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Abstract 

 

Hematopoietic stem cells (HSCs) sustain blood production through life and are of pivotal 

importance in regenerative medicine. Although HSC generation from pluripotent stem cells 

would resolve their shortage for clinical applications, this has not yet been achieved mainly 

due to the poor mechanistic understanding of their programing. Bone marrow HSCs are first 

created during embryogenesis in the dorsal aorta (DA) of the mid-gestation conceptus, from 

where they migrate to the fetal liver and, eventually, the bone marrow. It is currently accepted 

that HSCs emerge from specialised endothelium, the hemogenic endothelium, localised in the 

ventral wall of the DA through an evolutionarily conserved process called the endothelial to 

hematopoietic transition (EHT). However, EHT represents one of the last steps in HSC 

creation and an understanding of earlier events in the specification of their progenitors is 

required if we are to create them from naïve pluripotent cells. Due to their ready availability 

and external development, studies on zebrafish and Xenopus embryos have enormously 

facilitated our understanding of the early developmental processes leading to the 

programming of HSCs from nascent lateral plate mesoderm to hemogenic endothelium in the 

DA. The amenity of the Xenopus model to lineage tracing experiments has also contributed to 

the establishment of the distinct origins of embryonic (yolk sac) and adult (HSC) 

hematopoiesis, whilst the transparency of the zebrafish has allowed in vivo imaging of 

developing blood cells, particularly during and after the emergence of HSCs in the DA. Here, 

we discuss the key contributions of these model organisms to our understanding of 

developmental hematopoiesis. 

Key words: Hematopoietic stem cell, Hemangioblast, Hemogenic endothelium, 

Development, Xenopus, Zebrafish. 
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Introduction 

 

HSCs residing in the bone marrow are the foundation of adult hematopoiesis and, through 

balanced self-renewal and differentiation, give rise to all mature blood cells through life. The 

bone marrow though, is seeded by HSCs generated during embryogenesis. How HSCs are 

first created in the embryo is a subject of intense research due to its potential translational 

applications such as the de novo generation of personalised HSCs for transplantation and 

other clinical purposes. The study of HSC ontogeny in mammalian embryos is made more 

difficult by their internal development. Critically, developmental hematopoiesis is an 

evolutionarily conserved process (Figure 1) and the same developmental principles apply to 

externally developing embryos, such as those of teleost fish and amphibians, allowing them 

to be used as models for hematopoiesis. 

 

In the past few decades, the use of a variety of model organisms has resulted in numerous 

seminal discoveries and great progress in the field of developmental hematopoiesis. It has 

now been established that during embryogenesis blood cells are created in at least three 

waves[1] (Figure 1). The first and most familiar wave of embryonic hematopoiesis takes 

place in the yolk sac blood islands and equivalent tissues in externally developing embryos 

(Figure1, blue and green bars) and gives rise to a transient population of erythrocytes and 

primitive myeloid cells. The second wave, also deriving from the yolk sac but now derived 

from hemogenic endothelium embedded in the wall of functional blood vessels, gives rise to 

multipotent progenitor cells which migrate to the fetal liver (or its equivalent in the zebrafish, 

the CHT) and differentiate into erythro-myeloid and lymphoid lineages (Figure 1, pink bars). 

These two early waves do not generate bona fide HSCs capable of reconstitution of irradiated 
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adult recipients. The third wave of blood creation (Figure 1, dark blue bars), initiates intra-

embryonically from hemogenic endothelium localised in the ventral wall of the DA and 

creates bona fide HSCs responsible for hematopoiesis in the late fetus and the adult bone 

marrow. During the course of these studies, new concepts, lineage relationships, tissue 

interactions and molecular players, as well as controversies, have emerged. In this review we 

briefly summarise some of these issues with an emphasis on the contributions of the zebrafish 

and Xenopus models. 

 

Embryonic hematopoiesis and the ontogeny of hematopoietic stem cells 

 

In mammalian and avian embryos, the first blood cells differentiate extra-embryonically in 

the yolk sac. Therefore, the yolk sac was initially considered to be the source of all blood 

cells in the embryo and the adult, particularly after the demonstration that the main 

embryonic hematopoietic organ, the liver, has no capacity for the de novo generation of blood 

cells but rather it is seeded, via the circulation, from an external source[2, 3]. Before the bone 

marrow, the main site of hematopoiesis in the adult, is seeded, the fetal liver, thymus and 

spleen function as hematopoietic organs[4]. The thymus and spleen form relatively late in 

gestation and are involved in the production of highly differentiated blood cells. However, 

the lack of hematopoiesis in organ cultures of both rudiments, isolated early in ontogeny, 

demonstrated that blood cells are not generated there in situ [5, 6]. Furthermore, 

transplantation of thymus and spleen rudiments showed no donor derived hematopoiesis but 

rather that they are seeded from progenitors extrinsic to these organs [7, 8]. The liver 

develops earlier in ontogeny, nevertheless, both rudiment cultures and transplantation 

experiments showed that it is also seeded by extrinsic hematopoietic progenitors. When the 
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whole mouse hepatic primordium is taken before the 28-somite stage and transplanted into 

chick or quail embryos, no donor derived hematopoiesis is observed even though normal 

hepatocyte differentiation takes place; nevertheless, same stage hepatic rudiments cultured in 

vitro become hematopoietic when supplied with exogenous HSCs[9]. Thus, because the yolk 

sac was at that time the only pre-liver hematopoietic organ, it was assumed that all blood 

cells, including HSCs, ultimately originate from it. 

 

Evidence of the existence of an intra-embryonic source for hematopoietic cells was first 

provided by elegant inter-species quail-chick chimera experiments[10]. In these experiments, 

a quail embryo was engrafted onto a chick yolk sac (and vice versa) before the establishment 

of blood circulation between these compartments.  Using this system, it was demonstrated 

that yolk sac blood progenitors are not endowed with self-renewing potential and that their 

progeny are gradually replaced by cells originating from the embryo proper, demonstrating 

the existence of self-renewing blood progenitors/stem cells of intra-embryonic origin[10, 11]. 

 

Further evidence supporting a non-yolk sac origin for blood stem cells was provided by 

chimeric Xenopus embryos. Transplanting tissues between triploid and diploid embryos or 

between two Xenopus sub-species, established that blood progenitors derive from two regions 

of the embryo, the ventral blood island (VBI) and the dorsal lateral plate (DLP) mesoderm 

[12, 13]. Using this system, it was established that both VBI and DLP give rise to multipotent 

progenitors producing both erythrocytes and lymphocytes. Nevertheless, the VBI progeny 

were gradually replaced by the DLP progeny so that, after metamorphosis, virtually all blood 

cells were contributed by the DLP [12-14]. Importantly, it was also established that hepatic 

erythrocytes, leukocytes and B-cells in the liver, the main hematopoietic organ of Xenopus 
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larvae, derive from the DLP [15]. Taken together, these experiments showed that blood cells 

derive from two regions of the early embryo, one equivalent to the extra-embryonic yolk sac, 

the VBI, and the other corresponding to the intra-embryonic source suggested by the chick-

quail chimeras, the DLP. The VBI produces large amounts of embryonic erythrocytes and a 

short burst of T- and B-cells in pre-metamorphosis larvae until the DLP/HSC progeny reach 

maturity [13, 15, 16]. In its turn, DLP derived stem cells seed the liver where they generate 

erythrocytes which replace those derived from the VBI and they also produce post-

metamorphosis lymphocytes (Figure 1). 

 

More recently, the intra-embryonic origin of stem/progenitor cells has also been confirmed in 

mouse and human embryos [17-21]. In vitro cultured mouse para-aortic splanchnopleura (P-

Sp) explants taken before the onset of blood circulation are capable of producing multi-

lineage progeny, including B-cells [19]. Importantly, CD34+ cells isolated from human P-Sp 

produce T- and B-cell progeny when transplanted into NOD-SCID mice [18]. However, more 

significantly, cells with HSC properties are first detected in the aorta, gonads and 

mesonephros (AGM) region of the E10.5 mouse embryo: only cells from the AGM have the 

capability of long-term reconstitution (LTR) when transplanted into adult mouse recipients 

[17, 22]. Yolk sac cells do not exhibit LTR in adult recipients and a body of evidence 

indicates that they can only produce T- and B-cells [23-25]. Nonetheless, yolk sac, as well as 

P-Sp, derived T- and B-cells confirm the existence of the non-HSC derived lymphoid 

progenitors first discovered in Xenopus. Indeed, as in Xenopus, it has been suggested that 

yolk sac derived lymphopoiesis might be required before these lineages are generated by 

bona fide HSCs [23]. 
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Lineage tracing has shown that definitive HSCs, rather than arising in intra-aortic clusters, 

form in the region between the DA and the axial vein and from there migrate to the caudal 

hematopoietic tissue (CHT) [26, 27]. Live imaging in CD41-GFP transgenic embryos showed 

that as HSCs emerge, they begin expressing low levels of CD41 (CD41-GFPlow cells) and 

initiate their migration to the CHT [27]. The CHT also serves as an intermediate niche for 

HSC expansion and the differentiation of erythroid and myeloid cells [26, 28, 29], indicating 

that the CHT is the teleost equivalent of the mammalian fetal liver (Figure 1). Although the 

zebrafish fetal liver and bone marrow are not hematopoietic, equivalent organs have been 

described. HSCs expand in the CHT and migrate to seed the thymus and kidney marrow [27, 

30]. Furthermore, it has been shown that the kidney marrow contain cells capable of LTR of 

all blood lineages when engrafted into bloodless mutants or irradiated adult recipients [31, 

32]. More recently, it was demonstrated that only the CD41-GFPlow cells in the adult kidney 

marrow are capable of multilineage reconstitution [33]. Thus, the kidney marrow is the adult 

site of hematopoiesis in teleosts (Figure 1) and harbours bona fide CD41-GFPlow HSCs. 

 

Transplantation experiments in Xenopus embryos demonstrated that at least three waves of 

non-HSC derived lymphoid progenitors seed both the liver and the thymus [14, 16, 34], and 

showed the existence of non-HSC derived erythrocytes that persist up to metamorphosis [35]. 

These observations suggested the generation of several types of non-HSC derived progenitors 

which served the larvae at different times of development but the ontogenic relationships 

between these progenitors remain unknown. Studies in the mouse have also revealed that 

after the yolk sac produces the wave of transient primitive cells, erythro-myeloid progenitors 

(EMPs) are produced [36, 37]. These EMPs migrate to the embryo proper and seed the liver 

to produce fetal definitive erythrocytes and their yolk sac provenance has been demonstrated 
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in mouse models lacking a functional circulation or heartbeat, VE-Cadherin-null [38] and 

NCX1-null [39] embryos, respectively, where few EMPs are found in the embryo proper. A 

similar wave of EMPs is produced in the posterior blood island of the zebrafish and, 

similarly, these EMPs are established before HSC emergence [40]. Regarding T- and B-cells, 

analysis of NCX1-null mouse embryos has demonstrated that lymphocyte progenitors are 

independently produced in the yolk sac and that they are capable of differentiating into innate 

B-1 type cells upon transplantation [24]. Transplantation of GFP-transgenic yolk sac onto 

wild type yolk sac has also indicated that the capacity to produce CD19+ B-cells does exist in 

the yolk sac [41]. Importantly, a lympho-myeloid progenitor cell has recently been isolated 

from the yolk sac before the emergence of HSCs in the AGM [23]. Lin-

Kit+Rag1GFP+IL7Rα+ progenitors possessing GM, B and T cell, but not MkE potential, are 

first detected in the E9.5 yolk sac when they already exhibit a combined lymphoid GM but 

not MkE transcriptional priming [23]. Taken together, the yolk sac produces at least two 

types of non-HSC derived multipotent progenitor cells in addition to primitive erythrocytes. 

Although their contribution to fetal and adult hematopoiesis is unclear, new hematopoietic 

tissues such as the head vasculature [42] and hemogenic endocardium [43], have recently 

been discovered in the embryo proper, indicating that our knowledge of developmental 

hematopoiesis is far from complete. Nevertheless, it is currently believed that at least five 

waves of unrelated hematopoietic progenitors are independently produced during 

mouse/mammalian embryonic development and that only the AGM produces bona fide HSCs 

[44]. 

 

Although the yolk sac does not produce progenitor cells endowed with LTR potential when 

transplanted into adult irradiated mice, yolk sac derived progenitors appear to acquire this 
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potential when transplanted into the fetal or neonatal liver [24, 45, 46], suggesting that the 

yolk sac environment cannot provide an appropriate niche for HSC programing. This is 

supported by the fact that Xenopus VBI explants can produce HSC progeny when 

transplanted into the DLP environment and that DLP explants lose their HSC potential when 

transplanted into the VBI [47]. In addition, it has recently been shown that pre-HSCs are 

present within extra-embryonic arteries, not veins, and that these cells can be matured into 

HSCs by exposure to exogenous growth factors produced in the AGM niche but not in extra-

embryonic niches, such as interleukin 3 [48]. Controversially, it has been suggested that yolk 

sac blood progenitors migrate to the embryo proper to undergo further programming in the 

AGM environment to become HSCs [49]. However, this is unlikely since in chick-quail 

chimeras no contribution of the yolk sac to intra-embryonic blood was found [10]. Also, 

lineage labeling in Xenopus demonstrated distinct origins for the extra- and intra-embryonic 

lineages: even as early as the 32-cell stage these lineages do not share ancestry [50]. This 

argues that the niche plays an essential role in HSC programing and that the in vitro creation 

of HSCs requires an understanding of the intra-embryonic niche(s) rather than the yolk sac. 

 

Hemogenic endothelium and hematopoietic stem cell emergence 

 

The first blood progenitors endowed with LTR potential emerge in the AGM region of the 

E10.5 mouse embryo [17, 22, 51]. Further investigation revealed that the DA and other major 

arteries of the embryo were the source of the first HSCs [52, 53]. 

 

Hematopoietic cells have for a long time been associated with the embryonic DA. Clusters of 

hematopoietic cells attached to the ventral wall of the DA were first described over a century 
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ago and they have been found in all vertebrates studied to date. This indicates that their 

formation is a very well conserved process. Further research showed that human and chick 

intra-aortic clusters contain multipotent progenitor cells [20, 54, 55] suggesting that the first 

HSCs are contained within these intra-aortic clusters. Indeed, cells isolated from mouse intra-

aortic clusters have LTR potential [53]. Intriguingly, blood clusters are found associated with 

both the dorsal and ventral walls of the mouse DA. However, transplantations carried out 

with dissected dorsal or ventral halves of the DA confirmed that only ventrally associated 

clusters contain HSCs [21, 56]. 

 

The intimate association of the intra-aortic clusters with the endothelial lining of the DA 

raised the possibility that HSCs derive from endothelial cells. The endothelial origin of the 

blood intra-aortic clusters was first suggested at the beginning of the 20th century and the term 

‘hemogenic endothelium’ was coined to describe this progenitor cell [57-59]. Nevertheless, 

only recent lineage labelling and in vivo imaging experiments have provided direct evidence 

for the endothelial origin of HSCs. Labelling chick DA cells either via LDL uptake or viral 

transfection strongly suggested that intra-aortic clusters derive from endothelial cells [60, 61]. 

Additionally, human endothelial cells isolated from the embryonic DA are capable of 

differentiating into myeloid and lymphoid progeny when cultured in vitro [62]. Furthermore, 

labeling endothelial cells via conditional transgenesis techniques, demonstrated that mouse 

intra-aortic clusters and all hematopoietic cells in the adult bone marrow derive from 

endothelial precursors [63-65]. Concomitantly, it was shown that mesenchymal cells 

surrounding the DA do not give rise to blood cells [64], an important issue since the 

transgenic lines used to isolate cells from intra-aortic clusters also labeled cells within the 

mesenchyme [52, 53]. Most importantly, live imaging in zebrafish embryos and in vitro 
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cultured mouse AGM explants demonstrated that endothelial cells localised in the ventral 

wall of the DA undergo morphological and phenotypical changes as they acquire 

hematopoietic potential to eventually generate budding hematopoietic cells, a process termed 

the endothelial to hematopoietic transition (EHT)[30, 66-70].  

 

At the genetic level, a number of transcription factors (TFs) are required for HSC 

development, including members of the ETS and Gata family of TFs[71]. However, due to 

their multiple functions in hematopoiesis and other developmental processes, it has been 

difficult to establish whether they play a direct role in EHT giving rise to HSCs. 

Nevertheless, three TFs have been shown to be directly involved in EHT, Gata2, Scl and 

Runx1. Gata2 and Scl are recurrently used during blood development and play multiple 

context dependent roles and they are required for both embryonic and adult blood lineages 

[72-78] and their interaction with ETS TFs generate self-regulated genetic circuits controlling 

multiple aspects of hematopoiesis [79-82]. Gata2 is regarded as a regulator of scl expression 

while Scl is a key determinant of the hematopoietic fate by controlling hemangioblasts 

specification [72, 74, 81, 83]. In the mouse, Gata2 and Scl null embryos die before the 

emergence of HSCs, hampering the analysis of their function in EHT [77, 78]. Gata2 is one 

of the most studied blood TFs and multiple enhancers controlling its expression in different 

cells types, including non-hematopoietic and endothelial cells, have been identified. 

Importantly, a Gata2 cis-element (+9.5) critical for its expression in the mouse AGM has 

recently been isolated and used to generate tamoxifen-inducible Cre mice and delete Gata2 

specifically in endothelial cells, which results in the loss of HSCs in the fetal liver [84]. 

Deletion of this enhancer in its own, reduces the expression of a number of key blood TFs, 

including scl and runx1, in the AGM and abrogates the capacity of hemogenic endothelium to 
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generate HSCs [85]. Moreover, specific deletion of Gata2 in VE-Cadherin-expressing 

endothelial cells before the generation of HSCs abrogates the generation of intra-aortic 

clusters and LTR HSCs [86]. In this Gata2 mutant, the DA endothelium forms normally and 

no increase in apoptosis is observed; importantly, cKit expression analysis showed the 

persistence of cells with an endothelial phenotype expressing cKit, suggesting that hemogenic 

endothelium formed but is unable to generate intra-aortic clusters [86], thus indicating a 

direct role for Gata2 in EHT. The pivotal role of Scl in definitive blood specification is 

reflected by the lack of hemangioblast specification and the physical absence of the DA in 

Xenopus and zebrafish embryos depleted of this TF [83, 87]. Interestingly, two Scl isoforms 

exist in the zebrafish, Sclα and Sclβ, and they exhibit differential expression within the DA, 

Sclβ is expressed before EHT while Sclα is expressed later in emerging HSCs. Functional 

analysis indicates that, while Sclα is involved in the maintenance of newly formed HSCs, 

Sclβ controls the generation of HSCs upstream of Runx1, in the absence of Sclβ hemogenic 

endothelium dies before undergoing EHT [88].  

 

In contrast to Gata2 and Scl, Runx1has minimal roles in embryonic blood but is absolutely 

required for definitive blood and definitive HSC emergence: no HSCs are generated in mouse 

AGM when Runx1 is deleted [44, 89-93]. Furthermore, specific deletion of Runx1 in VE-

Cadherin- and Vav1-expressing cells, demonstrated that Runx1’s requirement is specific to 

HSC generation and not for their maintenance [94-96]. In addition, Runx1 is required for the 

emergence of multipotent blood progenitors in the yolk sac, suggesting that all blood lineages 

deriving from hemogenic endothelium, including the Ly6a-expressing hemogenic 

endothelium which gives rise to HSCs, require Runx1 and, therefore,  it was postulated that 

Runx1 regulates EHT [90, 94, 97]. Indeed, this was confirmed when EHT was analysed by 
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live imaging in kdrl-GFP+ zebrafish: while in uninjected embryos hemogenic endothelium 

undergo EHT to form nascent HSCs, in Runx1-depleted embryos EHT was aborted and the 

prospective nascent HSCs die[66]. Thus, Runx1 appears to be the most important blood TF 

controlling EHT but how it achieves this is not known [94]. Similarly, hemogenic 

endothelium in ES cells has been characterised, and imaged, and its formation is also 

dependent on Runx1 [98, 99]. In summary, it is currently accepted that HSCs differentiate 

from hemogenic endothelium through EHT. Nevertheless, the molecular mechanism of EHT 

is yet to be elucidated. 

 

Origins and development of the dorsal aorta 

 

HSCs emerge from the endothelium of the DA. Thus, an understanding of the origins and 

development of the DA is necessary for the elucidation of the mechanism involved in the 

programing of HSCs. The DA is the main axial artery of the embryo and in human, mouse 

and chick embryos it forms from the fusion of the preceding paired DA. Very little is known 

about the formation and maturation of the DA. It is known, however, that a 

midline/notochord BMP signalling regime dictates the timing of their fusion [100] but the 

signalling regulating their migration to the midline is not understood. It is also known that 

Notch signalling plays several key roles in the development/maturation of the DA [101, 102]. 

Notch1, Notch4 and Dll4 are located at the top of the signaling cascade regulating arterial 

specification [101-106], repression of the venous fate [107-109] and vessel lumenisation 

[110]. Importantly, Notch appears to initiate the specification of hemogenic endothelium in 

the DA by controlling runx1 expression [111-115]. The role of Notch is evolutionarily 

conserved since it also controls the expression of the Runx1 homolog, lozenge, in 
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Droshophila lymph gland hematopoiesis [116]. In the mouse DA, HSC programing by Notch 

involves Gata2, Jagged1, Hes1 and Hes5 [117-119]. Interestingly, in the zebrafish, Wnt16 

signaling has been shown to indirectly regulate HSC emergence through the Notch ligands, 

delta like C (DllC) and delta like D (DllD): expression of dllC and dllD in the somites is 

required for HSC emergence and this expression is regulated by Wnt16 [120, 121]. Lastly, 

only the ventral wall of the DA generates HSC; how this polarisation is established is poorly 

understood. However, at least in the zebrafish, reciprocal BMP-hedgehog gradients appear to 

be critical [122] (Figure 3).  

 

Regarding the localisation of the DA progenitors, it has been described in the chick that the 

dorsal wall derives from the somites while the ventral wall derives from splanchnic 

mesoderm [123]. Thus, it was proposed that the dual ontogeny of the DA explained the 

polarisation of HSC emergence, particularly because intra-aortic cluster formation terminates 

as the splanchnic endothelium is replaced by somite derived endothelium [124, 125]. 

However, there is no evidence in the mouse, Xenopus or zebrafish indicating that the somites 

contribute to the DA of the trunk, where HSCs emerge. Indeed, gene expression analysis by 

RNA in situ hybridisation and lineage labeling experiments in the mouse have indicated that 

all the endothelium of the DA, including the hemogenic endothelium, derives from lateral 

plate mesoderm [63, 65, 126, 127]. Moreover, all the endothelium of the descending DA of 

adult mice derives from lateral plate mesoderm [63]. Similarly, in Xenopus and zebrafish, the 

lateral plate mesoderm gives rise to endothelial precursors which migrate to the midline to 

form the DA [50, 112, 128-130](Figure 3). Thus, polarisation of the DA cannot be explained 

by differential ontogeny of the dorsal and ventral walls. 
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Although the mouse DA originates from lateral plate mesoderm, the exact location and the 

nature of its progenitors are unknown. In contrast, lateral plate mesoderm populations of 

hemangioblasts giving rise to the DA have been described in the zebrafish and Xenopus [71, 

74, 83, 131, 132]. In the zebrafish these hemangioblasts are intermingled with 

hemangioblasts giving rise to embryonic blood progenitors, making their study more 

difficult. Fortunately, in Xenopus, DLP hemangioblasts are physically and temporally 

separated from their embryonic blood counterparts. Therefore, the gene regulatory network 

(GRN) controlling their specification can be established [83, 133]. The current GRN shows 

that ETS TFs and Gata2 are key players in DLP hemangioblast specification and, critically, 

that synergism between VEGFA-dependent and VEGFA-independent pathways is required 

for tal1/scl activation in the DLP [83, 134]. This GRN also shows the critical role of VEGFA 

produced in the somites [135] and a double-negative gate controlled by miR-142-3p [133] in 

the initiation of the hemangioblast programme. Studies in Xenopus have also demonstrated, 

for the first time, that different VEGFA isoforms perform distinct and specific roles during 

HSC ontogeny [114] and further support the view that the somites act as a signalling centre in 

HSC programing [101, 112, 120, 134]. 

 

The hemangioblast 

 

The development of hematopoietic cells is intimately associated with that of endothelial cells. 

In the late 19th century, embryologists observed that the chick yolk sac blood islands 

differentiate from clusters of cells surrounded by mesenchymal cells. Although cells within 

these clusters are initially indistinguishable from each other, as they differentiate into blood 

islands, the inner cells become erythrocytes while the outer cells become endothelial cells 
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(Figure 3a). This morphological observation suggested that blood and endothelial cells may 

derive from a bi-potential common progenitor cell, the hemangioblast [136, 137]. More 

recently, genetic evidence has provided strong support for the existence of this bi-potential 

progenitor cell. In all models studied to date, including Drosophila [138], the presence of 

cells co-expressing numerous blood and endothelial genes has been described. These genes 

include key TFs such as gata2, etv2, fli1, lmo2 and tal1/scl. Also, these cell populations have 

been shown to serve as blood and endothelial progenitors [71]. Furthermore, mutations such 

as zebrafish cloche [139] and the deletion of a number of genes (including flk1, etv2 and 

tal1/scl) results in blood and endothelial developmental deficiencies [87, 140-143]. More 

importantly, clonal analysis in Drosophila and lineage labelling in the zebrafish and chick 

embryos have demonstrated that cells with the capacity to give rise to blood and endothelial 

progeny do exist in the embryo [138, 144-146]. 

 

To date, the strongest evidence for the hemangioblast comes from cultured embryonic stem 

(ES) cells. Under certain conditions, single Flk1+ ES cells can give rise to blood and 

endothelial progeny [147, 148]. Similarly, Flk1+ cells isolated from the posterior primitive 

streak can give rise to equivalent colonies, indicating the existence of hemangioblasts in vivo 

[149]. However, the capacity of these cells to also give rise to smooth muscle cells has raised 

the possibility that these blast colony forming cells represent earlier cardiovascular progenitor 

cells rather than hemangioblasts.   

  

In contradiction to the genetic and in vitro evidence for the hemangioblast, some in vivo 

lineage labeling experiments in a number of species appear to disagree with the existence of a 

bi-potential progenitor cell giving rise to both blood and endothelial cells. The formation of 
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discrete blood islands in the chick yolk sac suggested a clonal origin of these structures. 

However, in the mouse, rather than discrete blood islands, a band of differentiating blood and 

endothelial cells is observed [150] and therefore their origin is less likely to be of a clonal 

nature, as has indeed been suggested by lineage labelling experiments [151]. Nonetheless, the 

polyclonal nature of the mouse yolk sac blood islands does not negate the existence of 

hemangioblasts since some clones still gave rise to both blood and endothelial cells [151]. 

Similarly, cell tracking and explant studies in Xenopus appear to indicate that the VBI 

contains unilineage rather than bi-potential progenitor cells [152]. However co-expression 

data suggest that these experiments may have been performed after the blood and endothelial 

lineages had already segregated [153].  

 

The rarity of hemangioblasts in vivo might be due to the technical challenges required to 

capture these transient progenitors but could also be a reflection of the developmental 

constraints imposed by their environment (Figure 2A). For example, it is unclear whether 

cells within the yolk sac blood islands, or their progenitors, undergo cell division. This 

information is critical since a non-dividing hemangioblast cannot give rise to two daughter 

cells with different fates but rather can only differentiate into one or the other lineage. 

Signaling may greatly influence not only hemangioblast fate decisions but also cell division, 

as indicated when Flt1 was deleted. Flt1 binds to and limits the amount of VEGFA signaling 

through Flk1 but in its absence Flk1 is hyperactivated and this results in excessive 

proliferation of hemangioblasts [154]. Also, over-expression of the critical hemangioblast 

gene, tal1/scl, appears to bypass some of these developmental constraints since it induces an 

overproduction of hemangioblasts which are incapable of differentiating into mature blood 

cells unless other factors are present [155].  Thus, when these cells are isolated and cultured, 
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their developmental constraints are disrupted, they undergo cell division and express their bi-

potentiality (Figure 3B). Ultimately, in vivo single cell labelling and live imaging 

experiments, similar to those performed for the DA hemogenic endothelium, are required to 

settle the existence of the hemangioblast. In addition, these cells may need to be transplanted 

into an environment that permits the expression of their bi-potential nature.  

 

Lineage relationship between blood and cardiac cells 

 

Inhibition of Wnt signaling in Xenopus embryos induces cardiac expression in ventral 

mesoderm at the expense of blood cells [156]. Because Wnt signaling plays important roles 

in mesoderm patterning it was believed that the altered cell fate was due to mesodermal 

patterning defects rather than reflecting a lineage relationship. Enforced expression of blood 

TFs in the zebrafish results in the conversion of cardiac progenitors into blood [155] and, 

together with later loss of function data [157], it was proposed that the cardiac programme 

can be antagonised by blood TFs. More recent experiments in zebrafish have shown that there 

is in fact cross-antagonism between these two programmes [158]. Meanwhile, studies in 

cultured ES cells demonstrated that Flk1+ cells can give rise to cardiomyocytes, suggesting 

that blood and cardiac cells may share a common precursor in this system [159].  

 

In vivo studies in Xenopus and zebrafish added further evidence for this common progenitor 

cell and established that cardiac Gata factors are also essential for the hemangioblast lineage, 

and that the cross-antagonism between the hemangioblast and cardiac TFs is resolved in 

favour of cardiac differentiation by FGF [157, 158, 160]. More recently, in the ES system, an 

etv2-scl axis has emerged as key for the repression of cardiac genes and fate. In Flk1+ 
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mesodermal progenitors, etv2 positively regulates hematopoietic and endothelial genes while 

repressing cardiac genes and Wnt signaling [161]. Conversely, in the absence of etv2, 

endothelial and endocardial cells differentiate into cardiomyocytes [162]. Similarly, in the 

absence of scl, hemogenic endothelium and endocardial cells activate the cardiac programme 

[163]. In Scl-deficient mouse embryos, the endocardium is disorganised due to precocious 

differentiation into cardiomyocytes which leads to ectopic cardiogenesis; Scl repression of 

cardiogenesis is cell-intrinsic and does so by repressing Wnt antagonist which promote 

cardiogenesis [163]. This suggests that active repression of the cardiac programme is required 

even in advanced stages of endothelial and endocardial differentiation. 

 

The Physiology of HSC emergence 

 

In recent years, common physiological requirements between adult bone marrow HSCs and 

emerging HSCs in the DA have been found. Hoechst33342 perfusion from blood vessels, 

which presumably correlates with oxygen levels, suggested that HSCs reside in the most 

hypoxic regions of the bone marrow and this was confirmed by pimonidazole staining, an 

hypoxia indicator, which demonstrated that the most potent HSCs are located in niches with 

low oxygen tension [164, 165]. Furthermore, it has been shown that HSCs maintain intrinsic 

hypoxia by stabilizing HIF1α, which maintains cell cycle quiescence and its deletion 

decreases quiescent HSC numbers [166]. In addition, VEGFA, a factor required in a cell-

intrinsic manner for HSC maintenance [167], contains hypoxia binding elements in its 

regulatory regions that, when mutated, decrease VEGFA expression levels, thereby impairing 

HSC function [168]. Pimonidazole staining in E10 mouse embryos showed that the 

endothelium of the DA and intra-aortic clusters is also hypoxic, and deletion of HIF1α in VE-
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Cadherin-expressing cells reduced the number of intra-aortic clusters. However, interestingly, 

some HSCs were still generated, indicating that not all HSCs are dependent on this TF[169].  

 

Exposure of zebrafish embryos to 1% D-glucose increases the number of transplantable 

HSCs generated in the DA without systemic alteration in growth and vascular development: 

cell proliferation increased only in the AGM, indicating that the number of HSCs generated 

in the embryo depend on hemogenic endothelium nutrition and metabolic status [170]. This 

enhancement of HSC production is not due to alterations in cardiovascular function as 

glucose retained the ability to increase HSC number in the silent heart mutant, which lacks 

blood flow due to a cardiac defect. It is however dependent on Runx1 since the number of 

cMyb expressing cells do not increase when Runx1 morphants are treated with glucose[170]. 

Further analysis indicates that stem cell numbers depend on glucose intake because numbers 

of runx1 and cMyb expressing cells decrease when the glucose transporter, glut1, is down-

regulated. Increased glucose intake increases glycolysis that produces reactive oxygen species 

which in turn stabilize HIF1α. The role of HIF1α as the mediator of the glucose response was 

confirmed by the loss of runx1 expression in the DA of HIF1α morphants, this loss is 

concomitant to down-regulation of the HIF1α target gene, vefgA, and the HIF1α phenotype 

can be rescued by exogenous VEGFA[170]. HIF1α is considered as master regulator of 

metabolism because it regulates both glycolysis and mitochondrial respiration, and in bone 

marrow HSCs, which intrinsically maintain HIF1α expression [166], it induces glycolysis 

while repressing mitocholdrial respiration in such a way that the most potent LTR HSCs are 

enriched in the low mitochondria / glycolysis-dependent population [171]. Thus, it is clear 

that in both the bone marrow and AGM niches, in addition to sensing oxygenation levels, 
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HIF1α mediates the metabolic response to glucose and, in the AGM, controls the number of 

emerging HSCs.  

 

Blood flow is an important physiological process that provides biomechanical forces which 

influence developing blood vessels. For example, it influences blood vessel diameter and 

determines their arterial-venous fate. Manipulation of the flow pattern can transform arteries 

into veins and veins into arteries [172], indicating that flow has the capacity to override the 

genetic programming of these vessels. A role for biomechanical forces in hematopoiesis has 

recently been reported in in vitro and in vivo systems. In differentiating ES cells shear stress 

increases the expression of runx1 in CD41+cKit+ progenitors and concomitantly enhances 

their colony-forming potential [173]. Shear stress also increases hematopoietic expression in 

the mouse AGM as well as its colony-forming potential, and this is dependent on nitric oxide 

(NO), a mediator of shear stress [173]. A chemical screen in the zebrafish also showed that 

compounds modulating blood flow regulate HSC formation [174]. The role of blood flow in 

HSC formation was further confirmed by the loss of HSCs in the silent heart mutant, which 

lacks a heartbeat due to a mutation in the heart contractile machinery, and, importantly, NO 

rescues the loss of HSCs in this mutant [174]. Furthermore, it was determined that zebrafish 

NO synthase 1, nos1, is required cell autonomously for HSC formation and that NO 

signalling acts downstream of Wnt signaling [174]. Interestingly, in the mouse, HSC 

formation is not affected in Nos1-deficient embryos instead their numbers were reduced in 

Nos3 mutants [174], this, nevertheless, confirmed the conservation of NO signaling in HSC 

generation. More recently, in the zebrafish, it has been demonstrated that blood flow, rather 

than initiating runx1 expression in the DA, is required for its maintenance [175]. It has also 

been determined that Klf2a directly binds the promoters of nos genes, that it is capable of 
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recuing HSC generation in mutants lacking heartbeat and that its down-regulation 

phenocopies these mutants [175]. The relationship between this Klf2a genetic cascade and 

Wnt signaling is yet to be determined. 

 

Prostaglandin signaling is essential for tissue homeostasis and it is implicated in cancers and 

other pathologies [176]. In the hematopoietic system, prostaglandin E1 and E2 stimulates 

HSC proliferation both in vitro and in the bone marrow, as measured by spleen colony-

forming units [177, 178]. Ex-vivo treatment of bone marrow or cord blood HSCs with 

prostaglandin E2 (PGE2), or its long acting analog, dmPGE2, stimulates their proliferation 

and differentiation as well as enhancing their transplantation efficiency [179-182]. Recent 

studies in the zebrafish have revealed important roles for prostaglandin signaling in 

developmental hematopoiesis. Stimulation of the prostaglandin pathway with PGE2 increases 

the proliferation of progenitor cells in the thymus whereas its repression has opposite effects 

[183]. Furthermore, the absence of a single prostaglandin receptor, EP4, results in the loss of 

lymphoid progenitors in the thymus [183]. Prostaglandin signaling has a similar function in 

nascent HSCs in the zebrafish DA, chemical screening showed that compounds which 

enhance prostaglandin synthesis increase HSC numbers whereas those blocking it reduce 

them [184]. Also, PGE2 improved kidney marrow recovery after irradiation injury in adult 

fish [184]. Mechanistically, PGE2 stabilises β-catenin to activate Wnt signaling and 

inhibition of prostaglandin signaling leads to Wnt signaling and HSC emergence deficiencies 

[185]. More recently, it has been shown that dmPGE2 enhances the migration and homing 

capacity of bone marrow HSCs by inducing the activity of HIF1α [186], whether Wnt 

signaling is involved in this process is unknown. The involvement of Wnt signaling in the 

regulation of HIF1α in the AGM is also unknown. Furthermore, retinoic acid receptor (RAR) 
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signaling, which positively regulates HSC maintenance in vitro [187], has been shown to 

regulate hemogenic endothelium and HSC emergence in the mouse AGM and does so by 

interacting with β-catenin to repress Wnt signaling [188]. Thus, Wnt signaling appears to be 

both required and detrimental to HSC generation in the AGM. Further studies are required to 

clarify its role(s) as well as the genetic interaction between blood flow, HIF1α, prostaglandin, 

retinoic acid and metabolism. 

 

The inflammatory and immune signaling pathways could also be involved in HSC 

emergence/maintenance. Gata2 has recently been associated with the inflammatory GRN 

[189]. Gata2 ChIP-seq analysis in human endothelial cells showed that inflammatory genes 

are significant Gata2 targets and that Gata2 consistently occupied sites with motifs bound by 

activator protein-1 (AP-1), a major regulator of inflammatory genes, and its binding partners, 

c-JUN and c-FOS. Gata2 is not required for AP-1 chromatin occupancy, nevertheless, it 

stimulates AP-1-dependent transactivation [189]. Although this analysis was carried out in 

HUVECs, it could indicate that components of the inflammatory GRN might be involved in 

the development of embryonic endothelial and hematopoietic cells, and potentially, in HSC 

emergence. In a recent study, Stat1 has emerged as a potential regulator of definitive 

hematopoiesis [190]. By comparing primitive and definitive erythrocyte lineage-specific data 

sets, a striking Stat1-related expression signature was found differentially expressed in the 

definitive lineage, including the interferon signaling pathway[190]. Since this blood lineage 

derives from hemogenic endothelium, Stat1 and interferon signaling might be implicated in 

EHT and HSC emergence but this is yet to be determined. 
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The AGM niche produces growth factors that are essential for HSC emergence and attempts 

to isolate stromal cells capable of sustaining HSC emergence have been made [191-196]. 

However, still little is known about the role of the AGM niche and the role of non-cell 

autonomous factors in the generation of HSCs. The BMP, hedgehog, Wnt and Notch 

signaling pathways are active in the mouse DA mesenchyme and have been shown to 

influence HSC emergence through unknown transcriptional networks [115, 197-199]. 

Nonetheless, Gata3 has recently emerged as a key non-cell autonomous TF required for HSC 

emergence [200]. Gata3 was initially reported to be required for fetal liver hematopoiesis and 

the development of the neural system [201]. Further, analysis of Gata3 deficient embryos 

demonstrated its requirement for HSC emergence [200]. Interestingly, while rare DA 

endothelial cells expressed Gata3, numerous cells within the mesenchyme expressed it and 

further analysis showed that Gata3’s role in HSC emergence is indeed non-cell autonomous. 

Furthermore, Gata3 is strongly expressed and required for sympathetic neuron development, 

and these neurons produce catecholamines which serve as ligands for adrenergic receptors 

expressed by hemogenic endothelium, thus, stimulating the generation of HSCs [200]. 

Undoubtedly, the AGM creates a unique microenvironment for the generation of HSCs and 

its study is required for an adequate understanding of HSC ontogeny. 

 

Perspectives 

 

Model organisms have contributed enormously to our understanding of developmental 

hematopoiesis and undoubtedly will continue to do so for the elucidation of the molecular 

mechanism of HSC ontogeny, and to resolve current controversies. An advantageous treat of 

the zebrafish model is its amenability to large scale chemical and genetic screenings. In 
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addition, the optical clarity of the zebrafish embryo makes it ideal for live imaging which 

would facilitate the analysis of the migratory pathways and other cellular processes 

undertaken by emerging HSCs and their progeny. In its turn, the Xenopus model is well-

suited for the study of the mechanisms involved in the programing of HSCs, from 

hemangioblasts in the lateral plate to the generation of hemogenic endothelium in the DA. 

The advent of new technologies such as TALEN and CRISPR genome editing, new imaging 

strategies and high throughput genome wide analysis, including epigenetic studies, will 

greatly enhance the potential of these model organisms. 
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Figure Legends 

Figure 1.  The ontogeny of embryonic blood and HSCs is conserved. The timing of 

hematopoietic activity is represented by shaded bars where the color gradient represents a 

peak in activity. Broken arrows represent migration and seeding of hematopoietic sites by 

hematopoietic stem or multipotent progenitor cells. Blood cells are produced in at least 3 

distinct waves: a primitive wave, a pro-definitive wave and a definitive wave. In the first 

wave, blood islands in the yolk sac (YS, mouse), aVBI and pVBI (anterior and posterior 

Ventral Blood Islands, Xenopus) and anterior and posterior lateral mesoderm (ALM and 

PLM) give rise to erythroid (light blue) and myeloid cells (green) from extraembryonic 

(mouse) and lateral mesoderm (Xenopus and zebrafish). These populations will be gradually 

replaced by cells generated in the second and third waves.  

The second (pro-definitive) wave comprises a transient population of multipotent 

erythromyeloid progenitors (EMPs, pink) which are thought to arise from hemogenic 

endothelium in the YS (mouse), posterior-lateral VBI (Xenopus) and posterior blood islands 

(PBI, zebrafish). In both mouse and frog there is evidence that EMPs go on to seed the fetal 

liver (FL, pink broken arrows) and give rise to erythroid and myeloid progeny [15, 16]. The 

caudal hematopoietic tissue (CHT) is the FL equivalent in zebrafish [26, 202] and it develops 

from the PBI, which makes it difficult to detect migration and seeding of the CHT by EMPs. 

Notably, these EMPs can give rise to erythoid and myeloid progeny in vitro [40], but there is 

no evidence yet to suggest that zebrafish EMPs give rise to erythroid cells in vivo.  

The third or definitive wave begins when HSCs arise in the aorta-gonad-mesonephros (AGM) 

region from hemogenic endothelium localised to the ventral wall of the main embryonic 

artery, the dorsal aorta (DA, dark blue bars). Generation of de novo HSCs from hemogenic 

endothelium is the termed endothelial to hematopoietic transition (EHT) and has been 
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demonstrated in vivo in zebrafish [30, 66, 70] and ex-vivo in mouse embryos [67]. In most 

vertebrates (human, mouse, frog, chick), HSCs emerge into the lumen of the DA and form 

readily detectable clusters [203]. In zebrafish, EHT occurs not into the lumen of the DA but 

into the space between the DA and the posterior cardinal vein [26, 27, 66]. Soon after 

emergence, HSCs enter embryonic circulation and go on to seed the main embryonic 

hematopoietic site, the FL or its equivalent in zebrafish, the CHT. There they expand, 

differentiate into erythroid and myeloid but not lymphoid progenitors[1, 15, 26, 28, 29]. This 

is a transient site, and HSCs will eventually seed the final hematopoietic organs, the bone 

marrow (BM) in mouse, the FL and BM in frog and the kidney marrow in zebrafish (dark 

blue broken arrows)[27, 202]. In frog, the BM is thought to be a reservoir rather than a site 

for the production of mature blood cells [204]. The kidney marrow is seeded very early in 

zebrafish larvae (at around 4 days post fertilisation, dpf) but it is not thought to be the main 

hematopoietic organ until after the first week of development [26]. There is evidence 

suggesting that a small but significant population of HSCs can seed the kidney marrow 

without going through the CHT [205]. 

The embryonic staging for each of the model organisms is shown as days post-coitum (E) for 

mouse, Xenopus developmental stage according to Nieuwkoop and Faber [206] and in hours 

or days post-fertilisation (hpf or dpf) for zebrafish. For each of the organisms, key stages 

and/or sites of hematopoiesis are depicted above each of the timelines. 

 

Figure2. Model for hemangioblast potential. In vivo hemangioblasts are subjected to 

developmental constraints (arrows) that prevent them to produce both blood and endothelial 

progeny and instead differentiate only in one of these lineages (A).  When hemangiobalsts are 

removed from the embryo, dissociated and cultured in vitro, the developmental constraints 
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imposed by the embryo are disrupted and, as a consequence, many more of them express their 

potential to produce both blood and endothelial progeny (B).  

 

Figure 3. Cellular hierarchy from nascent mesoderm to HSC generation in the ventral 

wall of the DA. HSCs originate from lateral plate mesoderm expressing Flk1, these cells first 

give rise to hemangioblasts and subsequently endothelial cells that migrate to the midline to 

form the DA. After coalescing in the midline, the DA forms a lumen and gets polarised to 

produce hemogenic endothelium and HSCs in the ventral wall. 
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Figure 2 
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Figure 3 
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