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Abstract

The de novo generation of hematopoietic stem and progenitor cells (HSPC) occurs solely during 

embryogenesis from a population of epithelial cells called hemogenic endothelium (HE). During 

midgestation HE cells in multiple intra- and extraembryonic vascular beds leave the vessel wall as 

they transition into HSPCs in a process termed the endothelial to hematopoietic transition (EHT). 

Runx1 expression in HE cells orchestrates the transcriptional switch necessary for the 

transdifferentiation of endothelial cells to functional HSPCs. Runx1 is widely considered the 

master regulator of developmental hematopoiesis because it plays an essential function during 

specification of the hematopoietic lineage during embryogenesis. Here we review the role of 

Runx1 in embryonic HSPC formation, with a particular focus on its role in hemogenic 

endothelium.
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Almost all blood cells in the adult mammal differentiate from hematopoietic stem cells 

(HSCs) in the bone marrow. However HSCs do not originate in the bone marrow, and 

instead differentiate in the embryo before bone or bone marrow forms (Müller et al., 1994). 

The majority of HSCs, defined as cells that can engraft adult transplant recipients, 

differentiate from immature HSC precursors called pre-HSCs (Rybtsov et al., 2011, Taoudi 

et al., 2008). Pre-HSCs, in turn, differentiate from a small population of hemogenic 

endothelial cells (Zovein et al., 2008, Chen et al., 2009). The maturation of pre-HSCs into 

HSCs predominantly takes place in the fetal liver, which is colonized by pre-HSCs via the 

circulation (Rybtsov et al., 2016, Kieusseian et al., 2012). Following birth, HSCs leave the 

fetal liver and settle in the bone marrow, where they remain for the rest of adult life.

HSCs develop at midgestation in the mouse embryo, and at 1 month of gestation in the 

human embryo (Ivanovs et al., 2011, Müller et al., 1994). However, before HSCs are 

present, several other primitive types of blood cells emerge that are essential for embryonic 

viability. Hematopoietic progenitors (cells that can produce differentiated blood cells, but do 

not possess long-term multilineage reconstitution potential) and HSCs form in three waves, 

as described below. Runx1 is important for the differentiation of all embryonic blood cell 
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lineages, and is particularly essential for the differentiation of blood cells in the second two 

waves from hemogenic endothelium.

Primitive hematopoiesis-the first wave

Primitive hematopoietic cells are one of the earliest functional cell populations to appear 

during embryogenesis. They emerge in the extraembryonic yolk sac shortly after 

gastrulation, and prior to the onset of circulation, a functional vascular system, or the 

development of HSCs (Palis et al., 1999, Ferkowicz and Yoder, 2005). Primitive 

hematopoietic cells in this first wave include unipotent primitive erythrocyte progenitors, bi-

potent erythrocyte/megakaryocyte progenitors, and primitive macrophages (Xu M et al., 

2001, Tober et al., 2007, Palis et al., 1999, Moore and Metcalf, 1970, Haar and Ackerman, 

1971, Tracey et al., 1998). These primitive blood cells have distinct morphological and 

functional features compared to their “definitive” counterparts that form during the second 

and third waves of hematopoiesis. For example, primitive erythrocytes are larger than 

definitive erythrocytes, they express embryonic and adult globins, and they retain their 

nucleus when entering the circulation (Palis et al., 1999, Palis, 2014, Kingsley et al., 2004). 

Primitive megakaryocytes have a lower ploidy class than definitive megakaryocytes, and 

more rapidly produce platelets that prevent hemorrhaging in the primitive vascular plexus as 

it develops into a functional cardiovascular system (Xu M et al., 2001, Potts et al., 2014).

The mesodermal cells that give rise to primitive hematopoietic cells originate from a 

population of proximal epiblasts that migrate through the primitive streak and into the 

extraembryonic yolk sac early during gastrulation (Lawson et al., 1991). The mesoderm 

accumulates to form thickened regions called mesodermal masses that then differentiate into 

blood islands consisting of primitive erythroblasts, and into angioblasts that will form the 

vascular plexus of the yolk sac (Ferkowicz and Yoder, 2005, Haar and Ackerman, 1971). 

Due to their parallel development and close physical association, it was initially 

hypothesized that blood and endothelial cells in the yolk sac shared a common progenitor 

called the hemangioblast (Murray, 1932, Sabin, 1920). This idea was supported by the 

demonstration that hemangioblast-like progenitors that gave rise to both blood and 

endothelial cells could be isolated from embryonic stem (ES) cell cultures (Choi et al., 1998, 

Zambidis et al., 2005). It later became apparent that the putative bi-potent hemangioblast 

was actually a tri-lineage progenitor that could also give rise to smooth muscle cells (Ema et 

al., 2003). However, in vivo clonal analyses provided evidence against the existence of a bi-

potential hemangioblast in the yolk sac, and instead suggested that yolk sac endothelium and 

hematopoietic cells are derived from adjacent but independent regions of the epiblast, and 

are thus specified prior to entering the primitive streak (Padron-Barthe et al., 2014, Ueno and 

Weissman, 2006).

Runx1 is expressed in the mesodermal mass in the yolk sac, and in the progenitors of 

primitive hematopoietic cells in the mouse embryo with the exception of primitive 

erythrocytes that initially express Runx1 but rapidly downregulate its expression shortly 

after emergence (North et al., 1999, Zeigler et al., 2006, Lacaud et al., 2002). Two of the 

three primitive hematopoietic lineages, primitive erythrocytes and megakaryocytes can form 

in the absence of Runx1, however their normal development is affected by Runx1 loss. 
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Runx1-deficient embryos produce numbers of primitive erythroid colonies comparable to 

littermate controls and do not appear anemic (Yokomizo et al., 2008, Lacaud et al., 2002). 

However, more detailed analysis revealed reduced expression of cell surface Ter119 and the 

hematopoietic transcription factors KLF1 and GATA1, and defective maturation of Runx1-

deficient erythrocytes (Yokomizo et al., 2008, Castilla et al., 1996). Furthermore, about 30% 

of primitive erythrocytes derived from Runx1−/− embryos displayed a deformed shape 

characterized by a rough punctate surface (Yokomizo et al., 2008). Despite these 

abnormalities Runx1−/− primitive erythrocytes are functional, as indicated by normal levels 

of benzidine staining (hemoglobinization) and the fact that Runx1−/− embryos survive until 

E12.5, which is longer than GATA1-deficient embryos, which die by E10.5 with severe 

anemia due to the lack of functional primitive erythrocytes (Yokomizo et al., 2008, Fujiwara 

et al., 1996, Okuda et al., 1996, Wang et al., 1996a). Runx1 is not required for the formation 

of primitive diploid megakaryocytes, although their numbers were lower in Runx1 deficient 

yolk sacs (Potts et al., 2014). Primitive macrophages, on the other hand, absolutely require 

Runx1, as they are lacking in Runx1−/− embryonic stem cell differentiation cultures (Lacaud 

et al., 2002) and embryos (Li et al., 2006). In summary, in the absence of Runx1, primitive 

macrophages are absent, diploid megakaryocytes are reduced in number, and primitive 

erythropoiesis is abnormal. Although it is often stated that Runx1 is required for definitive, 

but not primitive hematopoiesis, this is inaccurate as Runx1 is strictly required for the 

development of one primitive blood cell lineage, and important for the normal development 

of two others.

Runx1 has also been shown to play a role during primitive hematopoiesis in zebrafish and 

Xenopus embryos. In Xenopus embryos, Runx1 is expressed in the ventral blood island 

(VBI), which is analogous to mouse yolk sac blood islands (Tracey et al., 1998). Inhibiting 

Runx1 function via the injection of a dominant negative form of Runx1 mRNA prior to the 

VBI stage drastically reduced the number of Benzidine+ primitive erythrocytes (Tracey et 

al., 1998). Similarly, in zebrafish embryos, morpholino knockdown of Runx1 expression at 

the one to eight cell stage resulted in fewer primitive erythrocytes (Kalev-Zylinska et al., 

2002). The primitive macrophage and megakaryocyte populations were not examined in 

either species. The decrease in primitive erythrocytes in both zebrafish and Xenopus 

embryos is contrary to what is observed in the mouse and suggests that Runx1 plays a more 

essential role in primitive erythropoiesis during zebrafish and Xenopus development.

Definitive hematopoiesis-the second and third waves

The term “definitive” in the context of developmental hematopoiesis has several meanings, 

but was originally used to describe adult erythrocytes, which unlike primitive erythrocytes 

are small and concave, lose their nuclei before entering the circulation, and do not express 

embryonic globin (Palis et al., 1999, Palis, 2014, Kingsley et al., 2004). Defined this way, 

definitive hematopoiesis encompasses two overlapping waves of blood development. Wave 2 

is characterized by the generation of erythro-myeloid progenitors (EMPs) and lymphoid 

progenitors in the yolk sac and embryo proper (Yoder, 2014). EMPs can be found as early as 

E8.25 in the murine yolk sac (Palis et al., 1999, McGrath et al., 2015) and heart (Nakano et 

al., 2013). The next wave 2 progenitor to appear are lymphoid progenitors, which are found 

at E9.5 in the yolk sac and the paired dorsal aorta, and by E10.5 in the umbilical artery (UA) 

Yzaguirre et al. Page 3

Adv Exp Med Biol. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and vitelline artery (VA) (Yoshimoto et al., 2011, Yoshimoto et al., 2012). Adult 

repopulating HSCs (wave 3) do not appear until E10.5; they are generated initially in the 

dorsal aorta (DA), UA, and VA, and can subsequently be found in the yolk sac, head and 

placental vasculature (Li et al., 2012, Li et al., 2016, Rhodes et al., 2008, Gordon-Keylock et 

al., 2013, de Bruijn et al., 2000, Gekas et al., 2005). They are thought to arrive via 

circulation in these latter sites, instead of being generated in situ (Dieterlen-Lievre, 1975, 

Cumano et al., 2001, Medvinsky and Dzierzak, 1996).

Definitive hematopoietic cells are derived from a population of epithelial cells called 

hemogenic endothelium (HE) that are part of the interior lining of specific blood vessels in 

the embryo (Swiers et al., 2013b). HE is a transient population that gives rise to 

hematopoietic progenitors and stem cells in a process termed the endothelial to 

hematopoietic transition (EHT) (Kissa and Herbomel, 2010). Live-imaging studies of HE 

cells in vitro and in vivo have captured this dynamic process (Kissa and Herbomel, 2010, 

Boisset et al., 2010, Bertrand et al., 2010, Lancrin et al., 2009). Initially, HE cells appear flat 

in images generated by confocal microscopy, and integrated in the endothelial monolayer. 

Scanning electron microscopy of mouse HE cells revealed them to be more oblong, with 

rounded cell bodies and filopodia-like protrusions of the membrane as compared to non-

hemogenic endothelial cells (Bos et al., 2015). As the EHT progresses, the HE cell bends 

away from the vessel wall until it rounds up and detaches from the endothelial layer 

becoming a mobile hematopoietic cell (Kissa and Herbomel, 2010, Boisset et al., 2010, 

Bertrand et al., 2010, Lancrin et al., 2009, Eilken et al., 2009).

In mouse embryos, HE is localized in the yolk sac, the large arteries of the embryo proper, 

the heart, and the chorionic plexus (Rhodes et al., 2008, Li et al., 2012, Nakano et al., 2013, 

Yzaguirre and Speck, 2016). HE cells are identified based on Runx1 expression (North et 

al., 1999) (Figure 1). Runx1 is a critical regulator of the EHT and as such, suppresses an 

endothelial transcriptional program and initiates a hematopoietic program in HE allowing 

the EHT to occur (Lancrin et al., 2012, Chen et al., 2009, North et al., 1999, Yokomizo et al., 

2001). Transcriptional and functional analyses demonstrated that HE cells derived from E8.5 

mouse embryos preferentially form endothelial tubules in culture conditions that support 

both endothelial and hematopoietic cells (Swiers et al., 2013a). In contrast, E10.5 HE 

preferentially forms hematopoietic cells in vitro. The functional change that occurs between 

E8.5 and E10.5 was accompanied by a transcriptional shift characterized by the upregulation 

of hematopoietic factors such as Runx1, Meis1, Gata2, Gata3 and Myb suggesting that 

initially HE cells are functional endothelial cells, but as the hematopoietic program ramps up 

during midgestation HE loses endothelial function and gains hematopoietic potential (Swiers 

et al., 2013a).

In mammalian embryos, after the EHT occurs, newborn hematopoietic cells adhere to the 

vessel wall within the lumen forming clusters of hematopoietic cells. The peak of EHT in 

the mouse embryo (E10.5) is marked by the formation of hundreds of Kit+ hematopoietic 

clusters within the lumens of the DA, VA and UA and dozens residing within the vascular 

plexus of the yolk sac (Yokomizo and Dzierzak, 2010, Frame et al., 2015, Yzaguirre and 

Speck, 2016). Analysis of the Kit+ hematopoietic clusters within the embryo proper between 

E10.5 and E11.5 has revealed that they consist of lymphoid progenitors, a small number of 
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myeloid progenitors, and pre-HSCs that can mature into HSCs capable of long-term 

multilineage reconstitution (Boisset et al., 2015, Li et al., 2014, Taoudi et al., 2008, Rybtsov 

et al., 2011). By E12.5 most hematopoietic cluster cells have entered the circulation and 

made their way to the fetal liver where they undergo maturation and proliferation, expanding 

the pool of HSCs and hematopoietic progenitors (Ema and Nakauchi, 2000, Kieusseian et 

al., 2012, Rybtsov et al., 2016). Beginning at E17.5 HSCs migrate to the bone marrow where 

they will reside throughout the lifetime of the animal (Christensen et al., 2004).

In zebrafish embryos the EHT occurs away from the lumen of the dorsal aorta, and the 

newly formed hematopoietic cells must traverse through the subaortic space and enter 

circulation via the axial vein (Kissa et al., 2008). Once in circulation hematopoietic cells 

migrate to the caudal hematopoietic tissue that is akin to mammalian fetal liver where they 

differentiate and expand before traveling to definitive hematopoietic organs (Murayama et 

al., 2006).

Runx1 is required during definitive hematopoiesis

Runx1 is expressed in all sites of blood formation. During gastrulation Runx1 is expressed 

in the extraembryonic mesoderm that gives rise to primitive hematopoietic cells (Swiers et 

al., 2013a, Lacaud et al., 2002, Zeigler et al., 2006). During definitive hematopoiesis Runx1 

is the most reliable marker of hemogenic endothelium and is expressed by all hematopoietic 

cells with the exception of erythrocytes (North et al., 2004, North et al., 1999, North et al., 

2002, Lorsbach et al., 2004). In addition to hematopoietic tissues, Runx1 is expressed in the 

olfactory epithelium, spinal ganglia, maxillary processes and the mesenchyme that flanks the 

ventral length of the dorsal aorta (North et al., 1999, Levanon et al., 2001a). Germline 

deletion of Runx1 results in the elimination of all definitive hematopoietic cells and 

embryonic lethality by E12.5 (Wang et al., 1996a, Okuda et al., 1996). Embryonic lethality 

of Runx1 deficient embryos is due to hemorrhaging within the ventricle of the central 

nervous system, the pericardial space, and the peritoneal cavity (Okuda et al., 1996, Wang et 

al., 1996a). The hemorrhaging is likely secondary to the lack of definitive hematopoietic 

cells because hematopoietic cells are involved in vascular remodeling during embryogenesis. 

For example, hematopoietic cells express angiopoietin-1 (Ang-1), a chemoattractant that 

promotes blood vessel sprouting (Witzenbichler et al., 1998). Analysis of the vasculature of 

Runx1 deficient embryos revealed decreased branching in the head, pericardium and 

vitelline artery in the yolk sac (Takakura et al., 2000). When Runx1 deficient explants were 

supplemented with hematopoietic cells or Ang-1 the vascular defects were rescued, 

suggesting that the vascular defects that cause hemorrhaging in Runx1 deficient embryos are 

due to the loss of Ang-1 expressing definitive hematopoietic cells (Takakura et al., 2000).

Runx1 can bind DNA as a monomer in vitro, but when Runx1 heterodimerizes with its non-

DNA binding subunit CBFβ, flexible DNA-recognition loops in Runx1 are stabilized and its 

binding affinity for DNA increases (see Bushweller and Tahirov, this volume). Embryos 

deficient for CBFβ died by E12.5 with hemorrhaging akin to Runx1 deficient embryos and 

had significantly fewer definitive hematopoietic progenitors in their fetal livers when 

compared to littermate controls (Sasaki et al., 1996, Bresciani et al., 2014, Wang et al., 

1996b, Niki et al., 1997). Similar results were obtained in CBFβ deficient zebrafish, 
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confirming that CBFβ is required for Runx1 to function during definitive hematopoiesis 

(Sasaki et al., 1996, Bresciani et al., 2014). Interestingly, definitive hematopoiesis is not 

completely blocked in CBFβ deficient embryos to the same extent as in Runx1 deficient 

embryos. For example, the hematopoietic-specific transcription factor c-Myb is not 

expressed at sites of definitive hematopoiesis in Runx1 deficient zebrafish embryos, but it is 

expressed in the dorsal aorta of CBFβ deficient zebrafish embryos (Bresciani et al., 2014). 

Furthermore, definitive erythroid and myeloid progenitors are never found within the fetal 

livers of Runx1 deficient embryos but small numbers (approximately 40-fold less than 

wildtype controls) are present in CBFβ deficient fetal livers (Wang et al., 1996b). These 

studies suggest that the low-affinity binding of Runx1 to DNA in the absence of CBFβ is 

enough to initiate definitive hematopoiesis but is not sufficient to supply enough definitive 

hematopoietic cells to prevent embryonic lethality.

Unlike Runx1 and CBFβ deficient embryos, Runx1 heterozygous embryos survive well into 

adulthood and have relatively minor defects in hematopoietic development. There are fewer 

erythroid/myeloid progenitors in the yolk sacs, fetal livers and aorta/gonad/mesonephros 

regions of Runx1+/− embryos compared to wild type littermate controls (Wang et al., 1996b, 

Wang et al., 1996a, Mukouyama et al., 2000). Unexpectedly, the development of HSCs in 

Runx1+/− embryos is accelerated and spatially shifted (Cai et al., 2000). Specifically, HSCs 

were readily detected in the E10.5 AGM, and could also be detected in the yolk sacs of 

Runx1+/− embryos at E10.5 (Cai et al., 2000). This is in contrast to wild type embryos in 

which very few HSCs are present in the E10.5 dorsal aorta and are found in the yolk sac 

approximately 24 hours later (Müller et al., 1994). Therefore, reduced Runx1 dosage 

suppresses definitive hematopoiesis (wave 2) and changes the spatial and temporal 

development of HSCs (wave 3). The mechanism behind the temporal and spatial shift in 

HSC development associated with Runx1 heterozygosity is not known, but a subsequent 

study on the differentiation of Runx1 heterozygous embryonic stem (ES) cells provided a 

clue. The commitment of Runx1+/− ES cells to hemangioblasts, and subsequently to 

hematopoietic lineages was found to be accelerated by approximately 12 hours compared to 

that of wildtype ES cells (Lacaud et al., 2004). Therefore the acceleration in HSC formation 

may originate at a very early stage in hematopoietic development, in the formation of the tri-

lineage hemangioblast, in which Runx1 is expressed (Lacaud et al., 2002).

Runx1 is required in hemogenic endothelium for the development of 

definitive hematopoietic cells

The studies of Runx1 and CBFβ knockout mice demonstrated that Runx1 and CBFβ are 

essential for definitive hematopoiesis but did not pinpoint when and in which cell population 

Runx1 is necessary. The observation that Runx1 is expressed in endothelial cells at all sites 

of hematopoietic cluster formation led to the hypothesis that Runx1 is required for the 

transition from endothelial to definitive hematopoietic cells. To test this hypothesis Runx1 

was ablated in endothelial cells via endothelial specific Cre-recombinase mediated excision, 

which led to the complete abrogation of definitive hematopoiesis and embryonic lethality by 

E13.5 (Li et al., 2006, Chen et al., 2009). Also, endothelium sorted from the yolk sac and 

embryo proper of E10.5 Runx1−/− mice could not generate hematopoietic cells when plated 
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on an OP9 stromal cell layer in conditions that support EHT (Yokomizo et al., 2001). These 

findings suggest that Runx1 expression is required in endothelial cells for the de novo 
generation of definitive hematopoietic cells. This point was further supported by a study that 

took the reverse approach by restoring endogenous Runx1 expression in Tek-expressing 

endothelial cells in Runx1 reversible knockout mouse embryos (Liakhovitskaia et al., 2009). 

Restoration of Runx1 expression in endothelial cells was sufficient to rescue lymphoid 

lineages, myeloid lineages and HSCs, and prolonged the life of the embryos up until birth 

(Liakhovitskaia et al., 2009). Postnatal lethality of these mice likely resulted from the loss of 

Runx1 expression in non-hematopoietic tissues. In fact, Runx1 null mice in which Runx1 

expression is restored in only endothelial/hematopoietic cells have defects in neuronal 

differentiation and mineralization of the skull and sternum, demonstrating additional roles of 

Runx1 during development (Kobayashi et al., 2012, Liakhovitskaia et al., 2010).

After HE cells transition into hematopoietic cells they continue to express Runx1, which led 

to the hypothesis that Runx1 remains essential even after the EHT. However, conditional 

deletion of Runx1 in hematopoietic cells via Vav1-Cre, did not result in the ablation of 

EMPs or HSCs, nor did it affect embryonic or adult viability, indicating that Runx1 is not 

required in Vav1 expressing hematopoietic cells (Chen et al., 2009). However, Runx1 

deletion in hematopoietic cells does cause defects that include thrombocytopenia and 

defective lymphopoiesis in adult mice (Chen et al., 2009, Ichikawa et al., 2004, Growney et 

al., 2005, Putz et al., 2006). Therefore, although Runx1 expression in hematopoietic cells is 

not essential for the generation and survival of definitive hematopoietic cells, it is required 

for lineage-specific differentiation and homeostasis. One caveat of this study is that Vav1-

Cre is active in circulating and fetal liver hematopoietic cells but not in hematopoietic cluster 

cells within the dorsal aorta, leaving open the possibility that Runx1 is required for a short 

period after the EHT and before fetal liver colonization.

To more precisely determine the temporal requirement of Runx1 expression in hemogenic 

endothelium, Tober et al. conditionally deleted Runx1 during 24-hour intervals between 

E7.5 and E11.5 using a tamoxifen-inducible endothelial-specific Cre driven from vascular 

endothelial cadherin (Cdh5) regulatory sequences (Cdh5-CreERT) then assessed 

hematopoiesis (Tober et al., 2013). They found that when Runx1 was deleted between E8.25 

–E9.25 that EMP numbers were dramatically reduced, indicating that Runx1 is critical in 

that time frame for the formation of EMPs from hemogenic endothelium. On the other hand 

deletion between E9.0 – E10.0 had no effect on EMP numbers, indicating that by E10.0 the 

requirement for Runx1 in hemogenic endothelium for the majority of EMP formation has 

ended. In contrast, the de novo development of HSCs was dependent on Runx1 expression in 

the endothelium up until E11.5. Thus, the requirement for Runx1 expression in HE for the 

development of EMPs and HSCs is temporally uncoupled, which is consistent with the 

sequential development of EMPs and HSCs during embryogenesis. This study however, did 

not determine if Runx1 was required in hematopoietic cluster cells because although 

vascular endothelial cadherin protein (CD144) is expressed on the surface of hematopoietic 

cluster cells, Cdh5 mRNA is downregulated 6-fold in hematopoietic cluster cells (Tober et 

al., 2013, North et al., 2002, Jaffredo et al., 2005, Fraser et al., 2003). It was unclear whether 

CreERT protein levels correlated with Cdh5 mRNA or vascular endothelial cadherin protein 

levels, and was present and active in hematopoietic cluster cells.
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The molecular basis for the transient requirement for Runx1 was explored in a mouse 

embryonic stem (ES) cell model (Hoogenkamp et al., 2009, Lichtinger et al., 2012). Using a 

Runx1−/− mouse ES cell line expressing inducible Runx1, Hoogenkamp et al. demonstrated 

that Runx1 bound to an upstream regulatory element (URE) of the Spi1, encoding the 

hematopoietic transcription factor Pu.1. Spi1 is a downstream Runx1 target that is required 

for myelopoiesis. Runx1 initiated chromatin unfolding in the Spi1 URE at the onset of 

hematopoietic development (Hoogenkamp et al., 2009). Furthermore, using ChIP and in 
vivo footprinting they found that weak and transient binding of Runx1 to the URE was 

sufficient to establish stable transcription factor complexes at cis-regulatory elements that 

could sustain Spi1 expression even after removal of Runx1 (Hoogenkamp et al., 2009).

Genome-wide analysis by the same group using the same ES cell differentiation model 

compared ES-derived HE cells before and after the induction of Runx1 (Lichtinger et al., 

2012). They found that after Runx1 induction in HE, Runx1 bound to sites that contained 

little or no H3K9Ac and subsequently strongly increased H3K9Ac levels, illustrating that 

Runx1 does not require high levels of active chromatin marks to bind to its target sites, but 

once bound can induce chromatin activation. Furthermore, Runx1 was shown to recruit 

hematopoietic regulators, SCL/TAL1 and FLI1 to target sites in HE cells to activate a 

hematopoietic transcriptional program (Lichtinger et al., 2012). This study illustrates 

Runx1’s ability to orchestrate a hematopoietic-specific program in HE by changing the 

binding profiles of hematopoietic regulators and insuring proper progression through the 

EHT.

As hemogenic endothelial cells begin to transition into hematopoietic cells, one of the 

earliest hematopoietic markers to be expressed is the αIIb integrin subunit CD41 (Mikkola 

et al., 2003). A subset of endothelial cells in the dorsal aorta of Runx1 deficient embryos 

express CD41, suggesting that in the absence of Runx1, hemogenic endothelium is at least 

partially specified and can switch on hematopoietic gene expression (Liakhovitskaia et al., 

2014). To determine if Runx1 expression close to the onset of EHT is sufficient for 

generating definitive hematopoietic cells, Liakhovitskaia et al., restored Runx1 expression in 

CD41+ cells in Runx1 deficient embryos via CD41 (Itga2b)-Cre (Liakhovitskaia et al., 

2014). Restoring Runx1 expression in CD41+ cells rescued the generation of HSCs, and the 

embryos survived until birth, suggesting that Runx1 is required and sufficient for the 

progression of CD41+ cells into HSCs (Liakhovitskaia et al., 2014). CD41+ cells isolated 

from wild type mouse embryos or embryonic stem cell cultures can give rise to 

hematopoietic cells but cannot generate endothelial progenitors, indicating that CD41+ cells 

are committed to the hematopoietic lineage (Hashimoto et al., 2007, Li et al., 2005). The 

finding that restoring Runx1 expression in CD41+ (Itga2b-Cre expressing) cells can rescue 

HSCs suggests that Runx1 is not required until the endothelial to hematopoietic transition is 

initiated and hematopoietic fate has been cemented. However, transcriptional analysis of 

hemogenic and non-hemogenic endothelial cells isolated from E8.5 embryos revealed that 

while CD41 protein at the surface of either cell population is low to non-existent at E8.5, 

both hemogenic and non-hemogenic endothelial cells express Itga2b mRNA (Swiers et al., 

2013a). Therefore the Itga2b-Cre used by Liakhovitskaia et al. (Liakhovitskaia et al., 2014) 

may have restored Runx1 expression in all endothelium at E8.5 rather than specifically in 

HE cells initiating the EHT. Thus, it is formally possible that Runx1 expression in Itga2b-
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expressing endothelial cells earlier in development, prior to the onset of EHT, is necessary 

for the de novo generation of definitive hematopoietic cells.

Regulation of Runx1 expression during the specification of hemogenic 

endothelium

Although Runx1 is required for the successful transition of HE cells into hematopoietic cells 

it is not required for the specification of hemogenic endothelium. This was perhaps best 

illustrated in live-imaging studies of EHT in Runx1 deficient zebrafish embryos. In Runx1 

morphant zebrafish embryos, HE cells bend away from the endothelial monolayer, initiating 

the EHT, but fragment before forming a hematopoietic cell (Kissa and Herbomel, 2010, 

Zhen et al., 2013), a phenomenon that was also observed in Runx1−/− mouse ES-derived HE 

cells (Lancrin et al., 2009, Eilken et al., 2009). Furthermore, as mentioned above CD41 is 

expressed by HE cells in the DA of E10.5 Runx1−/− mouse embryos, indicating that the 

hematopoietic program is at least partially initiated in the absence of Runx1 expression 

(Liakhovitskaia et al., 2014).

Although Runx1 is not required for the specification of HE it was proposed to play a role in 

determining cell fate in mesoderm-derived progenitors. Etv2+ Flk1+ mesodermal cells give 

rise to both endothelial cells and blood (Kataoka et al., 2011, Wareing et al., 2012). Whether 

the Etv2+ Flk1+ mesodermal progenitor gives rise to a non-hemogenic endothelial cell or a 

HE cell was recently reported to be controlled, at least in part, by Runx1 (Eliades et al., 

2016). At E7.5, Runx1+ Etv2+ Flk1+ cells reside within the extraembryonic yolk sac and co-

express mesodermal and endothelial specific markers. At E8.5, a subset of Etv2+ cells 

migrate from the area at the boundary of the yolk sac and embryo proper into the embryo 

proper and downregulate mesoderm-specific genes (Eliades et al., 2016). A similar 

observation was made by Tanaka et al., who reported that between E7.5 and E8.5 Runx1+ 

Gata1− cells located at the boundary between the extraembryonic yolk sac and the embryo 

proper, migrate to the embryo proper where they contribute to the intraembryonic 

vasculature and blood (Tanaka et al., 2014). Interestingly, the Etv2+ population at E7.5 

expresses Runx1 and has hemogenic potential, likely representing at least in part the yolk 

sac blood island cells. At E8.5, in contrast most Etv2+ cells do not express Runx1, and lack 

hematopoietic potential, from which it was suggested that Runx1 is silenced in the majority 

of Etv2+ cells between E7.5 and E8.5 (Eliades et al., 2016). The mechanism of silencing 

involves Bmi1, a member of the Polycomb Repressive Complex 1 (PRC1) (Eliades et al., 

2016), which physically interacts with Runx1 (Yu et al., 2012). Ectopic expression of 

Runx1, or inhibition of PRC1 conferred hemogenic potential to the E8.5 Etv2+ population, 

suggesting that the hemogenic potential of the E8.5 Etv2+ population is restricted through 

Runx1 silencing (Eliades et al., 2016). These results demonstrate that the default program in 

Etv2+ Flk1+ progenitors may be the hematopoietic program, initiated by Runx1. Bmi1 then 

represses Runx1 expression at E8.5 to promote a vascular fate.

Silencing of Runx1 expression in endothelium is also mediated through the homeobox 

protein, HoxA3. During hematopoietic development the expression of Runx1 and HoxA3 in 

the endothelium is mutually exclusive, in part because HoxA3 directly interacts with and 
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represses Runx1 expression (Iacovino et al., 2011). Ectopic expression of HoxA3 during ES 

cell differentiation and in cells derived from E10.5 mouse embryos resulted in the 

downregulation of hematopoietic markers and inhibited hematopoietic specification, and 

increased the expression of endothelial-specific genes, suggesting that HoxA3 reinforces an 

endothelial fate while suppressing the hematopoietic potential of endothelial progenitors 

(Iacovino et al., 2011). Interestingly, when Runx1 is ectopically expressed in HoxA3-

induced ES-derived endothelial progenitor cells the expression of hematopoietic genes is 

rescued, indicating that high levels of Runx1 can override HoxA3 activity (Iacovino et al., 

2011).

Does Runx1 function as a master regulator of hematopoiesis?

The term “master regulator” is often used to describe a gene that sits at the very top of a 

regulatory hierarchy. However a stringent test of a master regulator is whether it can 

reprogram one cell type into another (Chan and Kyba, 2013). Logically, the most likely cells 

that would respond to direct reprogramming by Runx1 are endothelial cells. However direct 

reprogramming studies have shown that Runx1 alone is not sufficient to reprogram either 

human umbilical vein endothelial cells (HUVECs) or human adult dermal endothelial cells 

(hDMECs) into hematopoietic progenitor cells (Sandler et al., 2014). Only when Runx1 was 

combined with Spi1, Fosb and Gfi1 could relatively efficient reprogramming of endothelial 

cells be achieved (Sandler et al., 2014). Interestingly, both Spi1 (Pu.1) and Gfi1 are direct 

downstream targets of Runx1 (Lancrin et al., 2012, Huang et al., 2008, Hoogenkamp et al., 

2009), but when they were individually removed from a transduction cocktail containing all 

four transcription factors the efficiency of reprogramming significantly decreased, 

suggesting that ectopic Runx1 alone was unable to efficiently drive their expression (Sandler 

et al., 2014). Therefore, by this strict definition Runx1 is not a master regulator, as it is not 

by itself sufficient to reprogram HUVECs or hDMECs into blood cells. The reason for this 

is unclear, but may be because Runx1 cannot access various downstream targets in specific 

endothelial subtypes. Endothelial cells of different tissues and developmental stages are 

diverse in function, phenotype, transcription and chromatin state (Nolan et al., 2013, Aird, 

2012, Chi et al., 2003, Casanello et al., 2014), therefore it would be interesting to determine 

if other endothelial subtypes are more permissive to respecification by Runx1. Runx1 can 

induce a hematopoietic program in E8.5 Etv2+ endothelial cells, therefore the ability of 

endothelial cells to respond to Runx1 activity may be lost as development proceeds (Eliades 

et al., 2016).

Downstream targets of Runx1 that regulate the EHT

In order to transition morphologically and functionally into hematopoietic cells, HE cells 

must extinguish their endothelial-specific transcriptional program and upregulate a 

hematopoietic program; a transcriptional switch that is largely orchestrated by Runx1. Two 

direct targets of Runx1, Gfi1 and Gfi1b, encode nuclear zinc finger transcriptional repressors 

that inhibit expression of endothelial genes in HE during the EHT (Lancrin et al., 2012). In 

Gfi1/Gfi1b deficient mouse embryos, HE cells in the yolk sac fail to transition 

morphologically into hematopoietic cells and remain locked in the endothelial layer (Lancrin 

et al., 2012). However, dissociation of Gfi1/Gfi1b deficient yolk sac frees the hematopoietic 
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cells, which can then form hematopoietic colonies in clonogenic assays, suggesting that 

Gfi1/Gfi1b deficient HE cells can form functional hematopoietic progenitors but are unable 

to physically transition into a morphological hematopoietic cell (Lancrin et al., 2012). 

Conversely, when Gfi1 and Gfi1b expression was induced in Runx1−/− embryonic stem cell 

derived-HE, the HE cells could undergo the morphological transition into rounded cells but 

the round cells could not form colonies in hematopoietic clonogenic assays, thus illustrating 

that during the EHT Gfi1 and Gfi1b repress an endothelial fate allowing for the 

morphological transition of flat HE cells into rounded hematopoietic cells (Lancrin et al., 

2012). Interestingly, a subsequent study found that hematopoietic clusters did not form in the 

arteries of Gfi1/Gfi1b deficient embryos, and Gfi1 expressing cells remained within the 

endothelial layer. However, unlike in the yolk sac, dissociated cells from the arteries could 

not differentiate into hematopoietic colonies, indicating that Gfi1 and Gfi1b have functions 

in blood cell formation in the major arteries in addition to their requirement for the EHT 

(Thambyrajah et al., 2016).

Identifying the transcriptional program regulated by Runx1 in hemogenic endothelium is 

challenging because HE is a rare population that exists only transiently during midgestation. 

To overcome these challenges Lie-A-ling et al. (Lie-A-Ling et al., 2014) used an alternative 

technique to chromatin immunoprecipitation called DNA adenine methyltransferase 

identification (DamID). DamID relies on the fusion of a transcription factor (such as Runx1) 

to the Escherichia coli DNA adenine methyltransferase (Dam). When the transcription factor 

binds DNA the fused Dam protein adds stable methylation tags to adenines within nearby 

GATC sequences allowing for identification of transcription factor binding sites without the 

need for antibodies (Lie-A-Ling et al., 2014). To identify Runx1 targets in HE, Lie-A-Ling 

et al. established Runx1−/− ES cell lines containing doxycycline inducible Runx1-Dam, and 

then differentiated the ES cells into HE. Fortuitously, the inducible system was leaky, 

allowing for low levels of Runx1 expression in the absence of doxycycline that were not 

sufficient for EHT, but were sufficient for the detection of Runx1 occupancy by DamID 

(Lie-A-Ling et al., 2014). Comparison of the Runx1-DamID methylation and RNA-Seq 

datasets led to the identification of 235 genes that were both bound by Runx1 and 

differential expressed in HE cells generated from wild type and Runx1−/− ES cells (Lie-A-

Ling et al., 2014). The expression of 80 of the genes was negatively correlated with Runx1 

occupancy and 155 genes were positively correlated (Lie-A-Ling et al., 2014), consistent 

with Runx1’s ability to function as a transcriptional repressor or activator in the same cell 

type (Canon and Banerjee, 2003). The target genes that were positively correlated with 

Runx1 expression were associated with cell adhesion, integrin signaling, cellular movement 

and interaction with the extracellular matrix (Lie-A-Ling et al., 2014). Interestingly, very 

few hematopoietic genes were identified as Runx1 targets, suggesting that the HE was in an 

early stage of differentiation and had not yet initiated a hematopoietic-specific program. 

Thus an early function of Runx1 in HE is to regulate the expression of genes involved in the 

activation of migration and adhesion of HE cells prior to the EHT.
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Transcriptional and translation regulation of Runx1 expression during 

embryonic hematopoiesis

The spatio-temporal specific expression pattern of Runx1 during embryonic hematopoiesis 

is controlled, in part, through transcriptional regulation. In vertebrates, Runx1 is transcribed 

from two alternative promoters, the distal (P1) promoter and the proximal (P2) promoter 

(Ghozi et al., 1996, Rennert et al., 2003, Levanon et al., 2001b, Bee et al., 2009b, Telfer and 

Rothenberg, 2001). The P2 promoter differs from the P1 promoter in that it is associated 

with a large CpG island that may influence differential regulation of P1 versus P2 

transcription (Levanon et al., 2001b, Bee et al., 2009b). Furthermore, the conserved binding 

sites associated with each promoter are different; P1 contains a cAMP-responsive element, a 

CCAAT box, GATA, SMAD and RUNX motifs whereas P2 contains CCATT boxes, initiator 

sequences, a GC-box, OCT and ETS motifs (Ghozi et al., 1996, Bee et al., 2009a, Bee et al., 

2010, Martinez et al., 2016). Differential promoter usage in addition to RNA splicing leads 

to a vast array of Runx1 isoforms. The full-length isoforms generated from the P1 and P2 

promoters are referred to as Runx1c and Runx1b, respectively. Runx1c (465aa) is larger than 

Runx1b (451aa) due to a difference of 19aa at their N-termini, but there are no data that 

suggest these differences confer distinct properties to the Runx1c and Runx1b proteins 

(Fujita et al., 2001, Challen and Goodell, 2010).

Differential promoter usage during hematopoiesis does, however, control the timing and 

level of Runx1 expression. Analysis of Runx1 promoter activity in mouse embryos and ES 

cell differentiation models revealed that the P2 promoter is dominant early during primitive 

hematopoiesis and at the onset of definitive hematopoiesis, whereas P1 activity ramps up 

later in development during fetal liver and bone marrow hematopoiesis (Bee et al., 2009b, 

Bee et al., 2010, Fujita et al., 2001, Pozner et al., 2007, Sroczynska et al., 2009). In mice, 

abrogation of the P2 promoter via insertion of a neomycin resistance gene resulted in fewer 

hematopoietic clusters in the large arteries of the embryo proper, significantly fewer 

hematopoietic progenitors in the fetal liver and yolk sac, reduced thymopoiesis, and 

perinatal lethality (Pozner et al., 2007, Bee et al., 2010). The prolonged survival of P2-

attenuated mice compared to Runx1 null mice (E12.5 lethality), is likely due to the overlap 

of P1 and P2 activity in hemogenic endothelium, and therefore P1 promoter activity alone 

promotes the de novo generation of sufficient numbers of definitive hematopoietic cells to 

prevent embryonic lethality (Sroczynska et al., 2009, Bee et al., 2009b). Loss of P1 promoter 

activity, on the other hand, is less detrimental than P2 loss. P1-null mouse embryos have 

fewer hematopoietic clusters and produce fewer hematopoietic progenitors in the yolk sac 

and large arteries of the embryo proper compared to littermate controls, but the decrease in 

hematopoietic cells is not as severe as that caused by P2 attenuation, and loss of P1 is not 

lethal (Bee et al., 2010). However, the bone marrow and peripheral blood of P1-null adult 

mice does exhibit a significant decrease in white blood cells and platelets and an increase in 

the percentage of bone marrow HSCs and hematopoietic progenitors (Bee et al., 2010). 

Interestingly, one functional P2-deleted Runx1 allele in the absence of P1-activity was 

sufficient to rescue embryonic lethality, but one functional P1 allele in the absence of P2 was 

not, suggesting that the dosage and timing of Runx1 expression is critical for the generation 

of definitive hematopoietic cells (Bee et al., 2010, Pozner et al., 2007).
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The P1 and P2 promoters regulate the timing and dosage of Runx1 during hematopoiesis but 

they do not confer tissue specificity in mammalian embryos (Ghozi et al., 1996, Bee et al., 

2009a). Hematopoietic specific expression is mediated by enhancers located within and 

upstream of the Runx1 gene locus (Schutte et al., 2016). The best known of these is a 531 bp 

enhancer located between P1 and P2, 23.4kb downstream of the ATG in exon 1 of Runx1 
(Nottingham et al., 2007, Ng et al., 2010). The +23 enhancer drives reporter expression at all 

sites of hematopoiesis in mouse embryos (Nottingham et al., 2007, Ng et al., 2010). 

Specifically, the +23 enhancer is active in hemogenic endothelium, hematopoietic clusters 

and fetal liver hematopoietic cells. It is not, however, active in non-hematopoietic tissues that 

express Runx1, such as the mesenchyme beneath the dorsal aorta (Nottingham et al., 2007, 

Ng et al., 2010).. ChIP analysis of the +23 enhancer demonstrated association with Gata2, 

Runx1, Ets transcription factors, and the SCL/Lmo2/Lbd-1 complex in a myeloid progenitor 

cell line (Nottingham et al., 2007). To determine if transcription factor binding was 

necessary for activity of the +23 enhancer in mouse embryos, Nottingham et al. assessed 

whether or not activity of the enhancer was disrupted after mutating the RUNX, ETS or 

GATA motifs. They found that the RUNX motif was not required for +23 enhancer activity 

but the ETS and GATA motifs were required, therefore the +23 enhancer confers 

hematopoietic specific expression of Runx1 and is regulated, in part, through interaction 

with Gata and Ets transcription factors (Nottingham et al., 2007).

Post-transcriptional control of Runx1 occurs through variations in translational efficiency 

and transcript attenuation via miRNAs. The translational efficiencies of P1 and P2-derived 

transcripts differ due to distinct 5′ untranslated regions (UTR). P1-derived transcripts have a 

relatively short 5′ UTR (452 bp) that directs efficient cap-dependent translation (Pozner et 

al., 2000). In contrast, P2-derived transcripts have a long 5′ UTR (1,631bp) containing an 

internal ribosomal entry site (IRES), which mediates cap-independent translation (Pozner et 

al., 2000). It has been proposed that P2-derived transcripts are poorly transcribed due to the 

length of the UTR and cis-acting elements within it, including the IRES as well as multiple 

upstream AUG codons and GC-rich islands (Pozner et al., 2000, Levanon et al., 1996). A 

possible explanation for the presence of both IRES and cap-dependent translation of Runx1 

mRNA is that IRES-containing transcripts are translated during mitosis and under stress 

conditions when cap-dependent translation is impaired (Levanon and Groner, 2004). Further 

post-transcriptional regulation of Runx1 occurs through miRNA transcript attenuation. In 

addition to distinct 5′UTRs, Runx1 mRNA isoforms have different 3′ UTRs that range in 

size from 150 to 4,000 bp (Levanon et al., 2001b). Several putative miRNA binding sites 

were identified in the 3′ UTR of Runx1, and the length of the 3′UTR was shown to change 

the susceptibility to miRNA targeting and attenuation (Ben-Ami et al., 2009). Although the 

role that translational regulation of Runx1 plays during embryonic hematopoiesis has not 

been elucidated, it is plausible that it influences isoform, dose, timing and cell specific 

expression of Runx1 during development.

The past 10 years have seen the shaping of the roadmap of HSPC development from 

hemogenic endothelium: discrete cellular intermediates of the HSC lineage have been 

identified, along with the identification of distinct populations of HE giving rise to HPCs 

and HSCs. In addition, our understanding of the critical role Runx1 plays in this process has 

deepened with the identification of new target genes. The rapid developments in imaging 
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and expression profiling technologies now enable taking the study of de novo HSPC 

generation to the single cell level, the level at which cell fate decisions are made. This will 

no doubt lead to more exciting insights into the role of the master regulator Runx1 in blood 

stem and progenitor cell generation.
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Figure 1. Location of Runx1 expression and hemogenic endothelium in the mouse embryo
Confocal Z-projections of mouse embryos between embryonic day (E) 8.5 and E11.5 

immunostained for the endothelial and hematopoietic marker CD31 (red) and Runx1 

(green). Runx1 is expressed in hemogenic endothelium in the yolk sac (YS) at E8.5. At 

E9.5, Runx1 expression is prominent in the vitelline artery (VA) and umbilical artery (UA). 

An E10.5 embryo (head removed) shows Runx1 protein in the vitelline artery, umbilical 

artery, dorsal aorta (DA), and the site of colonization, the fetal liver (FL). al, allantois ; pDA, 

paired dorsal aorta. Scale bar = 500μm.
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