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Abstract

Embryonic definitive hematopoiesis generates hematopoietic stem and progenitor cells (HSPCs) 

essential for establishment and maintenance of the adult blood system. This process requires the 

specification of a subset of vascular endothelial cells to become blood-forming, or hemogenic, 

and the subsequent endothelial-to-hematopoietic transition to generate HSPCs therefrom. The 

mechanisms that regulate these processes are under intensive investigation, as their recapitulation 

in vitro from human pluripotent stem cells has the potential to generate autologous HSPCs 

for clinical applications. In this review, we provide an overview of hemogenic endothelial cell 

development and highlight the molecular events that govern hemogenic specification of vascular 

endothelial cells and the generation of multilineage HSPCs from hemogenic endothelium. We also 

discuss the impact of hemogenic endothelial cell development on adult hematopoiesis.
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INTRODUCTION

Vascular endothelial cells that line all blood vessels throughout the body are thought to 

emerge de novo from mesodermal progenitors to form primary vascular plexi that are then 

remodeled into arteries, veins, and capillaries that make up the blood circulatory system. 

During embryonic development, a small, specialized subset of vascular endothelial cells, 

termed hemogenic endothelial cells, acquires blood-forming potential and gives rise to the 

hematopoietic stem and progenitor cells (HSPCs) that function to generate all blood cells 

throughout embryonic and adult life. These multilineage HSPCs are generated within a 

narrow developmental window in distinct embryonic and extraembryonic tissues, wherein 
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hemogenic endothelial cells are specified (outlined in Figure 1). The mechanisms that lead 

to hemogenic specification of vascular endothelial cells, as well as the mechanisms that 

lead to generation of HSPCs from hemogenic endothelium, are still under investigation. 

Further discovery of such underlying molecular mechanisms would greatly improve our 

understanding of vascular and hematopoietic development. Insights gained from continued 

developmental studies will also enable us to overcome current obstacles to mass produce 

human vascular cells and HSPCs from potentially autologous pluripotent human stem 

cells for the treatment of hematologic and cardiovascular disorders. In this review, we 

provide an overview of hemogenic endothelial cell development and highlight our current 

understanding of the molecular events that govern hemogenic specification of vascular 

endothelial cells and the generation of multilineage HSPCs therefrom. We also discuss the 

impact of embryonic hemogenic endothelial cell development on adult hematopoiesis.

PRIMITIVE HEMATOPOIESIS

Primitive hematopoiesis is the first wave of blood production in the developing mammalian 

embryo and occurs exclusively in the extraembryonic yolk sac, beginning around mouse 

embryonic day (E)7.25 within yolk sac blood islands (Figure 1) (1). Hematopoietic 

cells generated within blood islands include primitive erythrocytes, macrophages, and 

megakaryocytes, but not self-renewing hematopoietic stem cells (HSCs) or some of the 

mature blood lineages that exist in adulthood (2, 3). Primitive erythrocytes differ from 

red blood cells generated later during definitive hematopoiesis in that they are larger 

in size and nucleated and express a distinct set of globin genes, whereas, primitive 

macrophages and megakaryocytes are not morphologically distinguishable from their mature 

counterparts (2). A second wave of hematopoiesis begins ~E8–8.25, when erythromyeloid 

progenitors (EMPs) emerge within the extraembryonic yolk sac, followed by the generation 

of erythrocytes and myeloid cells that become tissue-resident macrophages that remain 

throughout adulthood (4). Once the developing heart begins to beat at ~E8.5, these 

progenitors and their progeny enter the forming blood vascular circulatory network and 

are distributed throughout the embryo (5).

DEFINITIVE HEMATOPOIESIS

In mice, definitive hematopoiesis occurs in the yolk sac at E8.25, placenta at E9.5, and 

the intraembryonic aorta-gonad-mesonephros (AGM) region at approximately E10.5 (6). 

Definitive hematopoiesis has also been found to occur in the vitelline arteries, umbilical 

arteries, endocardium, and head arteries (6). During definitive hematopoiesis, the emergence 

of erythroid, myeloid, and lymphoid progenitors (7) and, most importantly, long-term 

multilineage repopulating HSCs (8), is observed. The HSPCs generated from the yolk sac 

and the AGM are thought to migrate to other sites of definitive hematopoiesis, including the 

fetal liver, thymus, and spleen, as these tissues develop and undergo massive self-expansion. 

The HSPCs then colonize fetal bone marrow by E16.5 and give rise to mature blood lineages 

throughout adulthood (9).
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HEMOGENIC ENDOTHELIAL CELLS

Hemogenic endothelial cells represent a small (1–3% of endothelial cells in distinct 

tissues), transient population of specialized vascular endothelial cells that arise in the yolk 

sac, placenta, and AGM to initiate definitive hematopoiesis (6). Jaffredo and coworkers 

(10) demonstrated the existence of hemogenic endothelium using in vivo lineage-tracing 

studies in the avian embryo. In later studies, a Cre-recombinase system was used to trace 

mouse AGM endothelial cells that express VE-cadherin (VE-Cad) (11) and revealed that 

hematopoietic progeny derived from VE-Cad+ cells migrate to the fetal liver and bone 

marrow, where they expand and differentiate into multilineage hematopoietic cells (11). Via 

flow cytometry and in vitro clonal analysis, single hemogenic endothelial cells from E8.5 

mouse yolk sac and E10.5 AGM were phenotypically characterized and shown to generate 

multilineage hematopoietic colonies (12, 13). Further evidence to support the endothelial 

origin of HSPCs comes from the use of dynamic time-lapse microscopy techniques in 

zebrafish (14, 15) and mouse (16), as well as from mouse and human pluripotent stem 

cell culture (17, 18). Collectively, these studies provide direct evidence that blood cells are 

generated from the endothelium during definitive hematopoiesis.

Interestingly, HSPCs generated from hemogenic endothelial cells within distinct sites, 

and at different developmental times, are functionally different (19). Cumano et al. 

(20) separated and performed explant culture of the yolk sac and intraembryonic 

paraaortic splanchnopleura (P-Sp)/AGM region before circulation begins. The cells derived 

from the yolk sac culture failed to give rise to multilineage hematopoietic progenitors 

when transplanted into the bone marrow of lethally irradiated adult mice; instead, 

they reconstituted only short-term myeloid lineages. In contrast, P-Sp/AGM-derived 

hematopoietic cells demonstrated multilineage potential and were able to rescue lethally 

irradiated neonatal and adult recipients (8, 20). These studies suggest that there might be 

different types of hemogenic endothelial cells that are functionally distinct or, alternatively, 

their microenvironment modulates their progeny.

Indeed, Chen and colleagues (21) demonstrated that Tie-2- and Ly-6A-expressing 

endothelial cells in the yolk sac and AGM exhibit different hematopoietic potential. CBFβ 
is the binding partner of Runx1, which is essential for the generation of EMPs and 

HSPCs (discussed below). Reexpression of CBFβ in Tie-2-expressing Cbfb−/− yolk sac 

endothelial cells rescues EMP generation but not HSPC formation. In contrast, CBFβ 
reexpression in Ly6a-expressing Cbfb−/− AGM endothelial cells restores HSPCs but not 

EMPs (21). These studies support the idea that yolk sac hemogenic endothelial cells may 

be different from their intraembryonic counterparts, raising the possibility that the potential 

of hemogenic endothelial cells and HSPCs is dependent on the developmental timing of 

their emergence, their phenotypes, and/or the cellular and extracellular composition of their 

microenvironment.

PHENOTYPE OF HEMOGENIC ENDOTHELIAL CELLS

Hemogenic endothelial cells comprise a small population of total endothelial cells within 

the murine yolk sac and AGM (13, 22); therefore, their cellular phenotype must be 
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carefully delineated relative to nonblood-forming endothelial cells. No single marker has 

been identified as specific to hemogenic endothelial cells (6); however, Kabrun et al. 

(23) reported that fetal liver kinase 1 (Flk1), also called vascular endothelial growth 

factor receptor 2 (VEGFR2), is expressed in a small subset of endothelial cells that 

has hematopoietic potential. Nishikawa and colleagues (24) proposed that Flk1+VE-Cad+ 

endothelial cells represent cells transitioning to hematopoietic lineages. However, VE-Cad 

is not required for embryonic definitive hematopoiesis in the zebrafish and mouse, or for 

the blood-forming ability of hemogenic endothelial cells in the murine yolk sac (22, 25). To 

further distinguish hemogenic endothelial cells from HSPCs, mature hematopoietic lineages, 

and nonhemogenic endothelial cells, a combination of endothelial markers (Flk1, VE-Cad, 

CD31) and hematopoietic markers, including c-Kit, Runx1, CD45, CD41, and Ter119, has 

been applied (26–28). Furthermore, our group has reported a more precise identification and 

isolation strategy for hemogenic endothelial cells using flow cytometry (29). We found that 

hemogenic endothelial cells within the murine yolk sac and AGM exhibit Hoechst dye efflux 

(side population or SP) properties, exhibit a Flk1+c-Kit+CD45−SP phenotype, and give rise 

to Flk1−c-Kit+CD45+SP multilineage hematopoietic progenitors on a clonal level (13, 27).

DEFINITIVE HEMATOPOIESIS IS A DEVELOPMENTAL CONTINUUM

Definitive hematopoiesis requires the specification of hemogenic endothelial cells and their 

subsequent generation of HSPCs, which is referred to as the endothelial-to-hematopoietic 

transition (EHT) (14). Rybtsov et al. (30) recently identified two distinct cell types, 

type I and type II pre-HSCs, which represent a sequential transition from hemogenic 

endothelial cells to mature HSPCs. Type I and II pre-HSCs are characterized as VE-Cad+ 

CD41low CD45− and VE-Cad+ CD41low CD45+, respectively. Type I pre-HSCs are able 

to give rise to HSPCs via the type II pre-HSC intermediate, yet neither demonstrates 

endothelial cell properties in culture (30). It is also proposed that pre-HSCs have a precursor, 

termed pro-HSC, which is not functionally well characterized (21). Together, identification 

of intermediate stage cells defines a hierarchical cellular development of HSPCs from 

endothelium.

In contrast, recent single-cell transcriptome expression analysis suggests that definitive 

hematopoiesis represents a continuum of phenotypes from endothelial cells to fully 

determined HSPCs. It has been similarly proposed that differentiation of HSCs is not 

a progressive generation of a series of distinct hematopoietic progenitor types, but 

rather, HSCs undergo a continuous gain of specific lineage characteristics (31). This 

concept is supported by a recent study of cells generated during EHT. Swiers et al. 

(32) isolated Runx1-GFP+ hemogenic endothelial cells, nonhemogenic endothelial cells, 

emerging CD41+ hematopoietic progenitor cells (HPCs), and mature CD45+ HPCs from 

mouse E8.5 to E11.5 hematopoietic regions and performed single-cell Fluidigm qRT

PCR for hematopoietic and endothelial-related gene expression in these populations. 

Principal component analysis revealed that while nonhemogenic endothelial cells and 

CD45+ HPCs separate as two distinct populations, the CD41+ HPCs are scattered in 

between as a continuum (32). Moreover, Zhou et al. (33) isolated type I and II pre-HSCs 

from E11 mouse AGM and performed single-cell transcriptome analysis, which revealed 

heterogeneity in the pre-HSC population along with HSPC generation. Using similar single
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cell RNA sequencing techniques, Baron and coworkers (34) found significant heterogeneity 

in intra-aortic hematopoietic clusters (IAHCs) in the E10.5 AGM. These studies also 

suggest transcriptional downregulation of the endothelial program and upregulation of the 

hematopoietic program in cells along the developmental axis of endothelium to HSPCs 

(32–34) between E10 and E11, the peak of AGM hematopoiesis (34). Thus, successive 

transcriptional alterations likely occur in endothelial cells and hemogenic endothelial cells 

along their differentiation into pre-HSCs and ultimately HSPCs.

HEMOGENIC ENDOTHELIAL CELL SPECIFICATION

Although the molecular mechanisms underlying hemogenic endothelial cell specification, as 

well as EHT, are still not completely understood and much more work is needed to define 

these complex processes, we next discuss the regulators that have thus far been revealed 

(Figure 2).

Retinoic Acid Signaling

Retinoic acid (RA) is the oxidized derivative of dietary retinol (also known as vitamin A) 

that binds to a carrier protein, retinol-binding protein 4, in the circulation. When taken up 

by cells, retinol is first oxidized to retinaldehyde by either alcohol dehydrogenases or retinol 

dehydrogenases, followed by further oxidization to all-trans RA (ATRA) by retinaldehyde 

dehydrogenases (Raldh1-4). ATRA can function within the cell in which it was generated, 

or be released into circulation and taken up by surrounding cells, where it binds to nuclear 

localized retinoic acid receptors (RARα, β, and γ). Heterodimerization of RARα, β, and γ 
with rexinoid receptors (RXRα, β, and γ) forms an active transcription factor complex that 

binds to retinoic acid response elements within target genes to activate gene expression (35).

RA signaling is critical for vascular development and definitive hematopoiesis. During early 

murine yolk sac development, active RA is generated by Raldh2 that is expressed in the 

visceral endoderm (36). Raldh2−/− mice are RA deficient and die at ~E10.5 with abnormal 

vascular remodeling and impaired hemogenic endothelial cell specification resulting from 

endothelial cell hyperproliferation (37). Interestingly, hemogenic specification of endothelial 

cells can be rescued in Raldh2−/− embryos by provided exogenous ATRA in utero or ex 

vivo in embryo culture (22, 38). Among the RA signaling receptors, RARα1/2 specifically 

regulates hemogenic endothelial cell specification (13, 38). In fact, in both E8.5 yolk sac and 

E10.5 AGM, ~90% of endothelial cells with active RA signaling are hemogenic endothelial 

cells that highly express RARα1/2 (36, 38). In addition, overexpression of RARα 
dramatically increases multilineage potential of AGM-derived hemogenic endothelial cells 

in transplant assays (38). Moreover, enhanced RA signaling in AGM-derived hemogenic 

endothelial cells ex vivo promotes their hematopoietic potential (38).

c-Kit

c-Kit (CD117) is an important cell surface marker for hemogenic endothelial cells in both 

E8.5 yolk sac and E10.5 AGM tissues and, therein, is exclusively expressed in endothelial 

cells with hemogenic potential (35). c-Kit is a cytokine receptor that belongs to the receptor 

tyrosine kinase family. When binding its ligand, stem cell factor (SCF), c-Kit receptor 
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forms a dimer that activates its intrinsic tyrosine kinase activity and initiates a series 

of downstream phosphorylation events and signal transduction. SCF/c-Kit signaling has 

been shown to regulate HSC development and maintenance. In Scf−/− mouse embryonic 

stem cells (ESCs), generation of hemogenic endothelial cells is undetectable (39), as are 

primitive or definitive hematopoietic lineages (40). In E8.5 Raldh2−/− mutant embryos, 

c-Kit expression is downregulated in yolk sac endothelial cells, and its reexpression to 

wild-type levels rescues hemogenic endothelial cell development and their multilineage 

hematopoietic potential, as well as endothelial cell cycle control (13). The presence of c-Kit 

in endothelium of E8.5 yolk sac also prevents hemogenic endothelial cell differentiation 

toward a cardiomyogenic fate (41).

Notch

Notch signaling is evolutionarily conserved and known to be involved in cell proliferation, 

differentiation, apoptosis, and fate decisions. Notch signaling allows communication 

between two cells in close contact, via binding of Notch ligands on the signal-sending 

cell to receptors on the signal-receiving cell. In mammals, there are five Notch ligands of the 

Delta (Dll1, Dll3, and Dll4) and Jagged (Jag1 and Jag2) families and four Notch receptors 

(Notch1-4) (6). The binding of ligands and receptors generates a physical force that 

alters the configuration of receptors, which consequently become vulnerable to sequential 

proteolysis, resulting in the release of the Notch intracellular domain (NICD). Subsequently, 

NICD translocates to the nucleus and forms a transcription activator complex with RBPj 

and coactivators such as mastermind-like (MAML), which activate target gene expression 

(6, 42).

It is well known that Notch signaling is essential for vascular and hematopoietic 

development (42), and evidence of its involvement in hemogenic endothelial cell 

specification has been accumulating. Inhibition of Notch signaling, using the γ-secretase 

inhibitor DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester) in 

cultured wild-type E8.5 embryos results in endothelial cell hyperproliferation and impaired 

hemogenic endothelial cell development (13). Moreover, the expression of Notch1 and its 

downstream targets Hes1 and Hey1 are highly enriched in mouse hemogenic endothelial 

cells and downregulated in RA-deficient mutant embryos. In fact, Notch signaling has been 

shown to regulate hemogenic specification of endothelial cells, downstream of RA signaling, 

via control of endothelial cell cycle progression (13).

p27/Cell Cycle Control

In ESCs, fate decisions are molecularly linked to cell cycle state (reviewed in 43), and 

this appears to be similar for endothelial cells (13, 29). That is, in both RA-deficient and 

Notch-inhibited murine embryos, cell cycle inhibitor p27 is downregulated, and endothelial 

cells are hyperproliferative. This lack of endothelial cell cycle control is associated with 

impaired hemogenic specification (13). Interestingly, however, reexpression of p27 to wild

type levels in either RA or Notch mutants restores endothelial cell cycle control, which 

enables hemogenic specification (30). More specifically, cell cycle arrest in the G1 state is 

required for hemogenic specification (13). Although the molecular mechanism by which 

endothelial cell cycle state modulates hemogenic specification is still unclear, several 
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hematopoietic-related genes are known to be upregulated in G1 phase, such as Hoxb4, 

notch1, notch4, Gata2, and Wnt (44). As p27 can also function as a transcriptional regulator, 

it is possible that it also directly regulates hematopoietic gene expression (45). Collectively, 

the studies discussed above support an RA/c-Kit/Notch/p27 regulatory axis that promotes 

hemogenic endothelial cell development.

miR-223/N-Glycosylation

MicroRNAs (miRNAs) are a class of short, noncoding RNAs that fine-tune gene expression 

by posttranscriptionally repressing complementary mRNA targets (46). Although specific 

miRNAs have been identified to be required for vascular and hematopoietic development 

(46, 47), the role for miRNA regulation in hemogenic endothelial cell specification and 

subsequent HSPC production has not been well addressed. Recently, miR-223 has been 

associated with embryonic hematopoiesis; that is, miR-223 is highly enriched in both 

zebrafish and mouse endothelial cells and hemogenic endothelial cells. miR-223-deficient 

zebrafish and mouse mutants exhibit increased numbers of hemogenic endothelial cells 

and HSPCs at the sites of definitive hematopoiesis (48), suggesting that miR-223 plays an 

inhibitory role in hemogenic specification and EHT.

Although still under investigation, miR-223 may repress embryonic hematopoiesis via 

control of the N-glycome (48). N-glycosylation refers to the attachment or modification 

of diverse sugar moieties (glycans) to the asparagine residue of proteins. The glycome 

regulates protein folding, stability, and activity, and particular glycan structures have 

been associated with stem cell differentiation (49). Several N-glycogenes were identified 

as potential miR-223 targets by comparative mRNA profiling of wild-type and miR-223

deficient endothelial cells in both mouse and zebrafish (48). Chemical treatment that alters 

N-glycan processing also promotes HSPC generation (48); thus, these studies suggest 

that miR-223 modulates hemogenic specification and HSPC production via regulation of 

endothelial cell N-glycosylation, although more work is needed to fully understand the 

underlying mechanisms.

Hox

The homeobox (Hox) gene family is a group of transcription factors that possesses a 

highly conserved homeobox domain that has been implicated in vertebrate patterning 

and tissue development, angiogenesis, and maintenance of cell identity (50). Notably, 

class I Hox genes have been associated with hematopoietic development (51–53). Among 

Hox genes, paralog group 3 (Hoxa3) specifically directs endothelial cell differentiation. 

In E8.25–8.5 yolk sac and E9.5–10.5 AGM, HoxA3 downregulation marks the site of 

hematopoiesis from the endothelium (51). The expression pattern of HoxA3 suggests it 

inhibits hemogenic specification and promotes arterial specification of endothelial cells, 

consistent with the fact that it is upregulated during angiogenesis (52). Indeed, in early 

mesodermal cells, HoxA3 restrains hematopoietic development and maintains endothelial 

identity (51). Surprisingly, overexpression of HoxA3 can revert committed hemogenic 

endothelial cells (CD41+CD45+) into CD41− endothelial cells (51). HoxA3 also represses 

the generation of HSCs by inhibiting the expression of key hematopoietic transcription 

factors, including Runx1, Gata1, Gfi1B, Ikaros, and PU.1, that promote hematopoietic 
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development (51). HOXA3 also upregulates the Notch pathway ligand JAG1 in cultured 

human ESC-derived hemogenic endothelial cells, which leads to Notch ligand cis-inhibition 

and prevents blood cell commitment (53). These data suggest an important role for HoxA3 

in maintenance of an endothelial state prior to hematopoietic transition.

Conversely, another Hox paralog, HoxB4, has been proposed to play a positive role in 

hemogenic specification. Genome-wide analysis in human ESC-derived HSPCs suggests 

that many hematopoietic genes are direct targets of HOXB4, including Runx1, Scl/Tal1, 

Gata2, and Gfi1 (54). HoxB4 ectopic expression increases the formation of hemogenic 

endothelial cell colonies from mouse ESCs, not by altering the frequencies of its progenitor 

cells, but by promoting the differentiation of progenitors toward a hematopoietic fate 

(55). Additionally, expression of HoxB4 ectopically in both human ESC-derived and 

mouse yolk sac–derived HPCs promotes long-term, multilineage hematopoiesis in transplant 

experiments (56, 57).

REGULATION OF HEMATOPOIETIC STEM AND PROGENITOR CELL 

GENERATION AND FUNCTION

Just as we need more ongoing work to better understand the molecular regulation of 

hemogenic endothelial cell specification, more work is also needed to define the complex 

regulation of HSPC generation from hemogenic endothelial cells. Nonetheless, we discuss 

below the regulators that have been revealed to date (Figure 2).

Runx1

Runx1 belongs to a transcription factor family called core-binding factors, which includes 

sequence-specific DNA-binding proteins Runx1-3 and their shared non-DNA binding 

protein CBFβ that helps Runx1-3 effectively bind DNA (58). Runx1 is an important 

regulator of, and marker for, the EHT process, and Runx1−/− and Cbfb−/− mice both die 

around E12.5 with hematopoietic defects and vascular hemorrhage (59, 60). In the mouse 

AGM, expression of Runx1 is observed in endothelial cells lining the ventral side of the 

dorsal aorta, in the underlying mesenchyme, and in IAHCs (58). Runx1 expression occurs 

prior to embryonic hematopoiesis and is conserved among vertebrate species (58). Runx1 

is also functionally conserved; that is, Runx1 is expressed in multiple models, including 

mouse and zebrafish AGM and human ESCs, and its loss prevents HSPC formation and 

subsequent lineage-forming activities in Tek/Tie-2- or VE-Cad-expressing cells (39, 61–65). 

Importantly, the observed defects in embryonic definitive hematopoiesis in Runx1-deficient 

embryos are not the result of impaired dorsal aorta formation (61–65). Furthermore, the 

formation of VE-Cad+CD45−CD41+ precursors of definitive HSCs in the E10.5 mouse 

dorsal aorta form in the absence of Runx1. And deletion of Runx1 in mature blood lineages 

using fetal liver hematopoietic gene Vav1-Cre fails to block murine hemogenic endothelial 

cell development and HSPC formation (66). Thus, Runx1 appears to be required transiently 

during the formation of HSPCs from hemogenic endothelial cells.

Multiple proteins bind to the enhancer of Runx1, thus regulating its expression and function 

during EHT. In vivo, the Gata2/Ets and Scl/Lmo2/Ldb-1 complexes are recruited to a 
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highly conserved Runx1 enhancer (67). In addition, deletion of Sox17 or Notch1 in mouse 

AGM during EHT upregulates expression of Runx1, as well as Gata2, and promotes 

HSPC generation (68). Runx1 expression also upregulates other hematopoietic regulators, 

including Scl, Lmo2, and Gata1-3 (58), which is discussed below. In addition, PU.1 is a 

known downstream target of Runx1 (69). A low-level transient expression of Runx1 in 

mouse ESC-derived HPCs is sufficient to result in chromatin remodeling and induction or 

repression of PU.1 expression, depending on the lineage type produced (69). Gfi1/Gfi1B 

are also thought to be direct targets of Runx1 (70). In the absence of Runx1, Gfi1 and 

Gfi1B inhibit the endothelial program and induce emergence of round cells similar in 

morphology to HSPCs (70). Mouse embryos lacking Gfi1 and Gfi1B fail to release HSPCs 

from hemogenic endothelial cells within the yolk sac (70) and AGM (71). It has been 

proposed that Gfi1 promotes EHT possibly by recruiting LSD1 protein to epigenetically 

repress endothelial genes and to allow hematopoietic gene expression (71). Another direct 

target of Runx1 is interleukin (IL)-3, which is expressed in the luminal layer of the dorsal 

aorta and in cells adhering to the aorta wall (72). Addition of IL-3 rescues HSPC levels 

in hemizygous Runx1 mouse AGM explants (72). An interlinked gene regulatory network 

study showed that Runx1, upregulated by Notch1 and BMP4 signaling, is able to regulate 

the triad of Scl (stem cell leukemia, also known as Tal1), Gata2, and Fli1, leading to 

increased HSPC formation (73). In addition, endothelial cell markers Flk1 and VE-Cad are 

downregulated by Runx1 (reviewed in 58). Collectively, these studies suggest that Runx1 

represses endothelial gene expression and promotes hematopoietic differentiation.

Scl/Lmo2/Gata

As mentioned above, the regulatory regions of hematopoietic genes Scl/Tal1, Lmo2, and 

Gata1–3 can be bound and regulated by Runx1 (35). Among these factors, Lmo2 (also 

known as Rbtn2) may act as a bridge between Scl- and Gata-binding proteins, and the 

requirement for Lmo2 in zebrafish embryos is essentially the same as for Scl (74). 

Scl, a basic helix-loop-helix transcription factor, is highly expressed in endothelial and 

hematopoietic cells (75) and is a crucial regulator of early definitive hematopoiesis (76). 

Scl-null mouse embryos die around E9.5, with complete loss of yolk sac hematopoiesis and 

vascular remodeling, as well as impaired dorsal aorta formation (76). Two Scl isoforms were 

identified in zebrafish: the full-length Scl-α isoform and the N-terminal truncated Scl-β 
isoform, which are functionally redundant in primitive erythropoiesis and myelopoiesis 

(77). However, Scl-β is selectively expressed in hemogenic endothelial cells in the ventral 

wall of the zebrafish dorsal aorta and is required for HSPC emergence, whereas Scl-α 
is expressed in nascent HSPCs and required for their maintenance in the AGM (77, 78). 

SCL promotion of hematopoiesis has also been reported in human ESC; that is, impaired 

hemogenic specification and EHT are exhibited in myeloid ectopic viral integration site 2 

homolog (MEIS2)-deficient cells and can be rescued by the expression of SCL (79).

Gata2 is expressed in most HPCs and all HSCs during hematopoiesis (80, 81), and embryos 

lacking Gata2 die at E10.5 with anemia (82). Gata2 deficiency leads to impaired EHT and 

HSPC repopulating ability in a dosage-dependent manner in the AGM, but not yolk sac or 

adult bone marrow (80, 83–85). Zebrafish possess two Gata2 genes: Gata2a and Gata2b, 

but only Gata2b functions within hemogenic endothelium to prevent HSPC emergence (86). 

Wu and Hirschi Page 9

Annu Rev Physiol. Author manuscript; available in PMC 2022 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gata3 is expressed in Gata2-nonexpressing HSPCs, as well as some endothelial cells in 

mouse AGM, suggesting that Gata3 and Gata2 may have overlapping roles (87). Indeed, 

Gata3-deficient embryos show impaired hematopoiesis in mouse AGM and fetal liver, but 

not yolk sac (88, 89). Collectively, these findings demonstrate that these transcription factors 

play essential roles in EHT and definitive hematopoiesis.

Notch

In addition to the previous discussion about the role of Notch signaling in regulating 

hemogenic specification, Notch signaling has also been shown to regulate HSPC generation. 

Notch1 and 4 receptors are specifically expressed in mouse endothelial cells, whereas, 

Notch1, 2, and 4 are highly expressed in mouse HSPCs. Notch1 has been shown to be 

indispensable in regulating EHT in loss-of-function studies in various organisms, including 

mouse AGM and its explant culture (90–92), mouse fetal liver and fetal bone marrow, 

zebrafish AGM (62, 93), and human ESCs (94).

Although Notch1 signaling is required for both arterial specification and embryonic 

hematopoiesis, ligand specificity for each process has been suggested: Jag1 for definitive 

hematopoiesis (90, 95) and Dll4 for arterial specification (95, 96). Both are expressed in 

endothelial cells in mouse dorsal aorta (97, 98). Jag1-null mutant mouse embryos exhibit 

impaired HSPC generation in the AGM (90, 98), although Jag1-deficient AGM cells can 

be rescued by culturing on Jag1-expressing stromal cells or by transduction with the 

Gata2 gene (90, 98). In contrast, Dll4 is dispensable for hematopoiesis in mouse AGM 

(98). A model has been proposed that HSPC and arterial endothelial cells originate from 

cells with different Notch1 signaling strength (98). That is, high Dll4-activated Notch 

signaling enables the maintenance of endothelial cell identity, whereas, Jag1 induces low 

Notch activity, which represses the endothelial/arterial program and promotes EHT (98). 

These studies suggest antagonizing roles for Jag1 and Dll4 in the process of definitive 

hematopoiesis. However, studies in human pluripotent stem cell culture demonstrate 

that DLL4 may facilitate embryonic hematopoiesis (99). Human ESC-derived hemogenic 

endothelial cells expressing a low level of DLL4 can receive Notch-activating signals from 

neighboring cells with high DLL4 expression, thereby promoting EHT (100).

HSPC generation in AGM hematopoietic clusters has been shown to depend on Notch

induced Gata2 expression (86, 90, 101). Gata2 has two functional RBPj-binding sites, 

mutation of which results in loss of EHT in E10.5 mouse AGM (101). In zebrafish, 

dysregulated Gata2b expression is observed in Notch1 morpholino studies (86). Hes1 and 

Hes-related family genes are also direct targets of Notch signaling (97). Hes1 expression 

appears to antagonize Gata2, because mutation in RBPj-binding sites of Hes1 leads to 

increased Gata2 expression in mouse AGM HSPCs (101). The opposite role of Notch 

targets Gata2 and Hes family members in regulating embryonic hematopoiesis suggests that 

Notch ligands may have specific downstream transcriptional targets, which may explain why 

Notch signaling mediated by different Notch ligands leads to different effects. Additionally, 

downregulation of cell division cycle associated 7 (Cdca7) gene, a direct Notch target 

(102), impairs HSPC generation in zebrafish and is required for maintenance of the 

undifferentiated state of HPCs derived from cultured human ESCs (102). Notch signaling 
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also regulates the expression of a number of hematopoietic genes, including c-myb, Runx1, 

and Foxc2, but whether they are direct or indirect targets of Notch is not known (90, 91, 

103).

Notch signaling can function both cell-autonomously and nonautonomously in regulating 

embryonic definitive hematopoiesis. Hadland and colleagues (94) showed that Notch1 is 

required cell autonomously by injecting lacZ-tagged notch1-null mouse ESCs into wild

type blastocysts. β-Galactosidase-positive cells were subsequently isolated from yolk sac, 

fetal liver, and fetal bone marrow of the recipient embryos and found to lack blood 

cell colony–forming activity. Conversely, several Notch ligands have also been shown 

to function nonautonomously during definitive hematopoiesis (104–107). For example, in 

zebrafish, signaling via Notch ligands Dlc/Dld and Notch3 receptor were found to generate 

endothelial cell precursors that migrate to and colonize the dorsal aorta and induce definitive 

hematopoiesis (104–107). The somitic signaling by Dlc/Dld and Notch3 is spatially distinct 

from and earlier than the abovementioned cell-autonomous requirement for Notch signaling, 

in which Notch ligands that mediate hematopoiesis are thought to be expressed in the dorsal 

aorta endothelium and/or neighboring mesenchymal cells (90, 92, 104, 106, 107).

c-Myb

The evolutionary conserved nuclear proto-oncogene c-myb is thought to regulate definitive 

hematopoiesis, but not primitive hematopoiesis, in both mouse and zebrafish (108–110). 

In zebrafish, c-Myb expression is restricted to HSPCs in both larva and adult stages, and 

it is downregulated upon differentiation (111). C-Myb loss-of-function zebrafish fail to 

establish normal thymopoiesis and lack all blood cell lineages (110). Truncation of c-Myb 

to eliminate its transactivation domain impairs the budding of HSPCs from the ventral wall 

of dorsal aorta, partly via upregulation of chemokine stromal cell–derived factor 1a (SDF1a) 

(109). Mice lacking c-Myb die around E15.5 and lack fetal liver hematopoiesis (108); in 

addition, mouse c-myb−/− AGM explants yield fewer HSPCs than wild-type controls (112).

Purinergic Signaling

Purines (such as adenosine, ADP, and ATP) signal via cell surface receptors that regulate 

diverse cell functions, including proliferation and differentiation, as well as stem cell 

regeneration (113). Recently, purinergic signaling, especially via adenosine, has been 

reported to promote emergence of HSPCs in zebrafish and murine embryos (113). Zebrafish 

embryos treated with chemical enhancers of adenosine generate an increased number of 

HSPCs, whereas embryos treated with chemical adenosine antagonists exhibit impaired 

HSPC formation (113). Knockdown of adenosine receptor A2b in both zebrafish and 

mouse, and in ESC culture and AGM explants, leads to decreased formation of hemogenic 

endothelial cells, decreased HSPC production, and impaired blood-forming ability (113). 

Adenosine receptor A2b activation induces expression of CXCL8 (IL-8), which has been 

shown to trigger proliferation of HPCs, via the cAMP-protein kinase A (PKA) axis (113). 

Blockade of the cAMP–PKA pathway in mouse AGM also impairs hematopoietic potential 

of HSPCs (114); however, another study argues that PKA inhibition has no effect on 

HSPC generation in human pluripotent stem cell culture (115). Instead, it is suggested that 

inhibition of the exchange protein activated by cAMP (Epac)-cAMP axis impairs hemogenic 
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endothelial formation and HSPC generation (115). In addition, induction of cAMP has 

been shown to regulate human definitive hematopoiesis by mitigating oxidative stress and 

enhancing expression of CXCR4, a chemokine receptor that maintains HSC quiescence 

in the bone marrow niche (115). Collectively, these findings demonstrate that purinergic 

signaling plays a pivotal role in HSPC generation.

Sox

Sox7, Sox17, and Sox18, members of the SoxF family of transcription factors, have been 

reported to regulate embryonic definitive, but not primitive, hematopoiesis (116–122). 

Sox17 is required for arterial and hemogenic specification and maintenance, making it 

of particular interest in the context of definitive hematopoiesis in the AGM (118, 120). 

Sox17 expression is highly restricted to fetal and neonatal stages in vivo and is enriched 

in hemogenic endothelial cells and emerging HSPCs derived from mouse AGM (118, 121). 

Endothelial-specific deletion of Sox17 in E9.5 mouse embryos ablates the generation of 

repopulating HSCs and hematopoietic lineages in the AGM (118). In mouse AGM explant 

culture and mouse ESC differentiation culture, Sox17 is required for the development and/or 

expansion of hemogenic endothelial cells (68, 118). Overexpression of Sox17 in endothelial 

cells derived from mouse and human ESCs results in increased hemogenic endothelial 

cell specification. In contrast, SOX17 overexpression in pre-HPCs and HPCs derived from 

human ESCs not only inhibits their hematopoietic differentiation ability but also reprograms 

them into hemogenic endothelial-like cells (122).

Many direct downstream targets of Sox17 in the EHT process have been reported, including 

Notch1, VE-Cad, Scl/Tal1, and Runx1 (118, 122). Endothelial-specific deletion of Sox17 

also leads to compensatory overexpression of Sox7 and Sox18 (117). Transient expression 

of Sox7 and Sox18 has been seen in hemogenic endothelium and is decreased thereafter 

(116, 117, 119). Sox7- and Sox18-enhanced expression maintains endothelial cell identity 

while blocking their hematopoietic differentiation (116, 117, 119). Sox7 is known to bind 

and activate the promoter of VE-Cad, which is downregulated during EHT (116). Taken 

together, these findings suggest that Sox family members are key regulators of hemogenic 

endothelial cells and their hematopoietic activity, although they may have different roles.

Wnt

The transduction of Wnt factors through Frizzled receptors triggers a cascade of downstream 

signaling, including activation of β-catenin (canonical pathway) and/or JNK and PKC 

(noncanonical pathway), which translocate to the nucleus and regulate transcription of target 

genes (reviewed in 123). Several Wnt ligands have been shown to be required in definitive 

hematopoiesis (124–126). Somite-derived Wnt16 and endothelial overexpression of Wnt8 

promote zebrafish EHT (104, 125). Conversely, loss of Wnt9a in the zebrafish somites or 

chemical inhibition of the secretion of all Wnt ligands impairs the generation of HSPCs 

but does not impact hemogenic specification (126). In human ESC differentiation studies, 

addition of WNT3A or WNT1 protein increases HSPC emergence (127, 128).

Wnt requirement for HSPC generation is further supported by the manipulation of its 

downstream signaling components. For example, β-catenin is expressed in the mouse dorsal 
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aorta during definitive hematopoiesis and nuclear-localized only in cells at the base of 

IAHCs (129). Chemical interference with β-catenin or deletion of β-catenin in VE-Cad+ 

AGM endothelial cells leads to decreased HSPC generation (129). Similarly, inhibitors 

of GSK3 that promote phosphorylation and subsequent degradation of β-catenin cause 

increased HSPC formation in E10.5 mouse AGM explants, zebrafish, and human pluripotent 

stem cell culture (126, 129, 130).

Proinflammatory Signaling

Recently, inflammatory signaling mediated by interferons (IFNs) has been found to play 

an essential role in embryonic definitive hematopoiesis independent of its role in infection, 

termed sterile inflammation (131–135). Mice or zebrafish embryos lacking IFN-γ and 

IFN-α activity generate fewer HSPCs within the AGM (131, 133). More specifically, IFN-

γ activated by Notch or blood flow inhibits the EHT process via receptor Crfb17 in a 

cell-autonomous manner (133). In contrast, tumor necrosis factors (TNFs) support HSPC 

emergence; that is, TNF-α, via receptor TNFR2, is required for HSPC generation from 

the dorsal aorta of zebrafish (132). Combinatorial knockdown of IFN-γ and TNF-α leads 

to decreased HSPC emergence, suggesting a cooperative role of the two inflammatory 

cytokines during hematopoiesis (131). In addition, granulocyte colony–stimulating factor 

(GCSF) signaling also promotes zebrafish HSPC formation and proliferation (135). Its 

receptor, GCSFR, as well as TNFR2, regulate EHT by activating Jag1a-mediated Notch 

signaling, as well as NF-κB signaling, via a conserved Toll-like receptor 4 (TLR4) (132, 

134). Canonical NF-κB activation is also a regulator of HSPC emergence in both zebrafish 

and mouse; inhibiting translocation NF-κB to the nucleus leads to impaired generation 

of HSPCs and their progeny (132, 134). Interestingly, primitive myeloid cells have been 

implicated as a local source of multiple inflammatory signals, suggesting that definitive 

hematopoiesis is dependent on primitive hematopoiesis (131, 132).

TGF-β

The transforming growth factor-β (TGF-β) superfamily comprises secreted polypeptide 

growth factors in the TGF-β, bone morphogenetic protein (BMP), activin, and nodal families 

that regulate cell growth and differentiation. Recent studies found that signaling via TGF-β 
and BMP is required for HSPC emergence. Monteiro and coworkers (136) reported that 

three ligands of the TGF-β family act sequentially in zebrafish definitive hematopoiesis; 

that is, autocrine signaling via TGF-β1 and 2 within the endothelium promotes hemogenic 

specification, and subsequent paracrine signaling from notochord-derived TGF-β3 promotes 

EHT. All three ligands signal through the receptor TGF-βR2 and induce Jag1a expression, 

thus activating downstream Notch signaling (136). BMP4-mediated signaling is also 

required for definitive hematopoiesis in zebrafish and Xenopus (137, 138). In addition, the 

effectors of BMP signaling pathway, Smad1/5, and binding partner Smad4, were also shown 

to be necessary for hematopoiesis, especially for the EHT process (139, 140).

Blood Flow

Since the onset of heartbeat and establishment of mouse vascular circulation at E8.5 

coincide with the hemogenic activity in the yolk sac and AGM, it is not surprising 

that hematopoietic development is impacted by biomechanical forces, such as blood flow–
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induced shear stress (141, 142). North and coworkers (142) found that zebrafish mutants 

that have no heartbeat or blood circulation show significantly reduced HSPC formation. 

In addition, Adamo et al. (141) found that cultured mouse embryos and ESC-derived 

cells exhibit increased HSPC formation and hematopoietic colony-forming potential under 

flow-induced shear stress. Several signaling pathways responsible for flow-dependent 

hematopoiesis have been identified, including nitric oxide, the proinflammatory cytokine 

IFN-γ and its receptor crfb17, the PKA-cAMP pathway, and calcium efflux (114, 133, 

141, 142). However, further studies are needed to precisely describe the mechanisms that 

coordinate blood flow–induced shear stress with these and other signaling pathways in the 

regulation of definitive hematopoiesis.

IMPACT OF HEMOGENIC ENDOTHELIAL CELL DEVELOPMENT ON ADULT 

HEMATOPOIESIS

It has been suggested that the hematopoietic system is maintained by a pool of HSC 

subtypes, which are lineage biased (143). Myeloid-biased HSCs and lymphoid-biased HSCs 

display stable phenotypes during aging or serial transplantation and can be identified and 

purified (143). However, it is not clear whether adult lineage-biased HSCs derive from a 

uniform pool of hemogenic endothelial cells, or whether the different lineage potentials of 

HSCs result from their generation from different subtypes of hemogenic endothelial cells. 

In support of the latter possibility, recent in vitro studies using human ESCs suggest that 

defects in, or stimulation of, hemogenic endothelial cells can change their blood lineage 

generation. For example, GATA2 deletion in human ESC-derived hemogenic endothelial 

cells leads to a decreased number of HPCs and granulocytes, although the generation of 

erythrocytes and macrophages is unaffected (144). Interestingly, the granulocyte potential 

of Gata2−/− human ESC-derived cells can be rescued by activating Notch signaling. Other 

work demonstrates that stimulation of human ESC-derived HSPCs with DLL4 reduces 

their ability to generate erythrocytes and megakaryocytes yet increases myeloid lineage 

generation (18). Thus, it is possible that defects in hemogenic endothelial cell development 

lead to alterations in adult hematopoiesis, which needs to be further explored.

SUMMARY

The specification of hemogenic endothelial cells and their subsequent generation of 

HSPCs are complex processes that involve interplay between developmental timing and 

molecular and mechanical signals from the microenvironment. This interplay, which is 

yet to be fully elucidated, results in a gradual loss of endothelial cell characteristics with 

concomitant acquisition of hematopoietic characteristics. Although molecular mechanisms 

underlying the generation of hemogenic endothelial cells and subsequent generation and 

differentiation of HSPCs have been accumulating, important questions remain unanswered. 

It is still unclear why the ability of embryonic HSPCs to repopulate the adult blood 

system differs depending on where and when these cells were generated. It is also 

unknown whether hemogenic endothelial cells exist in fetal, neonatal, or adult bone 

marrow and whether they continue to generate HSPCs postnatally. Although this is not 

a well-accepted concept, it has been demonstrated by lineage-tracing studies that HSCs 
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generated during embryogenesis do not account for all hematopoietic cells generated after 

birth (11). It has also been shown in vitro that human cord blood HPCs are able to 

differentiate into adherent proliferating endothelial precursors capable of functioning as 

hemogenic endothelial cells under the instruction of hematopoietic growth factors (145). 

These observations support the possibility of the existence of hemogenic endothelium after 

birth, but this requires further investigation. In addition, given that embryonic hematopoiesis 

serves as the foundation of the adult hematopoietic system, we need to better understand 

how dysregulation of hemogenic endothelial cell specification and HSPC production during 

development impacts the development of hematologic malignancies and other postnatal 

hematopoietic disorders. Thus, further elucidating the molecular regulation of hemogenic 

endothelial cell specification and their subsequent generation of HSPCs not only advances 

our understanding of embryonic development, but also our understanding of adult HSCs and 

potentially lifelong hematopoiesis. Insights gained can also be applied toward the treatment 

of hematopoietic disorders and the in vitro generation of human HSCs for clinical therapies.
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Figure 1. 
Time line and main sites of hematopoiesis in the mouse conceptus. Primitive hematopoiesis 

begins around E7.25 within yolk sac blood islands. Definitive hematopoiesis starts around 

E8 in the yolk sac, E9.5 in the placenta, and E10.5 in the aorta-gonad-mesonephros. 

The hematopoietic stem and progenitor cells generated from the yolk sac and aorta-gonad

mesonephros are thought to migrate to the fetal liver, thymus, and spleen and finally 

colonize the fetal bone marrow.
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Figure 2. 
Summary of major molecular mechanisms governing hemogenic specification and EHT. 

Molecular events regulating hemogenic endothelial cell specification are listed in the 

green box (promoting) and purple box (inhibiting). Molecular events promoting EHT are 

listed in the orange box; interactions among them are highlighted. Abbreviations: EHT, 

endothelial-to-hematopoietic transition; HSPC, hematopoietic stem and progenitor cell; 

TGF-β, transforming growth factor-β.
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