafish erythroid and thrombocytic cells. Second, multiple zebrafish mutant 

lines or knock-downs were previously generated that recapitulate common human disorders, 

such as various types of anemia, protoporphyria or thrombocytopenia [69, 149, 150]. 

Importantly, many of these mutants and knockdowns are affected in the same loci that are 

relevant to human diseases. Third, the processes involved in hemostasis are highly conserved 

among mammalian and non-mammalian vertebrates; platelets and thrombocytes are 

activated by the same stimuli and clotting takes place in an almost identical way [93, 150].  

Finally, the last piece of evidence, favoring our hypothesis that megakaryocytes evolved as a 

thrombocytic improvement, is based on the characterization of the relationships between 

zebrafish hematopoietic progenitors and on mapping their proliferation kinetics. Using ex vivo 

fate mapping experiments, we provided for the first time direct evidence for the existence of 

non-mammalian TEPs, creating a link to mammalian MEPs. Furthermore, we determined the 

number of cell divisions during the differentiation of bi-potent TEPs in zebrafish. Multiple 

studies indicate that mammalian BFU-E progenitors are capable of 9 to 16 cell divisions during 

their maturation, depending on the presence of cooperating factors [133]. The CFU-E 

progenitors are capable of at most 6 cell divisions [133] and megakaryocytes endoreduplicate 

approximately 2 to 5 times [135] to form 8-64N cells. In line with this observation is our 

present study, indicating that the number of cell divisions during zebrafish erythroid and 

thrombocytic terminal differentiation is closely matched to mammalian species – the 

zebrafish BFU-E progenitors are capable of 9 to 15 cell divisions, depending on cooperative 

signals, the CFU-E progenitors can undergo 6 cell divisions and thrombocytes can undergo 5 

cell divisions during their terminal differentiation.  
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Taken together, these data led us to the establishment of our “Integrated model of 

hematopoiesis”. According to this model, we propose that despite striking phenotypic 

differences between mammalian megakaryocytes and non-mammalian thrombocytes, there 

is a clear link between mammalian and non-mammalian erythroid and thrombocytic cells in 

terms of their molecular control and their proliferation potential (Figure 54). Based on this, 

our model strongly suggests that mammalian megakaryocytes are homologs of non-

mammalian thrombocytes and evolved from them during the course of vertebrate evolution.  

 

 

Figure 54: Non-mammalian and mammalian model of erythropoiesis and thrombopoiesis. According to 
the Integrated model of hematopoiesis, mammalian erythrocytes and megakaryocytes were evolved 
from their non-mammalian erythroid and thrombocytic homologs as an evolutionary improvement. 
Non-mammalian erythrocytes and thrombocytes are phenotypically similar (nucleated, diploid oval-
shaped cells), whereas mammalian megakaryocytes and erythrocytes are very different. Numbers 
indicate the proliferation potential of particular progenitors. TEP, thrombocyte-erythroid progenitor; 
CFU-T, colony forming unit-thrombocyte. Modified from Bartunek et al. [17] and Svoboda et al. [103]. 
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Importantly, this model might have a major impact on hematopoietic research in general. 

Since the employment of mammalian model organisms currently brings only partial success 

in the identification of key hematopoietic regulators due to the interference with 

sophisticated mammalian megakaryocytic and erythroid enhancements, non-mammalian 

model organisms, such as chicken or zebrafish, could then be efficiently utilized to identify 

novel key regulators of cell fate determination. In this work, we took an advantage of such an 

approach and we successfully employed chicken and zebrafish models to identify novel 

factors, regulating erythro-thrombocytic commitment. Even though the role of our newly 

identified factors still needs to be validated in mammalian models, their function is likely to 

be conserved from fish to man, as it is conserved from fish to chicken. Therefore we propose 

that our candidate genes might present ancient and evolutionary conserved tools to control 

core regulatory mechanisms of hematopoiesis. 

 

Origin of erythrocytes and thrombocytes in vertebrates 

Finally, based on Integrated model of hematopoiesis, we would like to discuss the hypothetical 

origin of erythroid and thrombocytic differentiation programs from ancestral vertebrates. 

According to the generally well-accepted evolutionary hypothesis, the invertebrate and 

vertebrate species bifurcated approximately 520-550 million years ago [143]. This resulted in 

enormous divergence of these species and led to de novo parallel formation of various 

analogous features. Even though many invertebrate animals possess both erythrocyte-like 

and thrombocyte-like analogous cells, commonly referred to as amebocytes, coelomocytes, 

hemocytes or thrombocytoids, these cells are not considered to be the progenitors of 

vertebrate erythro-thrombocytic cells [138, 151-153]. Therefore erythrocytes and 

thrombocytes found in cyclostomates and fish are the first cells that evolved to be particularly 

specialized in oxygen transport or hemostasis [14, 154-156]. It is likely that both cell lineages 

firstly appeared in direct fish ancestors and it is highly probable that both differentiation 

programs split from one ancestral differentiation program after its duplication (Figure 55). 

This view is supported both by similar cell characteristics (similar oval shape, condensed 

nuclei, proliferation coupled to differentiation) and by similar or shared regulatory molecules, 

as discussed above. This includes the structural and functional resemblance between EPO and 

TPO signalosomes, likely derived from a single ligand-receptor complex due to a duplication 
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event. As discussed in the introductory chapter (page 20), both EPO and TPO mediate 

substantially redundant signaling and activate similar signaling pathways and transcription 

factors. This is well illustrated experimentally as TPO expands erythroid progenitors [8, 157] 

and strikingly, TPO in combination with SCF and IL11 was shown to substitute for EPO signaling 

in the erythroid progenitors derived from Epor deficient mice [158]. Adversely, EPO was 

shown to synergize with TPO to promote megakaryocyte colony growth and maturation [41, 

159]. 

In summary, we developed Integrated model of hematopoiesis that defines relationships 

between vertebrate erythro-thrombocytic cells. Based on this model, we propose the 

“Common ancestral erythro-thrombocytic hypothesis”. This hypothesis predicts the existence 

of ancestral vertebrate organisms with unilineage differentiation, leading to ancestral 

erythrocytes, thrombocytes or erythro-thrombocytes with dual function (Figure 55). This 

unilineage differentiation program was further duplicated during the evolution of early 

vertebrates, giving rise to specialized erythroid and thrombocytic differentiation programs in 

conjunction with EPO/TPO signaling.  

 

Figure 55: Common ancestral erythro-thrombocytic model predicts the existence of unilineage 
differentiation in ancestral vertebrates, leading to ancient erythroid or thrombocytic cells or erythro-
thrombocytic cells with dual function. Duplication of cell types and their signalosomes led to the origin 
of erythrocytes with EPO signaling and to the origin of thrombocytes together with TPO signaling. 
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CONCLUSIONS 

This thesis is focused on the origins of vertebrate hematopoiesis and on mechanisms that 

control erythro-myeloid differentiation in vertebrates. The key conclusions are: 

 Zebrafish hematopoietic multipotent progenitors can be grown and differentiated ex vivo 

in liquid and clonal cultures using recombinant zebrafish cytokines. 

 Zebrafish Tpo promotes expansion of HSPC and thrombocytic differentiation, similarly to 

mammalian TPO. 

 Two Gcsf ligands function redundantly via the Gcsf receptor to promote myelopoiesis in 

zebrafish.  

 Gcsf signaling is required for HSPC emergence and expansion in zebrafish.  

 Zebrafish possess two Scf ligands, their function seems to be diversified. Zebrafish Scfa, 

but not Scfb supports proliferation of erythroid progenitors, similarly to mammalian SCF.  

 Erythro-thrombopoiesis is driven by the differentiation of bi-potent TEP progenitors in 

vertebrates. 

 Clonogenic and proliferative capacity of TEPs, thrombocytic and erythroid progenitors, is 

conserved from non-mammalian vertebrates to man. 

 According to the Integrated model of hematopoiesis, mammalian megakaryocytes 

evolved as an improvement of non-mammalian thrombocytes, these cells are homologs. 

 Evolutionary conserved core regulatory mechanisms of hematopoiesis can be uncovered 

using non-mammalian models of hematopoiesis.  

 Newly identified hematopoietic regulators likely control HSPC, thrombocytic and erythroid 

commitment. 

 Zebrafish erythroid burst cell line can used as a tool to study vertebrate Epo signaling, 

erythroid engraftment and homing, and for the identification of new mechanisms 

responsible for erythroid immortalization. 

 According to the Common ancestral erythro-thrombocytic hypothesis, erythroid and 

thrombocytic differentiation might have bifurcated from an ancestral unilineage 

differentiation program.
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Zebrafish neutrophil with a unique nuclear morphology isolated from a clonal myeloid 

colony generated in vitro via the addition of zebrafish granulocyte colony-stimulating factor 

(Gcsf). See the article by Stachura et al. 2011. 
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Identification of hematopoietic progeni-
tor cells in the zebrafish (Danio rerio) has
been hindered by a lack of functional
assays to gauge proliferative potential
and differentiation capacity. To investi-
gate the nature of myeloerythroid progeni-
tor cells, we developed clonal methylcel-
lulose assays by using recombinant
zebrafish erythropoietin and granulocyte
colony-stimulating factor. From adult whole
kidney marrow, erythropoietin was re-
quired to support erythroid colony forma-
tion, and granulocyte colony-stimulating
factor was required to support the forma-

tion of colonies containing neutrophils,
monocytes, and macrophages. Myeloid
and erythroid colonies showed distinct
morphologies and were easily visualized
and scored by their expression of lineage-
specific fluorescent transgenes. Analysis
of the gene-expression profiles after iso-
lation of colonies marked by gata1:DsRed
or mpx:eGFP transgenes confirmed our
morphological erythroid and myeloid lin-
eage designations, respectively. The ma-
jority of progenitor activity was contained
within the precursor light scatter fraction,
and more immature precursors were

present within the lymphoid fraction. Fi-
nally, we performed kinetic analyses of
progenitor activity after sublethal irradia-
tion and demonstrated that recovery to
preirradiation levels occurred by 14 days
after irradiation. Together, these experi-
ments provide the first report of clonal
hematopoietic progenitor assays in the
zebrafish and establish the number, charac-
teristics, and kinetics of myeloerythroid
progenitors during both steady-state and
stress hematopoiesis. (Blood. 2011;118(5):
1274-1282)

Introduction

The majority of cells within the hematopoietic system are post-
mitotic and relatively short lived, requiring continuous replenish-
ment throughout life. The production of all blood cells is dependent
on the actions of hematopoietic stem cells (HSCs), exceedingly
rare cells that both self-renew and generate lineage-restricted
progenitors. It is through the geometric amplification of these
committed progenitors that the vast numbers of mature cells
required to sustain life are produced daily. Commitment of HSCs to
each of the hematopoietic lineages occurs through a hierarchy of
progenitors and precursors, with lineage potential lost with each
stepwise differentiation event. The development of mature effector
cells from upstream HSCs, multipotent, oligopotent, and unipotent
precursors has served as a paradigm for tissue-replenishing stem
cell systems.

Whereas long-term reconstitution of lethally irradiated mice
remains the standard for HSC function, in vitro culture methods
have been instrumental in determining the branchpoints of the
hematopoietic tree. The development of clonal in vitro cultures by
Metcalf and colleagues in the 1960s enabled the growth of murine
bone marrow progenitors1 and the study and quantitation of
progenitor number during hematologic disease2 and exposure to
irradiation.3 These assays were used to investigate the ontogeny of
the developing murine hematopoietic system4 and refined to study
human hematopoietic progenitors dysregulated during leukemogen-
esis.5 Importantly, the use of clonal assays was instrumental for the
discovery and validation of colony-stimulating factors (CSFs),
secreted proteins that stimulate the specific differentiation of
hematopoietic lineages. The ability to isolate, recombinantly

produce, and test these factors was a key advance in hematologic
research, allowing the sensitive analysis of progenitor differentia-
tion, proliferation, and lineage restriction in the murine and human
blood systems. In addition, the clinical use of CSFs has been
essential for the treatment of anemia, neutropenia, and
thrombocytopenia.

The capability to grow prospective progenitors in vitro and test
their differentiation capacity in an unbiased manner has greatly
advanced the current understanding of hematopoietic lineage
restriction. Prospective isolation of candidate progenitor popula-
tions by using antibodies against cell surface markers and FACS,
coupled with clonal in vitro analyses, resulted in the identification
of multipotent,6,7 oligopotent,6 and monopotent progenitor8,9 inter-
mediates downstream of HSCs in the murine system. In vitro
studies with human progenitors have largely validated these
findings.10-12

Whereas most investigations of hematopoietic lineage restric-
tion have been performed in mice, precisely how lineage commit-
ment occurs remains somewhat enigmatic. Forward genetic ap-
proaches to detect gene functions essential for lineage specification
and differentiation may be informative. With the high degree of
conservation between the mammalian and teleostean hematopoi-
etic systems, the zebrafish (Danio rerio) may provide a complemen-
tary system to make such discoveries through its genetic tractabil-
ity. Previous mutagenesis screens in zebrafish identified many
genes critical for embryonic erythropoiesis.13,14 Ongoing forward
genetic screens should similarly reveal undiscovered genetic
requirements for the generation of HSCs and their downstream
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progenitors. Understanding the biology of mutants generated using
these approaches, however, requires the development of new
assays to ascertain the precise nature of the mutant phenotypes.

To functionally assess the progenitor capability of normal and
mutant zebrafish hematopoietic cells, we previously created pri-
mary zebrafish kidney stromal (ZKS) cells derived from the main
site of hematopoiesis in the adult teleost.15 Culture of hematopoi-
etic progenitor cells on ZKS cells resulted in their continued
maintenance15 and differentiation.15-17 This culture system also
allowed investigation and chemical rescue of a genetic block in
erythroid maturation, confirming the utility of these assays.15

However, because culturing bulk populations of progenitor cells on
stroma cannot distinguish between homogeneous multipotent pro-
genitor populations or heterogeneous lineage-restricted popula-
tions, it was necessary to investigate the in vitro differentiation
potentials of single progenitors by developing sensitive clonal
differentiation assays.

In the present study, we describe the first clonal, short-term in
vitro assay for zebrafish erythroid and myeloid progenitor cells. We
developed methylcellulose culture techniques that support the
growth of zebrafish hematopoietic progenitor cells. In addition, we
generated recombinant zebrafish cytokines that enable quantifica-
tion of progenitor number in adults under both steady-state and
stress hematopoiesis, enabling a better understanding of hematopoi-
etic stem and progenitor cells in the zebrafish.

Methods

Methylcellulose stock

We prepared 2.0% methylcellulose by adding 20 g of methylcellulose
powder (Sigma-Aldrich) to 450 mL of autoclaved H2O, and then we boiled
the mixture for 3 minutes. The mixture was allowed to cool to room
temperature before adding 2! L-15 powder (Mediatech). The weight of the
methylcellulose mixture was adjusted to 1000 g with sterile water. Methyl-
cellulose was allowed to thicken at 4°C overnight before being aliquoted
and stored at "20°C.

Methylcellulose clonal assays

Complete methylcellulose medium was prepared by mixing 10 mL of 2.0%
methylcellulose stock with 4.9 mL of Dulbecco modified Eagle medium,
2.1 mL of Ham’s F-12, 2 mL of embryonic stem cell–qualified fetal bovine
serum, 300 #L of HEPES (1M stock), 200 #L of penicillin/streptomycin
(5000 U/mL and 5000 #g/mL stock, respectively), 200 #L of L-glutamine
(200mM stock), and 40 #L of gentamicin sulfate (50 mg/mL). To perform
experiments in triplicate, 3.5 mL of complete methylcellulose was added to
round-bottomed 14-mL tubes (BD Biosciences) with 5-mL syringes and
16-gauge needles. Cells were isolated and resuspended in 100 #L of
medium15 and added to complete methylcellulose, along with cytokines. To
observe separable, individual colonies, cells were resuspended at 1 ! 104 to
5 ! 104 cells/mL. Carp serum was used at 1%, erythropoietin (Epo) at
0.1 #g/mL, and granulocyte colony-stimulating factor (G-csf) at 0.3 #g/
mL. Tubes were tightly capped, and the solution gently vortexed to mix. In
triplicate, 1 mL of solution was aliquoted into 35-mm Petri dishes (BD
Biosciences). Plates were placed in a humidified 15-cm dish at 32°C and
5% CO2 and removed after 7 days for examination and colony isolation.

Colony-forming unit assays

Hematopoietic colonies were observed and enumerated on a DMI-6000
inverted fluorescent microscope (Leica). Images were processed as de-
scribed previously.15

Zebrafish stocks and embryos

Zebrafish were mated, staged, and raised as described previously18 and
maintained in accordance with University of California at San Diego
Institutional Animal Care and Use Committee guidelines. Transgenic lines
Tg(mpx:eGFP)i114,19 Tg(gata1:DsRed)sd2,20 and Tg(lyz:DsRed)nz5021

were used.

FACS

Cells were prepared and processed as described previously.20

Cytology

Hematopoietic colonies were plucked from methylcellulose cultures,
triturated in PBS, and concentrated by cytocentrifugation at 250g for 5 minutes
onto glass slides by using a Shandon Cytospin 4 cytocentrifuge (Thermo
Fisher Scientific). Slides were fixed and stained with May-Grünwald
Giemsa (Sigma-Aldrich).15

RT-PCR

RNA was isolated from hematopoietic colonies using the RNeasy kit
(QIAGEN). cDNA was generated with random hexamer qScript SuperMix
(Quanta BioSciences). Primers to detect zebrafish ef1$,15 gata1,15 mpx,15

pu.1,15 csf1r (mcsfr),22 and csf3r (gcsfr)23 were used.

Generation of recombinant zebrafish cytokines

Recombinant zebrafish Epo was generated as described previously.15 The
region corresponding to the mature form of zebrafish G-csf24 was reampli-
fied by PCR from zebrafish heart cDNA by using primers G-csf-forward
(5%-CGGCCATGGAGCTCCTGTTCCTCAGAAACTGGA-3%) and G-csf-
reverse (5%-CGGCCATGGTCATACACGAATACTGAGGATCCT-3%). The
574-bp product was digested with NcoI, isolated by electrophoresis, and
ligated into pETH2a. This expression plasmid was used to transform T7
polymerase-expressing BL21 (DE3) cells. Induction of 19-kDa His-G-csf
protein synthesis by isopropyl &-D-thiogalactoside and purification of
recombinant protein on a Ni2'-nitrilotriacetic acid agarose column was
done according to the manufacturer’s procedure (QIAGEN), with
modification.25

Irradiation assay

Adult mpx:eGFP; gata1:DsRed double-positive transgenic zebrafish were
exposed to 25 Gy of ionizing irradiation from a 137Cs source irradiator as
described previously.26 Whole kidney marrow (WKM) was collected at
3, 8, 11, 14, and 21 days after irradiation. The mpx:eGFP; gata1:DsRed
double-negative (DN) cells were isolated; added to methylcellulose contain-
ing 1% carp serum, 0.1 #g/mL Epo, and 0.3 #g/mL G-csf; and enumerated
7 days after plating.

Microscopy

All images of hemotopoietic colonies (Figures 1B, 3A-B) were taken with a
Leica DMI6000B inverted fluorescenct microscope with a 5! objective
lens and a 10! eyepiece. Images were captured with a Hamamatsu digital
camera (model C7780-20), and processed with Velocity (Version 5.0)
software. Assembly of figures was performed with Adobe Photoshop CS.
All images of cytocentrifuged, May-Grünwald-Giemsa stained cells (Fig-
ure 4A) were taken with an Olympus BX51 upright microscope with a
100! oil objective and a 10! eyepiece. Images were captured with an
Olympus DP70 digital camera, and processed with Olympus DP Controller
software (Version 2.1.1.183). Assembly of composite image was performed
with Adobe Photoshop CS.
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Results

Addition of recombinant zebrafish growth factors allows clonal
analysis of zebrafish progenitor cells

To develop clonal cultures, we used conditions used in our previous
zebrafish stromal cell studies,15 adapting them to semisolid media.
To determine whether our methylcellulose cultures would allow
colony growth, WKM, the teleostean equivalent of mammalian
bone marrow where blood stem and progenitor cells reside, was
harvested from mpx:eGFP adult fish. Plating WKM cells in
methylcellulose alone resulted in a few small colonies (Figure 1A).
The addition of carp serum, shown previously to increase survival
and differentiation of zebrafish progenitors cultured on stromal
cells,15 had little effect on increasing colony number (Figure 1A);
colonies were comprised of only a few cells (Figure 1B).

We speculated that the semisolid cultures may need more than
the growth factors contained in carp serum, so we recombinantly
generated the recently described zebrafish G-csf.24 The addition of
G-csf caused an increase in colony number (Figure 1A), resulting
in small, ruffled colonies reminiscent of the myeloid colonies of
mammals. Transgenic mpx:eGFP fish, in which cells express green
fluorescent protein (GFP) under the control of the myeloid-specific
peroxidase promoter,19 allowed fluorescent visualization of these
GFP' colonies (Figure 1B). Additively, G-csf and carp serum
caused a nearly 40-fold increase over carp serum alone and an

8-fold increase over G-csf alone (Figure 1A). Furthermore, the
addition of carp serum and G-csf resulted in nearly 100%
mpx:eGFP' colonies (Figure 1A). Colonies had 2 distinct morpholo-
gies (Figure 1B; supplemental Figure 1, available on the Blood
Web site; see the Supplemental Materials link at the top of the
online article): compact colonies with ruffled borders or well-
spread colonies that routinely were multicentric. Both colony types
were reminiscent of murine granulocytic colonies, and their
cellular constituents were uniformly GFP'.

Zebrafish Epo27 was recently identified and shown to stimulate
erythroid differentiation in vitro15. Addition of recombinant Epo to
methylcellulose cultures led to an approximately 5-fold expansion
of colony number compared with carp serum alone (Figure 1A).
Colonies stimulated with Epo had a different appearance than their
myeloid counterparts, with a more compact morphology (Figure
1B). More importantly, Epo-stimulated colonies did not express the
GFP transgene (Figure 1B; supplemental Figure 1), suggesting that
they were not myelomonocytic. Carp serum and Epo together
caused a nearly 3-fold expansion of colonies (Figure 1A); colonies
were larger and consisted of more cells (Figure 1B). Next, both
cytokines and carp serum were combined to determine whether

Figure 2. Precursor and lymphoid fractions of WKM contain myeloid and
erythroid progenitors. (A) Experimental schematic for isolation and culture of
mpx:eGFP"; gata1:DsRed" cells from precursor (blue) and lymphoid (purple)
fraction of adult WKM. (B) CFUs/100 000 mpx:eGFP", gata1:DsRed" precursor cells
plated in methylcellulose with combinations of carp serum, G-csf, or Epo added. Red
bars represent gata1:DsRed' colonies, green bars represent mpx:eGFP' colonies,
and black bars represent negative colonies generated from the precursor fraction.
(C) CFUs/100 000 mpx:eGFP", gata1:DsRed" lymphoid cells plated in methylcellu-
lose with combinations of carp serum, G-csf, or Epo added. Red bars represent
gata1:DsRed' colonies, green bars represent mpx:eGFP' colonies, and black bars
represent negative colonies generated from the lymphoid fraction. Bars represent
average of at least 3 independent experiments, with error bars representing SD.

Figure 1. Zebrafish G-csf and Epo increase colony formation from unfraction-
ated mpx:eGFP WKM. (A) CFUs/100 000 unfractionated WKM cells plated in
methylcellulose with combinations of carp serum, G-csf, or Epo added. Bars
represent average of at least 3 independent experiments, with error bars represent-
ing SD. Black bars represent Mpx:eGFP" colonies and green bars represent
Mpx:eGFP' colonies. (B) Brightfield (top rows) and GFP fluorescent images (bottom
rows) of representative colonies enumerated in panel A. All images were taken at
50!. Scale bar in top left panel is 50 #m.
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colony number could be increased from WKM. Indeed, addition of
all supplements resulted in 720 ( 78 colonies for every 100 000
cells plated (Figure 1A), an approximately 80-fold increase over no
cytokines. Importantly, the cells were not all myeloid; approxi-
mately 50% of the colonies were GFP' (Figure 1A-B), with the
remainder displaying erythroid-like morphology but not expressing
the myeloid-specific transgene (Figure 1B).

Enrichment of stem and progenitor cells from WKM

With the culture conditions determined for myeloid and erythroid
progenitors, we sought to further purify progenitors from the WKM
by light scatter characteristics. Stem and progenitor cells within
zebrafish WKM scatter light in characteristic ways.20 HSCs, the
keystone cells of the hematopoietic system, are small and agranu-
lar, scattering light much like lymphoid cells. Hence, they are
contained within a “lymphoid” light scatter population (Figure 2A
purple gate).20 More differentiated progenitor cells within zebrafish
WKM have been speculated to reside in the “precursor” popula-
tion, a fraction that contains cells that are more granular and
notably larger than HSCs (Figure 2A blue gate). Using mpx:eGFP;
gata1:DsRed double transgenic animals, we isolated DN cells from
either the lymphoid or the precursor fraction for two reasons. First,
erythrocytes can be excluded based on high expression of the
erythroid-specific gata1:DsRed transgene. We thus used gata1:
DsRed expression to exclude postmitotic erythrocytes that com-
pose up to 50% of the WKM. In addition, we hypothesized that
stimulation of DN cells with Epo would induce red fluorescence
and stimulation with G-csf would induce green fluorescence,

allowing a quantifiable, fluorescence-based readout of myelo-
erythroid progenitor potential.

Isolation of DN cells from the precursor fraction resulted in
higher numbers of colony-forming units (CFUs) in methylcellulose
relative to those from the lymphoid fraction (Figure 2B). Addition
of either G-csf or Epo alone resulted in more than 10-fold increases
from unfractionated WKM. Colonies stimulated with G-csf or Epo
expressed either the myeloid-specific mpx:eGFP or the erythroid-
specific gata1:DsRed transgene, respectively. Addition of carp
serum to G-csf or Epo increased the total number of colonies
generated, but the most CFU numbers were observed when all
3 supplements were added combinatorially to the cultures. Further-
more, the addition of carp serum, G-csf, and Epo permitted
visualization of both myeloid (green) and erythroid (red) colonies
on the same plate (Figure 2B).

Isolation of DN cells from the lymphoid fraction resulted in
similar results, with the highest CFU counts coming from cultures
containing carp serum, G-csf, and Epo (Figure 2C). G-csf and carp
serum stimulated the formation of mpx:eGFP' colonies, whereas
Epo and carp serum stimulated the formation of gata1:DsRed'

colonies (Figure 2C). However, the colony numbers were markedly
lower compared with those generated from the precursor fraction.

To assess whether transgene' cells contained progenitor activ-
ity, we isolated mpx:eGFP' and gata1:DsRed' cells from WKM,
precursor, or lymphoid fractions, and then we plated cells under
optimal conditions. In several experiments we observed only rare,
if any, colonies (data not shown). Furthermore, culture of cells from
the remaining “myeloid,” “eosinophil,” or “erythroid” light scatter

Figure 3. G-csf encourages myeloid differentiation, whereas Epo encourages erythroid differentiation from zebrafish hematopoietic progenitors. (A) Brightfield
images (top row), mpx:eGFP fluorescence (middle row), and gata1:DsRed fluorescence (bottom row) of colonies grown in various growth factor conditions from the precursor
fraction of WKM (conditions listed along top row of images). (B) Brightfield images (top row), mpx:eGFP fluorescence (middle row), and gata1:DsRed fluorescence (bottom
row) of colonies grown in various growth factor conditions from the lymphoid fraction of WKM (conditions listed along top row of images). All images photographed at
magnification 50!. Scale bars in top left panels are 50 #m. Arrowheads in top right panels denote mixed (CFU-granulocyte, erythroid, macrophage colonies) colonies.
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fractions resulted in only a few small colonies, if any. Collectively,
these data suggest that the majority of myeloerythroid colony-
forming cells are contained within the precursor and lymphoid
populations and that they lack appreciable expression of mpx:
eGFP and gata1:DsRed transgenes.

Visualization of myeloid and erythroid progenitor differentiation

We speculated that myeloid and erythroid colonies derived from
the precursor or lymphoid fractions would be similar when
examined for colony morphology, cellular constituents, and gene
expression. To address this, we first captured brightfield and
fluorescent images of colonies formed under all conditions. As
shown in Figure 3A, DN cells plated in methylcellulose from the
precursor fraction formed distinct colonies that were distinguish-
able based on the different cytokines added to the cultures. Similar
to unfractionated WKM (Figure 1B), progenitors cultured in G-csf
formed small, ruffled colonies. Importantly, plated mpx:eGFP"

cells matured into mpx:eGFP' colonies (Figure 3A). When Epo
was added to the cultures, instead of mpx:eGFP' colonies arising
from DN cells, compact gata1:DsRed' colonies emerged. The
addition of carp serum had little effect on the morphology of
erythroid cultures (Figure 3A), although it did increase the total
number of CFUs formed and the proportion of gata1:DsRed'

colonies present (Figure 2B). Carp serum and G-csf permitted the
visualization of GFP' ruffled and spread colonies in culture
(Figure 3A). Finally, the addition of carp serum, G-csf, and Epo in
the same cultures resulted in 4 distinct colony types that were easily
separable by morphology under brightfield, as well as by expres-
sion of lineage-specific transgenes. We visualized tight DsRed'

erythroid colonies, ruffled GFP' colonies, spread GFP' colonies,
and rare GFP'; DsRed' mixed colonies (Figure 3A arrowhead).
Progenitors isolated from the lymphoid fraction of WKM formed
colonies with very similar morphologies (Figure 3B). The only
notable difference in these colonies was that they were generally
smaller than their precursor counterparts, perhaps because of their
lower proliferative capacity.

Detailed examination of myeloid and erythroid progenitor
differentiation

To verify that DsRed' colonies were erythroid and that GFP'

colonies were myelomonocytic, we removed, cytocentrifuged, and
stained individual colonies for further morphologic examination.

First, compact DsRed' colonies were isolated from cultures
stimulated with carp serum and Epo from the precursor and
lymphoid fraction (Figure 4A). Cells isolated from precursor-
derived colonies showed erythroid-like morphology, mostly contain-
ing dense, stippled chromatin and blastic morphology reminiscent
of mammalian erythroblasts (Figure 4A top row, left column).
Colonies from the lymphoid fraction contained immature erythroid
elements, as well as cells that were lymphoid in appearance (Figure
4A bottom row, left column). In contrast, eGFP' colonies from
cultures stimulated with G-csf and Epo displayed a mixture of
myeloid cells. The ruffled colonies from either fraction contained
darker-staining myeloid precursor cells and mature neutrophils and
monocytes. Examination of the spread colonies from both fractions
showed similar cellular constituents, but they differed in the
increased number of large, mature macrophages present (Figure 4A
right column, top and bottom row).

To examine gene expression within these colonies, we isolated
colonies based on morphology from the precursor and lymphoid
fractions and subjected them to reverse transcription–PCR analysis
(Figure 4B). Cultures stimulated with Epo selectively expressed the
erythroid-specific gata1 transcription factor. Neither ruffled nor
spread colonies stimulated with G-csf expressed the gata1 gene,
instead expressing the myeloid-specific peroxidase gene (mpx) and
essential myeloid transcription factor pu.1. Ruffled and spread
colonies also expressed the G-csf receptor (gcsfr) and the macro-
phage colony–stimulating factor receptor (mcsfr), confirming that
granulocyte and macrophage precursors and progeny were con-
tained selectively within the myeloid colonies. None of the
colonies analyzed showed expression of the lymphoid specific
rag1, the T cell–specific lck, or the B cell–specific IgM or pax5
genes (data not shown).

Kinetic analysis of myeloid and erythroid progenitors in
response to sublethal irradiation

We speculated that these clonal assays could be used to perform an
accurate kinetic analysis of myeloid and erythroid progenitor
recovery after whole-body sublethal irradiation of adult zebrafish.
Previous studies have shown that after a sublethal dose of 25 Gy,
all hematopoietic cells within the kidney are drastically depleted
but that they recover over a period of 1 month.26,28,29 These
irradiation recovery studies were preformed by analyzing light
scatter profiles of WKM cells over time by flow cytometric
analysis, and they were validated by cellular morphology. We
speculated that we could more accurately assess the recovery of
hematopoietic progenitor number with our clonal assays.

To investigate the kinetics of myeloerythroid progenitor recov-
ery, we sublethally irradiated mpx:eGFP; gata1:DsRed double
transgenic adult zebrafish at 25 Gy. DN cells were isolated from the

Figure 4. G-csf encourages myeloid differentiation as assayed by morphology
and gene expression of isolated colonies. (A) Cytocentrifuged colonies isolated
from precursor (top) and lymphoid (bottom) fraction methylcellulose cultures were
stained with May-Grünwald-Giemsa. Tight colonies were isolated from cultures with
only carp serum and Epo (left column), whereas ruffled and spread colonies were
isolated from cultures containing carp serum and G-csf (right column). All images
were photographed at magnification 1000!; scale bar in bottom right is 20 #m. After
photographing, cells were cut and pasted from multiple fields to create a composite
image. (B) Reverse transcription-PCR analysis of colonies isolated from precursor
(top) and lymphoid (bottom) fraction of methylcellulose cultures. Colony morphology
is listed on left, and genes assayed are listed along top of gel images.
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lymphoid and precursor WKM light scatter fractions (Figure 2A) at
days 3, 8, 11, 14, and 21 after exposure to 25 Gy of ionizing
radiation, and we compared these cells with those from nonirradi-
ated fish (day 0). After isolation, cells were plated in methylcellu-
lose with the addition of carp serum, Epo, and G-csf. CFUs were
analyzed after 7 days of culture, and all colonies were morphologi-
cally similar to those shown in Figure 3. In addition, myelomono-
cytic colonies were GFP' and erythroid colonies were DsRed', in
accordance with our previous findings. Analysis of CFU number
showed a severe decrease in progenitor activity at 3 days after
irradiation (Figure 5A). After 14 days of recovery, myeloerythroid
progenitor counts were approximately 50% lower than those of
nonirradiated fish; just 7 days later, however, progenitor counts
were expanded nearly 3-fold to approximately double the number
of preirradiation CFUs (Figure 5A).

Interestingly, analysis of the ratio of colonies formed to
progenitor number isolated indicated that the cells associated with
irradiation recovery were located primarily within the lymphoid
fraction, from which approximately 80% of plated cells generated
either an erythroid or a myeloid colony at 21 days after irradiation

(Figure 5B). In addition, these colony types were mainly erythroid,
although myeloid and mixed colonies also were increased (supple-
mental Figure 2A). Whereas the DN cells from the precursor fraction
contributed to irradiation recovery, ) 5% of the cells plated from this
fraction generated erythroid or myeloid colonies at any time point
(Figure 5B). Importantly, precursor-derived erythroid, myeloid, and
mixed colonies also recovered over the 21 days (supplemental Figure
2B). These data demonstrate that progenitor function can now be
precisely quantified using clonal in vitro assays, both during steady
state and after hematopoietic stress.

Discussion

The hematopoietic system of higher vertebrates evolved from a
common ancestor present in the sea approximately 450 million
years ago. The remarkable conservation of hematopoietic lineages,
their respective functions, morphologies, and gene-expression
programs among disparate vertebrate animals suggest that the
fundamental roles played by each lineage were well established in
this ancestral precursor.30 Whereas a detailed description of the
components and hierarchy of the hematopoietic tree has been well
studied in rodents, less attention has been focused on the hematopoi-
etic system of fish. In this report, we have established the basic
parameters of hematopoietic progenitor assays in the zebrafish by
using a semisolid medium to enable the clonal analyses of myeloid
and erythroid progenitors. Clonal assays have been essential in the
analyses of mammalian progenitor cells, being used to elucidate the
growth factor requirements, proliferative potential, and differentia-
tion potentials of distinct progenitor subsets. Whereas the zebrafish
system has been used extensively to investigate the developmental
genetics of hematopoiesis, the presence of bona fide progenitor
cells has not been formally addressed.

Until recently, it had not been possible to perform clonal
semisolid culture assays in the zebrafish system because of a
paucity of cytokines to stimulate progenitor cell growth. In our
experience, mammalian cytokines have generally not cross-reacted
with zebrafish hematopoietic cells, and the identification of ze-
brafish growth factors has been difficult because of poor sequence
homology across evolution. Our previous success in generating and
using recombinant zebrafish Epo to expand and differentiate
erythroid cells15 on stromal cultures led us to search for additional
cytokines that would allow development of clonal assays. With the
recent discovery of zebrafish G-csf,24 we reasoned that addition of
this factor might be essential to develop multilineage progenitor
assays because it is known in mammals to promote the production
and survival of granulocytes during normal and stress
hematopoiesis.31,32

Although there are very few reports of the in vitro culture of
zebrafish hematopoietic cells, other laboratories have cultured fish
blood cells. The establishment of goldfish macrophage cell lines,33

rainbow trout macrophage monocyte-like cell lines,34,35 Atlantic
salmon macrophage-like cells,36 and carp monocytic cell lines37 has
allowed the further investigation of the fish mononuclear phago-
cytic system. However, there are very few reports describing clonal
myeloerythroid progenitor assays. Reports of clonal assays to
stimulate B lymphocytes from trout (in soft agar,38 fibrin clots,39

and methylcellulose40) and zebrafish B-cell progenitors (in soft
agar41) have been reported previously, as have clonal assays to
examine trout (in soft agar38 and fibrin clots39) and carp (in soft
agar42 and on stromal cultures43) T-cell progenitors. Our previous
work using ZKS cells suggested the presence of myeloerythroid

Figure 5. Kinetic analysis of myeloerythroid progenitor recovery after sublethal
ionizing radiation. (A) CFUs generated from mpx:eGFP; gata1:DsRed DN cells
after recovery from 25 Gy irradiation. (B) Ratio of CFUs generated to number of
mpx:eGFP; gata1:DsRed DN cells isolated and cultured from the lymphoid (F) and
precursor (f) light scatter fractions (as diagrammed in Figure 2A). The x-axis is days
after 25 Gy irradiation; day 0 fish were not irradiated. Data points represent the
average of 3 individual biologic replicates performed in triplicate, and error bars
represent SD.
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progenitors within the zebrafish lymphoid and precursor scatter
populations,15 but we could not formally demonstrate the existence
of individual progenitors without developing more precise assays.

We thus developed clonal in vitro assays for zebrafish hemato-
poietic stem and progenitor cells by using an optimized methylcel-
lulose formulation containing recombinant cytokines. As predicted
by our previous studies,15,26 we demonstrated the precursor fraction
to contain the majority of myeloerythroid CFU activity. Interest-
ingly, we also showed that the lymphoid fraction contains consider-
able progenitor activity, albeit at 3-fold lower levels than the
precursor fraction. We have described previously the presence of
some erythroid precursors within the lymphoid scatter fraction.20

These cells, however, are largely made up of small, orthochromatic
erythroblasts that are not likely to possess substantial proliferative
potential, if similar to their mammalian counterparts. Rather, we
believe the CFU activity contained within the lymphoid fraction is
because of the presence of rare HSCs. Our previous transplantation
studies suggested that all long-term repopulating cells are present
within the lymphoid fraction.26 In addition, current estimates using
lymphoid-specific transgenic lines generated in our laboratory
indicate that approximately 70% of the lymphoid fraction consists
of mature B cells, 20% to 25% consists of T and NK cells, and the
remainder contains stem and progenitor cells.44 In accord with this
finding, progenitor activity within the lymphoid fraction displayed
delayed colony-forming kinetics compared with the precursor
fraction. For example, although colonies from the progenitor
fraction were readily visible by day 5 in culture, lymphoid cultures
did not generate visible colonies until at least day 7. In addition, we
often noticed that colonies derived from the lymphoid fraction
were smaller in size (ie, contained fewer cells) compared with
colonies derived from the precursor fraction when analyzed on
day 10. Our previous ZKS culture experiments are consistent with
these findings.15 The identification of additional zebrafish growth
factors that more fully support the differentiation of multipotent
hematopoietic progenitors may further distinguish between the
CFU potentials contained within each kidney scatter fraction.

Interestingly, the frequency of CFUs generated from zebrafish
WKM is comparable to the colony frequency obtained from mouse
bone marrow. For example, plating 1 ! 105 cells from the bone
marrow of C57BL mice generates between 40 and 400 CFUs.45

Although very few studies have been performed in other teleosts,
plating identical numbers of WKM cells from rainbow trout
generates a range of * 500 to 1600 CFUs, depending on the
concentration of trout serum present.40 In our studies, we observed
higher numbers than in the mouse but comparable numbers to the
trout (720 ( 78). Similar to those in mammals, these colony
numbers vary depending on clutch, genetic background, animal age
and size, and general health. Age seems to be an important factor in
number of progenitors present; experiments in our laboratory
indicated that the number of lymphoid and precursor cells in the
WKM decreased over time, whereas the number of mature myeloid
cells increased (D. Stachura, J. Bertrand, and V. Wittamer, unpub-
lished observation, March, 2010). These findings warrant careful
age matching when comparing CFU potential in mutant or diseased
animals with wild-type counterparts.

The morphology of zebrafish colonies generated in these
clonal assays closely resembles those generated by mouse and
human progenitors, showing that colony shape and size is well
conserved among zebrafish and mammals. Addition of G-csf to
zebrafish progenitors generated ruffled and spread colonies
reminiscent of granulocyte macrophage colonies (CFU-GM) in
mice46,47 and humans.46 When colonies were stimulated with

Epo, we observed compact, tight colonies of maturing erythroid
progenitors that (even when grown from nontransgenic wild-
type animals) showed a distinctive red hue because of hemoglo-
binization. Because these erythroid colonies are similar in
appearance, size, and cell number to mammalian erythroid
CFUs, we term these colonies zebrafish CFU-erythroid (CFU-
E). We did not observe colonies resembling mammalian burst-
forming unit erythroid colonies, probably because our culture
conditions are not optimized for full erythroid proliferation and
differentiation. It is also of interest that we observed mixed
colonies in our assays, probably the zebrafish equivalents of
CFU-granulocyte, erythroid, macrophage colonies (CFU-GEM).

In this study, we used transgenic zebrafish to observe lineage
commitment. The isolation and culture of cells negative for DsRed
protein driven by the erythroid-specific gata1 promoter showed
that only in the presence of Epo did erythropoietic differentiation
occur. Similar findings were obtained in mpx:eGFP fish, whereby
G-csf specifically encouraged myeloid differentiation. It is impor-
tant to note that although the mpx:eGFP transgenic animals used in
these studies have been reported to specifically mark neutrophils in
the zebrafish embryo,19 the mpx transgene also marks other
myeloid cell types in adult WKM, because the colonies isolated
were uniformly GFP' and contained neutrophils, monocytes, and
macrophages. These data are consistent with the fact that mamma-
lian monocytes express myeloperoxidase (for a review, see van der
Veen et al48). In addition, human macrophages that localize to
atherosclerotic lesions express myeloperoxidase.49 Whereas some
GFP expression may result from perdurance of protein expressed in
upstream precursor cells, these data collectively suggest that the
mpx transgene is expressed outside of the neutrophilic lineage.
Further development of these clonal assays and the ability to
visualize development in vitro and in real time may help refine our
knowledge of lineage-affiliated transgenes. Also, use of additional
transgenic lines that employ alternate fluorophores may be useful
to visualize lineage determination in real time by using similar
clonal assays. Finally, the ability to monitor fluorescence as a
readout for lineage commitment and maturation also should enable
identification of small molecules, cytokines, or antibodies that play
a role in the proliferation or differentiation of hematopoietic
progenitors.

The ability to perform clonal hematopoietic assays in the
zebrafish will provide the means to quantitatively compare the
effects of genetic abnormalities in both the embryo and the adult.
However, to support multilineage readouts of clonal progenitors, it
is likely that other recombinant growth factors will be required.
Using only Epo and G-csf, our current readouts are limited to the
erythrocyte, neutrophil, and monocyte-macrophage lineages. We
have not observed thrombocytes or eosinophils under any semi-
solid culture condition, suggesting that additional factors are
required to support the survival, proliferation, or differentiation of
these lineages. To support the thrombocytic lineage, the zebrafish
ortholog of thrombopoietin will probably be required. For eosino-
phils, it is currently unclear what the growth factor requirements
are in fish. Mammalian eosinophils require signaling through
interleukin-5 (IL-5) and its receptor for efficient generation.
However, extensive searches in fish genomes have failed to identify
members of the IL-3 cytokine cluster family of class 1 cytokines,
including IL-3, IL-5, and granulocyte-macrophage–colony-
stimulating factor (Liongue and Ward31; data not shown), indicat-
ing that homologs of these genes are not present in teleosts.
Because both IL-3 and GM-CSF are key factors in mammalian
myeloid cell development, these findings also suggest that G-csf
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may represent the key ancestral myeloid growth factor in vertebrate
evolution. Finally, other growth factors also may be important in
support of multilineage hematopoiesis, including stem cell factor
and those that signal through the gp130 receptor, which has been
identified in the zebrafish.31

In addition to being an invaluable tool to analyze the stepwise
lineage restriction of HSCs and their downstream progenitors,
these clonal assays should prove useful in the ability to functionally
assess the recovery of the hematopoietic system to environmental
and chemical insults. We previously developed an FACS-based
irradiation recovery assay26 that demonstrated replenishment of the
precursor scatter fraction to unirradiated levels by 14 days after
irradiation.26,28,29 Our current studies, using functional assessment
by colony formation, suggest that the major mediators of irradia-
tion recovery are the HSCs contained within the lymphoid scatter
population. At day 21 after irradiation, nearly 80% of the cells
within the recovering lymphoid fraction form erythroid colonies,
myeloid colonies, or both, with the largest fold-increase being
erythroid. In contrast, only 1% of the cells within the recovering
precursor population generate colonies. This is markedly different
from steady-state conditions in which the precursor fraction is the
primary reservoir of myeloerythroid progenitors. However, these
findings are consistent with ionizing irradiation eliminating ac-
tively dividing cells (ie, hematopoietic progenitors), while having
less detrimental effects on relatively quiescent cells, as mammalian
HSCs have been demonstrated to be (for a review, see Seita and
Weissman50). Together, these data suggest that sublethal irradiation
recovery in the zebrafish is largely because of the survival,
proliferation, and subsequent maturation of HSCs that seem to be
relatively radioresistant. Importantly, these data show that even
though the precursor fraction begins to recover (as measured by
cell counts and FACS-based assays) as early as days 8 to 11 after
irradiation, precursor cell counts do not correlate with functional
myeloerythroid progenitor activity. Although our data cannot
exclude the possibility that cells in the precursor fraction represent
hematopoietic progenitors unresponsive to our growth conditions,
it is clear that clonal assays will be crucial in more carefully

defining and characterizing the biology of zebrafish hematopoietic
stem and progenitor cells.

In conclusion, the development of clonal assays in the zebrafish
now provides the means to functionally assess mutant animals
arising through genetic screens and to further deduce the evolution
of growth factor signaling in the vertebrate hematopoietic system.
Discovery of additional growth factors should soon result in similar
assays to more carefully test the full lineage potentials of putative
hematopoietic stem and progenitor cell subsets in the zebrafish.
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Figure S1. Morphology of colonies generated with carp serum, Gcsf, and Epo 
Brightfield (top row) and GFP fluorescence images (bottom row) of ruffled (left column) and spread colonies grown in carp serum and 
Gcsf, as well as tight colonies (right column) grown in carp serum and Epo. All images were taken at 50×. Scale bar in top left panel is 
50 μm. 
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Figure S2. Detailed kinetic analysis of colonies after sublethal ionizing radiation 
(A) Fold change in myeloid (green line), erythroid (red line), and mixed (black line) colonies 
derived from mpx:eGFP, gata1:DsRed DN lymphoid cells after recovery from 25Gy irradiation. 
(B) Fold change in myeloid (green dashed line), erythroid (red dashed line), and mixed (black 
dashed line) colonies derived from DN precursor cells after recovery from 25Gy irradiation. X-
axis is days post-irradiation; day 0 fish were not irradiated. Data points represent the average of 3 
individual biological replicates performed in triplicate, and error bars represent standard 
deviation.
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HEMATOPOIESIS AND STEM CELLS

The zebrafish granulocyte colony-stimulating factors (Gcsfs):
2 paralogous cytokines and their roles in hematopoietic
development and maintenance
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Key Points

• Two Gcsf ligands function
redundantly through the
Gcsf receptor to promote
myelopoiesis in zebrafish.

• Gcsf signaling is required for
HSPC emergence and
expansion in zebrafish.

Granulocyte colony-stimulating factor (Gcsf) drives the proliferation and differentiation of

granulocytes, monocytes, and macrophages (mws) from hematopoietic stem and pro-

genitor cells (HSPCs). Analysis of the zebrafish genome indicates the presence of 2 Gcsf

ligands, likely resulting from a duplication event in teleost evolution. Although Gcsfa and

Gcsfb share low sequence conservation, they share significant similarity in their predicted

ligand/receptor interaction sites and structure. Each ligand displays differential temporal

expression patterns during embryogenesis and spatial expression patterns in adult

animals. To determine the functions of each ligand, we performed loss- and gain-of-

function experiments. Both ligands signal through the Gcsf receptor to expand primitive

neutrophils andmws, as well as definitive granulocytes. To further address their functions,

we generated recombinant versions and tested them in clonal progenitor assays. These sensitive in vitro techniques indicated similar

functional attributes in supporting HSPC growth and differentiation. Finally, in addition to supportingmyeloid differentiation, zebrafish

Gcsf is required for the specification and proliferation of hematopoietic stem cells, suggesting that Gcsf represents an ancestral

cytokine responsible for the broad support of HSPCs. These findings may inform how hematopoietic cytokines evolved following the

diversification of teleosts and mammals from a common ancestor. (Blood. 2013;122(24):3918-3928)

Introduction

Granulocyte colony-stimulating factor (Gcsf), also known as
colony-stimulating factor 3 (Csf3), is a cytokine responsible for
the proliferation, survival, function, and differentiation of neu-
trophilic granulocytes, monocytes, macrophages (mws), and their
respective progenitors.1-5 Gcsf exerts these actions through bind-
ing to its cognate receptor, Gcsfr, activating downstream signaling
cascades important for the survival, migration, proliferation, and differ-
entiation of neutrophils during steady-state and emergency hematopoi-
esis.6 Gcsf is predominantly produced by cells of the monocyte/mw

lineage but is also produced by endothelial cells,7 fibroblasts,8 and
mesothelial cells9 under proper stimulatory conditions. Importantly,
Gcsfr is present on a variety of hematopoietic cells, including
myeloid progenitors, mature neutrophils, monocytes, B cells, and
T cells.6

Gcsf2/21 and Gcsfr2/22 mice have reduced levels of myeloid
progenitors and show defective granulopoiesis resulting in chronic
neutropenia. In humans, a number of GCSFR mutations have
been characterized in patients with severe congenital neutrope-
nia, and blastic cells containing these mutations can progress
to myelodysplastic syndrome and acute myeloid leukemia.10

Importantly, GCSF is used therapeutically to stimulate granulopoiesis
in patients with congenital, chemotherapy-induced, and radiation-
induced neutropenia to prevent life-threatening infections, as well
as for mobilization of hematopoietic stem and progenitor cells
(HSPCs) from their niche in the bone marrow for harvesting and
transplantation.11

Gcsf was first purified and characterized in mice3,5 and sub-
sequently identified in a number of other nonmammalian vertebrates,
including chicken (Gallus gallus),12 Japanese flounder (Paralichthys
olivaceus),12 fugu (Takifugu rubipes),12 green spotted pufferfish
(Tetraodon nigroviridis),12 and zebrafish (Danio rerio).13 Additionally,
Gcsfr is present in goldfish (Carassius auratusL.).14 Gcsf ligands show
significant conservation in their structure, binding domains, and synteny
across species. Because of a whole-genome duplication event that
occurred early in teleost evolution, fugu and green spotted pufferfish
have 2 copies of Gcsf that likely arose from a single common ancestral
gene. An additional copy of Gcsf that we identified in zebrafish was not
detected in these homology-based studies. Although few functional
studies have been performed in other teleosts,12,14 Gcsf signaling
promotes myelopoiesis and myeloid cell functions13,15 in zebrafish.
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Zebrafish possess the same major blood lineages found in
mammals, enabling comparative studies of hematopoiesis among
vertebrate phyla. Zebrafish, like all other vertebrate animals studied
to date, possess sequential waves of blood cell formation during
development. Our laboratory and others have demonstrated that
hematopoiesis proceeds through 4 independent phases. The first
initiates before 24 hours post fertilization (hpf) with the generation
of primitive mws16 and granulocytes17 from cephalic mesoderm.
Primitive erythroid cells develop in the intermediate cell mass,
which enter circulation ;26 hpf. These first blood cell types have
been termed “primitive” because each lineage arises only transiently
during embryogenesis without passaging through a multipotent
progenitor. Multipotency is first observed in erythromyeloid pro-
genitors (EMPs), which arise in the posterior blood island (PBI) at 26
to 30 hpf.18 The EMP is a transient definitive precursor responsible for
generating adult-type myeloid and erythroid cells in the zebrafish18,19

and mouse20,21 embryo. Finally, hematopoietic stem cells (HSCs) arise
from the transdifferentiation of ventral aortic endothelium between
36 and 72 hpf,22-25 generating erythroid, myeloid, and lymphoid
cells for the remainder of life. The signals that regulate specification
and maturation of each wave are incompletely understood.

In this manuscript, we have determined the roles of Gcsf signaling
during development of the zebrafish hematopoietic system and
during steady-state hematopoiesis in the adult animal. We report the
identification and characterization of the second Gcsf ligand present
in the zebrafish genome. Comparison of these 2 ligands elucidated
several similarities and some important differences. Both copies of
Gcsf stimulate primitive and definitive hematopoiesis by signaling
through a single Gcsfr. However, each cytokine shows distinct tem-
poral expression during embryogenesis and distinct spatial patterns in
the adult animal, suggesting that the duplication of Gcsf has provided
additional mechanisms of transcriptional control over genes with
apparently redundant functions. Finally, zebrafish Gcsf is also
required for the specification and proliferation of HSCs. This novel
finding suggests that Gcsf represents an ancient cytokine whose
functions were diversified into new gene families following gene
duplication events over evolution.

Materials and methods

MOs and mRNA injection

Four antisense splice-site–targetingmorpholinos (MOs) (Table 1; GeneTools)
were resuspended in diethyl pyrocarbonate–treated water and injected at the
1-cell stage of development. In vitro–transcribed messenger RNAs (mRNAs)
were generatedwithmMessagemMachine (Life Technologies); 1 ng ofmRNA
resuspended in diethyl pyrocarbonate–treated water at a concentration of
1 mg/mL was injected at the 1-cell stage of development. Zebrafish were
mated, staged, and raised in accordance with University of California at
San Diego Institutional Animal Care and Use Committee guidelines.

Clonal assays

Unfractionated whole kidneymarrow (WKM)was isolated from gata1:DsRed;
mpx:GFP fish and plated in methylcellulose as described26 at 2.5 3 104 cells

per mL. Complete media26 contained 0.1% carp serum, 10% bovine serum
albumin in Iscove’s Modified Dulbecco’s Media (Stemcell Technologies),
0.1mg/mL zebrafish Epo, andGcsfa or Gcsfb. Colonieswere enumerated and
photographed after 7 days on a fluorescent microscope (Leica DMI-6000;
Wetzlar, Germany). Images were processed as described.27

Enumeration of myeloid cells and HSCs

Animals were anesthetized with tricane,28 and fluorescent images collected at
developmental time points. Manual counts of fluorescent cells were performed.
To image and enumerate HSCs, confocal microscopy was performed.22

Z-sections were taken and manually counted to avoid enumerating multi-
ciliated cells within pronephric tubules.23

Zebrafish stocks and embryos

Zebrafish were mated, staged, and raised as described28 and maintained in
accordance with University of California at San Diego Institutional Animal
Care and Use Committee guidelines. Various transgenics were used
(Table 2).29,30

Flow cytometry and FACS

Embryos were dechorionated at 24 hpf and maintained in E3 with phen-
ylthiourea to prevent pigmentation.28 Each sample contained 5 embryos,
digested with Liberase (Roche) according to manufacturer’s instructions.
Samples were triturated, rinsed with phosphate-buffered saline (PBS),
and filtered. SYTOXRed (Life Technologies) was added to exclude dead
cells. Fluorescence-activated cell sorting (FACS) to isolate hematopoi-
etic cell populations was performed as described.31

Quantitative reverse-transcription polymerase chain

reaction analysis

RNA was isolated from tissues with RNeasy (Qiagen), and complementary
DNA generated with qScript Supermix (Quanta BioSciences). Primers to
detect zebrafish ef1a23 and csf3r (gcsfr)32 have been described. The gcsfa
and gcsfb primers are listed in Table 3. Relative expression levels of
genes were calculated by the following formula: relative expression 5
2–(Ct[gene of interest] – Ct[ef1a]).

Generation of recombinant cytokines

Generation and purification of Gcsfa and Gcsfb are shown in supplemental
Figure 1 (supplemental Materials and methods, available on the BloodWeb site).

Results

Identification of Gcsfb

Although other teleosts possess 2 copies of Gcsf,12 only 1 copy of
Gcsf was annotated in zebrafish.13 To identify other potential Gcsf
genes, we performed synteny analyses with Basic Local Alignment
Search Tool (National Center for Biotechnology Information). As

Table 1. MOs used in study

Name Sequence (59-39)
Amount
injected

Volume
injected

Gcsfr-MO13 59-TTTGTCTTTACAGATCCGCCAGTTC-39 8.3 ng 1 nL

Gcsfa-MO 59-AAAAACCTCTTGGAACTCACCAGAC-39 8.3 ng 1 nL

Gcsfb-MO 59-CAGGTGTTAGTGTGTATTTACCAGT-39 4.1 ng 1 nL

Scrambled-MO 59-CCTCTTACCTCAGTTACAATTTATA-39 8.3 ng 1 nL

Table 2. Transgenic animals used in study

Transgenic line Cell type labeled Reference

Tg(mpx:eGFP)i114 Neutrophils 30

Tg(gata1:DsRed)sd2; Tg(lmo2:eGFP)zf72 EMPs 18, 31, 32

Tg(kdrl:HsHRAS-mCherry)s896;

Tg(cmyb:eGFP)zf169
HSCs 22

Tg(lyz:GFP)nz117 Neutrophils 37

Tg(mpeg1:eGFP)gl22 mws 38

Tg(lyz:DsRed)nz50 Neutrophils 37
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shown in Figure 1A, Gcsf shows a high degree of synteny across
vertebrate phyla, with Stard3 and Psmd3 upstream, and Med24 and
Top2A downstream. This synteny is maintained in zebrafish, with
the previously described Gcsf ligand (which we refer to as Gcsfa)
present on chromosome 12, upstream of Med24 and Top2A.13 The
newly discovered Gcsf ligand (Gcsfb) is located on chromosome
19, downstream of Stard3 and Psmd3. Gcsfb is a 558-bp mRNA
that encodes a 185-amino-acid protein with 5 exons, similar to reported

Gcsf ligands. Whereas Gcsfa and Gcsfb show little sequence similarity
(Figure 1B), they share a similar predicted structure (Figure 1C).

Expression of Gcsfr, Gcsfa, and Gcsfb in zebrafish embryos

and adults

To determine if Gcsf signaling was important for zebrafish hema-
topoietic development, we performed reverse-transcription polymerase

Table 3. Primers used for qRT-PCR

Gene Forward primer 59-39 Reverse primer 59-39 Product size Gene annotation

gcsfa AACTACATCTGAACCTCCTG (exon 7) GACTGCTCTTCTGATGTCTG (exon 8) 165 bp NM_001145242.1

gcsfb GGAGCTCTGCGCACCCAACA (exon 2) GGCAGGGCTCCAGCAGCTTC (exon 4) 184 bp EU267077.1

Figure 1. Gcsfa and Gcsfb are paralogous genes

that arose from a gene duplication event early in

teleost evolution. (A) Synteny analysis of Gcsf ligands

across species. Data from chicken, green spotted

pufferfish, and fugu are adapted from Santos et al.12

(B) Alignment of human, mouse, and zebrafish Gcsfa

and Gcsfb with Clustal Omega (EMBL-European Bio-

informatics Institute). Predicted a-helical regions are

underlined, modeled on the structure of human GCSF.

(C) Proposed structure of Gcsfa and Gcsfb, modeled on

the structure of human GCSF; a-helical regions of Gcsfa

and Gcsfb are underlined in panel B.
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chain reaction (qRT-PCR) analysis on embryos. gcsfr was ex-
pressed as early as 6 hpf, increased at 24 hpf, and maintained at
similar levels when assayed up to 72 hpf, indicating that Gcsf
signaling is active during both primitive and definitive hematopoiesis
(Figure 2A). To investigate if gcsf ligands were expressed dif-
ferentially during these time windows, we examined expression
of gcsfa and gcsfb. gcsfa was expressed at low levels in 6 hpf
embryos, with levels increasing over time (Figure 2B). In contrast,
expression of gcsfb was more dynamic (Figure 2B). Notably, gcsfb

was expressed at higher levels early in development, decreasing at 24
hpf, then returning to higher levels by 60 hpf. To investigate if these
ligands showed different spatial expression patterns in the developing
embryo, whole mount in situ hybridization (WISH) was performed.
Similar to previous studies,13 and likely because of their low
expression, WISH analyses were uninformative.

Because Gcsf signaling is essential for the continual production
of myeloid cells from progenitors, we assessed where gcsfr and its
ligands were expressed in adult fish. We found that gcsfr was

Figure 2. Expression levels of gcsfr, gcsfa, and gcsfb in embryonic and adult zebrafish. (A) qRT-PCR analysis of gcsfr in pooled whole zebrafish embryos at

developmental stages listed along x-axis. (B) qRT-PCR analysis of gcsf ligands (gcsfa, black bars; gcsfb, gray bars) in pooled whole zebrafish embryos at developmental

stages listed along x-axis. (C) qRT-PCR analysis of gcsfr in adult zebrafish tissues listed along x-axis. Lymphoid, myeloid, and precursor cells are different cell populations

isolated by FACS from the adult WKM. (D) qRT-PCR analysis of gcsfa (black bars) and gcsfb (gray bars) in adult zebrafish tissues listed along x-axis. Lymphoid, myeloid, and

precursor cells are different cell populations isolated by FACS from the adult WKM. Expression levels are relative to the housekeeping gene ef1a. All embryonic samples are

biological triplicate preparations of at least 10 embryos per time point. All adult tissue samples are biological triplicate preparations from individual adult fish. All bars represent

the mean of the samples, and error bars represent standard deviation.
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expressed highly in the kidney, the main site of hematopoiesis in
adult teleosts33 (Figure 2C), and fractionation of WKM by light
scatter characteristics31 indicated that gcsfr was highly expressed
in mature myeloid cells. Additionally, gcsfr was expressed in the
“precursor” population, likely because of the presence of myeloid
progenitors in this scatter fraction,26,27 including putative common
myeloid progenitors and granulocyte-monocyte progenitors.34

gcsfr was also detected in the spleen and skin, likely because of the
presence of neutrophils. Examination of gcsfa and gcsfb showed
differential expression among various tissues (Figure 2D). gcsfbwas
expressed highly in gills, skin, and testes. gcsfa was also present in
these organs, but highly expressed in the heart. Both gcsfa and gcsfb
were expressed in the kidney, but gcsfb was expressed at much
higher levels in the lymphoid,myeloid, and precursor scatter fractions.
Because of the differences in the expression patterns of these Gcsf
ligands, we hypothesized that each likely played differential roles in
hematopoietic development and homeostasis.

Gcsf signaling promotes primitive myelopoiesis

To examine if each ligand showed differential effects on primitive
myelopoiesis, we first performed gain-of-function experiments, inject-
ing in vitro–transcribed mRNA into lyz:GFP transgenic embryos
whereby green fluorescent protein (GFP) marks primitive mws35 and

neutrophils36 at 22 to 24 hpf. Both gcsfa and gcsfb significantly
expanded lyz:GFP1 cellswhen comparedwithmock-injected embryos
(Figure 3A-B). To examine if gcsfs specifically expanded primitive
mws, we used mw-specific mpeg1:GFP transgenics.36 Because the
fluorescence from these fish is weak, we analyzed embryos by flow
cytometry. We observed that gcsfa and gcsfb significantly expanded
the numbers of primitive mws in developing embryos (Figure 3C). In
agreement with these data, we observed that FACS-isolated subsets of
primitive mws and neutrophils both expressed high levels of gcsfr
(Figure 3D).

To examine if Gcsf ligands signaled through Gcsfr to promote
primitive hematopoiesis, we used an MO designed against gcsfr.13

Injection of gcsfr-MO caused a reduction in lyz:GFP1 cells when
compared with embryos injected with a control MO (supplemental
Figure 2). To determine if Gcsfa and Gcsfb were signaling through
Gcsfr, we attempted to rescue the knockdown of myeloid cells by
coinjecting individual ligands with gcsfr-MO. In agreement with
previous studies,13 we found that Gcsfa was signaling through Gcsfr
based on the inability of excess ligand to rescue the knockdown
phenotype (supplemental Figure 2). We obtained similar results with
Gcsfb, suggesting that it also signals through theGcsfr. Taken together,
these data indicate that both ligands function in a redundant manner,
signaling through Gcsfr to expand primitive myeloid cells in zebrafish.

Figure 3. Gcsfa and Gcsfb ligands both expand

primitive neutrophils and mws in the zebrafish

embryo. (A) Fluorescence images of 24-hpf lyz:GFP

embryos injected at the 1-cell stage of development

with PBS (mock) and either gcsfa or gcsfb mRNA.

Fluorescent images taken on a Leica DMI-6000 inverted

fluorescent scope with a Hamamatsu Photonics Orca

3CCD color digital camera (Hamamatsu, Japan)

at 350 and processed by Volocity (Perkin Elmer, MA)

and Photoshop (Adobe Systems, San Jose, CA)

software. (B) Numbers of lyz:GFP1 cells at 22 to 24

hpf (y-axis) after injection of scrambled MO (mock,

circles) and in vitro transcribed gcsfa (squares) or

gcsfb (triangles) mRNA. Mean (dashed red line) with

95% confidence interval (red error bars) and level

of statistical significance. *P , .02; **P , .0001. (C)

Percentage of mpeg1:GFP1 cells at 22 to 24 hpf

(y-axis) after injection of PBS (mock, circles) or in vitro

transcribed gcsfa (squares) or gcsfb (triangles) mRNA.

Each data point corresponds to 5 embryos pooled

together before digestion and flow cytometry. Mean

(dashed red line) with 95% confidence interval (red

error bars) and level of statistical significance. *P , .02;

**P , .001. N.S., no significance. (D) Primitive mws

and neutrophils express the gcsf receptor. qRT-PCR

analysis of gcsfr in FACS-isolated primitive mws (mpeg1:

GFP1 cells at 20-24 hpf), primitive neutrophils (mpx:

GFP1 and lyz:GFP1 cells at 20-24 hpf), and adult

zebrafish kidney (Whole Kidney). Levels are relative to

the housekeeping gene ef1a. All samples are at least

biological duplicate preparations. Bars represent the

mean, and error bars represent standard error of the

mean (SEM). *P , .05.
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Gcsf signaling promotes definitive myelopoiesis

To investigate if Gcsf ligands were capable of expanding mye-
loid cells originating from definitive, multilineage precursors, we
examined later developmental time points. We performed these
studies at 72 hpf, a time whereby the majority of blood cells are
derived from definitive HSPCs. We observed that gcsfa and gcsfb
significantly expanded the number of mpx:GFP1 myeloid cells
present at 72 hpf (Figure 4A-B). To ensure that this was not
transgene specific, we also performed these experiments in lyz:
DsRed transgenic animals, recapitulating the neutrophil expansion
(data not shown). We also observed a significant expansion of
mpeg1:GFP1 mws in injected embryos (Figure 4C). FACS-isolated
neutrophils and mws both expressed gcsfr (Figure 4D). Finally, we
observed that Gcsfa and Gcsfb failed to rescue the knockdown of
neutrophils induced by gcsfr-MO (supplemental Figure 3), in-
dicating that the ligands were signaling through Gcsfr at later time
points in myeloid development.

Gcsf signaling expands HSCs

To investigate if Gcsf signaling regulated the specification and ex-
pansion of embryonic HSPCs, we again performed gain-of-function
experiments and analyzed the number of HSCs and EMPs present.
Surprisingly, both ligands caused expansion of runx11HSCs at 24 hpf
when analyzed byWISH (Figure 5A), and quantitation of runx11 cells
along the dorsal aorta and in the PBI indicated significant expansion
(Figure 5B). Knockdown of Gcsf signaling resulted in a significant
reduction of runx11 cells that exogenous ligand could not rescue
(supplemental Figure 4). Further analysis of cells expressing the HSC

marker cmyb along the dorsal aorta and caudal hematopoietic tissue
(CHT) at 36 hpf confirmed that both ligands were expanding HSCs
(Figure 5C-D). We next analyzed the effect of increased Gcsf
signaling on EMPs, transient definitive progenitors that lack lymphoid
potential. Whereas enforced Gcsf expression significantly expanded
HSCs, neither ligand showed significant effects on lmo2:GFP1;
gata1:DsRed1 EMPs when analyzed by flow cytometry (Figure 5E).
To examine if these 2 progenitor subtypes could respond to Gcsf
signaling, we examined their gcsfr expression. Although FACS-
isolated HSCs expressed significant levels of gcsfr, EMPs expressed
significantly less gcsfr than HSCs (Figure 5F), potentially explaining
their inability to respond to Gcsf signaling.

To investigate if Gcsf ligands were directly responsible for the
expansion of HSCs, we visualized the emergence of individual
cmyb:GFP1; flk1:mCherry1 HSCs along the aortic floor at 48
hpf.22 In agreement with our previous data, we observed that gcsf
ligand injections significantly increased HSCs along the dorsal
aorta (Figure 6A-B). We also investigated the CHT region of these
embryos because this area has been suggested to be the first site of
HSC expansion following emergence from aortic endothelium.25

The CHT also showed significant increases in HSCs (Figure 6C-D).
To investigate if Gcsf signaling was responsible for this expansion,
we again used gcsfr-MO,which caused significant decreases inHSCs
(Figure 6B,D). Injection of gcsfa and gcsfb mRNA failed to rescue
this reduction, indicating that both ligands were signaling through the
Gcsfr to expand HSCs. To further investigate, we generated ligand-
specific MOs to see if the depletion of either ligand would have
similar effects. The knockdown of either gcsfa or gcsfb (supplemental
Figure 5) significantly reduced the amount of myeloid cells at 72 hpf

Figure 4. Gcsfa and Gcsfb expand definitive neu-

trophils and mws in the zebrafish embryo. (A)

Fluorescence images of 72 hpf mpx:GFP transgenic

zebrafish injected with PBS (mock) and either in

vitro–transcribed gcsfa or gcsfb mRNA. Fluorescent

images taken on a Leica DMI-6000 inverted fluores-

cent scope with a Hamamatsu Photonics Orca 3CCD

color digital camera at 350 and processed by Volocity

(Perkin Elmer) and Photoshop (Adobe Systems) soft-

ware. Images shown are 2 images stitched together.

(B) Numbers of mpx:GFP1 cells at 72 hpf (y-axis)

after injection of PBS (mock, circles) and gcsfa

(squares) or gcsfb (triangles) mRNA at the single-

cell stage of development. Mean (dashed red line)

with 95% confidence interval (red error bars) and level

of statistical significance. *P , .0001. (C) Percentage

of mpeg1:GFP1 cells at 72 hpf (y-axis) after injection

of PBS (mock, circles) and gcsfa (squares) or gcsfb

(triangles) mRNA. Each data point corresponds to

5 embryos pooled together before digestion and flow

cytometry. Mean (dashed red line) with 95% confi-

dence interval (red error bars) and level of statistical

significance. *P , .003; **P , .0006; ***P , .0001. (D)

At 72 hpf, mws and neutrophils express gcsfr. qRT-

PCR analysis of gcsfr in FACS-isolated macrophages

(mpeg1:GFP1 cells at 72 hpf), neutrophils (mpx:GFP1

cells at 72 hpf), and adult zebrafish kidney (Whole

Kidney) shown for reference. Levels are relative to

the housekeeping gene ef1a. All samples are at least

biological duplicate preparations. Bars represent the

mean, and error bars represent SEM. *P , .0001.
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(supplemental Figure 3B) and HSCs in the aorta (Figure 6A-B) and
CHT (Figure 6C-D) at 48 hpf, indicating that both ligands play a role
in the emergence and expansion of myeloid cells and HSCs in the
embryo. We were able to rescue the depletion of Gcsfa by injecting
either gcsfa or gcsfb mRNA, indicating not only that was this effect
directly attributable to Gcsf signaling, but also that these ligands
function redundantly (supplemental Figure 3B; Figure 6B,D). The
same results were achieved when Gcsfb was depleted and rescued
(supplemental Figure 3B; Figure 6B,D). Confirmation that these
ligands function redundantly vs synergistically is demonstrated by
the finding that adding both ligands failed to cause a statistically
significant increase in HSCs (Figure 6B,D). Taken together, these
data indicate that embryonic HSCs are responsive to Gcsf signaling,
and that this signaling is essential for their expansion.

Gcsfa is more efficient than Gcsfb at differentiating

adult HSPCs

To determine if eachGcsf ligand had redundant effects on adult HSPC
differentiation, we produced recombinant versions ofGcsfa andGcsfb

ligands (supplemental Figure 1), performing in vitro assays to quan-
titatively and functionally assess their proliferative and differentiation
activity. First, we used these recombinant ligands to validate that
Gcsfa and Gcsfb were responsible for HSPC proliferation, adding
ligands to WKM labeled with the membrane dye PKH-26, which
indicated that HSPCs were expanded (supplemental Figure 6). To
analyze erythromyeloid differentiation, we plated WKM from mpx:
GFP1; gata1:DsRed1 adult fish, adding carp serum, zebrafish Epo,
and increasing concentrations of Gcsf ligands. Gcsfb encouraged
slightlymore colony formation at 5 and 10 ng/mL, but between 10 and
100 ng/mL, Gcsfa encouraged significantly more colony formation
(Figure 7A). At 500 ng/mL, both Gcsf ligands encouraged similar
numbers of colony growth. To assess whether there were functional
differences in thematuration of these colonies,we enumeratedmyeloid
colonies marked by the myeloid-specific mpx:GFP transgene. Ad-
ditionally, we enumerated erythroid colonies marked by the erythroid-
specific gata1:DsRed transgene to determine if Gcsf ligands
skewed the differentiation of EMPs. Finally, we observed and
enumerated “mixed” colonies that contained erythroid and my-
eloid cells that putatively arose from multilineage EMP cells

Figure 5. Gcsfa and Gcsfb expand HSCs but not

EMPs in the zebrafish embryo. (A) WISH of 24 hpf

embryos for runx1 after injection of PBS (mock) or in

vitro–transcribed gcsfa or gcsfb mRNA at the single-

cell stage of development. Bright field images taken on

a Leica M165C upright dissecting scope with a Leica

DFC295 color digital camera at 36 and processed by

Photoshop (Adobe Systems) software. (B) Numbers of

runx11 cells along the dorsal aorta and PBI region

quantitated from 3 independent experiments as in

panel A. Mean (dashed red line) with 95% confidence

interval (red error bars) and level of statistical sig-

nificance. *P , .0001. (C) WISH of 36 hpf embryos

for cmyb after injection of PBS (mock) or in vitro–

transcribed gcsfa or gcsfb mRNA at the single-cell

stage of development. Bright field images taken on

a Leica M165C upright dissecting scope with a Leica

DFC295 color digital camera at 38 and processed by

Photoshop (Adobe Systems) software. (D) Numbers of

cmyb1 cells along the dorsal aorta and CHT region

quantitated from 3 independent experiments as in

panel C. Mean (dashed red line) with 95% confidence

interval (red error bars) and level of statistical sig-

nificance. *P , .02; **P , .0001. (E) Percentage of

lmo2:GFP1; gata1:DsRed1 EMPs at 30 to 32 hpf

(y-axis) after injection of PBS (mock, circles) or in

vitro–transcribed gcsfa (squares) or gcsfb (triangles)

mRNA at the single-cell stage of development. Each

data point corresponds to 5 embryos pooled together

before digestion and flow cytometry. Mean (dashed red

line) with 95% confidence interval (red error bars) and

level of statistical significance. (F) qRT-PCR analysis

of gcsfr in FACS-isolated HSCs (cmyb:GFP1; flk1:

DsRed1 cells at 48 hpf), EMPs (lmo2:GFP1; gata1:

DsRed1 cells at 30 hpf), and adult zebrafish kidney

(Whole Kidney). Levels are relative to the house-

keeping gene ef1a. All samples are at least biological

duplicate preparations. *P , .05; **P , .0003.
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(Figure 7B). Gcsfa and Gcsfb both stimulated GFP1 ruffled
myeloid colonies (composed mainly of neutrophils),26 as well as
spread GFP1 colonies (composed of neutrophils, monocytes, and
mws)26 (Figure 7C). There were no differences in colony size,
indicating that the 2 ligands induced no measurable difference
in progenitor proliferation capacity. Neither Gcsfa nor Gcsfb
prevented or skewed the differentiation of erythroid colonies
(Figure 7B-C). To confirm that Gcsfa and Gcsfb had differential
biological activities, we stably transfected Baf3 murine cells with
zebrafish Gcsfr and found that both proteins stimulated the
survival of these cells in a ligand-dependent manner (supple-
mental Figure 7). Importantly, these studies indicated that Gcsfa
stimulated survival at lower concentrations than Gcsfb, indicating
higher biological activity. Overall, these data confirm that Gcsfa and
Gcsfb possess redundant roles in the differentiation of myelomono-
cytic cells, although Gcsfa has higher colony forming unit (CFU)-
promoting capabilities and biological activity.

Discussion

Zebrafish are an increasingly popular model for understanding
vertebrate hematopoiesis. Although functional assays in the zebrafish
have been designed to investigate the differentiation and proliferation
of embryonic18,19 and adult HSPCs,26,27 the specific roles of cytokine
signaling in these processes have yet to be defined. To refine and
further develop these assays, we set out to more fully characterize
cytokine signaling important in hematopoietic development and
maintenance.

Here we report and characterize for the first time the second copy
of Gcsf in the zebrafish genome. Although duplicate copies of Gcsf
had been identified in other teleosts,12 only 1 copy had been described
in the zebrafish.13 Becausemultiple copies of other myeloid cytokines
had been described in zebrafish,37 we began an extensive synteny
analysis of the genome to look for Gcsf paralogues. We discovered

Figure 6. Gcsfa and Gcsfb expand HSCs in the

zebrafish embryo. (A) Maximum projection of multiple

z-stack images of the dorsal aorta region of 48 hpf

cmyb:GFP1; flk1:mCherry1 transgenic animals after

injection of PBS (mock, top), gcsfa-MO, gcsfb-MO, and

gcsfr-MO, in vitro–transcribed gcsfa, and in vitro

transcribed gcsfb at the single-cell stage of develop-

ment. White arrowheads (yellow cells) denote double-

positive HSCs located between the dorsal aorta and

cardinal vein. Fluorescence images taken on a Leica

TCS SP5 inverted confocal system at 3250 and

processed by Volocity (Perkin Elmer) and Photoshop

(Adobe Systems) software. (B) Numbers of HSCs

(cmyb:GFP1; flk1:mCherry1) were enumerated from

individual confocal z-stacks from the dorsal aorta

region of 48 hpf cmyb:GFP1; flk1:mCherry1 transgenic

animals as shown in panel A. Mean (dashed red line)

with 95% confidence interval (red error bars) and

level of statistical significance. *P , .05; **P , .01;

***P , .0002. (C) Maximum projection of multiple

z-stack images of the CHT region of embryos shown

in panel A. White arrowheads (yellow cells) denote

double-positive HSCs located in contact with the

vascular plexus of the CHT. Fluorescence images

taken on a Leica TCS SP5 inverted confocal system

at 3250 and processed by Volocity (Perkin Elmer)

and Photoshop (Adobe Systems) software. (D) Numbers

of HSCs (cmyb:GFP1; flk1:mCherry1) were enumerated

from individual confocal z-stacks from the CHT region of

48 hpf cmyb:GFP1; flk1:mCherry1 transgenic animals

as shown in panel C. Mean (dashed red line) with

95% confidence interval (red error bars) and level

of statistical significance. *P , .003; **P , .006;

***P , .0004; ****P , .0001.
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a duplicate copy of Gcsf, which we have designated Gcsfb, that
shares extensive upstream genomic synteny with human chromo-
some 17 and murine chromosome 11. The previously described
copy of Gcsf shares extensive downstream synteny with human and
mouse, implying that the chromosomal regions harboring these 2
zebrafish paralogues share a common ancestral origin. Additionally,
this synteny suggests that the zebrafish Gcsf paralogues resulted
from a chromosome/genome duplication event.

Interestingly, zebrafish Gcsfa and Gcsfb seem to possess only
partially orthologous functions with their mammalian counterparts.
As in mammals, both zebrafish paralogues stimulate granulocytic
differentiation,3,4 along with the differentiation of monocytes/mws.38

However, Gcsf signaling appears to play a broader role in zebrafish
hematopoiesis. Our studies demonstrate that Gcsf signaling is
required for HSC specification and expansion, roles that have not
been described for mammalian Gcsf. One possible explanation is
that, during vertebrate evolution, the Gcsf signaling pathway initially
functioned to broadly support many levels of hematopoiesis. Fol-
lowing the radiation of mammals, other cytokines likely evolved
to take on more specialized roles following gene duplication
events.39,40

Supporting this idea, zebrafish lack several members of the class I
cytokine signaling pathway, which regulate hematopoiesis and im-
mune cell function.41 Extensive searches in the zebrafish genome
indicate that zebrafish lack both the ligands and receptors for the
interleukin-3 (IL-3) subfamily, which includes IL-5, Gmcsf, and IL-3.
In mammals, these cytokines encourage the production and main-
tenance of myelomonocytic lineages, including neutrophils, mono-
cytes/mws, and eosinophils. That each of these lineages exists and
functions in teleosts without these cytokines indicates that the
ancestral requirements for these specialized cytokines were less

complex. Our findings, in addition to phylogenetic analyses, suggest
that Gcsf possesses many functions that became diversified over
evolution through modification of the Gcsf paradigm. Phylogenetic
predictions indicate that identified teleost Gcsfs form a single
evolutionary clade outside other related class I cytokine families
such as IL-6, leukemia inhibitory factor, and oncostatinM, suggesting
that all of these cytokines are orthologous and arose from a common
ancestral source.12 Synteny analyses have identified the highly
homologous IL-3, IL-4, IL-5, IL-13, and Gmcsf genes clustered on
chicken chromosome 13, murine chromosome 11, and human
chromosome 5, implying that each of these genes likely arose from
a duplication event from a common gene ancestor.40 Supporting
this postulate, many of these cytokines have overlapping roles in
hematopoiesis that can be compensated for by other familymembers.
For instance, IL-3, originally named multi-CSF for its ability to
stimulate the proliferation and differentiation of multiple hematopoi-
etic cell types in vitro,42,43 is dispensable for normal hematopoiesis in
vivo.44 Thus, the diversification of class I cytokines appears to have
resulted in specialization to fine-tune cytokine signaling present in
our common ancestors.

Prior to this report,Gcsf had never been shown to directly stimulate
HSC specification or proliferation, although it had been implicated in
the production and differentiation of myeloid progenitors.1,2,45

Gcsfr2/2 mice have similar numbers of long-term culture-initiating
cells,45 and although radiolabeled Gcsf46 and biotinylated GCSF47

bind to the surface ofHSCs, they have very fewGcsf receptors relative
to more mature myeloid progenitors46 and GCSFR mRNA levels are
barely detectable on sorted HSCs.48

Another difference between teleosts and mammals is the du-
plication of gcsf. We found that gcsfa and gcsfb are differentially
expressed temporally during development and spatially in adult

Figure 7. Gcsfa is more efficient than Gcsfb at

expanding erythromyeloid HSPCs cells in the adult

zebrafish. (A) Numbers of CFUs (combined erythroid,

myeloid, and mixed) per 100 000 cells plated from

unfractionated WKM grown with Gcsfa (black line,

circles) and Gcsfb (gray line, squares) cytokine con-

centrations as listed along the x-axis. Each point

represents themean of biological triplicate experiments,

and error bars represent the SEM of those triplicate

experiments. Statistical significance represents the

difference between Gcsfa and Gcsfb effects. *P , .08;

**P , .03. (B) Breakdown of different CFU types per

100 000 cells plated from unfractionated WKM grown

with 100 ng/mL of Gcsfa and Gcsfb in the presence of

Epo. Green bars represent Mpx:GFP1 ruffled and

spread colonies (Mpx1), red bars represent Gata1:

DsRed1 compact colonies (Gata11), and green/red

checkered bars represent colonies with Mpx:GFP1 and

Gata1:DsRED1 cells both present (Mixed). Bars repre-

sent the mean of biological duplicate experiments, and

error bars represent the SEM of those experiments.

Statistical significance represents the difference be-

tween Gcsfa and Gcsfb effects. *P, .09; **P, .04. (C)

Images of representative colonies derived from unfrac-

tionatedWKM after stimulation with 100 ng/mL of Gcsfa

(left half of panel) or Gcsfb (right half of panel). All

cultures also had carp serum, 10% bovine serum

albumin, and Epo added. Brightfield (top row), mpx:

GFP (middle row), and gata1:DsRed (bottom row)

images are shown to illustrate representative colonies

seen with these different growth conditions. Mixed

colonies are not shown but were present in both

cultures. Brightfield and fluorescent images taken on

a Leica DMI-6000 inverted fluorescent scope with

a Hamamatsu Photonics Orca 3CCD color digital

camera at 3400 and processed by Volocity (Perkin

Elmer) and Photoshop (Adobe Systems) software.
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fish. We observed that gcsfa was expressed at low levels early in
development but increased over time, whereas gcsfb was initially
expressed at high levels and decreased later in development.
Although we hypothesized that the dynamic expression of each Gcsf
ligand may reflect different roles during development, overex-
pression of either showed redundant functions. The possibility
exists that these ligands are expressed in different locations of the
embryo and have distinct, specific roles in different tissues, even
though WISH analysis was inconclusive, likely because of the low
expression of these ligands in the embryo. Interestingly, gcsfb was
expressed highly in the kidney, the main site of hematopoiesis in the
zebrafish, as well as the testes, skin, and gills. gcsfawas also present
in all of these tissues, but at lower levels. The only 2 tissues where
gcsfa levels were significantly higher in the adult zebrafish were
the heart and spleen. However, both of these ligands stimulated
granulocytic and monocyte/mw differentiation from WKM in vitro,
indicating that even though gcsfa was not highly expressed in the
kidney, it still retains the ability to differentiate myeloid progenitors.

These studies are the first to compare the functional ability of
recombinant zebrafish cytokines to differentiate HSPCs. Although
Gcsfa stimulated myeloid progenitors in vitro,26 we were inter-
ested to see if Gcsfb would have the same functional effect. Inter-
estingly, we found that the 2 ligands had redundant functions in
vitro, both generating myeloid colonies. We found that the 2 Gcsf
ligands stimulated colony formation at different concentrations;
at low concentrations, Gcsfb encouraged slightly more CFUs, but
between 10 and 100 ng/mL, Gcsfa stimulated significantly more
colonies. Additionally, Gcsfa stimulated the survival of Baf3 cells
transfected with zebrafish Gcsfr, indicating that it possessed higher
biological activity. Further biochemical studies are required to
investigate the reasons behind the differential activities of these 2
ligands.

In conclusion, we have identified Gcsf as a broadly required
cytokine in the formation and function of the zebrafish hematopoietic
system. Unlike its mammalian counterpart, Gcsf signaling is required
for HSC specification. In contrast, Gcsf signaling is dispensable for
the formation and function of EMPs, the first multipotent progenitors
generated in the embryo. Similar to its role in mammals, Gcsf is
important in the support of myelomonocytic cells, whether derived
from the first primitive waves of the embryo or from definitive

precursors. The importance of the Gcsf signaling axis in hematopoi-
etic development is highlighted by the observation that reduction of
individual Gcsf ligands caused an increase in the other functionally
redundant ligand. It will be of interest in future studies to determine if
the signals elaborated by the zebrafish Gcsfr are conserved with its
mammalian counterparts. Nevertheless, our findings suggest that Gcsf
represents an ancient cytokine whose functions were diversified into
new gene families following gene duplication events over evolution.
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Supplemental Materials and Methods 
Whole mount in situ hybridization (WISH) 
WISH was performed as described26. 
 
Identification of Gcsfb 
Gcsfb was identified by weak homology to flounder Gcsf2 and by synteny to the 
PSMD3 locus (genome version 6). The corresponding zebrafish EST from brain 
was identified as accession number EH451519. Synteny analysis was performed 
using Ensembl (genomic version 9).  Gcsfa is listed in Ensembl as 
ENSDARG00000087353.1 on chromosome 12.  Gcsfb is listed as 
ENSDARG00000091078.1 on chromosome 19.  The ClustalW algorithm was 
used for aligning protein sequences. 
 
Cloning, expression, and purification of recombinant cytokines 
Recombinant Epo and Gcsfa were generated as described27,28. Full-length gcsfb 
coding sequence from zebrafish brain was amplified with: CSF-1 (5‘–
AAGTTTCCCCAGTTGAACAATC-3‘) and CSF-2 (5‘–
ATGTGTCGGCTACCAAAATAAC-3‘) and cloned into pCR2.1 (Invitrogen), 
digested with BamHI, isolated by gel electrophoresis, and ligated into pCS2+. 
Zebrafish Gcsfb was re-amplified from brain cDNA using primers CSF-3 (5‘–
CGGGATCCACTGAACACACTCTGAGAGCCT-3‘) and CSF-4 (5‘–
CGGGATCCAGTTAGCATTGAGACACACTGA-3‘). The 489bp product was 
digested with BamHI, isolated by electrophoresis, and ligated into pETH2a. T7 
polymerase-expressing BL21 (DE3) cells were transformed, and induction of 
19kD His-zGcsfb protein with IPTG and purification on a Ni2+-NTA agarose 
column was performed as described32.  
 
Statistics 
P values were calculated with a two-tailed, heteroscedastic Student’s t-test and 
calculated with Microsoft Excel. 
 
Proliferation of HSPCs 
Lymphoid, myeloid, and precursor fractions were isolated and stained with PKH-26 
lipophilic dye as described28.  Cells were plated on ZKS cells with carp serum and 
iron supplement28 and 100ng/ml Gcsfa or 100ng/ml Gcsfb and allowed to proliferate 
for 5 days in vitro. Cells were assessed by flow cytometry, and FloJo software was 
used to calculate the percent of cells that divided and the cellular division index 
(average number of divisions that cells in the populations underwent). 
 
Analysis of Gcsf biological activity 
Murine Baf3 cells were transfected with zebrafish Gcsfr and selected with G418 
(500μg/ml). Increasing amounts of recombinant zebrafish Gcsfa and Gcsfb were 
added to the culture, and incorporation of radiolabeled thymidine was assessed.  
 
Gel exclusion chromatography 
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For analytical gel-exclusion chromatography, 250μl of purified protein was 
applied to a Superdex 200 column and eluted with PBS at 0.5ml/min using ÄKTA 
FPLC Basic system (GE Healthcare). Absorbance at 215 nm (Gcsfa) and 280 nm 
(Gcsfb) was recorded continuously in the eluate. 
 
Supplementary Figure Legends 
Supplemental Figure 1: Generation and purification of recombinant Gcsfa and 
Gcsfb. SDS-PAGE analysis of expression and purification of recombinant Gcsfa 
(21.9kDa; A) and Gcsfb (18.9 kDa; B). (C) Purified proteins after dialysis.  2μg of 
each protein preparation was loaded. IPTG-induced (+) and uninduced (-) 
bacterial lysates; W, protein washes; E, protein elution fraction; Beads, Ni-NTA 
agarose beads; M, PageRuler Plus Protein ladder, sizes (in kDa) are listed next 
to corresponding bands. (D) Gel exclusion chromatography of Gcsfa (top, blue 
line, 16.63ml) and protein standards (red line).  Gel exclusion chromatography of 
Gcsfb (bottom, red line, 17.36ml) and protein standards (blue line). Protein 
standards are Blue Dextran, 2000kDa (7.91 ml); BSA, 66kDa (14.01 ml); CAII, 
29kDa (16.36 ml); CytC, 12.4kDa (17.83 ml); and Aprotinin, 6.5kDa (19.33 ml). 
 
Supplemental Figure 2: Gcsfa and Gcsfb expand primitive myeloid cells in the 
zebrafish embryo by signaling through Gcsfr.   Numbers of lyz:GFP+ cells at 22-
24hpf (Y-axis) after injection of scrambled morpholino (Scrambled MO) or gcsfr MO 
and in vitro transcribed gcsfa or gcsfb mRNA at the single-cell stage of development.  
Mean (dashed red line) with 95% confidence interval (red error bars) and level of 
statistical significance (* P < 0.02, ** P < 0.0008, *** P < 0.0001, N.S. no 
significance). 
 
Supplemental Figure 3: Gcsfa and Gcsfb expand neutrophils in the zebrafish 
embryo by signaling through Gcsfr.   A) Numbers of mpx:GFP+ cells at 72hpf (Y 
axis) after injection of scrambled morpholino (Scrambled MO) or gcsfr MO and in 
vitro transcribed gcsfa or gcsfb mRNA at the single-cell stage of development.  
Mean (dashed red line) with 95% confidence interval (red error bars) and level of 
statistical significance (* P < 0.02, ** P < 0.003, *** P < 0.0001, N.S. no significance). 
B) Numbers of mpx:GFP+ cells at 72-84hpf (Y axis) after injection of PBS (mock), 
gcsfa MO or gcsfb MO alone, and gcsfa MO or gcsfb MO plus in vitro transcribed 
gcsfa or gcsfb mRNA at the single-cell stage of development.  Mean (dashed red 
line) with 95% confidence interval (red error bars) and level of statistical significance 
(* P < 0.05, ** P < 0.01, *** P < 0.00001). 
 
Supplemental Figure 4: Gcsf signaling through Gcsfr is required for HSC 
emergence in the zebrafish embryo.  A) Numbers of runx1+ cells as assessed by 
WISH at 24hpf (Y axis) after injection of PBS (mock), in vitro transcribed gcsfa or 
gcsfb mRNA, gcsfr-MO, gcsfa-MO, or gcsfb-MO at the single-cell stage of 
development.  B) Numbers of runx1+ cells as assessed by WISH at 28hpf (Y axis) 
after injection of PBS (mock), gcsfr-MO, and gcsfr-MO with in vitro transcribed gcsfa 
or gcsfb mRNA at the single-cell stage of development.  Mean (dashed red line) with 
95% confidence interval (red error bars) and level of statistical significance (* P < 
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0.001).  
  
Supplemental Figure 5: Gcsfa-MO and Gcsfb-MO reduce the amount of their 
respective ligands. A) RT-PCR of full-length gcsfa ligand from cDNA isolated from 
mock or gcsfa-MO injected embryos at 72hpf.  B) RT-PCR of full-length gcsfb ligand 
from mock or gcsfb-MO injected embryos at 72hpf.  C) Schematic showing the 
location of gcsfa-MO on the genomic structure of gcsfa, as well as the effects it had 
on splicing (MUT) as determined by sequencing RT-PCR products.  D) Schematic 
showing the location of gcsfb-MO on the genomic structure of gcsfb, as well as the 
effects it had on splicing (MUT) as determined by sequencing RT-PCR products.  E) 
qPCR analysis of gcsfa levels in uninjected (black circles) and gcsfb-MO injected 
embryos (black squares) at 48hpf.  Expression levels are relative to the 
housekeeping gene ef1α, and each data point represents 10 pooled embryos.  
Mean (dashed red line) with 95% confidence interval (red error bars) and level of 
statistical significance (* P < 0.06).  F) qPCR analysis of gcsfb levels in uninjected 
(black circles) and gcsfa-MO injected embryos (black squares) at 48hpf.  Expression 
levels are relative to the housekeeping gene ef1α, and each data point represents 
10 pooled embryos.  Mean (dashed red line) with 95% confidence interval (red error 
bars) and level of statistical significance (* P < 0.05). 
 
Supplemental Figure 6: Gcsfa and Gcsfb encourage proliferation of HSPCs. 
Isolated cell fractions from WKM (lymphoid, myeloid, and precursor fractions)30 
stained with PKH-26 lipophilic dye, plated with carp serum and iron supplement28 
(None, black circles) or carp serum, iron supplement, and 100 ng/ml Gcsfa (red 
triangles) or 100 ng/ml Gcsfb (green diamonds).  Five days later, cells were 
assessed by flow cytometry to calculate the percent of cells that divided (A) and the 
cellular division index (B; average number of divisions that cells in the populations 
underwent). 
 
Supplemental Figure 7: Gcsfa has increased biological activity compared to 
Gcsfb.  Murine IL-3-dependent Baf3 cells were stably transfected with zebrafish 
Gcsfr, and increasing amounts (Y axis) of Gcsfa (gray squares) or Gcsfb (light gray 
triangles) were added to the culture. Murine IL-3 (black triangles) is shown as a 
positive control.  Incorporation of radio-labeled thymidine uptake was plotted (X 
axis).  For each concentration, mean of sample is shown (bars represent SD).  
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Supplementary Figures 
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Regular Article

HEMATOPOIESIS AND STEM CELLS

Dissection of vertebrate hematopoiesis using zebrafish thrombopoietin
Ondřej Svoboda,1 David L. Stachura,2,3 Olga Machoňová,1 Petr Pajer,1 Jiřı́ Brynda,1 Leonard I. Zon,4 David Traver,2,3

and Petr Bartůněk1

1Department of Cell Differentiation, Institute of Molecular Genetics, Academy of Sciences of the Czech Republic v.v.i., Prague, Czech Republic;
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Key Points

• Erythro-/thrombopoiesis is
driven by the differentiation
of bipotent thrombocytic-
erythroid progenitors (TEPs)
in vertebrates.

• Clonogenic and proliferative
capacity of TEPs, thrombocytic
and erythroid progenitors,
is conserved from
nonmammalian vertebrates
to man.

In nonmammalian vertebrates, the functional units of hemostasis are thrombocytes.

Thrombocytes are thought to arise from bipotent thrombocytic/erythroid progenitors

(TEPs). TEPs have been experimentally demonstrated in avianmodels of hematopoiesis,

and mammals possess functional equivalents known as megakaryocyte/erythroid progen-

itors (MEPs). However, the presence of TEPs in teleosts has only been speculated. To

identifyandprospectively isolateTEPs,we identified,cloned,andgeneratedrecombinant

zebrafish thrombopoietin (Tpo). TpomRNA expanded itga2b:GFP1 (cd41:GFP1) thrombo-

cytes as well as hematopoietic stem and progenitor cells (HSPCs) in the zebrafish

embryo. Utilizing Tpo in clonal methylcellulose assays, we describe for the first time the

prospective isolation and characterization of TEPs from transgenic zebrafish. Combi-

natorial use of zebrafish Tpo, erythropoietin, and granulocyte colony stimulating factor

(Gcsf) allowed the investigation of HSPCs responsible for erythro-, myelo-, and thrombo-

poietic differentiation. Utilizing these assays allowed the visualization and differentiation

of hematopoietic progenitors ex vivo in real-time with time-lapse and high-throughput

microscopy, allowing analyses of their clonogenic and proliferative capacity. These

studies indicate that the functional role of Tpo in the differentiation of thrombocytes fromHSPCs is well conserved among vertebrate

organisms, positing the zebrafish as anexcellentmodel to investigatediseasescausedbydysregulated erythro- and thrombo-poietic

differentiation. (Blood. 2014;124(2):220-228)

Introduction

Hematopoiesis is driven by the self-renewal and differentiation of
hematopoietic stem cells (HSCs). HSCs generate multipotent, oligo-
potent, bipotent, and unipotent progenitors that further differentiate to
generate the full repertoire of mature blood cells.1 These processes are
tightly controlled through the activity of growth factors and cytokines,
and their dysregulation can give rise to hematopoietic disorders includ-
ing anemia, thrombocytopenia, neutropenia, and leukemia.

The direct downstream progeny of HSCs are multipotent pro-
genitor cells (MPPs), which have significantly reduced self-renewal
capabilities. MPPs further differentiate into either common lymphoid
progenitors or commonmyeloid progenitors (CMPs). CMPs give rise
to granulocyte-monocyte restricted progenitors, which generate the
myelo-monocytic lineages, and bipotent megakaryocyte-erythrocyte
progenitors (MEPs) that generate platelets and red blood cells (RBCs).

In nonmammalian vertebrates, mature RBCs are nucleated and
the functional units of hemostasis are thrombocytes. In the chicken,
each lineage has been demonstrated to arise through bipotent pro-
genitors, termed thrombocytic/erythroid progenitors (TEPs), cells
equivalent to mammalian MEPs.2 However, the presence of TEPs
has only been speculated in teleosts.

The major cytokine that regulates erythropoiesis in vertebrates is
erythropoietin (EPO),3 of which the zebrafish homolog has been
identified4 and recombinantly generated.5,6 EPO’s primary effect
is the stimulation of erythroid progenitor survival and differenti-
ation, which is exerted by EPO binding to its cognate receptor and
mediated through Janus kinase-signal transducer and activator
of transcription (JAK/STAT) signaling.7 Erythrocytes develop
through several serial stages of development, with each successive
cell type progressively losing proliferative capacity.8 In mammals,
the first wave of erythroid progenitors are known as burst-forming
unit erythroid (BFU-E) due to their ability to form large colonies in
vitro in semi-solid media. These progenitors are capable of 8 to 20
cell divisions, depending on the presence of cooperative factors
in addition to EPO, such as insuline-like growth factor-1, SCF,
and corticosteroids.9-12 As BFU-Es differentiate, they become more
mature colony-forming unit erythroid cells (CFU-Es). CFU-E pro-
genitors are generally capable of only 3 to 6 cell divisions, forming
small, compact colonies highly responsive to EPO.9,10,12

Another key regulatory cytokine important for myelo-erythroid
differentiation is thrombopoietin (TPO),13 responsible for the
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production of platelets/thrombocytes. Platelets are generated
from polyploid megakaryocyte disintegration in mammals,14 and
studies indicate that TPO stimulates 5 to 6 megakaryocyte
endoreduplications.15,16 TPO interacts with its cognate receptor,
C-MPL, which activates JAK/STAT signaling.17-19 TPO is a 4-helix
bundle class I cytokine, and its amino-terminal domain has signi-
ficant homology to EPO.20 In mammals, TPO’s C-terminal portion
encodes a highly glycosylated regulatory domain.21,22 In addition to
its key role in platelet/thrombocyte differentiation,2,23 TPO is important
in the self-renewal of multi-potent progenitors24-26 and the expansion
of erythroid progenitors when added combinatorially with EPO.27,28

To examine thrombopoiesis in zebrafish, we performed extensive
genomic searches for Tpo homologs. We identified and cloned
zebrafish tpo and found that its overexpression expanded thrombo-
cytes and thrombocytic progenitors in developing zebrafish embryos.
Additionally, recombinant zebrafish Tpo encouraged the in vitro
generation of thrombocytes from hematopoietic stem and progenitor
cells (HSPCs). Our data also indicate that putative bipotent TEPs can
be isolated and generate zebrafish thrombocytes and erythrocytes.
These studies set the stage for the further dissection of the branch
points of the zebrafish hematopoietic hierarchy to enable compar-
ative studies of how hematopoietic fate determination has been
conserved during vertebrate evolution.

Materials and methods

Cell preparation and flow cytometry

Cells from embryos and whole kidney marrow (WKM) were prepared as
previously described.5,29 In some experiments, mature erythrocytes were
removed by Ficoll-Hypaque density centrifugation (termed “fractionated
cells”). Otherwise, WKMwas subjected to fluorescence-activated cell sorting
(FACS)with an Influxcytometer (BDBiosciences). SYTOXRed (Sigma-Aldrich)
was used to exclude dead cells. Data were analyzed with FlowJo software
(Tree Star), and cells were counted with a CASY cell counter (Roche).

Methylcellulose clonal assays

Two to 203 103 cells/mLweremixedwithmethylcellulose in round-bottom,
14-mL tubes. Then 1.6 or 0.9mLmediawith cells and cytokineswas plated in
triplicate in 12- or 24-well plates, respectively. Media contained 2% carp
serum, 100 ng/mL Epo and granulocyte colony stimulating factor (Gcsf), and
30 ng/mL Tpo. Cultures were grown in humidified incubators at 32°C, 5%
CO2. After 4 to 8 days (depending on the experiment; see figure legends for
growth duration), colonies were examined, isolated, and enumerated. CFUs
and time lapse sequences were quantitated with the Operetta High-Content
Imaging System (PerkinElmer) and evaluated with Harmony software
(PerkinElmer). Colony pictures were acquired using an Olympus IX70
microscope and DP72 camera.

Proliferation assays

Ten colonies were isolated and pooled based on size and morphology. Colonies
were disrupted with Liberase (Roche), and cells were enumerated with a hemo-
cytometer or a CASY cell counter. The number of colony-forming cells was
calculated by dividing the total number of pooled cells by the number of pooled
coloniesand logged(base2) todetermine thenumberofcelldivisions thatoccurred.

To assess proliferation of sorted WKM, cells were labeled with PKH26
(Sigma-Aldrich) and cultured in zebrafish CFU-E medium with cytokines.5

Cell proliferation was measured by flow cytometry (LSRII, BD Biosciences)
and FlowJo software proliferation tools.

Other methods

Detailed methods describing in silico data mining and cloning of full-length
zebrafish Tpo, generation of recombinant cytokines, in vitro transcription,
translation, and western blotting, quantitative reverse transcriptase PCR

(qRT-PCR), whole mount in situ hybridization (WISH), zebrafish care and
transgenics, embryo injections, culturemedia, and cytology are available online
in supplemental Materials and methods. Zebrafish were mated, staged, and
raised in accordance with IACUC guidelines.

Results

Cloning and expression of zebrafish tpo

cDNA containing full-length tpo was cloned from zebrafish hearts
by RT-PCR and 59 RACE, and its sequence was deposited into
GenBank (EU267076). Zebrafish Tpo contains the conserved
N-terminal Epo/Tpo domain (pfam00758), whereas the mammalian
C-terminal domain is lacking (Figure 1A). The mature form of
zebrafish Tpo (38-191 amino acids) shares 40% sequence homology
(23% identity) with human TPO as well as Tpo from other species
(supplemental Figure 1A). The structural prediction30,31 revealed

Figure 1. Structure and expression of zebrafish Tpo. (A) Protein structure diagram of

human (top) and zebrafish (bottom) Tpo. Black boxes represent the leader sequence, open

boxes represent the conserved Epo/Tpo domain, Cs represent conserved Cys residues, *s

represent glycosylation sites, and the gray box represents the C-terminal TPO domain

found only in mammals. Modified from Bartunek et al.2 (B) Overall structure and

secondary-structure elements of zebrafish Tpo, protein is represented as a ribbon

diagram. (C) qRT-PCR analysis of tpo levels in adult organs. Tissues are listed along

x-axis. The fold change in the expression is relative to kidney marrow, defined as “1.”

Bars represent the mean values of 3 biological samples, with error bars representing

standard deviation.
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a classical 4-helix bundle structure (Figure 1B) similar to other class I
cytokines, and zebrafish Tpo shares similar topology to humanTpo32

(supplemental Figure 1B). To assess what organs in the adult
zebrafish expressed tpo, transcripts were assayed by qRT-PCR. We
detected high levels of tpo in heart, liver, and testes (Figure 1C).
Expression of tpo during embryogenesis was low when assessed by
qRT-PCR and WISH analyses, with transcript levels continuously
increasing over time (data not shown).

tpo expands HSPCs and thrombocytes in zebrafish embryos

To investigate the role of Tpo in embryonic hematopoiesis, we
performed gain-of-function experiments by injecting tpo mRNA
into zebrafish embryos. Injection of tpo into itga2b:GFP (also
referred to as cd41:GFP)33 transgenics significantly increased the
number of GFP1 cells present at 72 and 96 hours postfertilization
(hpf) (Figure 2A-B), which represent HSPCs and thrombocytes.34-36

Similarly,WISH analyses indicated that cmyb, a marker of embryonic
HSPCs,34 was significantly increased in the caudal hematopoietic
tissue (CHT) of injected embryos at 36 hpf (Figure 2C-D).

Tpo expands HSPCs in vitro and encourages thrombocytic

differentiation

To determine if Tpo stimulated thrombocytic differentiation, we
performed in vitro clonal assays6,37 with recombinant zebrafish Tpo

(supplemental Figure 1). We ficoll-purified zebrafish WKM to obtain
hematopoietic cells and cultivated them in methylcellulose with
different recombinant cytokines to stimulate CFU activity. To
determine the effect of Tpo on TEPs, WKM was harvested from
double transgenic cd41:GFP; gata1:dsRed fish. These fish have
the thrombocytic-specific promoter cd41 driving GFP expression
and the erythroid-specific gata1 promoter driving dsRed fluores-
cence, allowing examination of thrombocytic/erythroid differen-
tiation. Plating WKM cells from these fish with no growth factors
resulted in limited numbers of small, cd41:GFP2 gata1:dsRed2 col-
onies (data not shown). The addition of Epo encouraged the growth and
differentiation of small, hemoglobinized, erythroid gata1:dsRed1

colonies that were uniformly cd41:GFP2 (Figure 3A, top), which
resembled zebrafish CFU-Es.6 In addition, we also observed large
(.256 cells)gata1:dsRed1 erythroid colonies (Figure 3A, top),which
we refer to as BFU-Es due to their appearance and similarity to avian
BFU-Es.38,39

In contrast, Tpo stimulated small, nonhemoglobinized colonies
that were mainly comprised of cd41:GFP1 cells (Figure 3A, middle),
indicating that Tpo encouraged thrombocytic differentiation, which
we refer to as CFU-thrombocytes (CFU-Ts). A few of these col-
onies also possessed weak gata1:dsRed1 signal, in agreement with
previous studies that Gata1 is involved in the differentiation of
platelets from MEPs.40,41

Adding Epo or Tpo individually or combinatorially to WKM
from lyz:dsRed transgenic animals did not stimulate the formation
of dsRed1 myeloid colonies (supplemental Figure 2), indicating
the specificity of these cytokines to the thrombocytic/erythroid
lineages.

Visualization of zebrafish HSPCs

To assess if we could visualize colonies with mature thrombocytes
and erythrocytes arising from multi-potent HSPCs, we added Epo
and Tpo combinatorially to fractionated WKM, culturing these cells
in methylcellulose. In addition to small CFU-Es, large BFU-Es,
and small CFU-Ts, we observed relatively rare, large colonies that
were partially hemoglobinized containing both gata1:dsRed1 and
cd41:GFP1 cells (Figure 3A, bottom). We refer to these colonies as
CFU-thrombocytic/erythroid colonies (CFU-TEs), derived predom-
inantly from presumptive TEPs (supplemental Movies 1-2).

To examine hematopoietic progenitors upstream of TEPs also
capable of myeloid differentiation, we isolated and plated WKM
from double transgenic cd41:GFP; lyz:dsRed animals (Figure 3B).
Cultivation of WKM with Epo and granulocyte colony stimulating
factor (Gcsfa)6 encouraged the differentiation of hemoglobinized
lyz:dsRed1 colonies comprised of erythroid and myeloid cells
(macrophages and neutrophils; supplemental Figure 7). Adding Tpo
andGcsfa toWKMencouraged the formation of nonhemoglobinized
lyz:dsRed1; cd41:GFP1mixed myeloid and thrombocytic colonies.
Importantly, the combinatorial addition of Epo, Tpo, and Gcsfa
allowed the observation of extremely rare hemoglobinized colonies
with cd41:GFP1 thrombocytes and lyz:dsRed1myeloid cells, which
we refer to as CFU-granulocyte, erythroid, macrophage, thrombocyte
(supplemental Figure 8C) colonies that likely derive from progen-
itors upstream of TEPs, as they have the ability to also generate
myeloid cells when stimulated with Gcsfa. The incidence rate of
these colonies was rare; on average only;40 GEMT colonies were
generated for every 100 000 fractionated WKM cells plated (sup-
plemental Figure 8A; Table 1). Importantly, we were still able to
observe CFU-TEs within these multipotent conditions (supplemental
Figure 8C), suggesting the ability to putatively isolate TEPs from
upstream progenitors.

Figure 2. tpo expands the number of thrombocytes and HSPCs in the

developing zebrafish embryo. (A) cd41:GFP1 cells in 72 hpf zebrafish embryos

uninjected (top) or injected with tpo mRNA (bottom). (B) Numbers of cd41:GFP1

cells quantitated from 96 hpf embryos. Embryos were analyzed using flow cytometry,

and the number of cd41:GFP1 cells was calculated based on the frequency of these

cells multiplied by the total cell number per embryo. Each data point represents 5

embryos pooled together before digestion and flow cytometry. (C) cmyb1 HSPCs

present in the caudal hematopoietic tissue (brackets) at 36 hpf in embryos that were

uninjected (top) or injected with tpo mRNA (bottom). (D) Numbers of cmyb1 cells

along the dorsal aorta and caudal hematopoietic tissue (brackets) region at 36 hpf

quantitated from 2 independent experiments. Dashed red lines in B and D

represent the mean with 95% confidence interval (black error bars).
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Detailed examination of thrombocytic and erythroid

differentiation

To determine the cellular constituents of these cultured colonies, we
isolated them to assess their cellular constituents (Figure 4A). As a
control, we compared colony smears to FACS-isolated cd41:GFP1

WKMcells.Morphological examination revealed that cd41:GFPhigh

cells were small nucleated cells with dense cytoplasm, in agreement
with previous descriptions of zebrafish thrombocytes.42 cd41:
GFPmedium cells, likely thrombocytic/erythroid precursors, were
larger and had lacy nuclear chromatin. As expected, CFU-T colonies
generated by the addition of Tpowere comprised ofmorphologically
similar cells to those marked by cd41:GFP expression; colonies
contained small, dense thrombocytes and larger precursors that were
likely thromboblasts (Figure 4A,middle). To examinemixed colonies
obtained from combinatorial addition of Epo and Tpo, we isolated
CFU-TEs and observed thrombocytes andmature, nucleated erythroid
cellswith eosinophilic cytoplasmandovoidnuclei.Additionally, large
immature precursor cells, likely TEPs, and downstream immature
erythroid and thrombocytic progenitors were present (Figure 4A,
bottom).

Toexamine the sizeof zebrafish thrombocytes and their precursors,
we compared the sizes of unfractionatedWKM cells to FACS-sorted
cd41:GFPmedium and cd41:GFPhigh cells with CASY technology
(Figure 4B). The profile of unfractionated WKM cells displayed 2
distinct peaks, where erythrocytes and other cell types were measured
as 5 and 7 mm, respectively. The profile of cd41:GFPmedium and
cd41:GFPhigh populations displayed only one peak each, with a size
of either 5 or 6 mm in thrombocytes and progenitors, respectively.

To examine the gene expression of cultured colonies (Figure 3),
we compared their transcript expression to FACS-isolated cd41:GFP1

cells (Figure 4C). BFU-E and CFU-E colonies cultured in Epo pre-
dominantly expressed the erythroid markers gata1, globinA, and
globinB. In contrast, CFU-Ts cultured in Tpo showed little expression
of mature myeloid and erythroid genes but showed increased
levels of the thrombocytic integrin cd41 and the Tpo receptor cmpl
(Figure 4C; supplemental Figure 8B). CFU-Ts also expressed
intermediate levels of gata1, likely due to this transcription factor’s
shared role in thrombocytic and erythroid differentiation. fli1 was
also expressed, likely due to its important role during thrombopoi-
esis. Furthermore, the analysis of CFU-TEs cultured in Epo and Tpo

Figure 3. Tpo differentiates thrombocytes and en-

hances the proliferation of erythro-myeloid progen-

itors. Methylcellulose assays using progenitor cells

isolated from fractionated WKM of adult transgenic fish

(as indicated) grown for 4 days in the presence of re-

combinant Epo, Tpo, and/or Gcsf. Brightfield (top row),

cd41:GFP (middle row), and gata1:dsRed or lyz:dsRed

(bottom row) images are shown to illustrate represen-

tatives colonies. (A) Epo stimulates growth and differ-

entiation of small CFU-E (*) and large BFU-E (**) colonies

that are hemoglobinized and express gata1:dsRed (top).

Tpo stimulates growth and differentiation of relatively small

CFU-T colonies that express high levels of cd41:GFP

and low levels of gata1:dsRed (middle). Combinatorial

addition of Epo and Tpo also stimulates mixed CFU-TE

colonies, consisting of clusters of erythrocytes and throm-

bocytes that express high levels of both cd41:GFP and

gata1:dsRed (bottom). (B) Epo and Gcsf encourage dif-

ferentiation of hemoglobinized lyz:dsRed1 colonies (top).

Tpo and Gcsf induce differentiation of nonhemoglobinized

colonies that express cd41:GFP and lyz:dsRed (middle).

Combinatorial addition of Epo, Tpo, and Gcsf expand

hemoglobinized colonies that express both cd41:GFP

and lyz:dsRed (bottom). All photomicrographs were

taken at original magnification 3200. Scale bar (top left)

represents 100 mm.

Table 1. Percentage of different CFU types generated by HSPCs
grown in Epo, Tpo, and Gcsfa

Colony type

Incidence of CFUs formed when plating cell fractions
below in Epo, Tpo, and Gcsfa, %

Fractionated WKM Cd41:GFPmedium L1P cells

BFU-E 0.19 1.71

CFU-E 1.15 12.22

CFU-T 0.08 0.75

CFU-TE 0.006 0.13

CFU-GM 6.47 6.75

CFU-GMT 0.04 0.28

CFU-GEMT 0.004 0.08

Summary of CFU incidence when 100 000 cells (fractionated WKM or cd41:

GFPmedium L1P cells) were plated in the presence of Epo, Tpo, and Gcsfa. These data

are a summary of supplemental Figure 8. CFU-GEMT, CFU-granulocyte, erythroid,

macrophage, thrombocyte.
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indicated the presence of erythroid and thrombocytic transcripts,
confirming the presence of erythroid and thrombocytic cells within
these colonies.

Enrichment and characterization of TEPs from WKM

Having confirmed the presence of multi-potent cells that generated
erythroid, thrombocytic, and myeloid cells, we attempted to enrich
the population of these HSPCs within adult WKM. HSPCs reside
within 2 populations resolved by light scatter characteristics within
WKM.WhereasHSCs residewithin the “lymphoid” fraction,43 various
downstream progenitors reside within the “precursor” fraction.5,6,37

Additionally, studies indicate that the CD41 antigen is strongly
expressed on thrombocytes/platelets44,45 as well as HSPCs at lower
levels, although its functional role in HSPC biology is unclear.2,34-36

For these reasons, we hypothesized that TEPs might be marked by
cd41:GFP in adultWKM. To test this hypothesis, we FACS-isolated
WKM cells from double transgenic cd41:GFP1; gata1:dsRed1 fish
based on their light scatter characteristics and cd41:GFP expression.
We were able to distinguish at least 3 cd411 populations within the
lymphoid and precursor (L1P) scatter fractions that were cd41:GFPlow,
cd41:GFPmedium, and cd41:GFPhigh (supplemental Figure 3). To
characterize these populations, we sorted each and performed clonal
assays (Figure 5; supplemental Figures 4-5). First, we sorted the
cd41:GFPlow, cd41:GFPmedium, and cd41:GFPhigh cells within the
combined L1P scatter fractions (supplemental Figure 3). We also
sorted cd41:GFPlow lymphoid cells and cd41:GFPlow precursor cells
(supplemental Figure 3). Additionally, we isolated double-positive
L1P cd41:GFPlow & medium; gata1:dsRed1 cells, which did not enrich
for any progenitors when compared with cd41:GFPlow & medium cells
(data not shown).

In summary, we observed 3- to 6-fold enrichment of erythroid
progenitors in the cd41:GFPlow and cd41:GFPmedium L1P cells
compared with fractionated WKM cultured in Epo (Figure 5B;
supplemental Figure 4A). This enrichmentwas evenmore pronounced
when the cellswere cultured in Epo andTpo (Figure 5B; supplemental
Figure 4A).

Importantly, we observed enrichment of thrombocytic progenitor
cells in all cd41:GFP1 fractions. Thrombocytic progenitors were
mainly present in the cd41:GFPmedium combined L1P populations,
as indicated by 50-fold enrichment of cd41:GFP1; gata1:dsRed2

CFU-T colonies compared with fractionated WKM (Figure 5B;
supplemental Figure 4B). Additionally, cd41:GFP1; gata1:dsRed1

double-positive small CFU-T and large CFU-TE colonies were
enriched over 30-fold in combined L1P cd41:GFPmedium L1P cells
compared with fractionated WKM when grown with Epo and Tpo
(Figure 5B; supplemental Figure 4C). In addition to thrombocytic
progenitors, the combined cd41:GFPlow L1P cells also generated
myeloid colonies, indicating that there are likely upstream multi-
potent progenitors present in this population (supplemental Figure 5).
In contrast to the cd41:GFPlow/medium cells, culturing cd41:GFPhigh

cells generated few CFUs, likely because these cells are mature,
postmitotic thrombocytes (supplemental Figure 4).

In summary, cd41:GFPlow cells in the combined L1P populations
are mainly erythro-myeloid progenitors (supplemental Figure 4),
although they also have thrombocytic (supplemental Figure 4) and
myeloid differentiation capability when grown in the presence of
Gcsfa (supplemental Figure 5). Additionally, cd41:GFPmedium L1P
cells generate more CFU-TE and CFU-T colonies than other cell
fractions investigated (supplemental Figure 4), even though they also
generate CFU-E and BFU-E colonies (supplemental Figure 4) and
small numbers of myeloid colonies when cultured in the presence of

Figure 4. Morphology and gene expression analysis of isolated colonies. (A)

Smeared sorted cells or colonies isolated from methylcellulose cultures after 6 days

in culture were stained with May-Grünwald Giemsa. cd41:GFPhigh and cd41:GFPmedium

cells isolated from adult zebrafish WKM (top). Smeared CFU-T colonies isolated from

cells cultured in Tpo (middle). CFU-TEs, isolated from cultures grown in the presence of

both Epo and Tpo (bottom). Photomicrographs were taken at original magnification31000.

Scale bar represents 20 mm. (B) CASY profile of sorted cd41:GFPmedium (dark

green), cd41:GFPhigh (light green), and WKM (red) cells. Peaks represent the

average size distribution of cells in mm. (C) qRT-PCR analysis of sorted cd41:GFP

cells and colonies grown for 6 days using their appearance in combination with

lineage specific genes. The cd41:GFPmedium population was used as the reference

standard (fold 1), and bars represent mean values of 3 samples, with error bars

representing SD.
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Gcsfa (supplemental Figure 6). The total numbers of cells within
individual populations are shown in supplemental Figure 6.

Characterization of HSPC proliferation

The growth and kinetics of HSPCs have been well studied in
mammals.9,10,12,15,16 However, very little is known about the pro-
liferative capacity of nonmammalianHSPCs.To study theproliferative
capacity of zebrafish thrombocytic progenitors, we first determined
how many cells comprised CFU-T colonies (Figure 6A). We enu-
merated an average of 32 individual cells, indicating that the
proliferative capacity of the colony initiating progenitorswas;5 cell
divisions (Figure 6B). Using the same approach, we examined small
CFU-Es and large BFU-Es (Figure 6A-B). We determined that
zebrafishBFU-E colonieswere generated by 8 to 9 cell divisions, and
CFU-Es were generated from up to 6 cell divisions, similar to
mammalian erythroid progenitors.9,10,12 Finally, we analyzed the
proliferation capacity of CFU-TEs, which was in the range of 6 to
10 cell divisions. The size and proliferation capacity of these colonies
is more variable and dependent on the cellular composition of the
mixed colonies, likely due to the asymmetric proliferation capacity
between the thrombocytic and erythroid lineages.

As manually counting the cellular constituents of disaggregated
colonies likely underestimated the number of actively dividing cells
in the culture, the proliferative capacity of erythroid and thrombocytic
cells was also measured with the membrane dye PKH26. We analyzed
WKM cells grown in liquid culture5,46 with Epo or Tpo added and
monitored division-mediated dye dilution during erythroid and
thrombocytic differentiation (Figure 6B). Proliferative capacity
indexes obtained were in agreement with results obtained using
clonal assays. Taken together, these data indicated that our in vitro
assays afford the ability to precisely determine the differentiation and
proliferative capacity of CFU-TEs, BFU-Es, CFU-Es, and CFU-Ts.

Model of TEP proliferation and differentiation

Utilizing our sensitive in vitro clonal techniques, we prospectively
isolated thrombocytic and erythropoietic progenitor cells based
on cd41:GFP expression in the combined L1P scatter fractions.
cd41:GFPlow cells formed CFU-GM, BFU-E, and CFU-E colonies
(supplemental Figures 4, 5, and 8), while increasing levels of
cd41:GFP marked progenitors already committed down the throm-
bocytic pathway, indicated by their increasing ability to generate
CFU-TEs and CFU-Ts (supplemental Figures 4 and 8). High levels
of cd41:GFP marked mature postmitotic thrombocytes, which
generated very few colonies (supplemental Figures 4 and 8). These
data are summarized in Figure 7A.

Furthermore, our analysis of these colonies yielded important
information about the amount of cell divisions of TEPs (Figure 7B).
Combining our assays measuring the size and proliferative capacity
of erythroid, thrombocytic, and mixed colonies indicated that TEPs
divided6 to10 times, generatingdownstreamCFU-Ts that proliferated
5 times onaverage andBFU-Es that proliferated up to9 times.CFU-Es
had a more limited proliferative capacity, only dividing an average of
6 times before they generated mature RBCs.

Discussion

Zebrafish represent a unique model system for understanding the
evolutionarily conserved molecular mechanisms involved during
hematopoiesis, especially in the production of mature erythroid and
thrombocytic cells.

It is important to note that during the hundreds of million years
of evolution that separate teleosts and mammals, certain aspects
of erythroid and thrombocytic differentiation have changed; adult
mammalian RBCs have the unique feature of being enucleated, and
mammalian thrombocytes are not individual cells but fragments of
megakaryocytes. These adaptations in mammals have likely evolved,
because they enhance the biological performance of these cells;
enucleated erythrocytes are more flexible and have more surface area
for efficient hemoglobin access, while megakaryocytes allow the
generation of thousands of platelets per precursor. However, even
though evolutionary enhancements to these processes have occurred,
erythroid and thrombocytic differentiation likely derived from
conserved biological processes related in all vertebrates.

As zebrafish have become an increasingly popular model of he-
matopoiesis, we developed in vitro assays to identify and assess the
complete cellular components of the hematopoietic system as well as
their proliferation, lineage decisions, and function.5,6,37 These assays
are essential to investigate the evolutionary relationships between
teleosts and mammals. A more thorough understanding of the
similarities and differences in vertebrate hematopoiesis could be
manipulated to expand HSPCs in vitro, modulate lineage decisions,
and develop targeted treatments for human hematopoietic diseases.

In this study, we focused on the link between zebrafish and mam-
malian erythroid and thrombopoietic development. To perform these
studies,wefirst identifiedzebrafishTpo.Even thoughmultiple copiesof
class I cytokines have been identified in teleosts,37,47,48 our extensive
genomic searches did not identify an additional Tpo paralogue. Similar
to other nonmammalian vertebrates,2 zebrafish Tpo contains only an
Epo/Tpo domain and lacks the entire C-terminal portion of the mam-
malian cytokine. We and others have hypothesized that this highly
glycosylated C-terminal domain is not essential for the biological
activity of Tpo, but only for its half-life.2,21,22 Although TPO has been
described inmammals as an important regulator ofmegakaryopoiesis13

Figure 5. TEPs are enriched within the cd41:GFPmedium combined lymphoid

and precursor (L1P) scatter population within the WKM. (A) Experimental

schematic for the isolation and cultivation of cd41:GFPmedium cells from the

combined L1P scatter fractions of adult WKM. (B) CFUs per 100 000 cd41:

GFPmedium cells plated in methylcellulose only (unstimulated) or methylcellulose plus

recombinant Epo, Tpo, or Epo and Tpo grown for 4 days. Red bars represent BFU-E

and CFU-E gata1:dsRed1 colonies, green bars represent CFU-T cd41:GFP1 colonies,

yellow bars represent small, mixed CFU-T cd41:GFP1; gata1:dsRed1 colonies, and

hatched yellow bars represent large mixed CFU-TE cd41:GFP1; gata1:dsRed1

colonies. Bars represent an average of at least 3 samples, with error bars representing

SD. Please see supplemental Figures 3-5 and 8 for additional data pertaining to

these culture experiments.

BLOOD, 10 JULY 2014 x VOLUME 124, NUMBER 2 ZEBRAFISH THROMBOPOIETIN 225

Dissection of vertebrate hematopoiesis using zebrafish thrombopoietin
APPENDIX

A-40



andHSChomeostasis,24-26 there is only limited knowledge of its role in
these processes in nonmammalian vertebrates.2,49

In this study, we determined that exogenous Tpo expanded
cd41:GFP1 thrombocytes aswell as cd41:GFP1 and cmyb1HSPCs,
indicating that teleostean Tpo is an important cytokine involved in
the homeostasis of HSCs and HSPCs. Although previous studies
indicated the essential role of Tpo signaling in the development of
zebrafish thrombocytes,33 these data are the first experimental
evidence that Tpo also plays an in vivo role in the homeostasis of
early hematopoietic progenitors, as it does in mammalian vertebrates.

To further examine the role of Tpo in zebrafish hematopoiesis,
we used clonal in vitro assays. We generated recombinant zebrafish
Tpo,which efficiently generatedCFU-T colonies fromWKMHSPCs.
Because mammalian megakaryocytes and erythroid cells are gener-
ated from bi-potential MEPs,1 we asked if similar progenitor cells
existed in zebrafish. To identify TEPs, we cultured putative HSPCs
in the presence of Epo and Tpo. Indeed, under these conditions, we
observed the generation of mixed CFU-TE colonies that consisted of
erythrocytes and thrombocytes based on cellular morphology, he-
moglobinization, and fluorescent readouts. The combinatorial addi-
tion of Gscfa to these cultures enabled us to also visualize colonies
derived from progenitors upstream of TEPs, such as CMPs, MPPs,
or HSCs. The presence of all 3 cytokines in our cultures generated
hemoglobinized cd41:GFP1, lyz:dsRed2CFU-TE colonies and also
CFU-granulocyte, erythroid, macrophage, thrombocyte colonies that
were hemoglobinized and cd41:GFP1, lyz:dsRed1. Importantly,
these studies are the first to show the existence of prospectively
isolatable TEPs in teleosts.

In addition, we found that Tpo synergistically enhanced erythroid
colony formation when added combinatorially with Epo. When
added with Gcsfa, we also observed an expansion of lyz:dsRed1

myeloid colonies. Tpo’s role in supporting erythro-myeloid
differentiation is likely based on the indirect induction of self-
renewal and proliferation of multi-potent progenitors.27,28

When culturing progenitors inmethylcellulosewith Epo, we noticed
the generation of 2 distinct types of erythroid colonies: small CFU-Es6

and larger, hemoglobinized cd41:GFP2,gata1:dsRed1 colonies. These
larger colonies, which we named BFU-Es due to their resemblance to
avian BFU-Es,38,39 likely originate from upstream progenitor cells with
much higher proliferative capacity. However, we did not observe the
“bursts” of proliferation typical ofmammalianBFU-Es, probably due to
a lack of additional cytokines such as SCF. Therefore, our nomenclature
is based solely on the differential proliferation capacity of these erythroid
progenitors.

Figure 6. Proliferative capacity of CFU-TEs, BFU-Es, CFU-Es, and CFU-Ts. (A)

Fluorescent photomicrographs of colonies grown in methylcellulose for 4 days and

their categorization according to their proliferation capacity (size) and expression

of cd41:GFP and gata1:dsRed. Photomicrographs were taken at original magnifi-

cation 3200; scale bar represents 50 mm. (B) Proliferation capacity of BFU-Es,

CFU-Es, and CFU-Ts assessed by cell counts of isolated colonies. (C) Proliferation

capacity of WKM cells, grown in suspension with combination of recombinant

Epo or Tpo protein added assessed by the division-mediated dilution of

membrane dye PKH26.

Figure 7. Levels of cd41:GFP mark differential populations of progenitor cells

with varied proliferative capacity. (A) Schematic representation of CFU frequencies

within the cd41:GFP1 combined L1P scatter fractions. (B) Schematic representation

of the proliferation capacity of erythroid (BFU-E, CFU-E) and thrombocytic (CFU-T)

progenitors assessed by counting of colony forming cells.
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To further study putative HSPCs, we isolated WKM progenitors
based on different light scatter characteristics coupled with lineage-
specific transgene expression for enrichment. Although CD41 is
present on the surface of mature platelets, it is also expressed in
low levels on the surface of multi-potent HSPCs and bi-potent
TEPs.2,34-36 Therefore, we hypothesized that we could enrich TEPs,
CFU-Ts,BFU-Es, andCFU-E colonies by sorting based on cd41:GFP
levels in combination with light scatter characteristics. This combined
L1P fraction of WKM cells contained 3 cd411 populations: cd41low,
cd41medium, and cd41high. Our in vitro assays showed that cd41low

progenitors predominantly formed CFU-GM, BFU-E, and CFU-E
colonies. Interestingly, we found that cd41medium cells predominantly
contained CFU-TE and CFU-T progenitors, suggesting that cells
committed to the thrombocytic pathway express increasing amounts
of CD41. In agreement with this finding, cd41high cells were mainly
postmitotic thrombocytes that had limited proliferative potential.

Erythroid enucleation and megakaryocytic endoreduplication rep-
resent key evolutionary developments of mammalian erythroid and
thrombocytic development. Although the evolutionary connection
between nonmammalian andmammalianRBCs is clear, the appearance
of megakaryocytes during vertebrate evolution is less so. Mammalian
megakaryocytes could have evolved de novo, functioning as analogs to
thrombocytes. Conversely, they may have evolved as an evolutionary
improvement from an ancestral thrombocytic precursor, indicating that
thrombocytes andmegakaryocytes are homologs.Wehypothesized that
carefully dissecting the kinetics of thrombocyte development in teleosts
would further aid in deciphering the commonalities and differences
between thrombopoiesis in nonmammalian andmammalian species. In
support of the hypothesis that megakaryocytes and thrombocytes are
homologs, we found that the number of cell divisions during teleostean
thrombocytic differentiation matched the number of endoreduplication
events during mammalian megakaryopoiesis. We also observed that
the number of cell divisions that occurred during terminal erythroid
differentiation is conserved between mammals and teleosts. These data
fit well with our integrated model of vertebrate hematopoiesis; despite
evolutionary improvements employed by mammals to increase the
biological functions and numbers of erythroid and thrombocytic cells,
there is a clear link between the number of cell divisions and likely the
molecular control of bi-potent erythro/thrombocytic progenitors
in species separated by millions of years of vertebrate evolution.

In conclusion, we show that zebrafish Tpo acts similarly to
mammalian TPO. This functional characterization of Tpo in teleosts

allowed us to identify HSPCs in the WKM that can be enriched by
cd41:GFP expression and light scatter characteristics. Importantly,
we provide for the first time direct evidence for the existence of
TEPs in nonmammalian vertebrates. Furthermore, we determined
the number of cell divisions during the differentiation of bipotent
TEPs in zebrafish, which directly corresponds to the biology of their
mammalian counterparts.

Taken together, despite striking phenotypic differences between
fish and mammalian thrombocytic differentiation, there appears to
be evolutionary conservation of the basic processes and molecular
mechanisms underlying the differentiation of these cells throughout
vertebrate phylogeny. Our findings strongly suggest thatmammalian
megakaryocytes are homologs of nonmammalian thrombocytes and
evolved from them during the course of vertebrate evolution.
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Abstract 

Vertebrate erythrocytes and thrombocytes arise from the common bi-potent thrombocytic-

erythroid progenitors (TEPs). Even though, non-mammalian erythrocytes and thrombocytes 

are phenotypically very similar to each other, mammalian species developed some key 

evolutionary improvements in the process of erythroid and thrombocytic differentiation, 

such as erythroid enucleation, megakaryocyte endoreduplication and platelet formation. 

This brings up few questions that we try to address in this review. Specifically, we describe 

the ontology of erythro-thrombopoiesis during adult hematopoiesis with the focus on 

phylogenetic origin of mammalian erythrocytes and thrombocytes (also termed platelets). 

Although the evolutionary relationship between mammalian and non-mammalian erythroid 

cells is clear, the appearance of mammalian megakaryocytes is less so. Here, we discuss 

recent data indicating that non-mammalian thrombocytes and megakaryocytes are 

homologs. Finally, we hypothesize that erythroid and thrombocytic differentiation evolved 

from a single ancestral lineage which would explain the striking similarities between these 

cells.   
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1. Introduction 

Hematopoiesis is mediated by self-renewal and differentiation of hematopoietic stem cells 

(HSCs) and their progenies, which is tightly controlled through a complex array of extrinsic 

and intrinsic factors [1, 2]. Dysregulation of some of these pathways can lead to 

hematopoietic disorders, such as anemia, thrombocytopenia and myelogenous leukemia, 

predominantly caused by defects in erythroid-megakaryocytic compartment [3, 4]. It is well 

accepted that mammalian megakaryocytes and erythrocytes are generated from a common 

bi-potent megakaryocyte-erythrocyte progenitors (MEPs) [5]. In mammals, megakaryocytes 

are formed by endoreduplication of megakaryoblasts to generate polyploid cells. Once the 

ploidy state of 8-64N is reached, megakaryocytes produce thrombocytes (in mammals also 

referred to as platelets) [6]. The key mediator of this process is thrombopoietin (TPO) [7, 8]. 

Red blood cells (RBCs) do likewise develop from MEPs through several stages of committed 

progenitors, termed burst forming units-erythroid (BFU-E), colony forming units-erythroid 

(CFU-E) and erythroblasts. The most prominent factors regulating erythropoiesis in vivo and 

in vitro are erythropoietin (EPO) and stem cell factor (SCF, or KIT ligand, KITL) [9, 10]. 

Notably, mammalian erythroblasts undergo chromatin condensation and nucleus extrusion, 

giving rise to enucleated mature erythrocytes [11, 12]. On the contrary, non-mammalian 

vertebrates possess nucleated oval-shaped diploid thrombocytes [13, 14] and RBCs [15] 

(Figure 1). Similarly to mammals, both of these lineages have been demonstrated to arise 

from bi-potent progenitors, termed thrombocyte-erythrocyte progenitors (TEPs), cells 

equivalent to mammalian MEPs [16, 17]. 

The present review aims to summarize the ontology and phylogeny of erythro-thrombocytic 

differentiation in vertebrates. Here, we highlight the relationship between mammalian and 

non-mammalian erythroid and thrombocytic cells. Moreover, despite the morphological and 

functional differences between erythroid and thrombocytic cell lineages, we provide a 

model underlining common evolutionary origin of these two cell lineages from a single 

ancestral precursor. 
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Figure 1. A comparative view of erythrocytes and thrombocytes from zebrafish (Danio rerio), 
xenopus (Xenopus laevis), chicken (Gallus gallus) or human (Homo sapiens) peripheral blood. Cells 
were smeared on glass slides and stained with May-Grünwald Giemsa 

 

2. Ontogeny of thrombocytes and erythrocytes 

2.1. Models of adult hematopoiesis 

Both in vivo and ex vivo, all terminally differentiated blood cells in adult organisms arise from 

long term HSCs (LT-HSC) [18, 19] that have unlimited self-renewal capacity. Direct 

downstream progenies of HSCs, termed short-term HSCs (ST-HSCs) and multi-potent 

progenitor cells (MPPs), are progressively losing their self-renewal capability upon 

commitment. According to the most prevalent classical hierarchical model of hematopoiesis 

(Figure 2) [3, 4], the MPPs further give rise to common lymphoid progenitors (CLPs) and 

common myeloid progenitors (CMPs). CLPs are responsible for the production of lymphoid 

cells, whereas CMPs differentiate into the granulocyte-monocyte progenitors (GMPs) and bi-

potent MEPs/TEPs. Finally, mammalian MEPs and non-mammalian TEPs are responsible for 

the generation of thrombocytes and erythrocytes [6, 16, 17], one of the most abundant and 

specialized cell types in the adult organism. 

Although the hierarchical model of hematopoiesis has been generally accepted over years, 

recent development of state-of-the-art technologies led to discoveries of alternative 

hematopoietic pathways that are either biasing or bypassing certain multipotent 

progenitors. This includes myeloid/lymphoid biased model [20], revised model for adult 
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hematopoiesis [21], myeloid based model [22] or myeloid bypass model [23]. Some of these 

models are in accordance with the classical hierarchical model and provide alternative 

pathways for development of more specialized cell types at a much higher hierarchical level 

than previously realized. Although the detailed examination of these pathways goes beyond 

the scope of this review, we would like to highlight those alternative models that refer to the 

production of erythroid and megakaryocytic cells (Figure 2). 

First evidence suggesting a direct pathway leading from HSCs to the MEPs was based on the 

identification of a subset of HSCs, marked by Lineage–Sca1+c-Kithigh (LSK) and Flt3- antibodies, 

that may have given rise directly to MEPs [20]. This is in agreement with recent findings, 

further proving that the LSK CD150+CD48-CD34- subset of HSCs is capable of short-term and 

long-term platelet reconstitution as well as reconstitution of other erythro-myeloid, but not 

lymphoid, cell lineages [24]. Extensive single cell transplantation experiments revealed the 

presence of long-term megakaryocyte repopulating progenitors (MkRPs), megakaryocyte-

erythroid repopulating progenitors (MERPs) and common myeloid repopulating progenitors 

(CMRPs) within the CD150+/-CD41+/-CD34-LSK cells (Figure 2) [23]. While CMRPs were shown 

to be generally present within the CD34-LSK fraction of cells, MkRPs and MERPs seem to be 

present only within the CD150+CD41-CD34-LSK or CD150-CD41+CD34-LSK fraction of cells. As 

a follow-up, the intermediate pathway bridging MkRP and megakaryocytes was identified 

and fully restricted unipotent megakaryocyte progenitors CD41+CD42b+LSK were 

characterized recently [25]. 

Importantly, the experimental data, suggesting alternative erythroid and megakaryocytic 

pathways, are solely based on experiments performed in mammalian hematopoietic models 

and there is a lack of evidence of their existence in non-mammalian vertebrate species. We 

can only speculate, whether these pathways evolved only in mammals or whether they are 

evolutionary conserved. One may presume that these mechanisms might play an important 

physiological role in the steady state and emergency hematopoiesis. 
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Figure 2: Models of mammalian adult hematopoiesis with respect to the megakaryocytic-erythroid 
compartment (grey box). Hierarchical [3, 4] (black arrows) and myeloid bypass [23] (red arrowheads) 
models of hematopoiesis are shown. According to the conventional hierarchical model of 
hematopoiesis, the bi-potent megakaryocyte-erythroid progenitors (MEPs) are able to give rise to 
megakaryocytes and erythrocytes. Alternative myeloid bypass model predicts the existence of 
various myeloid repopulating progenitors (MyRPs) as a subset of long-term hematopoietic stem cells 
(LT-HSCs), such as common myeloid repopulating progenitors (CMRPs), megakaryocyte repopulating 
progenitors (MkRPs) and megakaryocyte-erythroid repopulating progenitors (MERPs). These 
progenitors are capable of long-term repopulation and differentiation into the particular cell 
lineages. ST-HSC, short-term HSC; MPP, multipotent progenitor cell; CLP, common lymphoid 
progenitor; GMP, granulocyte/monocyte progenitor; CFU-Mk, colony forming unit-megakaryocyte; 
BFU-E, burst forming units-erythroid; CFU-E, colony forming units erythroid. 

 

2.2. Extrinsic factors involved in erythro-thrombopoiesis 

Erythro-thrombocytic differentiation has been shown to be regulated by multiple cytokines 

(Figure 3), many of which have broad effects on all hematopoietic lineages. The most 

important factors regulating erythropoiesis are EPO and SCF [9, 10]. EPO interacts with its 

cognate receptor, EPOR, and promotes erythroid progenitor self-renewal, survival and 

differentiation, while SCF mediates proliferation of these progenitors. Other important 

factors that control erythropoiesis include fibroblast growth factor 2 (FGF2) [26], 
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glucocorticoids (GCs) [27], insulin (INS) and insulin-like growth factor 1 (IGF1) [28], 

transforming growth factor α (TGFα) and TGFβ family members (TGFβ, bone morphogenetic 

protein 4, BMP4) [29-33]. These factors could either promote erythroid progenitor self-

renewal or take part in their differentiation, depending on the cooperating signals. Further 

cytokines that act synergistically with the lineage restricted factors and that could 

instrument both erythroid and thrombocytic differentiation pathways are interleukin 3 (IL3), 

IL6, IL11, granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage CSF (GM-

CSF) [34, 35] and previously mentioned SCF [10, 36]. These factors act as early modulators of 

upstream progenitors in erythroid and thrombocytic differentiation, driving their self-

renewal, or promote megakaryocytic maturation. Other cytokines involved in thrombocytic 

differentiation, megakaryocytic maturation or platelets biogenesis include besides TPO also 

IL12, SDF1 [34]. TPO interacts with its cognate receptor, TPOR (c-MPL) [37, 38]. Its 

signalization seems to be highly required for thrombopoiesis, since mice lacking c-MPL 

signaling are highly thrombocytopenic [39]. 

It is interesting that EPO and TPO signaling share many common features. Both ligands 

belong to a four-helix bundle cytokine family and share a highly conserved amino-terminal 

EPO/TPO domain [40]. In mammals, TPO’s C-terminal portion encodes a highly glycosylated 

domain [41, 42] that is missing in non-mammalian vertebrates [16, 17] and its role in 

mammals is to regulate half-life of TPO in circulation [39]. EPO and TPO share 4 conserved 

cysteine (Cys) residues that form disulfide bonds [16, 17, 43] responsible for keeping ligand´s 

tertiary structure. Importantly, also EPOR and TPOR are reminiscent of each other. Both 

receptors belong to the family of type I cytokine receptors [44, 45]. Extracellular domains of 

these receptors [46] are characterized by the presence of four conserved Cys residues and a 

tryptophan-serine-x-serine-tryptophan (WSXSW) motif, involved in ligand binding and 

receptor signaling. Class I receptors possess one transmembrane domain and their 

intracellular region consists of two conserved domains, Box1/Box2, involved in mediating 

downstream signals. Other important feature of these receptors are intracellular tyrosine 

residues, many of which are conserved throughout the vertebrate species (Figure 3). The 

only structural difference between EPOR and TPOR is that the extracellular domain has been 

duplicated in TPOR, having eight conserved Cys residues and two WSXSW motifs [44]. The 

activation of EPOR as well as TPOR occurs through the receptor homodimerization upon 
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ligand binding, which in turn triggers similar downstream signaling pathways. These 

similarities between EPO/TPO ligands and their receptors suggest that they might have 

evolved from a single ligand/receptor by a duplication event. 

 

2.3. Intrinsic factors involved in erythro-thrombopoiesis 

The intracellular signaling pathways, mediated by EPOR and TPOR do overlap to a large 

extent (Figure 3). Neither EPOR nor TPOR have an intrinsic enzymatic activity and their 

signaling is primary dependent on associated Janus kinase 2 (JAK2) [47, 48]. Particularly, 

receptor homodimerization leads to auto-phosphorylation of JAK2 that is bound to the 

Box1/2 and which, in turn phosphorylates receptor itself as well as other signaling 

molecules. Both EPOR and TPOR stimulate JAK2 mediated phosphorylation of STAT5 (signal 

transducers and activators of transcription), activate phosphatidylinositol 3-kinase (PI-

3K)/AKT pathway and promote mitogen-activated protein kinase (MAPK) signaling [47, 48]. 

This is achieved by the recruitment of GRB2 either directly or indirectly via the adaptor 

molecule SHC, while GRB2 further activates SOS, RAF and MEK proteins, finally leading to 

MAPK activation [49, 50]. In contrast to EPOR, the TPOR is a much more potent activator of 

the MAPK pathway and STAT3 signaling [51]. Conversely, it has been shown that EPOR 

interacts with LYN kinase, which can bind to JAK2 and affects STAT5 [52]. EPOR and TPOR 

signaling is limited by a negative feedback loop employing SHP1 and SHIP phosphatases and 

suppressors of cytokine signaling (SOCS1, SOCS3) [47, 53, 54]. 

Described signaling networks work either together or antagonistically to drive specification 

of erythroid and thrombocytic cell lineages. This is mainly governed by a balanced activity of 

transcription factors binding to GATA or ETS motifs and others [55], including GATA binding 

factors - GATA1, GATA2; ETS factors - ETS1, ETS Variant 6 (ETV6/TEL), friend leukemia virus 

integration 1 (FLI1), GA binding protein transcription factor (GABPα); and other factors - 

runt-related transcription factor 1 (RUNX1/AML1), c-MYB (MYB), friend of GATA1 (FOG1), 

growth factor independent 1B (GFI1B), nuclear factor-erythroid2 complex (NFE2, NFE2 and 

MAFK subunits), LIM domain only 2 (LMO2), T-cell acute lymphocytic leukemia 1 (TAL1/SCL) 

and Krüppel like factor (KLF1) [3, 55-57]. It is the interaction and crosstalk between these 

transcription factors that makes the system complex. A number of these transcription 
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factors, such as FOG1, GATA1/2, GFI1B, LMO2, NFE2, TAL1, are critical for both erythroid and 

thrombocytic development, whereas others are rather dedicated to unilineage 

differentiation, such as the erythroid EKLF and MYB or the thrombocytic ETS1, ETV6, FLI1, 

GABPα and RUNX1 (Figure 3). From this overview, it is more than apparent that erythroid 

and thrombocytic signaling share many common features, further suggesting common 

evolutionary origin of EPO/TPO signaling pathways. 

 

Figure 3: Composite summary of the most prominent factors and signals involved in regulation of 
erythro-thrombopoiesis. Erythroid signals are in red, thrombocytic signals are in blue and signals 
involved in both differentiation pathways are depicted in black. Human TPO ligand and TPOR are 
shown in blue, human EPO and EPOR are shown in red. Tyrosine residues (Y, pink lines) in 
TPOR/EPOR intracellular domains important for receptor signaling are shown. Some of them are 
highly conserved throughout the vertebrate species as demonstrated in the table. Cytokine’s signal 
peptides are in black and Epo/Tpo domains are shown. Receptor’s WSXSW motifs are in grey and 
squared boxes represent Box1/Box2. Cs represent conserved Cys residues, *s represent glycosylation 
sites.  
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3. Phylogeny of erythrocytes and thrombocytes in 

vertebrates  

Mammalian and non-mammalian erythro-thrombocytic cells appear to be phenotypically 

very different as a result of divergent evolution. It has been shown that mammals and birds 

split off from their lizard-like ancestors 310 million years ago [58]. During this time, certain 

key evolutionary adaptations in hematopoietic system evolved in mammalian species, such 

as erythroid enucleation, megakaryocyte endoreduplication and platelet biogenesis. These 

adaptations likely enhanced the biological performance of the corresponding cells, which 

could be demonstrated on a few examples. Enucleated erythrocytes are more flexible, 

allowing the development of a thinner capillaries and preventing their possible blockage 

[59]. The lack of the nucleus also creates more intracellular space for hemoglobin and 

provides a typical biconcave shape, increasing the surface area for an efficient hemoglobin 

access [59]. Mammalian platelets are generated in very high numbers (thousands of 

platelets per one megakaryocyte), as compared to non-mammalian thrombocytes, and are 

much smaller and more flexible. These features lead to their efficient spreading and 

increased resistance to fluid shear forces [60]. It is likely that these erythro-megakaryocytic 

enhancements provided a survival advantage to early mammalian species.  

However, these enhancements also bring up the question of evolutionary origin of these 

cells. Hypothetically, mammalian erythrocytes and megakaryocytes could have evolved de 

novo, functioning as analogs of non-mammalian erythrocytes and thrombocytes [17]. 

Conversely, they may have evolved as an improvement from ancestral erythro-thrombocytic 

cells, as previously discussed, indicating that mammalian and non-mammalian erythrocytes 

and thrombocytes are homologs. Indeed, following lines of evidence suggest that the latter 

hypothesis seems to be more probable (Figure 4). 

The initial commitment of both lineages requires involvement of similar signaling pathways 

and transcription factors throughout the vertebrate phylum. The most prominent factors 

necessary for erythroid differentiation that were found to be functionally conserved from 

fish to man are FOG1, GATA1, GATA2, KLF1 (zebrafish orthologue Klf4), LMO2, MYB, NFE2, 

TAL1 and others [17, 61-64]. Similarly, the list of conserved factors that are involved in 

vertebrate thrombopoiesis includes ETS1, FLI1, FOG1, GATA1, GATA2, NFE2,RUNX1, TAL1 
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and others [17, 62, 65-67]. In addition to this, multiple zebrafish mutant lines or knock-

downs were generated that recapitulate common human disorders, such as various types of 

anemia, protoporphyria or thrombocytopenia [62, 68, 69]. Many of these mutants and 

knockdowns are affected in the same loci relevant to human diseases, which further 

highlight the similar mechanisms underpinning these processes. Also the processes involved 

in hemostasis are highly conserved among mammalian and non-mammalian vertebrates, 

platelets and thrombocytes are activated by the same stimuli and clotting takes place in an 

almost identical way [60, 69]. The last piece of evidence favoring the “homologous model” is 

based on the characterization of proliferation kinetics of mammalian and non-mammalian 

erythro-thrombocytic cells. Multiple studies indicate that mammalian BFU-E progenitors are 

capable of 9 to 16 cell divisions during their maturation, depending on the presence of 

cooperating factors [70]. The CFU-E progenitors are capable of at most 6 cell divisions [70] 

and megakaryocytes endoreduplicate approximately 2 to 5 times [71] to form 8-64N cells. In 

line with this observation is the study, indicating that the number of cell divisions during 

zebrafish erythroid and thrombocytic terminal differentiation is closely matched to 

mammalian species [17] – the zebrafish BFU-E progenitors are capable of 9 to 15 cell 

divisions, depending on cooperative signals, the CFU-E progenitors can undergo 6 cell 

divisions and thrombocytes can undergo 5 cell divisions during their terminal differentiation.  

These data led to the establishment of the “Integrated model of hematopoiesis” [17] (Figure 

4), proposing that despite striking phenotypic differences, there is a clear link between 

mammalian and non-mammalian erythroid and thrombocytic cells in terms of their 

molecular control and their proliferation potential. This model further suggests that 

mammalian erythrocytes and megakaryocytes were evolved from non-mammalian 

erythrocytes and thrombocytes as their improvement, which is proving their homologous 

relationship. 
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Figure 4: Non-mammalian and mammalian model of erythropoiesis and thrombopoiesis. According 
to the integrated model of hematopoiesis, mammalian erythrocytes and megakaryocytes were 
evolved from their non-mammalian erythroid and thrombocytic homologs as an evolutionary 
improvement. Non-mammalian erythrocytes and thrombocytes are phenotypically similar 
(nucleated, diploid oval-shaped cells), whereas mammalian megakaryocytes and erythrocytes are 
very different. Numbers indicate the proliferation potential of particular progenitors. TEP, 
thrombocyte-erythroid progenitor; CFU-T, colony forming unit-thrombocyte. Modified from Bartunek 
et al. [16] and Svoboda et al. [17].   
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4. Origin of erythrocytes and thrombocytes in vertebrates 

Up to now, we have discussed the evolutionary development of mammalian erythrocytes 

and megakaryocytes from the non-mammalian homologous cells. However, in this chapter 

we would like to focus on the hypothetical origin of erythroid and thrombocytic 

differentiation programs in ancestral vertebrates. According to the generally well-accepted 

evolutionary hypothesis, the invertebrate and vertebrate species bifurcated approximately 

520-550 million years ago [58]. This resulted in enormous divergence of these species and 

led to de novo parallel formation of various analogous features. Even though many 

invertebrate animals possess both erythrocyte-like and thrombocyte-like analogous cells, 

commonly referred to as amebocytes, coelomocytes, hemocytes or thrombocytoids, these 

cells are not considered to be the progenitors of vertebrate erythro-thrombocytic cells [72-

75]. Therefore erythrocytes and thrombocytes found in cyclostomates and fish are the first 

cells that evolved to be particularly specialized in oxygen transport or hemostasis [13, 76-

78]. It is likely that both cell lineages firstly appeared in direct fish ancestors and it is highly 

probable that both differentiation programs split from one ancestral differentiation program 

after its duplication (Figure 5). This view is supported both by similar cell characteristics 

(similar oval shape, condensed nuclei, proliferation coupled to differentiation) and by similar 

or shared regulatory molecules, as previously discussed. This includes the structural and 

functional resemblance between EPO and TPO signalosomes, likely derived from a single 

ligand-receptor complex due to a duplication event. As discussed above, both EPO and TPO 

mediate substantially redundant signaling and activate similar signaling pathways and 

transcription factors. This is well illustrated experimentally as TPO expands erythroid 

progenitors [7, 79] and strikingly, TPO in combination with SCF and IL11 was shown to 

substitute for EPO signaling in the erythroid progenitors derived from Epor deficient mice 

[80]. Adversely, EPO was shown to synergize with TPO to promote megakaryocyte colony 

growth and maturation [34, 81]. 

In summary, our common ancestral erythro-thrombocytic hypothesis predicts the existence 

of ancestral vertebrate organisms with unilineage differentiation, leading to ancestral 

erythrocytes/thrombocytes or erythro-thrombocytes with dual function. This unilineage 

differentiation program was further duplicated during the evolution of early vertebrates, 
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giving rise to specialized erythroid and thrombocytic differentiation programs together with 

EPO/TPO signaling. 

 

Figure 5: Common ancestral erythro-thrombocytic model predicts the existence of unilineage 
differentiation in ancestral vertebrates, leading to ancient erythroid or thrombocytic cells or erythro-
thrombocytic cells with dual function. Duplication of cell types and their signalosomes led to the 
origin of erythrocytes with EPO signaling and to the origin of thrombocytes together with TPO 
signaling.  
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5. Conclusions 

Erythroid and thrombocytic differentiation share many common features. Besides 

phenotypic similarities between erythrocytes and thrombocytes found in non-mammalian 

vertebrates, this includes the common progenitors of these cells (TEPs/MEPs), similarities 

between EPO and TPO signaling and shared signaling mechanisms mediating the lineage 

commitment. These similarities are also present in mammalian species, while basic 

molecular mechanisms driving erythro-thrombocytic lineage commitment seem to be 

evolutionary highly conserved. The integrated model of hematopoiesis (Figure 5) suggests 

that mammalian megakaryocytes and erythrocytes evolved as an improvement of their 

ancestral counterparts (found in non-mammalian vertebrates) to increase their biological 

performance during oxygen transport and hemostasis. This indicates that mammalian and 

non-mammalian erythrocytes and thrombocytes did not evolve de novo but are 

homologous, instead. 

Finding the actual relationship between the mammalian and non-mammalian blood cells 

might have a major impact on hematopoietic research. Since the employment of mammalian 

model organisms brings only partial progress due to the interference with sophisticated 

mammalian megakaryocytic and erythroid enhancements, non mammalian model 

organisms, such as chicken or zebrafish, could then be efficiently utilized to identify novel 

key regulators of cell fate determination. 

In addition to this and based on the described similarities between erythroid and 

thrombocytic differentiation, we suggest that both cell lineages evolved from a single 

ancestral differentiation program. This was mediated by the duplication of the ancestral cell 

type and its signalosome during the evolution of early vertebrates.  

15

Origins of the vertebrate erythro/megakaryocytic system APPENDIX

A-77



Acknowledgements 

We would like to thank Vit Karafiat for assistance with blood smear preparation, Ondrej 

Machon and Jana Oltova for critical reading of the manuscript. This work was supported by 

Ministry of Education, Youth and Sports - Program NPU I – Project LO1419. 

 

Conflict of Interest 

The authors declare that there is no conflict of interests regarding the publication of this 

paper. 

 

References 

[1] S. H. Orkin, "Diversification of haematopoietic stem cells to specific lineages," Nat Rev Genet, 
vol. 1, no. 1, pp. 57-64, 2000. 

[2] K. Kaushansky, "Lineage-specific hematopoietic growth factors," N Engl J Med, vol. 354, no. 
19, pp. 2034-45, 2006. 

[3] A. Wickrema, and J. D. Crispino, "Erythroid and megakaryocytic transformation," Oncogene, 
vol. 26, no. 47, pp. 6803-15, 2007. 

[4] J. D. Crispino, and M. J. Weiss, "Erythro-megakaryocytic transcription factors associated with 
hereditary anemia," Blood, vol. 123, no. 20, pp. 3080-8, 2014. 

[5] N. Debili, L. Coulombel, L. Croisille, A. Katz, J. Guichard, J. Breton-Gorius, and W. Vainchenker, 
"Characterization of a bipotent erythro-megakaryocytic progenitor in human bone marrow," 
Blood, vol. 88, no. 4, pp. 1284-96, 1996. 

[6] V. C. Broudy, and K. Kaushansky, "Thrombopoietin, the c-mpl ligand, is a major regulator of 
platelet production," J Leukoc Biol, vol. 57, no. 5, pp. 719-25, 1995. 

[7] K. Kaushansky, V. C. Broudy, A. Grossmann, J. Humes, N. Lin, H. P. Ren, M. C. Bailey, T. 
Papayannopoulou, J. W. Forstrom, and K. H. Sprugel, "Thrombopoietin expands erythroid 
progenitors, increases red cell production, and enhances erythroid recovery after 
myelosuppressive therapy," J Clin Invest, vol. 96, no. 3, pp. 1683-7, 1995. 

[8] T. Kato, A. Matsumoto, K. Ogami, T. Tahara, H. Morita, and H. Miyazaki, "Native 
thrombopoietin: structure and function," Stem Cells, vol. 16, no. 5, pp. 322-8, 1998. 

[9] S. B. Krantz, "Erythropoietin," Blood, vol. 77, no. 3, pp. 419-34, 1991. 
[10] V. C. Broudy, "Stem cell factor and hematopoiesis," Blood, vol. 90, no. 4, pp. 1345-64, 1997. 
[11] A. R. Muir, and D. N. Kerr, "Erythropoiesis: an electron microscopical study," Q J Exp Physiol 

Cogn Med Sci, vol. 43, no. 1, pp. 106-14, 1958. 
[12] C. F. Simpson, and J. M. Kling, "The mechanism of denucleation in circulating erythroblasts," J 

Cell Biol, vol. 35, no. 1, pp. 237-45, 1967. 
[13] O. D. Ratnoff, "The evolution of hemostatic mechanisms," Perspect Biol Med, vol. 31, no. 1, 

pp. 4-33, 1987. 
[14] W. Schneider, and N. Gattermann, "Megakaryocytes: origin of bleeding and thrombotic 

disorders," Eur J Clin Invest, vol. 24 Suppl 1, pp. 16-20, 1994. 

16

Origins of the vertebrate erythro/megakaryocytic system APPENDIX

A-78



[15] G. Gulliver, "On the size and shape of red corpuscles of the blood of vertebrates, with 
drawings of them to a uniform scale, and extended and revised tables of measurements," 
Proceedings of the Zoological Society of London, vol. 1875: 474–495, 1875. 

[16] P. Bartunek, V. Karafiat, J. Bartunkova, P. Pajer, M. Dvorakova, J. Kralova, M. Zenke, and M. 
Dvorak, "Impact of chicken thrombopoietin and its receptor c-Mpl on hematopoietic cell 
development," Exp Hematol, vol. 36, no. 4, pp. 495-505, 2008. 

[17] O. Svoboda, D. L. Stachura, O. Machonova, P. Pajer, J. Brynda, L. I. Zon, D. Traver, and P. 
Bartunek, "Dissection of vertebrate hematopoiesis using zebrafish thrombopoietin," Blood, 
vol. 124, no. 2, pp. 220-8, 2014. 

[18] L. G. Smith, I. L. Weissman, and S. Heimfeld, "Clonal analysis of hematopoietic stem-cell 
differentiation in vivo," Proc Natl Acad Sci U S A, vol. 88, no. 7, pp. 2788-92, 1991. 

[19] M. Ogawa, "Differentiation and proliferation of hematopoietic stem cells," Blood, vol. 81, no. 
11, pp. 2844-53, 1993. 

[20] J. Adolfsson, R. Mansson, N. Buza-Vidas, A. Hultquist, K. Liuba, C. T. Jensen, D. Bryder, L. 
Yang, O. J. Borge, L. A. Thoren, K. Anderson, E. Sitnicka, Y. Sasaki, M. Sigvardsson, and S. E. 
Jacobsen, "Identification of Flt3+ lympho-myeloid stem cells lacking erythro-megakaryocytic 
potential a revised road map for adult blood lineage commitment," Cell, vol. 121, no. 2, pp. 
295-306, 2005. 

[21] S. Luc, N. Buza-Vidas, and S. E. Jacobsen, "Delineating the cellular pathways of hematopoietic 
lineage commitment," Semin Immunol, vol. 20, no. 4, pp. 213-20, 2008. 

[22] H. Kawamoto, H. Wada, and Y. Katsura, "A revised scheme for developmental pathways of 
hematopoietic cells: the myeloid-based model," Int Immunol, vol. 22, no. 2, pp. 65-70, 2010. 

[23] R. Yamamoto, Y. Morita, J. Ooehara, S. Hamanaka, M. Onodera, K. L. Rudolph, H. Ema, and H. 
Nakauchi, "Clonal analysis unveils self-renewing lineage-restricted progenitors generated 
directly from hematopoietic stem cells," Cell, vol. 154, no. 5, pp. 1112-26, 2013. 

[24] A. Sanjuan-Pla, I. C. Macaulay, C. T. Jensen, P. S. Woll, T. C. Luis, A. Mead, S. Moore, C. 
Carella, S. Matsuoka, T. Bouriez Jones, O. Chowdhury, L. Stenson, M. Lutteropp, J. C. Green, 
R. Facchini, H. Boukarabila, A. Grover, A. Gambardella, S. Thongjuea, J. Carrelha, P. Tarrant, 
D. Atkinson, S. A. Clark, C. Nerlov, and S. E. Jacobsen, "Platelet-biased stem cells reside at the 
apex of the haematopoietic stem-cell hierarchy," Nature, vol. 502, no. 7470, pp. 232-6, 2013. 

[25] H. Nishikii, Y. Kanazawa, T. Umemoto, Y. Goltsev, Y. Matsuzaki, K. Matsushita, M. Yamato, G. 
P. Nolan, R. Negrin, and S. Chiba, "Unipotent megakaryopoietic pathway bridging 
hematopoietic stem cells and mature megakaryocytes," Stem Cells, 2015. 

[26] P. Bartunek, P. Pajer, V. Karafiat, G. Blendinger, M. Dvorak, and M. Zenke, "bFGF signaling 
and v-Myb cooperate in sustained growth of primitive erythroid progenitors," Oncogene, vol. 
21, no. 3, pp. 400-10, 2002. 

[27] M. von Lindern, W. Zauner, G. Mellitzer, P. Steinlein, G. Fritsch, K. Huber, B. Lowenberg, and 
H. Beug, "The glucocorticoid receptor cooperates with the erythropoietin receptor and c-Kit 
to enhance and sustain proliferation of erythroid progenitors in vitro," Blood, vol. 94, no. 2, 
pp. 550-9, 1999. 

[28] S. Miyagawa, M. Kobayashi, N. Konishi, T. Sato, and K. Ueda, "Insulin and insulin-like growth 
factor I support the proliferation of erythroid progenitor cells in bone marrow through the 
sharing of receptors," Br J Haematol, vol. 109, no. 3, pp. 555-62, 2000. 

[29] G. Krystal, V. Lam, W. Dragowska, C. Takahashi, J. Appel, A. Gontier, A. Jenkins, H. Lam, L. 
Quon, and P. Lansdorp, "Transforming growth factor beta 1 is an inducer of erythroid 
differentiation," J Exp Med, vol. 180, no. 3, pp. 851-60, 1994. 

[30] O. Gandrillon, U. Schmidt, H. Beug, and J. Samarut, "TGF-beta cooperates with TGF-alpha to 
induce the self-renewal of normal erythrocytic progenitors: evidence for an autocrine 
mechanism," EMBO J, vol. 18, no. 10, pp. 2764-81, 1999. 

[31] T. L. Huber, Y. Zhou, P. E. Mead, and L. I. Zon, "Cooperative effects of growth factors involved 
in the induction of hematopoietic mesoderm," Blood, vol. 92, no. 11, pp. 4128-37, 1998. 

17

Origins of the vertebrate erythro/megakaryocytic system APPENDIX

A-79



[32] O. Fuchs, O. Simakova, P. Klener, J. Cmejlova, J. Zivny, J. Zavadil, and T. Stopka, "Inhibition of 
Smad5 in Human Hematopoietic Progenitors Blocks Erythroid Differentiation Induced by 
BMP4," Blood Cells, Molecules, and Diseases, vol. 28, no. 2, pp. 221-233, 2002. 

[33] O. F. Harandi, S. Hedge, D. C. Wu, D. McKeone, and R. F. Paulson, "Murine erythroid short-
term radioprotection requires a BMP4-dependent, self-renewing population of stress 
erythroid progenitors," J Clin Invest, vol. 120, no. 12, pp. 4507-19, 2010. 

[34] M. S. Gordon, and R. Hoffman, "Growth factors affecting human thrombocytopoiesis: 
potential agents for the treatment of thrombocytopenia," Blood, vol. 80, no. 2, pp. 302-7, 
1992. 

[35] I. K. McNiece, K. E. Langley, and K. M. Zsebo, "Recombinant human stem cell factor 
synergises with GM-CSF, G-CSF, IL-3 and epo to stimulate human progenitor cells of the 
myeloid and erythroid lineages," Exp Hematol, vol. 19, no. 3, pp. 226-31, 1991. 

[36] P. Steinlein, O. Wessely, S. Meyer, E. M. Deiner, M. J. Hayman, and H. Beug, "Primary, self-
renewing erythroid progenitors develop through activation of both tyrosine kinase and 
steroid hormone receptors," Curr Biol, vol. 5, no. 2, pp. 191-204, 1995. 

[37] F. J. de Sauvage, P. E. Hass, S. D. Spencer, B. E. Malloy, A. L. Gurney, S. A. Spencer, W. C. 
Darbonne, W. J. Henzel, S. C. Wong, W. J. Kuang, and et al., "Stimulation of 
megakaryocytopoiesis and thrombopoiesis by the c-Mpl ligand," Nature, vol. 369, no. 6481, 
pp. 533-8, 1994. 

[38] W. S. Alexander, "Thrombopoietin," Growth Factors, vol. 17, no. 1, pp. 13-24, 1999. 
[39] W. S. Alexander, "Thrombopoietin and the c-Mpl receptor: insights from gene targeting," Int 

J Biochem Cell Biol, vol. 31, no. 10, pp. 1027-35, 1999. 
[40] H. Park, S. S. Park, E. H. Jin, J. S. Song, S. E. Ryu, M. H. Yu, and H. J. Hong, "Identification of 

functionally important residues of human thrombopoietin," J Biol Chem, vol. 273, no. 1, pp. 
256-61, 1998. 

[41] D. Foster, and S. Lok, "Biological roles for the second domain of thrombopoietin," Stem Cells, 
vol. 14 Suppl 1, pp. 102-7, 1996. 

[42] H. M. Linden, and K. Kaushansky, "The glycan domain of thrombopoietin enhances its 
secretion," Biochemistry, vol. 39, no. 11, pp. 3044-51, 2000. 

[43] A. J. Erslev, and J. Caro, "Physiologic and molecular biology of erythropoietin," Med Oncol 
Tumor Pharmacother, vol. 3, no. 3-4, pp. 159-64, 1986. 

[44] V. Mignotte, I. Vigon, E. Boucher de Crevecoeur, P. H. Romeo, V. Lemarchandel, and S. 
Chretien, "Structure and transcription of the human c-mpl gene (MPL)," Genomics, vol. 20, 
no. 1, pp. 5-12, 1994. 

[45] H. Youssoufian, G. Longmore, D. Neumann, A. Yoshimura, and H. F. Lodish, "Structure, 
function, and activation of the erythropoietin receptor," Blood, vol. 81, no. 9, pp. 2223-36, 
1993. 

[46] L. Robb, "Cytokine receptors and hematopoietic differentiation," Oncogene, vol. 26, no. 47, 
pp. 6715-23, 2007. 

[47] S. N. Constantinescu, S. Ghaffari, and H. F. Lodish, "The Erythropoietin Receptor: Structure, 
Activation and Intracellular Signal Transduction," Trends Endocrinol Metab, vol. 10, no. 1, pp. 
18-23, 1999. 

[48] J. G. Drachman, and K. Kaushansky, "Dissecting the thrombopoietin receptor: functional 
elements of the Mpl cytoplasmic domain," Proc Natl Acad Sci U S A, vol. 94, no. 6, pp. 2350-5, 
1997. 

[49] P. A. Tilbrook, and S. P. Klinken, "The erythropoietin receptor," Int J Biochem Cell Biol, vol. 31, 
no. 10, pp. 1001-5, 1999. 

[50] I. S. Hitchcock, and K. Kaushansky, "Thrombopoietin from beginning to end," Br J Haematol, 
vol. 165, no. 2, pp. 259-68, 2014. 

[51] J. Kota, N. Caceres, and S. N. Constantinescu, "Aberrant signal transduction pathways in 
myeloproliferative neoplasms," Leukemia, vol. 22, no. 10, pp. 1828-40, 2008. 

18

Origins of the vertebrate erythro/megakaryocytic system APPENDIX

A-80



[52] H. Chin, A. Arai, H. Wakao, R. Kamiyama, N. Miyasaka, and O. Miura, "Lyn physically 
associates with the erythropoietin receptor and may play a role in activation of the Stat5 
pathway," Blood, vol. 91, no. 10, pp. 3734-45, 1998. 

[53] K. Kaushansky, "Molecular mechanisms of thrombopoietin signaling," J Thromb Haemost, vol. 
7 Suppl 1, pp. 235-8, 2009. 

[54] E. Ingley, "Integrating novel signaling pathways involved in erythropoiesis," IUBMB Life, vol. 
64, no. 5, pp. 402-10, 2012. 

[55] L. C. Dore, and J. D. Crispino, "Transcription factor networks in erythroid cell and 
megakaryocyte development," Blood, vol. 118, no. 2, pp. 231-9, 2011. 

[56] O. Klimchenko, M. Mori, A. Distefano, T. Langlois, F. Larbret, Y. Lecluse, O. Feraud, W. 
Vainchenker, F. Norol, and N. Debili, "A common bipotent progenitor generates the erythroid 
and megakaryocyte lineages in embryonic stem cell-derived primitive hematopoiesis," Blood, 
vol. 114, no. 8, pp. 1506-17, 2009. 

[57] R. A. Shivdasani, "Molecular and transcriptional regulation of megakaryocyte differentiation," 
Stem Cells, vol. 19, no. 5, pp. 397-407, 2001. 

[58] S. Kumar, and S. B. Hedges, "A molecular timescale for vertebrate evolution," Nature, vol. 
392, no. 6679, pp. 917-20, 1998. 

[59] P. Ji, M. Murata-Hori, and H. F. Lodish, "Formation of mammalian erythrocytes: chromatin 
condensation and enucleation," Trends Cell Biol, vol. 21, no. 7, pp. 409-15, 2011. 

[60] A. A. Schmaier, T. J. Stalker, J. J. Runge, D. Lee, C. Nagaswami, P. Mericko, M. Chen, S. Cliche, 
C. Gariepy, L. F. Brass, D. A. Hammer, J. W. Weisel, K. Rosenthal, and M. L. Kahn, "Occlusive 
thrombi arise in mammals but not birds in response to arterial injury: evolutionary insight 
into human cardiovascular disease," Blood, vol. 118, no. 13, pp. 3661-9, 2011. 

[61] P. Bartunek, J. Kralova, G. Blendinger, M. Dvorak, and M. Zenke, "GATA-1 and c-myb crosstalk 
during red blood cell differentiation through GATA-1 binding sites in the c-myb promoter," 
Oncogene, vol. 22, no. 13, pp. 1927-35, 2003. 

[62] J. L. de Jong, and L. I. Zon, "Use of the zebrafish system to study primitive and definitive 
hematopoiesis," Annu Rev Genet, vol. 39, pp. 481-501, 2005. 

[63] H. Dolznig, P. Bartunek, K. Nasmyth, E. W. Mullner, and H. Beug, "Terminal differentiation of 
normal chicken erythroid progenitors: shortening of G1 correlates with loss of D-cyclin/cdk4 
expression and altered cell size control," Cell Growth Differ, vol. 6, no. 11, pp. 1341-52, 1995. 

[64] K. Kulkeaw, and D. Sugiyama, "Zebrafish erythropoiesis and the utility of fish as models of 
anemia," Stem Cell Res Ther, vol. 3, no. 6, pp. 55, 2012. 

[65] J. D. Amigo, G. E. Ackermann, J. J. Cope, M. Yu, J. D. Cooney, D. Ma, N. B. Langer, E. 
Shafizadeh, G. C. Shaw, W. Horsely, N. S. Trede, A. J. Davidson, B. A. Barut, Y. Zhou, S. A. 
Wojiski, D. Traver, T. B. Moran, G. Kourkoulis, K. Hsu, J. P. Kanki, D. I. Shah, H. F. Lin, R. I. 
Handin, A. B. Cantor, and B. H. Paw, "The role and regulation of friend of GATA-1 (FOG-1) 
during blood development in the zebrafish," Blood, vol. 114, no. 21, pp. 4654-63, 2009. 

[66] H. Kulessa, J. Frampton, and T. Graf, "GATA-1 reprograms avian myelomonocytic cell lines 
into eosinophils, thromboblasts, and erythroblasts," Genes Dev, vol. 9, no. 10, pp. 1250-62, 
1995. 

[67] H. F. Lin, D. Traver, H. Zhu, K. Dooley, B. H. Paw, L. I. Zon, and R. I. Handin, "Analysis of 
thrombocyte development in CD41-GFP transgenic zebrafish," Blood, vol. 106, no. 12, pp. 
3803-10, 2005. 

[68] H. J. Johnson, M. J. Gandhi, E. Shafizadeh, N. B. Langer, E. L. Pierce, B. H. Paw, D. M. Gilligan, 
and J. G. Drachman, "In vivo inactivation of MASTL kinase results in thrombocytopenia," 
Experimental Hematology, vol. 37, no. 8, pp. 901-908, 2009. 

[69] M. R. Lang, G. Gihr, M. P. Gawaz, and Muller, II, "Hemostasis in Danio rerio: is the zebrafish a 
useful model for platelet research?," J Thromb Haemost, vol. 8, no. 6, pp. 1159-69, 2010. 

[70] S. M. Hattangadi, P. Wong, L. Zhang, J. Flygare, and H. F. Lodish, "From stem cell to red cell: 
regulation of erythropoiesis at multiple levels by multiple proteins, RNAs, and chromatin 
modifications," Blood, vol. 118, no. 24, pp. 6258-68, 2011. 

19

Origins of the vertebrate erythro/megakaryocytic system APPENDIX

A-81



[71] A. Tomer, L. A. Harker, and S. A. Burstein, "Purification of human megakaryocytes by 
fluorescence-activated cell sorting," Blood, vol. 70, no. 6, pp. 1735-42, 1987. 

[72] V. Hartenstein, "Blood cells and blood cell development in the animal kingdom," Annu Rev 
Cell Dev Biol, vol. 22, pp. 677-712, 2006. 

[73] C. A. Glomski, and J. Tamburlin, "The phylogenetic odyssey of the erythrocyte. I. Hemoglobin: 
the universal respiratory pigment," Histol Histopathol, vol. 4, no. 4, pp. 509-14, 1989. 

[74] C. A. Glomski, and J. Tamburlin, "The phylogenetic odyssey of the erythrocyte. II. The early or 
invertebrate prototypes," Histol Histopathol, vol. 5, no. 4, pp. 513-25, 1990. 

[75] A. E. Needham, "Haemostatic mechanisms in the invertebrata," Symp Zool Soc Lond, vol. 27, 
pp. 19-44, 1970. 

[76] C. J. Davidson, E. G. Tuddenham, and J. H. McVey, "450 million years of hemostasis," J 
Thromb Haemost, vol. 1, no. 7, pp. 1487-94, 2003. 

[77] R. F. Doolittle, Y. Jiang, and J. Nand, "Genomic evidence for a simpler clotting scheme in 
jawless vertebrates," J Mol Evol, vol. 66, no. 2, pp. 185-96, 2008. 

[78] C. A. Glomski, J. Tamburlin, and M. Chainani, "The phylogenetic odyssey of the erythrocyte. 
III. Fish, the lower vertebrate experience," Histol Histopathol, vol. 7, no. 3, pp. 501-28, 1992. 

[79] M. Kobayashi, J. H. Laver, T. Kato, H. Miyazaki, and M. Ogawa, "Recombinant human 
thrombopoietin (Mpl ligand) enhances proliferation of erythroid progenitors," Blood, vol. 86, 
no. 7, pp. 2494-9, 1995. 

[80] M. W. Kieran, A. C. Perkins, S. H. Orkin, and L. I. Zon, "Thrombopoietin rescues in vitro 
erythroid colony formation from mouse embryos lacking the erythropoietin receptor," Proc 
Natl Acad Sci U S A, vol. 93, no. 17, pp. 9126-31, 1996. 

[81] V. C. Broudy, N. L. Lin, and K. Kaushansky, "Thrombopoietin (c-mpl ligand) acts synergistically 
with erythropoietin, stem cell factor, and interleukin-11 to enhance murine megakaryocyte 
colony growth and increases megakaryocyte ploidy in vitro," Blood, vol. 85, no. 7, pp. 1719-
26, 1995. 

 

20

Origins of the vertebrate erythro/megakaryocytic system APPENDIX

A-82



 

Ex vivo tools for the clonal analysis of zebrafish 
hematopoiesis 

 

 

Ondrej Svoboda1, David L Stachura2, Olga Machonova1,  

Leonard I Zon3, David Traver4 & Petr Bartunek1 

 

 

 

1Department of Cell Differentiation, Institute of Molecular Genetics AS CR v.v.i., 142 20 Prague 4, Czech 
Republic. 

2Department of Biological Sciences, California State University Chico, Chico, CA, 95929.  

3Stem Cell Program and Division of Hematology/Oncology, Children's Hospital and Dana Farber Cancer 
Institute, Howard Hughes Medical Institute, Harvard Stem Cell Institute, Harvard Medical School, Boston, MA, 
02115. 

4Department of Cellular and Molecular Medicine, University of California San Diego, La Jolla, CA, 92093-0380. 

 

 

 

 

O.S.  osvoboda@img.cas.cz 

D.L.S. dstachura@csuchico.edu 

O.M.  olga.machonova@img.cas.cz 

L.I.Z.  zon@enders.tch.harvard.edu 

D.T.  dtraver@ucsd.edu 

Correspondence should be addressed to  

P.B. bartunek@img.cas.cz  

 Tel. +420-241063117 

 FAX +420-241063568 

 

 

1

Ex vivo tools for the clonal analysis of zebrafish hematopoiesis APPENDIX

A-83



 

ABSTRACT 
In this protocol, we report methods for the ex vivo characterization of zebrafish hematopoietic progenitors. In 
particular, we describe colony assays that enable zebrafish hematopoietic stem and progenitor cell (HSPC) self-
renewal and differentiation in semi-solid media. In other vertebrate model organisms, these assays have been 
crucial for elucidating the relationship between HSPCs and their mature progeny. In spite of zebrafish’s 
popularity as a model organism, there is a paucity of protocols describing the cultivation and differentiation of 
their hematopoietic progenitors. 

Here, we describe procedures for isolating zebrafish hematopoietic cells and for cultivating and differentiating 
them in semi-solid media. We further describe procedures for generating recombinant zebrafish cytokines and 
for isolating carp serum. The outcome of these clonal assays can easily be evaluated using standard microscopy 
techniques after 3-10 days in culture.  Additionally, we describe procedures for isolating individual colonies for 
further imaging and gene expression profiling.  
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INTRODUCTION 
Utilizing zebrafish to study the genetic underpinnings of hematopoiesis has become more popular over the past 
20 years1-3 due to several unique features, such as their embryonic optical transparency, genetic amenability, 
and fecundity.  While zebrafish have also been useful in answering numerous biological questions about 
hematopoiesis, their utility has also been demonstrated in numerous other biological studies4-7. This popularity 
and utility is due to the development and refinement of crucial techniques that allow efficient genetic 
manipulation, in vivo visualization of development in real time, and methods for high-throughput screening3. 
Importantly, zebrafish were essential for mapping the origins of hematopoietic stem cells (HSCs) using real time 
in vivo fate mapping8 and in the elucidation of signaling pathways involved in these processes9-11.  

In other model organisms such as the mouse and chicken, in vivo observations are routinely complemented by 
ex vivo experiments12-14, culturing hematopoietic cells ex vivo in tissue culture. Importantly, these approaches 
have been lacking in zebrafish hematopoiesis research until recently, due to the incompatibility of broadly used 
mammalian or avian culture media with zebrafish cell culture and the high divergence of mammalian and 
zebrafish growth factors and cytokines15,16.  

 

Development of the protocol 

Recently, we established a method for culturing zebrafish hematopoietic stem and progenitor cells (HSPCs) in 
suspension on top of zebrafish kidney stromal (ZKS) cells, which encourage growth and multilineage 
differentiation of HSPCs by cell-cell interaction and the production of a broad range of growth factors and 
cytokines15. In order to manipulate cell fates more specifically and more efficiently, we generated several 
zebrafish recombinant cytokines that further increased the self-renewal and differentiation of HSPCs15. Even 
though we observed the terminal differentiation of zebrafish erythro-myeloid cells, this technique did not allow 
the study of differentiation and self-renewal potential of HSPCs at the single-cell level. Therefore, we devised 
zebrafish methylcellulose clonal assays, enabling the analysis of clonal HSPC ontogeny in semi-solid media for 
the first time16,17. These protocols were the first description of culture conditions that supported primary 
zebrafish HSPCs in semi-solid media; while these protocols are based on mammalian clonal assays they have 
several substantial modifications.   

The serum is a critical component of most culture media. It contains growth factors and cytokines, and along 
with exogenously added cytokines, cooperatively ensures the optimal growth and differentiation of cells. 
Presumably due to high genetic divergence between mammals and teleosts, we observed that our culture 
conditions worked best when supplemented by the addition of fetal bovine serum (FBS) and fish serum. Due to 
the fact that isolation of sufficient amount of zebrafish serum is technically challenging, we experimentally 
tested the serum from other larger but phylogenetically related teleosts. Our experiments indicated that sera 
derived from multiple fish species such as European perch, salmonids (SeaGrow JJ80), and northern pike was 
ineffective, while serum from the common carp stimulated the most cell survival and proliferation in vitro (data 
not shown). Our experimental conditions for zebrafish culture experiments utilize 10% FBS and 2% carp serum; 
carp serum preparation is described in Box 1.  

Transferrin is an essential mediator of iron transport during erythrocyte differentiation18. Due to the divergence 
between vertebrate transferrin genes and a lack of available recombinant zebrafish transferrin, a synthetic iron 
supplement, ferric salicylaldehyde isonicotinoyl hydrazine (Fe-SIH), is utilized. Addition of Fe-SIH into HSPC 
cultures enables full erythroid maturation. 

Cytokines are essential proteins for manipulating the differentiation of hematopoietic cells ex vivo. Due to their 
divergence amongst vertebrates, most mammalian and avian factors are not effective in fish cultures15-17,19-23. 
Furthermore, many genes were duplicated during the evolution of the teleost genome24,25; multiple copies of 
cytokines are present in zebrafish. We have identified, cloned, recombinantly expressed, and purified a number 
of these genes, such as erythropoietin (Epo)15, granulocyte colony stimulating factor a and b (Gcsfa/b)16,23 and 
thrombopoietin (Tpo)17. These cytokines are generated in E. coli or a baculovirus expression system and proteins 
are tagged with N-terminal hexahistidine sequences, enabling purification using affinity chromatography. 
However, when utilizing the baculovirus expression system, purification is not always necessary.  Instead, 
baculovirus supernatant, containing the secreted protein of interest, can be supplemented to the culture media. 
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Note that this approach requires appropriate negative controls, such as supernatant from uninfected or control-
infected cells, to minimize the possibility that the baculovirus media may have an effect on the zebrafish cultures 
alone. The protocol for cytokine production is described in Box 2. Recombinant cytokines, E. coli and baculovirus 
expression plasmids are made available through Addgene (ID 64309, 65611, 65612, 65613). 

The optimum culture conditions for zebrafish hematopoietic cells are 32° C, in a humidified 5% CO2 environment. 
While cells were healthy at the physiological temperature of zebrafish (28° C), they divided faster, and appeared 
similarly healthy at 32° C. On the other hand, raising the temperature to 37° C for extended periods of time is 
toxic15. 

 

Applications of the method 

Clonal assays are routinely used for studying steady-state or aberrant hematopoiesis at the single-cell level. Cells 
are essentially plated in a suspension of semi-solid media such as methylcellulose to prevent their movement. 
In such conditions, cells stay together and form distinct colonies. If optimal plating density is attained, every 
HSPC generates a single colony. 

The approach can be utilized for studying developmental differentiation relationships between hematopoietic 
cells by ex vivo fate mapping experiments17,26. Using these experiments, it is possible to decipher the hierarchy 
of most HSPCs. These procedures also enable a thorough and functional characterization of intrinsic and extrinsic 
regulators that affect normal and malignant hematopoiesis17,23,27-29. Clonal assays also facilitate the detailed 
characterization of various mutant phenotypes, and therefore are a valuable tool for phenotyping 
hematopoietic defects generated in the zebrafish model system. 

 

Experimental design 

The overall experimental schematic is shown in Figure 1. Outcomes of clonal assays can be evaluated using 
standard microscopy techniques or by gene expression profiling. Colonies can be directly imaged, enumerated, 
and then plucked from the methylcellulose for subsequent analysis such as histology, gene expression profiling, 
and characterization of proliferative capacity. The protocols for these assays are described below (Steps 13-15). 
The following points should be considered prior to starting the experiment: 
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Figure 1 | Flowchart of the described experimental procedures. 

 

Fish euthanasia with low toxicity and high efficacy is crucial. We do not recommend euthanizing the fish with 
common anesthetics such as tricaine methanesulfonate due to the potential molecular and cellular off-target 
effects of the drug. As a substitution, we recommend using rapid cooling with ice water for zebrafish 
euthanasia30,31. For carp anesthesia, cranial concussion should be used as recommended by the American 
Veterinary Medical Association (AVMA) guidelines. A person experienced in the proper application of the 
technique should conduct this procedure. 

The choice of fish depends on the purpose of your study. It is possible to use adult fish whole kidney marrow 
(WKM) as well as embryonic fish as a source of HSPCs. When using adults, use fish that are 3-9 months old, 
preferably around 6 months of age. At this age, fish are fully developed and the kidneys contain high numbers 
of blood progenitors; if using younger fish, expect smaller kidney sizes and reduced cell yields. The same is true 
for older fish; the cellularity of the kidney and functional number of HSPCs appears to drop as the fish age 
(unpublished observation). If embryos are utilized as a source of hematopoietic cells, collect the cells between 
24 and 36 hours post fertilization (hpf) for primitive hematopoiesis studies, or embryos older than 36hpf for 
definitive hematopoiesis studies. As a multitude of zebrafish mutant and transgenic reporter lines have been 
created and described, it is possible to utilize these fish for experimental procedures. For example, numerous 
fish have been generated that express fluorescent genes under the control of tissue-specific promoters, such as 
gata1:dsRed fish that have dsRed+ erythrocytes32, cd41:GFP fish that have GFP+ progenitors/thrombocytes33, 
mpx:GFP fish that have GFP+ neutrophils34, and cmyb:GFP fish that have GFP+ progenitors8. These animals can 
be further mated to generate double transgenic reporters, such as gata1:dsRed; cd41:gfp17 animals, essential 
for observing erythroid and thrombocytic development in the same animal (Figure 2). Using these transgenic 
animals, the lineage commitment of HSPCs is easily visualized without any staining. Examples of the most 
common transgenic strains suitable for detection of individual colony types are listed in Table 1. Likewise, this 
protocol also enables the study of HSPCs from mutant fish with various hematopoietic defects. Numbers of 
mutant phenotypes have been described so far35 (vlad tepes, cloche, moonshine, e.g.), many of which have yet 
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to be mapped to defects in HSPC lineage decisions. Utilization of these functional HSPC assays will likely lead to 
functional characterization of genes altered in prior (and future) mutant screens. 

 
Figure 2 | Representative micrograph of gata1:dsRed; cd41:gfp double transgenic zebrafish larvae at 10 days post fertilization (dpf). 

 

TABLE 1 | Colony generation depends on zebrafish cytokines present in media. 

Cytokines added Colony type detected 
Suitable zebrafish strain for colony 

detection 
Note 

Epo CFU-E, BFU-E Tg(b-globin:GFP)36, Tg(gata1:dsRed)32  

Gcsfa/b CFU-G, CFU-M 
Tg(mpx:GFP)34, Tg(lyz:dsRed)37; 
Tg(mpeg1:gfp)38 

 

Tpo CFU-T Tg(cd41:GFP)33  

Epo, Gcsfa/b CFU-GEM Tg(gata1:dsRed, mpx:GFP)16  

Epo, Scfa CFU-E, BFU-E Tg(b-globin:GFP)36, Tg(gata1:dsRed)32 
Addition of Scfa increases proliferation 
capacity of erythroid colonies. 

Epo, Tpo CFU-E, BFU-E, CFU-T, CFU-TE Tg(gata1:dsRed; cd41:GFP)17  

Epo, Gcsfa/b, Tpo 
CFU-E, BFU-E, CFU-G, CFU-M, 
CFU-T, CFU-TE, CFU-GEM, 
CFU-GEMT 

Tg(lyz:dsRed; cd41:GFP)17 
Erythroid colonies can be detected 
based on hemoglobinization. 

CFU-E (colony forming unit erythroid); BFU-E (burst forming unit erythroid); CFU-G (colony forming unit granulocyte); CFU-M (colony 
forming unit macrophage); CFU-TE (colony forming unit thrombocyte, erythroid); CFU-GEM (colony forming unit granulocyte, erythroid, 
macrophage); CFU-GEMT (colony forming unit granulocyte, erythroid, macrophage, thrombocyte). 

 

Cytokines control cell proliferation and differentiation, and the choice of particular factors depends on the 
experimental goals. Erythro-myeloid maturation can be studied with zebrafish Epo and Gcsfa/b15,16,23, and the 
combination of Epo and Tpo is essential for investigating zebrafish thrombopoiesis17. Individual combinations of 
cytokines that yield particular types of colonies are listed in Table 1. Negative controls, such as PBS or control 
baculovirus supernatant, should be included within the individual treatments. It is also essential to perform 
these experiments in replicates. 

Choice of culture plates for plating progenitors is another factor that depends on the experimental aims. 
Generally, it is recommended to use non-tissue culture treated dishes that are utilized for suspension cell culture, 
which prevents adhesive interactions between the cells and the plate.  In this way, the cultures are more likely 
to grow colonies versus adherent monolayer cultures. The size of the culture plates is variable; generally multi-
well plates work well because they enable the plating of cells in different cytokine conditions in replicates. 
However, if high quantities of certain colony types are required, 3-6 cm culture dishes also work well. The 
recommended volume of methylcellulose media and seeding density varies depending on the size of the plate, 
but are listed in Table 2. 
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TABLE 2 | Recommended methylcellulose volume and seeding density for selected multi-well plates. 

  Number of seeded cells/well 

Type of plate 
Methylcellulose 
volume/well 

Fractionated 
WKM cells 

Sorted cd41medium HSPCs 
from lymphoid and 
progenitor scatter fraction 

6-well plate 3 ml 40,000 4,000 

12-well plate 1.6 ml 20,000 2,000 

24-well plate 0.9 ml 10,000 1,000 

 

Input cell strategy is one of the most variable factors, and should be considered carefully depending on the 
experimental design. Cells can be plated directly after their dissociation from tissues (termed “unfractionated 
cells”), but Ficoll-Hypaque/Biocoll (density 1.077 g/ml) centrifugation can also be utilized to remove unwanted 
mature erythrocytes and dead cells. These cells are referred to as “fractionated cells”. Between 1-3 fish should 
provide you enough cells for seeding one multi-well plate (see ANTICIPATED RESULTS). Another method is to 
sort cells with fluorescence activated cell sorting (FACS). With FACS, several distinct scatter populations termed 
“erythroid”, “lymphoid”, “precursor”, and “myeloid” are resolved by light scatter characteristics32 (Figure 3a). 
While the sorting strategy depends on your interests, it will influence the composition and number of different 
HSPCs isolated. For example, we were able to characterize cd41medium cells from the combined “lymphoid” and 
“precursor” fraction (Figure 3b) that were significantly enriched in bi-potent thrombocytic-erythroid progenitors 
(TEPs)17.  
 

 

Figure 3 | Representative illustration of the gating for the isolation of distinct fractions of kidney marrow cells, such as (a) “erythroid” (E), 
“lymphoid” (L), “precursor” (P) and “myeloid” (M) population. (b) Schematic illustration of gating for isolation of cd41:GFPmedium cells from 
the combined lymphoid and progenitor (L+P) scatter fractions of adult WKM. Figure is modified from17. "This research was originally 
published in Blood. O. Svoboda, D. L. Stachura, O. Machonova, P. Pajer, J. Brynda, L. I. Zon, D. Traver, and P. Bartunek. Dissection of 
vertebrate hematopoiesis using zebrafish thrombopoietin. Blood. 2014;Vol:124,pp. 220-8. © the American Society of Hematology."  
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MATERIALS
REAGENTS 

Animals 

 Carp (Cyprinus carpio), size between 2-3 kg. ∆ 

CRITICAL If you use smaller carp, blood yield will 

be smaller. If you use older carp, the blood yield is 

higher, but it is more difficult to reach the heart 

for blood collection. ! CAUTION All animal 

procedures must be carried out in accordance 

with the guidelines outlined by local and national 

committees for animal experiments. ! CAUTION 

Euthanasia via cranial concussion should be 

conducted by a person experienced in the proper 

application of this technique.  

 Wt or transgenic zebrafish, 3–9 months of age.  ! 

CAUTION All animal procedures must be carried 

out in accordance with guidelines outlined by the 

local and national committees for animal 

experiments.  

 Zebrafish embryos, 24 hpf and older. 

Cells and media 

 BL21-CodonPlus (DE3)-RIL competent cells 

(Stratagene) 

 LB broth, Miller (Sigma-Aldrich) 

 sf21 insect cells (Gibco, cat. no. 11497-013) 

 Sf-900™ II SFM insect medium (Gibco, cat. no. 

10902-096) 

 Top10 competent cells (Invitrogen)  

Chemical stocks/reagents 

 BCA protein assay (Thermo Scientific, cat. no 

23221) 

 Ethanol (70% in dH20) ! CAUTION Flammable 

liquid and vapor. Handle with care. 

 Ethanol ! CAUTION Flammable liquid and vapor. 

Handle with care. 

 Biocoll separating solution (Millipore, cat. no. 

L6115) 

 Guanidine hydrochloride 

 HCl. ! CAUTION Harmful, avoid inhalation, 

ingestion or and contact with skin. 

 HEPES, 20 mM 

 Imidazole 

 IPTG 

 Agarose 

 Glycerol 

 Phenol 

 Chloroform 

 Giemsa stain (Sigma-Aldrich) 

 NaCl 

 NaH2PO4 

 NaHCO3, 5.6% 

 NaOH 

 Ni-NTA agarose (Qiagen, cat. no. 30410) 

 PBS, 1x 

 HBSS with Ca2+, Mg2+ 

 SYTOXRed (Molecular Probes, cat. no. S34859) 

 Tris 

 Urea 

Media components 

 2-mercaptoethanol (Sigma-Aldrich, cat. no. 

M6250). ! CAUTION b-Mercaptoethanol is toxic; 

avoid inhalation, ingestion, or contact with skin.  

 BSA, 10% (StemCell Technologies, cat. no. 09300) 

∆ CRITICAL It is crucial to use high-quality BSA 

that was optimized for growth of human 

hematopoietic progenitor cells. 

 Carp serum (See Box 1) 

 DMEM (1x) with high glucose from powder 

(Gibco, cat. no. 12800) 

 DMEM (2x) with high glucose from powder 

(Gibco, cat. no. 12800) 

 FBS (Gibco, 10270) 

 FBS, ES-cell qualified (Biosera, cat. no. FB-

1001S/500) ∆ CRITICAL It is crucial to use ES cell 

qualified FBS, since HSPCs are highly sensitive. 

 FE-SIH iron supplement  (Sigma-Aldrich, cat. no.  

I3153) 

 H2O 

 L-glutamine, 0.2 M (Gibco) 

 Methylcellulose powder (Sigma-Aldrich, cat. no. 

M0387) 
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 Penicillin/streptomycin  

Molecular biology 

 Baculogold Bright DNA (BD Biosciences, cat. no. 

552846) 

 Ice 

 pAcGP-67 A, B, C baculovirus transfer vector set 

(BD Biosciences, cat. no. 554759) 

 Liberase TM (Roche, cat. no. 05401119001) 

 QIAexpress Type IV Kit (Qiagen, cat. no. 32149) 

 PureLink RNA Micro Kit (Invitrogen, cat. no 

12183016) 

 Primers (See Table 4) 

 LightCycler DNA Master SYBR Green I (Roche, cat. 

no. 12015099001) 

 SuperScript VILO cDNA Synthesis Kit (Invitrogen, 

cat. no. 11754-050) 

 

EQUIPMENT 

 12-well plates 

 24-well plates 

 Absorbent paper towels 

 Amicon Ultra-15 Centrifugal Filter Unit (Millipore, 

cat. no. UFC901024) 

 Bacteriological incubator shaker, 37°C 

 Biological cell culture hood with laminar flow and 

UV light 

 Burner 

 Cell culture centrifuge (Beckman Coulter) 

 Cell culture incubator shaker, 28°C, humidified  

 Cell culture incubator, 32°C, 0-5% CO2, humidified 

 CASY cell counter (Roche) 

 Dialysis membrane 

 Dialysis clips 

 Amicon ultraspin tubes 

 Dissecting microscope (Olympus) 

 Erlenmeyer flask, 1 l 

 FACS tubes with filter tops 

 Falcon conical tubes, 15 ml and 50 ml 

 Filter units with low protein absorption cellulose 

acetate or polyethersulfone memrane, 0.22 um, 

0.44 um and 5 um (Corning) 

 Fluoresence-activated cell sorter. We use an 

Influx cytometer (BD Biosciences) 

 Glass beaker, 50 ml 

 Glass slides and coverslips 

 Hemocytometer 

 Inverted microscope 

 Laboratory balance 

 Needles, 20 gauge x 40 mm (B. Braun, cat no. 465 

7519) 

 Ni-NTA columns 

 Nutator 

 Nylon mesh filter, 70 um 

 Polystyrene round-bottom tube with cell-strainer 

cap, 5ml (Corning, cat. no. 352235) 

 Pasteur pipettes 

 Pestle 

 Pipetboy (Integra, cat. no. 155 000) 

 PIPETMAN Tips for 1.000 ul, 200 ul, 30 ul (Gilson)  

 PIPETMAN Filter Tips for 1.000 ul, 200 ul, 20 ul 

and 10 ul (Gilson, cat. no. F81004, F81003 and 

F81002, F81001) 

 Repetman (Gilson) 

 Repet-tips, 12.5 ml (Gilson, cat no F164560) 

 Serological pipettes for 2 ml, 10 ml, 25 ml 

 Stainless steel microscissors 

 Stainless stell fine forceps, Dumont positive 

tweezers, style 55 (Electron Microscopy Sciences, 

cat. no. 72707-01) 

 Standard microcentrifuge for 1.5-ml 

microcentrifuge tubes 

 Sterile eppendorf tubes, 1.5 ml 

 Sterile eppendorf tubes, 2 ml 

 Syringes, 12 ml 

 

REAGENTS SETUP 

Washing medium To 435 ml DMEM, add 50 ml FBS, 10 ml 

0.2 M L-glutamine and 5 ml 100× penicillin/streptomycin. 

Store at 4 °C for up to 3 months. 

CFU-E medium (See Table 3) After mixing the reagents, 

saturate the medium by CO2. For this, swirl the medium 

and introduce the CO2 by gently foaming the gas above the 

liquid level. Sterilize the solution using 0.2 um filter. 
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Complete methylcellulose medium (See Table 3) 

Methylcellulose Stock, 2% Weigh out of 10g of 

methylcellulose and let it sterilize under UV light for 30 

min. Transfer methylcellulose powder into 1 liter 

Erlenmeyer flask and add 225ml of sterile H20. Mix the 

solution and bring it a boil. Swirl the flask vigorously then 

cool below 50C, and add 225ml of 2x DMEM. Adjust the 

weight of the mixture to 503g with sterile water. Stir the 

stock overnight at 4C to allow to thicken before aliquoting 

and storing at -20C. 

Purification buffers: denaturing conditions (See Table 3) 

After mixing the reagents, adjust the pH of buffer A, B, C 

and E. ∆ CRITICAL The pH is unstable and should be re-

adjusted prior to use.  ∆ CRITICAL 2-mercaptoethanol 

should be added prior to use. 

Purification buffers: native conditions (See Table 3)  

TABLE 3 | Reagent setup 

Solution  Components  
 

Volume  Final 
concentration  

Storage conditions 

CFU-E medium, 100 ml DMEM 69.3 ml  Store at 4°C for at least 3 
months H2O 7 ml  

FBS 10 ml 10% 
Carp serum 2 ml 2% 
10% BSA 5 ml 0.5% 
5.6% NaHCO3 3.6 ml 0.2% 
Fe-SIH, 1000x 0.1 ml  
1 M 2-mercaptoethanol 10 ul 100 uM 
Penicillin/streptomycin  1 ml  
0.2 M L-glutamine 2 ml 4 mM 

     
Complete methylcellulose 
medium, 100 ml 

Methylcellulose Stock 60 ml 1.2% Storable at 4°C for at least 
3 months H2O 16.3 ml  

FBS 10 ml 10% 
Carp serum 2 ml 2% 
10% BSA 5 ml 0.5% 
5.6% NaHCO3 3.6 ml 0.2% 
Fe-SIH, 1000x 0.1 ml  
1 M 2-mercaptoethanol 10 ul 100 uM 
Penicillin/streptomycin, 100x  1 ml  
0.2 M L-glutamine 2 ml 4 mM 

     
Denaturing purification buffer 
A (pH 8.0), 1 l 

Guanidine hydrochloride 573 g 6 M Store at RT for up to 6 
months, re-adjust pH 
prior to use 

NaH2PO4 15.6 g 100 mM 
Tris 1.21 g 10 mM 
* 2-mercaptoethanol, 14.3 M 0.7 ml 10 mM 

     
Denaturing purification buffer 
B (pH 8.0), C (pH 6.3), E (pH 
4.0), 1 l 

Urea 480 g 8 M Store at room 
temperature (RT) for up 
to 6 months, re-adjust pH 
prior to use 

NaH2PO4 15.6 g 100 mM 
Tris 1.21 g 10 mM 
* 2-mercaptoethanol*, 14.3 M 0.7 ml 10 mM 

     
Native wash buffer (pH 8.0), 1 l 3 M NaCl 100 ml 300 mM Store at RT for up to 6 

months, add imidazole 
prior to use 

1 M NaH2PO4 50 ml 50 mM 
1 M Imidazole 20 ml 20 mM 

     
Native elution buffer (pH 8.0), 
100 ml 

3 M NaCl 10 ml 300 mM Store at RT for up to 6 
months, add imidazole 
prior to use 

1 M NaH2PO4 5 ml 50 mM 
1 M Imidazole 25 ml 250 mM 

Notes: * 2-mercaptoethanol should be added prior to use, after adjusting the pH  
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PROCEDURE 

Obtaining zebrafish HSPCs ● TIMING 5-60 min 

1| To isolate zebrafish HSPCs from adults, follow option A. To isolate HSPCs from embryos, follow option B. ∆ 
CRITICAL STEP Isolation can be performed on a clean lab bench using sterile instruments and filter pipette 
tips. ! CAUTION All animal procedures must be carried out in accordance with ethical guidelines outlined by 
local and national committees for animal experiments. 

A. Dissection of zebrafish kidneys ● TIMING 5-10 min per fish 
i. Place fish in ice cold water until no signs of life are visible (2–3 min).  

ii. Briefly dip fish into 70% ethanol to sterilize the skin and place it on absorbent paper towels 
under a dissecting microscope (Fig. 4a). Remove any residual ethanol droplets using absorbent 
paper towels. 

iii. Use scissors to make an opening anteriorly from the anus along the ventral midline for the entire 
length of the abdomen (Fig. 4b-d and Supplementary video 1). ∆ CRITICAL STEP Take care not to 
damage the intestines, since this might cause contamination of samples. 

iv. Use forceps to remove the internal organs. Take care not to damage the kidney (black and silver 
tissue along the spine, Fig. 4e, f and Supplementary video 1).  

v. Collect head, body, and tail kidney (anterior to posterior) using sterile forceps, pull out the whole 
organ (4g-i and Supplementary video 1).  

vi. Transfer kidney into 2 ml Eppendorf tubes prefilled with 400 ul FBS. 
B. Dissociation of zebrafish embryos ● TIMING 35-70 min 

i. Collect as many embryos as possible and place them into ice-cold water until no signs of life are 
present (5-15 min). 

ii. Transfer embryos into 1.5 ml Eppendorf tubes. The use of at least 100 embryos is recommended. 
iii. Remove embryo medium. 
iv. Wash embryos 3x with PBS and 1x with washing medium. 
v. Homogenize embryos with pestle. ∆ CRITICAL STEP If you use embryos younger than 48 hpf, 

proceed directly to Step 2. If you use embryos older than 48 hpf, proceed with enzymatic 
digestion, Step 1B(vi). 

vi. Incubate embryos in HBSS containing Liberase TM enzymes at a final concentration of 50 ug/ml 
for 30 min at 37°C under high agitation. 
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Figure 4| Dissection of zebrafish kidney. (a) Position anesthetised fish under dissecting microscope. (b-d) Make an opening using scissors 
through the entire length of the abdomen. (e, f) Remove the internal organs- take care not to rupture intestines. (g-i) Collect the kidney 
marrow, from the anterior to posterior. Pictures (a-i) represent screenshots from the full dissection video – see Supplementary video 1.  
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Washes ● TIMING 20 min  

2| Disaggregate tissues by repeated trituration with the same 1000 ul Filter Tip. ∆ CRITICAL STEP Perform 
steps 2-11 in a tissue culture hood using sterile technique. 
3| Filter cells through 70 um nylon mesh into a 15 ml tube. 
4| Wash the filter by 10 ml of washing medium. 
5| Spin down cells for 4 min at 400g. ∆ CRITICAL STEP Perform all centrifugation steps at room temperature or 
or 20°C. 
6| Wash the pellet by 10 ml of washing medium and repeat Step 4 to pellet cells. Alternatively, use PBS in this 
step, if performing FACS. 

Preparation of individual hematopoietic populations ● TIMING 40-120 min  

7| Prepare population of unsorted fractionated WKM cells using Biocoll density centrifugation (option A) or 
proceed with FACS to sort individual cell populations (option B).  

A. Preparation of fractionated WKM cells ● TIMING 40 min 
i. Resuspend the pellet in 10 ml of washing medium in a 15ml conical Falcon tube. 

ii. Slowly layer 1.5 ml of Biocoll solution underneath the cells by placing the Pasteur pipette at the 
bottom of the sample. Alternatively, the sample may be slowly layered over the Biocoll solution. 

iii. Spin down cells for 9 min at 1100g. 
iv. Transfer the interface using Pasteur pipette into another 15 ml tube. ∆ CRITICAL STEP The 

interface may not appear if a low amount of starting material was used. If this is a case, collect 
the interface together with Biocoll solution, without touching the pellet.  
? TROUBLESHOOTING 

v. Fill the tube with washing medium. 
vi. Spin down cells for 4 min at 400g. 

vii. Discard the supernatant and resuspend the cell pellet in 100 ul ES-cell qualified FBS per fish or 
per 100 embryos. 

viii. Count cells using cell counter or hemocytometer.  
? TROUBLESHOOTING 

B. Cell sorting ● TIMING 30-120 min 
i. Wash the pellet by 10 ml of PBS. 

ii. Resuspend the cell pellet in 500ul PBS per fish or per 100 embryos. 
iii. Stain cells using dead cell probe such as SYTOXRed, which does not interfere with GFP or dsRed 

fluorescence. 
iv. Filter cells using polystyrene round-bottom tube with 35um cell-strainer cap. Analyze and sort 

cells by Influx cytometer or its equivalent. Collect cells into 2 ml Eppendorf tube prefilled with 
500ul ES-cell qualified FBS chilled to 4°C. ∆ CRITICAL STEP Pre-coat the tube with FBS. This will 
prevent sorted droplets drying out on the tube’s wall. 

v. Spin down cells for 4 min at 400g.  
vi. Discard the supernatant and resuspend the cell pellet in ES-cell qualified FBS to a final 

concentration of up to 1 x 106 cells per ml. Confirm the number of sorted cells using 
hemocytometer. 
? TROUBLESHOOTING 

Plating of hematopoietic cells ● TIMING 20-30 min per plate 

8| Mix cells with methylcellulose in 50 ml Falcon tubes to reach desired final cell density (see INTRODUCTION, 
Table 1). 
9| Tightly cap the tubes and gently vortex or nutate for 15 min ∆ CRITICAL STEP Take care to prevent 
introducing air bubbles. 
10| Pipette cytokines to the bottom of wells in multi-well plate. For all cytokines, start with a final 
concentration of 100 ng/ml for recombinant purified proteins and 50x dilution for baculovirus supernatants. ∆ 
CRITICAL STEP This approach significantly reduces number of individual Falcon tubes needed for the 
preparation of cell-methylcellulose solution when multiple combinations of cytokines are used. Cytokines 
loaded in small droplets can evaporate quickly; proceed quickly or dilute cytokines in PBS prior to pipetting. 
11| Aliquot cell-methylcellulose solution into plates using Repetman and 12.5 ml RepetTip (for recommended 
volumes, see INTRODUCTION, Table 1). ∆ CRITICAL STEP Be careful not to introduce any bubbles. ∆ CRITICAL 

13

Ex vivo tools for the clonal analysis of zebrafish hematopoiesis APPENDIX

A-95



STEP Certain cytokines are extremely active even at very low concentrations. Be aware of any potential 
cytokine cross contamination, when using single RepetTip. ∆ CRITICAL STEP If there are any empty wells in 
your plates, fill them with sterile water. This will help to preserve the humidity inside the plates. 

Growth and evaluation of hematopoietic colonies ● TIMING variable; days-weeks 

12| Maintain plates at 32°C in a humidified atmosphere of 5% CO2. 
13| Remove plates after 3-21 days for colony examination, imaging, and enumeration. When growing the 
colonies for extended periods of time (more than 14 days), overlay the cells every 7th day with 100ul of CFU-E 
medium containing particular growth factors. If you plan to isolate individual colonies for subsequent analysis, 
proceed to Step 14 (optional).  
? TROUBLESHOOTING 
14| Pluck colonies from methylcellulose using pipette and fine 30ul tip. Be careful to pick only individual 
colonies. If needed, colonies of similar morphology may be pooled together.  
? TROUBLESHOOTING 
15| For histology of colony forming cells, follow option A. For expression profiling of individual colonies, follow 
option B. To characterize colony proliferation capacity, follow option C. 

A. Histology of colony forming cells ● TIMING 60 min 
i. Place colonies into 1.5 ml Eppendorf tube prefilled with 200ul FBS, dissociate by repeated 

trituration.  
ii. Spin down cells for 30 sec at 16,000g. 

iii. Discard the supernatant and resuspend the cell pellet in 1-5ul FBS to obtain highly concentrated 
cell suspension. 

iv. Cytospin or smear cells and stain with Giemsa stain according to the manufacturer’s protocol. 
B. Expression profiling of individual colonies● TIMING 2-3 h 

i. Place colonies into 1.5 ml Eppendorf tube prefilled with 200ul FBS. 
ii. Spin down cells for 4 min at 400g and resuspend the pellet in PureLink lysis buffer. Extract and 

purify total RNA using PureLink RNA Micro Kit according to the manufacturer’s protocol. 
iii. Generate the first-strand cDNA using SuperScript VILO cDNA Synthesis Kit according to the 

manufacturer’s protocol. A 20ul reaction volume works well. 
iv. Perform PCR using LightCycler DNA Master SYBR Green I according to the manufacturer’s 

protocol. Use 1 ul of cDNA as a template. Primers are listed in Table 4. Use ef1a as housekeeping 
reference gene. Annealing temperature is 55°C.  

C. Characterization of colony proliferation capacity● TIMING 60 min 
i. Place colonies into 1.5 ml Eppendorf tube prefilled with 50ul PBS, dissociate by repeated 

trituration. ∆ CRITICAL STEP Certain erythroid colonies are resistant to mechanical dissociation, 
and their disruption requires enzymatic treatment. For this, incubate colonies in 50 ul HBSS 
containing Liberase TM enzyme at a final concentration of 100 ug/ml for 10 min at 37°C and 
dissociate again by repeated trituration. 

ii. Count the number of colony-forming cells with a cell counter or hemocytometer. ∆ CRITICAL 
STEP Avoid any washing steps during this protocol, since any washes might cause cell loss. ∆ 
CRITICAL STEP Sometimes, even after enzymatic digestions, some cells remain in clumps. If the 
clumps contain more than 8 cells, accurate counting will be hindered.  
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TABLE 4 | Primer sequences. 

Gene  Forward primer sequence (5´-3´) Reverse primer sequence (5´-3´)  Product size 
(bp) 

Note 

cd4139 CTGAAGGCAGTAACGTCAAC TCCTTCTTCTGACCACACAC 197 Thrombocytic, HSPC marker 
c-mpl39 CGCCAACCAAAGCCAGAGTTA ACTTTTCAACAGGTGCATCCCA 103 Thrombocytic, HSPC marker 
c-myb GAGCTGTTCCGAACTCCCAA TTAATCGTGCCGACCACTCC 161 HSPC marker 
ccr940 AACCTCACTCACTCCTCAAAC CAGACCACCAGAGTGTTACC 189 T-cell, eosinophilic marker 
csf1r41 ATGACCATACCCAACTTTCC- AGTTTGTTGGTCTGGATGTG 148 Macrophage marker 
csf3r40 TGAAGGATCTTCAACCACAC GGGAATTATAGGCCACAAAC 233 Granulocytic marker 
ef1a39 GAGAAGTTCGAGAAGGAAGC CGTAGTATTTGCTGGTCTCG 142 Housekeeping gene 
fli117 CCGAGGTCCTGCTCTCACAT GGGACTGGTCAGCGTGAGAT 87 Lymphoid, thrombocytic marker 
gata139 TGAATGTGTGAATTGTGGTG ATTGCGTCTCCATAGTGTTG 211 Erythroid marker 
gata242 CCTGCGGGCTCTACTACAAACT GTCTTGTCCTGCATGCACTTG 160 Endothelial, HSC, eosinophilic marker 
hbA43 CTGATACGGACAAGGCTGTTGT AGACGGTCAGCATTCTGGCGA 99 Marker of adult erythrocytes 
hbB43 ATGGTTGAGTGGACAGATGC TACACGATCAGACATCTGGATA 107 Marker of adult erythrocytes 
hbBe342 TTTCCGGCTGTTAGCGGACT TTGCCTTCTGAGGGCTGACA 127 Marker of primitive erythrocytes 
lyz CTGGTGGGAAGAATTTGTG CCGTCCATTTTCACAATCAG 100 Neutrophilic marker 
marco ACGACAGCTTCGATAATTTG AAAATACTGCTCTCGGTTCC 145 Macrophage marker 
mhc2dab40 CAGGCCTACTTGCATCAATTG CAGACCAGATGCTCCGATG 429 B-cell, macrophage, dendritic cell marker 
mpeg141 CCCACCAAGTGAAAGAGG GTGTTTGATTGTTTTCAATGG 150 Macrophage marker 
mpx39 TGATGTTTGGTTAGGAGGTG GAGCTGTTTTCTGTTTGGTG 161 Neutrophilic marker 
pax5 CTGATTACAAACGCCAAAAC CTAAATTATGCGCAGAAACG 177 B-cell marker 
pu.139 AGAGAGGGTAACCTGGACT AAGTCCACTGGATGAATGTG 204 Myeloid marker 
runx139 CGGTGAACGGTTAATATGAC CTTTTCATCACGGTTTATGC 139 HSPC marker 
tcra TCGTTTTCAATGTGCTGGTG GATGATCTGGAATGGGATGC 139 T-cell marker 

HSC (hematopoietic stem cell); HSPC (hematopoietic stem and progenitor cell)   
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BOX 1 | PREPARATION OF CARP SERUM ● TIMING 1.5 DAYS 
Carp serum is an ideal substitution for zebrafish serum when added at a final concentration of 2% together 
with 10% FBS. Here, we describe the protocol for its preparation. Blood collection is done by heart puncture. 
Other methods of blood collection exist, such as caudal vein or dorsal aorta puncture (not described). Typical 
yields of blood are approximately 6 ml per kg, which yields approximately 2-4 ml of serum. 

Blood collection ● TIMING 15 min per carp 

1| Euthanize carp (medium size, 2-3 kg) with a sharp blow to the cranium above eyes using blunt wooden or 
rubber stick or hammer. ! CAUTION Cranial concussion should be conducted by a person experienced in the 
proper application of the technique. ! CAUTION Blood collection (Steps 1-4) should be performed by two 
people. The second person helps to stabilize the fish and increases blood flow by abdominal and lateral 
compression massage. 
2| Position animal on back in an ice groove.  
3| Insert needle (20 gauge x 40 mm) connected to 12 ml syringe 2-3 cm deep inside perpendicularly to the 
ventral surface in the midline between pectoral fins. Needle and syringe should be held 10-20 degrees off 
horizontal with the tip pointing to the head. Apply negative pressure. If no blood appears, slowly withdraw the 
needle so that it remains just under the skin and redirect in a slightly different direction. Wait until the syringe 
is entirely filled. ∆ CRITICAL STEP If blood stops flowing, it is still possible to improve yields by pressurizing the 
heart. This is done by bending the tail and by massaging the abdomen in anterior direction. ∆ CRITICAL STEP If 
the syringe is full, replace it gently while the needle is still inside the animal. 
4| Perform secondary method of euthanasia to ensure that animal is deceased by decapitation. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Blood collection from euthanized carp. Needle should be positioned perpendicularly to the ventral surface and in the midline between 
pectoral fins. 

Serum preparation ● TIMING 1 day 

5| Coagulate blood 4-6 h at room temperature (RT) followed by incubation at 4°C overnight. ∆ CRITICAL STEP 
Manipulate blood gently with syringes, preventing any excessive manipulation that can cause hemolysis. 
6| Gently open the syringe and carefully filter supernatant through 70 um nylon mesh. ∆ CRITICAL STEP 
Supernatant should be slightly yellow and clear. If hemolysis occurs, supernatant is red to dark red. Do not 
pool non-hemolytic and hemolytic sera. Be careful not to contaminate clear supernatant with blood clots 
during its filtration. ∆ CRITICAL STEP Perform steps 2-11 in a tissue culture hood using sterile technique. 
7| Spin the supernatant for 10 min at 300 g and filter with 0.22 um filter. ∆ CRITICAL STEP If supernatant 
contains hemolytic cells, filtration could take a long time. Proceed through several subsequent filtration steps, 
starting with 5 um, 0.44 um, and 0.22 um filter. ∆ CRITICAL STEP Be aware of any contamination. Test serum 
prior to use for any signs of microbial infection by its cultivation at 37°C. 
8| Directly use the serum or aliquot it and freeze in liquid N2, store at -20°C.  

16

Ex vivo tools for the clonal analysis of zebrafish hematopoiesis APPENDIX

A-98



BOX 2 | GENERATION OF CYTOKINES ● TIMING WEEKS-MONTHS 
Cytokine production includes sequence design, protein expression, and protein purification. For recombinant 
expression, remove the leader sequence and transmembrane domain from the gene’s coding sequence (CDS), 
and tag the construct with an N-terminal hexahistidine sequence to allow affinity chromatography purification. 
For protein expression, first try expression in E. coli, which offers the best protein yield. As an alternative, the 
baculovirus expression system can be utilized. Protein expression levels and purification yields often vary and 
depend on multiple factors, such as protein toxicity for host cells, the protein’s size, and its physiochemical 
properties. Recombinant cytokines (Epo, Gcsfa/b, Tpo), E. coli and baculovirus expression plasmids are made 
available through Addgene (ID 64309, 65611, 65612, 65613). 
 
1| Design or select cytokine coding sequence and amplify region of interest or order particular cDNA clone. 
Introduce N-terminal hexahistidine sequence by cloning cytokine CDS into pQE-30/31/32 vector (included in 
QIAexpress Type IV Kit). Determine expression system to be used. For protein expression in E. coli, follow 
option A. For protein expression in baculovirus system, follow option B. CRITICAL STEP Be aware not to 
introduce a frame shift in cytokine open reading frame during ligation; choose proper pQE vector. 

A. E. coli expression ● TIMING 1 week 
i. Express the protein of interest using QIAexpress Type IV Kit according to the manufacturer’s 

protocol. 
ii. Lyse the pellet using denaturing purification buffer A. 

iii. Purify the protein under denaturing condition using Ni-NTA agarose and according to the 
manufacturer’s protocol. 

iv. Dialyze eluted protein against PBS at RT and O/N. If the protein precipitates during dialysis, spin 
the supernatant for 10 min at 10,000g and 4°C. Resuspend the pellet in denaturing purification 
buffer B. Dialyze against HEPES at RT and O/N. Spin the supernatant for 10 min at 10,000g and 
4°C to remove any residual precipitate. 

v. Determine protein concentration using BCA protein assay. Analyze purity using polyacrylamide 
electrophoresis. 

B. Baculovirus expression ● TIMING 3-4 weeks 
i. Clone cytokine CDS including N-terminal histidine tag from pQE vector into the pAcGP-67A 

baculovirus transfer vector using EcoRI restriction site on 5’ end. This generates a fusion with 
glycoprotein-67 that mediates the forced secretion of the recombinant protein. The signal 
peptide is cleaved during transport and the recombinant protein can be purified from the 
supernatant. ∆ CRITICAL STEP Be aware not to introduce a frame shift in cytokine open reading 
frame during ligation. 

ii. Co-infect sf21 insect cells with baculovirus transfer vector and Baculogold DNA. Propagate virus-
infected cells and express protein. Proceed according to the manufacturer’s (sf21 and 
Baculogold DNA) protocol.  

iii. Collect the supernatant from infected cells. This supernatant contains expressed protein as well 
as viral particles. Spin the supernatant for 10 min at 300 g and filter with 0.22 um filter. 

iv. Dialyze the supernatant against PBS at RT and 4°C. Add imidazole to a final concentration of 20 
mM. Purify the protein under native condition using Ni-NTA agarose and according to the 
manufacturer’s protocol. Elute the protein using elution buffer. 

v. Dialyze eluted protein against PBS (this removes imidazole that is presented in elution buffer) 
and concentrate the protein using Amicon Ultra-15 Centrifugal Filter Units according to the 
manufacturer´s protocol. Select proper Ultracel regenerated cellulose membrane according to 
the protein size. Generally, we use Ultracel-10 membrane with 10 KDa cut-off. 

vi. Determine protein concentration using BCA protein assay. Analyze purity using polyacrylamide 
electrophoresis. 
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● TIMING 
Step 1, obtaining zebrafish hematopoietic progenitors: 5-60 min 

Step 1A, dissection of zebrafish kidneys: 5-10 min per fish 

Step 1B, dissociation of zebrafish embryos: 35-70 min 

Steps 2-6, washes: 20 min  

Step 7, preparation of individual hematopoietic population: 40-120 min  

Step 7A, preparation of fractionated WKM cells: 40 min 

Step 7B, cell sorting: 30-120 min 

Steps 8-11, plating hematopoietic cells: 20-30 min per plate 

Steps 12-15, growth and evaluation of hematopoietic colonies: variable; days-weeks 

Step 15A, histology of colony forming cells: 60 min 

Step 15B, expression profiling of individual colonies: 2-3 h 

Step 15C, characterization of colony proliferation capacity: 60 min 

Box 1, preparation of carp serum: 1.5 days 

Box 2, generation of cytokines: weeks-months 

 
? TROUBLESHOOTING 
Troubleshooting advice can be found in Table 5. 

TABLE 5 | Troubleshooting table. 

Step Problem  Possible reason  Solution  

7A(iv) No visible cells in the interface Low amount of starting material Collect the interface together with Biocoll solution 

7A(viii) Low yield of isolated cells Low amount of starting material Increase number of animals, use older or larger animals  

  
Insufficient dissociation of kidney 
marrow 

Dissociate the marrow more extensively, split kidney marrow 
from multiple animals into several tubes 

7B(vi) Low number of sorted cells Rare population of gated cells Change gating strategy 

  
Cells do not enter the sorting 
tube 

Recalibrate the FACS instrument  

  
Cells stick to the wall of a sorting 
tube, dying during the sorting 
process 

Coat the wall of collection tubes with media, re-coat during the 
sort if needed 

  
Cells die during the sorting 
process 

Make sure to keep the cells chilled during the sorting process 

13 No or low colony growth Low number of seeded cells Increase number of seeded cells 

  Ineffective cytokine stimulation 
Increase effective concentration of cytokine tested or test 
cooperation between several cytokines 

 
Colonies are present even in a 
negative control 

Colony density is too high 
Plate fewer cells; when over-plated, cells often generate micro-
environments that help them survive and proliferate even 
without the presence of exogenous supporting factors 

  
Yeast or bacterial contamination 
producing microbial colonies 

Follow sterile techniques, especially during kidney dissection; 
use sterile forceps when removing kidney marrow; test for the 
presence of microbial organisms in a culture media, especially 
in carp serum 

 
Large chunks present in 
methylcellulose 

Methylcellulose stock contains 
insoluble pieces of methocel 

Swirl methylcellulose vigorously after bringing to boil during its 
preparation. Note: it is common for methylcellulose to contain 
a small amount of insoluble clumps 

 
Cells are concentrated on 
single area within the well 

Inefficient mixing of cell-
methylcellulose mixture 

Mix the cell-methylcellulose mixture more thoroughly 

14 
Inability to isolate single 
colonies 

Colony density is too high Plate fewer cells 
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ANTICIPATED RESULTS 
This protocol allows the isolation of zebrafish HSPCs from the kidney marrow or embryos and their subsequent 
growth and differentiation into distinct blood lineages. A typical cell yield from kidney marrow is demonstrated 
in Fig. 5. Unfractionated cell fractions predominantly consist of mature erythrocytes, while the fractionated 
population consists mainly of HSPCs and myeloid cells. Cell yields and composition are influenced by the fish’s 
age and size. An average number of isolatable, unfractionated WKM cells is approximately 4-5x106 per fish, while 
the number of fractionated WKM cells will only be 0.5-1x106 cells per fish (Fig. 5a). The number of sorted cells 
depends on the desired gating strategy. As an example, cd41:GFP reporter fish have, on average, 21x103 cd41low, 
18x103 cd41medium, and 4x103 cd41high isolatable cells (Fig. 5b). Similarly, the number and composition of 
isolatable embryonic cells varies according to the developmental stage and gating strategy. 

Zebrafish hematopoietic colonies appear after only a few days in culture and can be grown for up to 1-2 months, 
when additionally supplemented with CFU-E medium and growth factors at regular intervals, preventing the 
wells from drying out and providing cells with additional cytokines and nutrients. Erythroid (BFU-E, CFU-E, Fig. 
6a), thrombocytic (CFU-T, Fig. 6a) and myeloid (CFU-M/G, Fig. 6b) colonies first appear at day 2-3. CFU-M/G 
colonies should be enumerated at his time; later these colonies become too dense, reach the bottom of the 
plate, and spread/dissociate. The BFU-E and CFU-E colonies can be distinguished and enumerated from each 
other according to their size starting at day 4. At day 5, hemoglobinization occurs within erythroid colonies, 
which makes them a dark reddish color that allows easy visualization with bright field microscopy. Mixed 
erythro-thrombocytic colonies (CFU-TE, Fig. 6a) can be recognized at day 4, and multipotent CFU-GEM/GEMT 
(Fig. 6b) colonies can be identified after day 6.  

The composition and number of particular colonies depends on the particular population of cells plated and on 
the zebrafish cytokines present in media, as shown in Table 1. The most abundant types of HSPCs in fractionated 
WKM are erythroid and myeloid progenitors (Fig. 7). For example, the cd41medium population yields myeloid 
progenitors and a higher number of erythroid progenitors. It also contains a significant enrichment of 
thrombocytic and bipotent thrombocytic-erythroid progenitors (TEPs), as well as other HSPCs, such as 
granulocyte-macrophage-thrombocyte (GMTs) and granulocyte-erythroid-macrophage-thrombocyte (GEMTs) 
progenitors (Fig. 7). All colonies described above can be easily identified using single and double-transgenic 
reporter fish as described in Table 1.  

 

Figure 5| Numbers of HSPCs in zebrafish WKM. (a) Total number of unfractionated and fractionated WKM cells per fish. (b) Total number 
of cd41low, cd41medium and cd41high cells, isolated from the lymphoid and progenitor scatter fractions. Figure reproduced from17. "This 
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research was originally published in Blood. O. Svoboda, D. L. Stachura, O. Machonova, P. Pajer, J. Brynda, L. I. Zon, D. Traver, and P. 
Bartunek. Dissection of vertebrate hematopoiesis using zebrafish thrombopoietin. Blood. 2014;Vol:124,pp. 220-8. © the American Society 
of Hematology." 

 

Figure 6| Representative images of particular colonies grown in methylcellulose. Progenitor cells isolated from fractionated WKM of adult 
(a) Tg(cd41:GFP, gata1:dsRed) and (b) Tg(cd41:GFP, gata1:dsRed) fish were grown for 4 days in the presence of zebrafish cytokines. (a) 
Epo stimulates growth and differentiation of small CFU-E (*) and large BFU-E (**) colonies that are hemoglobinized and express 
gata1:dsRed (left).Tpo stimulates growth and differentiation of relatively small CFU-T colonies that express high levels of cd41:GFP and 
low levels of gata1:dsRed (middle). Combinatorial addition of Epo and Tpo stimulates mixed CFU-TE colonies, consisting of clusters of 
erythrocytes and thrombocytes that express high levels of both cd41:GFP and gata1:dsRed (right). (b) Gcsf stimulates growth and 
differentiation of myeloid CFU-G/M colonies that express lyz:dsRed (left), whereas combination of Epo and Gcsf encourage differentiation 
of hemoglobinized lyz:dsRed CFU-GEM colonies (middle). Combinatorial addition of Epo, Tpo, and Gcsf expand hemoglobinized CFU-GEMT 
colonies that express both cd41:GFP and lyz:dsRed (right). All photomicrographs were taken at original magnification x200. Scale bar (top 
left) represents 100 um. Figure is modified from17. "This research was originally published in Blood. O. Svoboda, D. L. Stachura, O. 
Machonova, P. Pajer, J. Brynda, L. I. Zon, D. Traver, and P. Bartunek. Dissection of vertebrate hematopoiesis using zebrafish 
thrombopoietin. Blood. 2014;Vol:124,pp. 220-8. © the American Society of Hematology." 
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Figure 7| Enumeration of colonies from fractionated WKM cells and cd41medium cells. Colonies were generated by culturing cells in 
methylcellulose with Epo, Tpo, Gcsf or with a combination of Epo and Tpo or Epo, Tpo and Gcsf. Overall cell differentiation potential is 
represented by number of colony forming cells (CFUs) per 100,000 cells plated. Figure is modified from17. "This research was originally 
published in Blood. O. Svoboda, D. L. Stachura, O. Machonova, P. Pajer, J. Brynda, L. I. Zon, D. Traver, and P. Bartunek. Dissection of 
vertebrate hematopoiesis using zebrafish thrombopoietin. Blood. 2014;Vol:124,pp. 220-8. © the American Society of Hematology." 
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