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Hematopoietic stem cells (HSCs) emerge during vertebrate embryogenesis 

from hemogenic endothelial subpopulation of arterial endothelium. These cells are 

integral to the wall of the early dorsal aorta, yet have the remarkable capacity to 
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transition from a functional component of the endothelium to a founder of adult 

hematopoiesis. Although it is not understood exactly how hemogenic endothelial cells 

are specified or when, recent studies in zebrafish have suggested that specification 

may be initiated by Notch signaling during the convergence of posterior lateral plate 

mesoderm, prior to the initiation of vasculogenesis. In mice, the transcription factor 

Gata2 is a putative direct Notch target within the hemogenic endothelium, and is 

required within the endothelium for both vasculogenesis and HSC formation. Due to 

chromosomal duplication, teleost fish have two orthologues of Gata2: gata2a and 

gata2b. In the period leading up to HSC emergence, gata2a is expressed 

panvascularly and is required for vasculogenesis, the establishment of circulation, 

maintenance of the arterial program and initiation of hematopoiesis. In contrast, 

gata2b expression initiates during the medial convergence of PLM and is expressed 

specifically within the hemogenic endothelial subpopulation, where it is required for 

HSC formation. Timing, location and specificity of gata2b expression are consistent 

with induction via somite-to-PLM Notch signaling. To determine whether Notch 

regulation of Gata2 may be conserved in zebrafish, the genetic relationships between 

Notch signaling, and the gata2a and gata2b paralogues were explored. Although both 

are required to produce functional hemogenic endothelium, gata2a and gata2b are 

regulated by distinct Notch signals within the dorsal aorta. Additionally, recent studies 

in zebrafish have suggested that the transcription factor scl promotes expression of the 

essential regulator of HSC emergence runx1 downstream of Notch signaling, similarly 

to Gata2. The epistasis between Gata2a, Gata2b and Scl was therefore examined. scl 

and gata2b are coexpressed within the hemogenic endothelium and expression of 



xv 
	  

gata2b is Scl-dependent. Although gata2a is required upstream of both scl and gata2b 

within the hemogenic endothelium, their loss does not fully account for the 

hematopoietic defect observed in gata2aum27 mutants. Therefore, this work suggests 

that gata2a makes additional, unresolved contributions to the establishment of 

functional hemogenic endothelium.  
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Chapter One: 

 

Complex regulation of HSC emergence by the Notch signaling pathway.
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1.1. Introduction 

Hematopoietic stem cells (HSCs) are the foundation of the vertebrate blood 

system. These stem cells are capable of self-renewal to maintain a steady pool of 

undifferentiated HSCs, and differentiating into cells of lymphoid, myeloid and 

erythroid lineages as required throughout the lifetime of an organism. Thus far it has 

not been possible to derive HSCs in vitro from pluripotent precursors, necessitating a 

deeper understanding of the mechanisms leading to their development in vivo. HSCs 

first arise during embryonic development, though the molecular mechanisms 

governing their emergence are not completely understood. In recent years, it has 

become clear that the dynamic context of the developing vertebrate embryo provides 

numerous molecular and environmental cues critical for HSC formation, including the 

Notch signaling pathway (Clements and Traver, 2013).  

The generation of HSCs during embryonic development is dependent upon 

Notch signaling (Kumano et al., 2003). Within wild-type/Notch1-/- chimeric mice, 

Notch1-null cells fail to contribute to hematopoiesis, indicating that the Notch1 

receptor is required cell-autonomously, for HSC potential (Hadland et al., 2004). In 

both mice and zebrafish, Notch signaling functions genetically upstream of the 

transcription factor Runx1 (Burns et al., 2005; Nakagawa et al., 2006), which is 

essential prior to HSC emergence (Chen et al., 2009; Kissa and Herbomel, 2010). 

Although Notch signaling provides direct transcriptional regulation of several genes 

that are important for HSC formation, including Hes1, Hes5, Hey2 and Gata2 (Davis 

and Turner, 2001; Guiu et al., 2013; Iso et al., 2003; Robert-Moreno et al., 2005; Tsai 

et al., 1994), Notch does not appear to directly regulate Runx1 expression (Nottingham 
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et al., 2007; Robert-Moreno et al., 2005). Rather, a transcriptional complex including 

Gata2 drives Runx1 expression within the hemogenic endothelium from which HSCs 

derive (Nottingham et al., 2007), providing a defined, cell-autonomous link between 

receipt of Notch activation and the emergence of HSCs. Interestingly, the 

hematopoietic defect that occurs in the absence of Notch signaling can be rescued by 

the artificial induction of Runx1 but not Gata2 (Nakagawa et al., 2006). This strongly 

indicates that Notch signaling regulates additional, unknown factors required for 

Runx1 induction.  

Although it is well established that Notch signaling is required cell-

autonomously for HSC formation (Hadland et al., 2004; Kumano et al., 2003), recent 

evidence has revealed that the Notch signaling pathway exerts complex regulation of 

HSC specification, emergence and maintenance in the developing embryo. It is now 

apparent that multiple, distinct Notch signaling events act in both direct and indirect 

ways, and provide both positive and negative regulation over the establishment of the 

adult hematopoietic system. 

 

1.2. Mechanism of Notch signaling 

Notch signaling functions though lateral inhibition to allow neighboring cells 

to make distinct cell fate decisions. Notch family receptors consist of single-pass 

transmembrane proteins, including an extracellular domain made up of ligand-binding 

EGF repeats, a membrane-tethered transcriptionally active intracellular domain and 

multiple proteolytic cleavage sites allowing for separation of these components upon 

ligand binding. The Notch signal initiates when a ligand of the Delta/Serrate/Lag-2 
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(DSL) family on the signal-sending cell interacts directly with a Notch receptor on the 

signal-receiving cell. Within the signal-sending cell, ubiquitination of the ligand by the 

E3 ubiquitin ligases Mindbomb (Chen and Casey Corliss, 2004; Itoh et al., 2003) and 

Neuralized (Deblandre et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001; Yeh et 

al., 2001) promote Notch activation by stimulating endocytosis of the receptor-bound 

ligand. The resulting tension exposes the S2 proteolytic cleavage site at the base of the 

Notch receptor extracellular domain, near the cell membrane, facilitating S2 cleavage 

by ADAM family metalloproteases (Gordon et al., 2007; Nichols et al., 2007; Parks et 

al., 2000). Subsequently, the remaining membrane-tethered receptor is cleaved by γ-

secretase from the S3 to S4 cleavage sites, releasing the Notch intracellular domain 

(NICD) and allowing its translocation to the nucleus. In the absence of a Notch signal, 

the Notch transcriptional partner RBPjK recruits nuclear corepressor (NcoR) and 

histone deacetylases (HDACs), holding Notch target genes in a transcriptionally 

repressed state (Kao et al., 1998). Upon Notch activation, nuclear NICD displaces 

these transcriptional corepressors and recruits coactivators such as Mastermind, 

initializing transcription of direct Notch targets, which include the Hes, Hes-related, 

and Gata2 transcription factors in the context of HSC formation.  

 

1.3. Origins of the hematopoietic system 

Vertebrate hematopoiesis begins during embryogenesis with several 

independent waves of blood formation preceding the eventual emergence of definitive 

HSCs which will establish and maintain the adult blood program. This process 

initiates with the independent generation of primitive myeloid and primitive erythroid 
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cells, which both arise transiently without a sustained pool of progenitors. Primitive 

erythroid cells and endothelial cells arise concomitantly within yolk sac of mammals 

and birds (Medvinsky et al., 2011). Primitive erythrocytes and endothelial cells derive 

from a shared ‘hemangioblast’ mesodermal precursor, during gastrulation that 

differentiate into distinct hematopoietic and endothelial lineages prior to reaching the 

yolk sac (Huber et al., 2004). Embryo-derived primitive myeloid cells arise with 

restricted potential from the yolk sac shortly following primitive erythrocyte formation 

(Bertrand et al., 2005; Dzierzak and Speck, 2008). Multipotential erythromyeloid 

progenitor (EMP) cells, which give rise to both definitive erythroid and myeloid 

lineages, emerge shortly following primitive erythro- and myelopoiesis, also from the 

yolk sac (Palis et al., 1999). While primitive erythrocytes alongside endothelial cells 

from a common progenitor, EMPs were recently determined to derive from the 

endothelium itself (Chen et al., 2011). Embryonic hematopoiesis culminates with the 

generation of HSCs, the only cells capable of long-term self-maintenance and 

differentiation into a full repertoire of hematopoietic lineages. HSCs have been 

reported to emerge from hemogenic endothelium within the dorsal aorta, umbilical 

and vitelline arteries, placenta, head vasculature and heart (de Bruijn et al., 2000; 

Gordon-Keylock et al., 2013; Jaffredo et al., 2000; Jaffredo et al., 1998; Li et al., 

2012; Nakano et al., 2013; Rhodes et al., 2008).  

Although lower vertebrates develop externally to the parent and lack an 

extraembryonic yolk sac, hematopoiesis still proceeds in four waves, through 

mechanisms that are thought to be largely conserved. In this regard, work in zebrafish 

and Xenopus has helped clarify the developmental origins of embryonic and adult 
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blood. In mammals, lineage restricted primitive erythrocytes and primitive myeloid 

cells arise during a similar period within the yolk, however work in zebrafish has 

defined distinct mesodermal origins of these two populations. Primitive myeloid cells 

derive from the anterior lateral plate mesoderm (ALM), and differentiate within the 

rostral blood island, on the anterior region of the yolk ball (Herbomel et al., 1999). In 

contrast, primitive erythrocytes, EMPs and HSCs are thought to share a common 

origin within the posterior lateral plate mesoderm (PLM) of zebrafish, which is 

analogous to the dorsal lateral plate (DLP) of Xenopus. In both species, cells within 

this bilateral mesodermal population undergo commitment to primitive hematopoietic 

or endothelial fate, followed by medial migration, convergence at the midline, and the 

initiation of vasculogenesis (Medvinsky et al., 2011). The formation of HSCs from 

hemogenic endothelium of the dorsal aorta is conserved from humans to zebrafish 

(Medvinsky et al., 2011). Of the four embryonic waves of vertebrate hematopoiesis, 

Notch signaling is only essential for the establishment of HSCs (Bertrand et al., 2010; 

Burns et al., 2005; Gering and Patient, 2005; Kumano et al., 2003), although it also 

appears to influence the development of primitive erythrocytes (Robert-Moreno et al., 

2007). 

 

1.4. A role for Notch signaling in hematovascular fate determination? 

Signaling involved in mesodermal commitment to an endothelial fate precedes 

HSC development. In both mice and zebrafish, primitive erythrocytes and 

endothelium arise from a shared hemangioblast precursor (Huber et al., 2004; Vogeli 

et al., 2006). Multiple studies in zebrafish have postulated that Notch signaling 
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influences the development of endothelial and primitive erythroid cells from the PLM 

(Chun et al., 2011; Lee et al., 2009). In one study, Notch activation in the early 

zebrafish embryo led to increased numbers of primitive erythrocytes and a 

corresponding decrease in endothelial cells, suggesting that Notch signaling influences 

the determination of endothelial versus primitive erythroid fate (Lee et al., 2009), 

consistent with its role in lateral inhibition. More recently, however, Notch signaling 

has been reported to promote the proliferation of endothelial precursors within the 

PLM (Chun et al., 2011). Additionally, the gain of Notch signaling that occurs with 

the loss of Notch inhibitors numb and numb-like results in primitive erythroblasts that 

fail to mature and instead undergo apoptosis (Bresciani et al., 2010), indicating that 

Notch signaling inhibition promotes primitive erythrocyte survival. Accordingly, 

murine RBPjK mutants experience an elevated number of primitive erythrocytes, due 

to reduced levels of apoptosis (Robert-Moreno et al., 2007), and the zebrafish Notch 

signaling mutant mindbomb shows no noticeable reduction in primitive erythrocytes 

(Burns et al., 2005). Presently, it appears that Notch signaling may independently 

promote endothelial lineage expansion within the PLM and the maintenance of 

primitive erythrocytes as they undergo differentiation. Further study is necessary to 

elucidate any contribution of Notch signaling to fate determination within lateral plate 

mesoderm. 

 

1.5. Notch signaling in arterial specification 

Hematopoietic stem cells are produced from the major arterial vessels, most 

robustly from the ventral wall of the dorsal aorta, with additional contributions from 
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the vitelline and umbilical arteries, head vasculature, placenta and heart (de Bruijn et 

al., 2000; Gordon-Keylock et al., 2013; Jaffredo et al., 2000; Jaffredo et al., 1998; Li 

et al., 2012; Nakano et al., 2013; Rhodes et al., 2008). Early observations of the close 

association between the major arterial vessels and the earliest hematopoietic clusters 

(Jordan, 1917)  and the determination that these regions are the first to generate HSCs, 

led to the longstanding hypothesis that arterial specification is a prerequisite to HSC 

formation (de Bruijn et al., 2000; Garcia-Porrero et al., 1995). Endothelial cells and 

HSCs share a common mesodermal origin across vertebrate species (Ciau-Uitz et al., 

2010; Huber et al., 2004; Nishikawa et al., 1998; Pola et al., 2001). Within the 

endothelial lineage, the major arterial vessels in particular give rise to HSCs, 

suggesting arterial specification may be an intermediate step necessary for HSC 

formation. This idea has been bolstered by the lack of venous contribution to HSCs, 

and by shared requirements for Hedgehog, VEGF, and Notch signaling in both arterial 

specification and HSC emergence. 

Mechanistically, work in zebrafish has shown the Hedgehog secreted from the 

notochord and floor plate stimulates the production of vascular endothelial growth 

factor a (Vegfa) from somitic tissue (Lawson et al., 2002).  Both Hedgehog and VEGF 

signaling pathways are required for the migration of endothelial progenitors, 

lumenization during primary vasculogenesis, and arterial specification (Brown et al., 

2000; Cleaver and Krieg, 1998; Lawson et al., 2002; Vokes et al., 2004; Wilkinson et 

al., 2012; Williams et al., 2010). Hedgehog and Vegfa function upstream of Notch 

signaling in the specification of arterial identity (Lawson et al., 2001; Lawson et al., 

2002). Notch promotes arterial specification at least in part through the direct 
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regulation of arterial ligand EphrinB2 (Grego-Bessa et al., 2007), which together with 

venous receptor EphB4, mediates the segregation of venous and arterial cells into 

distinct vessels by forward and reverse Eph/Ephrin transmembrane signaling (Adams 

et al., 2001; Adams et al., 1999; Foo et al., 2006; Herbert et al., 2009; Wang et al., 

1998). Downstream of Hedgehog and Vegfa, Notch activation is sufficient to restore 

both arterial identity (Gering and Patient, 2005; Herbert et al., 2009; Lawson et al., 

2003) and the hemogenic endothelium (Burns et al., 2009; Gering and Patient, 2005; 

Kim et al., 2013), placing Notch signaling as an essential downstream effector of this 

signaling axis. 

Arterial fate specification begins far in advance of vasculogenesis, initiating as 

early as the 5-somite stage in the zebrafish embryo (Kohli et al., 2013; Quillien et al., 

2014). In developing zebrafish embryos, the Hes-related transcription factor hey2 

promotes arterial fate determination within the early PLM, and loss of Hey2 results in 

severe defects in vasculogenesis and lack of arterial expression (Rowlinson and 

Gering, 2010; Weinstein et al., 1995; Zhong et al., 2001; Zhong et al., 2000). 

Although murine Hey2 mutants have only mild vascular defects (Gessler et al., 2002; 

Iso et al., 2003), the combined loss of Hey1 and Hey2 results in severe defects in 

arterial specification and vascular morphogenesis, similarly to zebrafish hey2 mutants 

and reminiscent of murine Notch1-null embryos (Fischer et al., 2004), suggesting a 

conserved role of Hey transcription factors in the establishment of functional 

vasculature.  

In zebrafish, Hey2 functions downstream of Hedgehog and Vegfa but is 

maintained in mindbomb Notch signaling mutants (Lawson et al., 2001; Rowlinson 
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and Gering, 2010). Hey2 is required for arterial expression of notch1b and ephrinB2a, 

and hemogenic endothelial expression of runx1 and cmyb (Rowlinson and Gering, 

2010; Weinstein et al., 1995; Zhong et al., 2000). Both arterial and hematopoietic 

defects are rescuable by restoration of Notch signaling, placing Hey2 as a key initiator 

of arterial specification in zebrafish (Rowlinson and Gering, 2010). Although Hey2 

has not been reported to function upstream of Notch signaling in mice, the Hey2 

transcriptional co-regulators Foxc1 and Foxc2 are required for expression of Notch1, 

Notch4, Dll4, Jag1, as well as EphrinB2 (Hayashi and Kume, 2008; Seo et al., 2006), 

allowing for the possibility that Hey2 may act upstream of Notch signaling during the 

initiation of mammalian arterial specification.  

Several ligands and receptors of Notch signaling are expressed in the dorsal 

aorta during the period of arterial and hematopoietic specification. Within the E9.5-

10.5 aorta, at the time HSPC clusters are formed, the Dll4, Jag1 and Jag2 ligands and 

Notch1 and Notch4 receptors are arterially expressed (Robert-Moreno et al., 2008). 

Notch1 is essential to arterial specification, and is required cell-autonomously for HSC 

formation (Hadland et al., 2004; Krebs et al., 2004; Krebs et al., 2000; Kumano et al., 

2003). Although Notch4 is dispensible for normal arteriogenesis, it may provide some 

contribution to vascular development as Notch1/Notch4 double mutants fail to form 

lumenized vessels and have a more severe phenotype than Notch1 mutants (Krebs et 

al., 2000). Dll4 is initiated within arterial cells downstream of Vegfa (Hayashi and 

Kume, 2008). Both homozygous and heterozygous Dll4 mutants are embryonic lethal, 

with broad vascular defects prior to HSC emergence (Duarte et al., 2004; Krebs et al., 

2004). In contrast, Dll4 overexpression results in the ectopic expansion of arterial 
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markers to the venous endothelium, including Hey1, Notch1, and EphrinB2, 

suggesting that Dll4 is sufficient to initiate the arterial Notch program within 

endothelial cells (Trindade et al., 2008).  

Notch signaling itself is required the expression of a number of Notch ligands 

and receptors. In mice, Notch signaling is required for arterial expression of the 

ligands Jag1 and Jag2, and for expression of the Notch1 receptor (Robert-Moreno et 

al., 2005), suggesting these might be regulated by a primary Notch signaling event 

within the endothelium. Similarly, Notch signaling is required for the expression of 

deltaC and notch3 within in the dorsal aorta of embryonic zebrafish (Lawson et al., 

2001). The conserved regulation of Notch ligands and receptors by Notch signaling 

suggests that multiple, sequential Notch signaling events occur within the dorsal aorta.  

Jag1 mutant embryos undergo normal arterial development, but within the 

dorsal aorta, both hematopoietic expression within the hemogenic endothelium and 

hematopoietic cluster formation are reduced (Robert-Moreno et al., 2008). Notch1 and 

Jag1 are expressed in a salt-and-pepper fashion within the arterial endothelium 

(Robert-Moreno et al., 2005). This, paired with the close proximity of Jag1- and 

Notch1-expressing cells, is suggestive of inductive signaling between adjacent 

endothelial cells. The stochastic development of Notch-sending and Notch-receiving 

cells within the hemogenic endothelium may be regulated by Sox17, which directly 

regulates Notch1 through conserved binding sites in the Notch1 promoter and has 

opposing effects on Notch1 and Jag1 expression (Clarke et al., 2013). Notch signaling 

though Jag1-Notch1 interaction results in direct transcriptional activation of Gata2 

within the hemogenic endothelium. However, the hematopoietic defect of Notch1 
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mutants is more severe than the defect of Jag1 mutants, suggesting involvement of 

additional Notch ligands (Robert-Moreno et al., 2005; Robert-Moreno et al., 2008). 

Dorsal aorta formation and hematopoietic cluster formation appear normal in 

homozygous Jag2 mutants (Robert-Moreno et al., 2008).  

Finally, Dll1 maintains arterial identity through regulation of Neuropilin-1 

(Nrp1) and the downstream responsiveness to VEGFA, but its expression in the 

endothelium initiates around E13.5, far after hematopoietic specification (Sorensen et 

al., 2009). While Dll1 is not expressed within arterial endothelium at E10.5, it is 

expressed in cells dispersed throughout the subaortic region (Yoon et al., 2008). 

Coculture with Dll1-expressing OP9 cells is sufficient to rescue hematopoietic colony 

forming capacity of ligand-signaling deficient Mib-/- para-splachnopleuric explants 

(Yoon et al., 2008). Although these findings suggest non-endothelial cells near the 

aorta may contribute to pro-hematopoietic Notch signaling within the endothelium, it 

remains unclear whether Dll1 is important for HSC formation, or whether exogenous 

Dll1 is simply sufficient to rescue the function of a different ligand.  

 Similar to Notch, Vegfa is also required for both arterial and hematopoietic 

specification, and recent studies have demonstrated distinct contributions of Vegfa to 

these processes. Of three splice isoforms of Vegfa expressed during embryogenesis, 

the Vegfa short isoform, Vegfa121, is sufficient to rescue both Hey2 and runx1 

expression under Hedgehog inhibition (Rowlinson and Gering, 2010). In Xenopus, 

somitic Eto2 is required for expression of the medium and long isoforms of Vegfa, 

that, while dispensible for vasculogenesis and arterial specification, are required for 

expression of the hemogenic endothelial markers Runx1, Scl, Gata2, and Gfi1 (Leung 
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et al., 2013). Similarly, knockdown of eto2 in zebrafish inhibits formation of 

hemogenic endothelium without alteration to arterial expression of deltaC, dll4, 

notch1b and notch3 (Leung et al., 2013). Therefore, rather than filling a single 

requirement, Vegfa makes both shared and distinct contributions to arterial 

specification and hemogenic endothelial patterning. 

 

1.6. Is Notch key to the hemogenic potential of arterial endothelium? 

In a number of cases, the extension of arterial expression to venous 

endothelium allows for hematopoietic expression, and even hematopoietic cell 

emergence from venous vessels, providing some insight into the molecular 

mechanisms that confer hemogenic potential. In one example, Nrp1 acts as a co-

receptor to VEGFR-2, enhancing the affinity and level of response to Vegfa within 

arterial endothelium (Becker et al., 2005; Soker et al., 1998). Expression of Nrp1 is 

inhibited in the venous endothelium by COUP-TFII, which prevents a response to 

VEGF signaling in these cells (Gridley, 2007). Endothelial-specific deletion of COUP-

TFII results in venous expression of arterial markers, including Nrp1, Hey1, Jag1 and 

Notch1, as well the formation of ectopic c-Kit+ CD45+ hematopoietic clusters (You et 

al., 2005). Similarly, venous hematopoietic cluster formation accompanies the ectopic 

expression of arterial genes in Alk1 and Endoglin mutants (Sorensen et al., 2003; 

Urness et al., 2000). In a third instance, constitutively activated Hedgehog signaling in 

zebrafish ptc1;ptc2 mutants results in the expansion of arterial expression to the 

venous endothelium, and this is accompanied by ectopic runx1 expression in the 

posterior cardinal vein (Wilkinson et al., 2012). Finally, whole-embryo activation of 
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Notch signaling by heat-shock induction of NICD1 results in an expansion of both 

arterial and hemogenic endothelial expression in the posterior cardinal vein (Burns et 

al., 2005). Therefore, it is possible that the molecular specification of arterial 

endothelium creates a permissive environment for hematopoietic development by 

initiating the expression of Notch ligands and receptors essential to HSC formation. 

Within the context of hematopoiesis, Notch signaling seems to be a unique 

element driving HSC potential. To this end, EMPs, which arise from endothelial cells 

similarly to HSCs, emerge independent of Notch signaling (Bertrand et al., 2010; 

Hadland et al., 2004; Kumano et al., 2003). Recently, HSCs and EMPs were found to 

arise from distinct endothelial populations, with expression of Ly6A differentiating 

aortic endothelial cells with HSC potential (Chen et al., 2011). Jag1 mutants, which 

have normal arterial specification, but are deficient in HSC formation, fail to generate 

Ly6a-positive cells within the dorsal aorta (Robert-Moreno et al., 2008). Similarly, in 

vitro programmed hemogenic endothelium requires Notch1 expression to maintain 

lymphoid potential, with Sox17-Notch-deficient cells generating only definitive 

erythroid and myeloid lineages (Clarke et al., 2013). Taken together, these reports 

indicate a key role for Notch signaling in establishing the hemogenic capacity of the 

dorsal aorta. 

 

1.7. Somitic signaling contributes to hematopoiesis 

Recently, the somites have become implicated as essential contributors to the 

hematopoietic specification process. The β-catenin independent ligand Wnt16 is 

expressed within the somites and is required for HSC specification independently of 
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arterial specification. Somitic expression of the Notch ligands deltaC and deltaD are 

downregulated with wnt16 knockdown. Combined rescue of both ligands is sufficient 

to restore expression of hemogenic endothelial markers runx1 and cmyb within the 

floor of the dorsal aorta, while neither alone is sufficient for complete rescue. Thus far 

it is not clear why both Notch ligands are needed within the somite. The DeltaC and 

DeltaD ligands interact homo- and heterophilically during somite segmentation 

(Wright et al., 2011). Although both ligands are required in this process, DeltaC is 

sufficient to permit Notch activation while DeltaD is not, suggesting that signaling 

occurs through DeltaC-DeltaC and DeltaC-DeltaD dimers (Wright et al., 2011). In 

HSC specification, it is unclear whether DeltaC and DeltaD function redundantly, as 

heterodimers, or independently with distinct functions. 

The constitutive Hedgehog signaling that occurs in ptc1;ptc2 double mutants 

results in an increase in arterial endothelium and a concomittant 89% decrease in 

runx1 expressing endothelial cells, due to a simultaneous increase of Vegfa expression 

and decrease of wnt16, deltaC and deltaD expression within the somites (Wilkinson et 

al., 2012).  

Recent studies in the zebrafish embryo have demonstrated dynamic regulation 

of HSC specification by Fgf signaling, which first promotes hematopoietic 

specification through somitic signaling at 14-17 hours post fertilization, and then from 

creating a restrictive environment for HSC emergence from 20.5 hours, after the 

formation of the vascular cord (Lee et al., 2014; Pouget et al., 2014). Within the early, 

positive window, Fgf signaling regulates somitic expression of deltaC, but not deltaD, 
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through the Wnt16-dependent Fgfr4 receptor (Lee et al., 2014), indicating distinct 

regulation of deltaC and deltaD downstream of somitic Wnt16. 

Two somitic Notch signaling events are required for HSC formation within the 

zebrafish embryo: somite-to-PLM Notch signaling and somite-intrinsic Notch 

signaling. Interaction between the migrating PLM cells and the ventral surface of the 

somite is mediated by the junctional adhesion molecule Jam1a, on PLM cells, and its 

binding partner Jam2a on somitic cells (Kobayashi et al., 2014). Direct contact 

between the somite and PLM is required for efficient Notch signal activation within 

the PLM. When either jam1a or jam2a is knocked down, reduced Notch signal 

transmission from the somite to the PLM disrupts hemogenic endothelial 

programming, while arterial differentiation occurs normally. The hematopoietic defect 

resulting from insufficient somite-PLM contact can be partially rescued by the 

provision of exogenous DeltaC, however it is fully rescuable by DeltaD (Kobayashi et 

al., 2014). Given the inability of DeltaD to individually activate Notch signaling 

during somite segmentation, it is possible that DeltaD may signal more effectively to 

the contacting PLM. 

Gata2 is a direct transcriptional target of Notch required cell-autonomously for 

HSC formation prior to the endothelial-hematopoietic transition (de Pater et al., 2013; 

Hadland et al., 2004; Kumano et al., 2003; Robert-Moreno et al., 2005). In zebrafish, 

the Gata2 homologue Gata2b is required for HSC formation (Chapter 2). Expression 

of gata2b initiates in the vascular cord immediately following PLM convergence, and 

is dependent upon both Wnt16 and endothelial Notch receptors, suggesting that 

somite-to-PLM Notch signaling directly specifies hemogenic endothelium.  
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An in-depth analysis of the tissue-specific requirements for the various Notch 

receptors recently revealed that Notch signaling must be activated both within the 

endothelium and the somites in order for HSC specification to proceed normally (Kim 

et al., 2014). Of the four Notch receptors in the zebrafish embryo, Notch1a, Notch1b, 

and Notch3 are required for HSC formation, while Notch2 is not required. Whereas 

the Notch1 homologues Notch1a and Notch1b function directly within the 

endothelium, Notch3 is required within the somite and regulates HSC formation in a 

non cell-autonomous manner. Notch3 functions epistatically downstream of Wnt16, 

and combinatorial low-level knockdowns indicate notch3 is required synergistically 

with deltaC and deltaD, suggesting that Notch3 may be activated within the somite by 

one or both of these ligands. Whereas it is still unclear how somite-intrinsic Notch 

activation affects HSC emergence, both Wnt16 and Notch3 are required for the proper 

formation of the sclerotomal compartment of the somite. The transcription factor 

Pax9, which marks the sclerotomal compartment of the somite (Nornes et al., 1996), 

was recently shown to be important for HSPC emergence. Knockdown of pax9 results 

in the decreased generation of cmyb-positive cells within the dorsal aorta (Charbord et 

al., 2014), further supporting a contribution to HSC generation by the sclerotome. 

Although several lines of evidence have indicated the importance of sclerotome for 

HSPC specification, the exact contribution this tissue makes is not known. One likely 

explanation is that correct somite morphology or organization is necessary for 

effective transmission of Notch signaling from the somite to the PLM. It has also been 

proposed is that Notch3-activated somitic cells may interact directly with the 

hemogenic endothelium following dorsal aorta formation, either by incorporating into 
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the aorta wall or giving rise to the smooth muscle cells that envelop the dorsal aorta. In 

chicken embryos, somite derived cells incorporate into the aortic endothelium in a 

Notch-dependent manner (Ohata et al., 2009; Pouget et al., 2006; Sato et al., 2008). 

This process occurs in the period leading up to HSC emergence, and it is conceivable 

that these cells may relay an unknown hematopoietic inductive signal. In both mice 

and chicken embryos, the sclerotomal compartment of the somite gives rise to vascular 

smooth muscle cells that directly surround the aorta (Pouget et al., 2008; Wasteson et 

al., 2008). However, sclerotomally-derived smooth muscle cells are not required for 

aortic hematopoiesis (Richard et al., 2013), making it unlikely that the sclerotomal 

contribution occurs through this population. 

 

1.8. Proinflammatory signaling and HSC emergence 

 Although embryonic development occurs in a protected environment under 

relatively sterile conditions, HSC formation is preceded by a transient wave of 

functional primitive myeloid cells. Recently, inflammatory signals produced by 

primitive myeloid cells were found to be critical for the establishment and expansion 

of HSPCs, in part through the regulation of the Notch pathway.  

Proinflammatory signaling pathways are heavily activated within HSPC 

clusters associated with the mouse dorsal aorta (Li et al., 2014). The innate 

inflammatory cytokine Interleukin-1 is expressed in the dorsal aorta and budding 

hematopoietic cells, and promotes the activity of nascent HSPCs (Orelio et al., 2008). 

Type I and II Interferon produced by primitive myeloid cells activate innate 

inflammatory signaling within the hemogenic endothelium (Li et al., 2014). Interferon 
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signaling is required for the formation and expansion of HSPCs, while EMP formation 

occurs independently of this signal in both mice and zebrafish (Li et al., 2014). 

Combined knockdowns of tnfa and ifng result in more severe reduction of runx1 

expression than loss of either cytokine individually, suggesting cooperative action by 

multiple proinflammatory cytokines in HSC formation (Li et al., 2014). Tnfa, in 

particular, is provided by primitive neutrophils, and signals through Tnfr2 to activate 

expression of the Notch ligand jag1a in the aortic endothelium (Espin-Palazon et al., 

2014). Similarly to the requirement for Jag1 in mice, zebrafish Jag1a is required for 

HSC formation but not arterial specification (Espin-Palazon et al., 2014; Robert-

Moreno et al., 2008). Of the two Notch1 homologues, low level knockdowns of jag1a 

with notch1a results in a more severe downregulation of hematopoietic expression, 

while combined knockdown of jag1a with notch1b does not. This suggests that Jag1a 

may signal through the Notch1a receptor to promote the formation and expansion of 

HSCs. Interestingly, aortic expression of Jag1 is dependent on Notch signaling in 

mice (Robert-Moreno et al., 2005). If Jag1 regulation is conserved, it is possible that it 

may represent an intersection of successive hematopoietic Notch requirements. 

 

1.9. Downregulation of Notch signaling in emerging HSCs 

As discussed previously, multiple Notch signaling events positively regulate 

HSC specification. Notch transcriptional targets, including Gata2, Hes1, Hrt1 and Hrt2 

are expressed in the endothelium and budding clusters within the dorsal aorta (Fischer 

et al., 2004; Guiu et al., 2013; Robert-Moreno et al., 2005). Recent evidence from 

mice suggests that Notch signaling negatively regulates HSC emergence following the 
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specification of hemogenic endothelial cells and must be down regulated for HSC 

emergence to progress. VE-Cadherin:Cre mediated permanent induction of NICD1 in 

the endothelium and endothelial-derived cells results in a surprising lack of 

hematopoietic clusters within the dorsal aorta in E10.5 embryos, and a deficiency in 

fetal liver colonization by Notch-active cells (Tang et al., 2013). In contrast, while 

total loss of Notch signaling inhibits HSC specification, late Notch signaling inhibition 

results in increased production of CD45+ cells in both mouse para-splanchnopleura 

explants and in avian embryos (Richard et al., 2013). This inhibition of Notch 

signaling also accelerates hematopoietic cluster formation, suggesting that Notch 

actively delays the onset of the budding process.  However, this Notch inhibition-

mediated hematopoietic expansion is transient, with newly formed cells undergoing 

apoptosis under continued Notch inhibition (Richard et al., 2013). 

During normal hematopoietic cluster formation in both mice and chicken, 

Notch activity is downregulated specifically in hematopoietic clusters, while 

maintained in the surrounding aortic endothelium (Del Monte et al., 2007; Richard et 

al., 2013). Similarly, the expressions of VE-Cadherin and Dll4 are downregulated in 

hematopoietic clusters relative to the aortic endothelium (Richard et al., 2013), 

suggesting that hematopoietic clusters experience a general loss of arterial and 

endothelial identity during EHT. Although both Notch1 and Notch4 are expressed in 

the dorsal aorta, only Notch1 must be downregulated, whereas enforced activation of 

Notch4 signaling by ectopic NICD4 impairs vascular remodeling but does not inhibit 

hematopoiesis (Tang et al., 2013). Consistent with this, the Notch1 target Hes1 is 

progressively downregulated in emergent murine HSPCs as they mature (Richard et 
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al., 2013), indicating a requirement for down-regulation of the Notch signal for HSC 

emergence. 

The downregulation of Notch activity in chicken embryos is directly 

observable by the reduced fluorescence of the Tp1:Venus Notch reporter in budding 

hematopoietic clusters (Richard et al., 2013). In zebrafish embryos, Tp1:GFP is 

expressed in arterial endothelium in advance of HSC formation, and is not 

downregulated during HSPC budding (Figure 3). However, epistatic studies in 

zebrafish have recently suggested that the requirement for Notch downregulation may 

be conserved in this system.  In zebrafish embryos, Cfos acts genetically upstream of 

the Notch-mediated maintenance of dll4 and ephrinb2a following arterial specification 

(Wei et al., 2014). Deacetylation of cfos by the transcriptional repressors Ncor2 and 

Hdac3 is required for the HSC emergence, suggesting that the formation of HSCs may 

be tied to the downregulation of arterial identity in zebrafish as well (Wei et al., 2014). 

In zebrafish, it is likely that HSPC emergence proceeds too quickly to yield a 

noticeable decrease of Tp1:GFP. In vivo visualization of this process may instead 

require new tools allowing for the detection of Notch receptor activation in real time. 

Tight regulation of the response to Notch1 receptor-mediated signaling is 

provided by a type-1 incoherent feedforward loop (Guiu et al., 2013). To this effect, 

Notch1 simultaneously controls expression of transcriptional activators, such as 

Gata2, and transcriptional repressors, such as Hes1. Following simultaneous 

activation of both Gata2 and Hes1, Hes1 provides direct inhibition of Gata2 

expression, resulting in a restricted pulse of the positive hematopoietic regulator. Loss 

of Hes1, combined with a loss of Hes5, results in the formation of large hematopoietic 
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clusters that lack functionality (Guiu et al., 2013). This phenotype is reminiscent of the 

robust, accelerated formation of non-functional hematopoietic clusters formed under 

Notch inhibition, suggesting that Notch-dependent repression of cluster formation 

occurs via Hes1 and Hes5. Repression of preemptive cluster formation is likely a 

hematopoietic-specific process, as Hes1 and Hes5 are dispensable for arterial 

differentiation (Guiu et al., 2013) and late Notch inhibition does not induce 

hematopoietic clusters in the vein (Richard et al., 2013). 

 

1.10. Post-emergence hematopoietic contributions of Notch signaling 

Although Notch activity must be downregulated in order to form 

hematopoietic clusters that contain functional HSPCs, Notch signaling is required in 

multiple capacities post-emergence. Notch signaling has a well-characterized role in 

lymphocyte development (Radtke et al., 2013). Additionally, a novel role for Notch 

signaling was recently identified for HSPCs following emergence from the dorsal 

aorta region. Notch1 hypomorphs successfully generate functional HSCs that seed the 

fetal liver, however, these cells have impaired reconstitutive capacity. Similarly, 

conditional deletion of RBPjK following the endothelial to hematopoietic transition 

results in similarly impaired competitive reconstitution. Together, these results suggest 

a critical, cell-autonomous requirement for Notch signaling that occurs post-

emergence, although the underlying molecular mechanism has not been defined. 

Within the bone marrow niche, Notch signaling induced by endothelial Jag1 balances 

the quiescence and self-renewal of long-term (LT) HSCs, thereby preventing 

exhaustion of the LT-HSC population (Poulos et al., 2013). Similarly, Notch 
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activation restricts differentiation of primary cord-derived hematopoietic cells while 

maintaining normal levels of proliferation (Carlesso et al., 1999). It is conceivable that 

Notch signaling may have a similar role in maintaining a steady pool of the nascent 

HSC population.  
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1.11. Conclusion 

HSCs are formed through a complex process that has yet to be fully 

recapitulated in vitro, suggesting that we still do not understand all requisite aspects of 

their development. Although Notch signaling has been known to be an essential 

component for HSC generation, recent studies suggest that it makes a far more 

complex contribution than was previously appreciated. Leading up to HSC 

specification, Notch signaling promotes the proliferation of early endothelial cells. In 

establishing the arterial program, Notch signaling makes two important contributions 

to the establishment of HSCs. First, it allows proper morphological development of 

the vasculature, permitting the establishment of circulation, which is necessary to HSC 

development circulation, and second, it promotes the expression of Notch receptor and 

ligands that are subsequently required for HSC development. Somite-intrinsic Notch 

signaling establishes the sclerotomal compartment, which makes an essential, but 

poorly understood contribution HSC specification (Kim et al., 2014), likely facilitating 

ligand presentation during somite-to-PLM Notch signaling that is activated during the 

medial migration and convergence of endothelial lineage cells. In this case, somite-

intrinsic and arterial Notch signaling act hierarchically upstream of the somite-to-PLM 

signal, on the ligand/signal-sending and receptor/signal-receiving cells, respectively. 

An additional Notch ligand, Jag1, is induced by proinflammatory signaling and 

activates Notch1 in an endothelial-intrinsic manner (Espin-Palazon et al., 2014; 

Robert-Moreno et al., 2008). The number of Notch signaling events at present 

represents a puzzle, as we do not yet how the multiple intrinsic Notch signals (arterial, 

somite-to-PLM, and interendothelial) differ. Do these distinct Notch signaling activate 
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different downstream targets, and how is this achieved? Do they instead raise the 

overall level of Notch signaling, allowing for greater target activation? In zebrafish, 

where the two involvements of the somite have been described, three of the four Notch 

receptors are required for hematopoiesis (Kim et al., 2014), and there is some 

separation of ligands and receptors involved in arterial specification, somitic signaling, 

and interendothelial Notch signaling. However, thus far in mice, only Notch1 appears 

essential to the establishment of HSCs. It is not yet clear whether somite-intrinsic and 

somite-to-PLM Notch signaling events are conserved in mammalian species, and it is 

also unclear whether Notch1 mediates each signaling event or whether other receptors 

may be involved. Further studies focused on ligand receptor specificity, downstream 

targets, and effects of Notch signaling level on hematopoiesis are necessary. 

Furthermore, the need for Notch downregulation within budding hematopoietic 

clusters is just beginning to be appreciated. Defining the molecular mechanism of 

Notch shutdown, and the reason it is required for HSC establishment, may inform 

future in vitro HSC derivation strategies.  
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Figure 1.1: Overview of Notch Signaling. Transmembrane Notch receptors are 
cleaved by Furin-like Convertase at the S1 proteolytic site, and the two resulting 
Notch receptor fragments bind noncovalently. Mature Notch ligands are endosomally 
trafficked to the cell surface membrane. Notch receptors are activated by binding of 
the Notch extracellular domain (NECD) to Notch ligands of the Delta/Serrate/Lag-2 
families on adjacent signal-sending cell. Ubiquitination of Notch ligands by the 
Mindbomb and Neuralized E3 ubiquitin ligases promotes endocytosis, facilitating 
cleavage by ADAM family metalloproteases through exposure of the S2 proteolytic 
cleavage site. S2 cleavage results in the separation of ligand-bound NECD,and the 
remaining transmembrane receptor. Subsequently, the ligand-NECD complex is taken 
up by the signal-sending cell. The remaining membrane-bound Notch receptor is 
cleaved at the S3 and S4 proteolytic sites by Gamma-Secretase, releasing 
the Notch intracellular domain (NICD) from the membrane tether and allowing NICD 
to translocate to the nucleus. In the absence of Notch receptor activation, Notch 
transcriptional targets are bound by RBPjK/CSL and transcriptional corepressors (Co-
R), and held in a transcriptionally repressed state. Nuclear NICD binds RBPjK, 
displacing the corepressor complex and allowing for the recruitment of transcriptional 
partner Mastermind (MAM) additional coactivators (Co-A) are recruited, allowing for 
transcriptional activation of Notch target genes.
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Figure 1.2: Multiple contributions of Notch signaling surrounding HSC 
specification in zebrafish embryos. A. Establishment of Arterial Identity. Hedgehog 
secreted by the notochord stimulates the production of Vegfa from the somites, 
initiating the arterial program including Notch ligand and receptor expression.  B. 
Artery-independent somitic signaling. Non-canonical Wnt ligand Wnt16 controls the 
prohematopoietic somitic expression of Notch ligands deltaC and deltaD. Fgf 
signaling downstream of Wnt16 is required for somitic deltaD, but 
not deltaCexpression. C. Somite-intrinsic Notch signaling. Activation of the somitic 
Notch3 receptor, possibly via the DeltaC/D ligands, promotes HSPC specification, 
possibly by regulation of the organization or function of the sclerotome compartment. 
D. Somite-to-PLM Notch signaling. During medial convergence of the posterior 
lateral plate mesoderm, direct cell contact allows for Notch signaling between DeltaC 
and DeltaD ligands on the ventral face of the somite and Notch receptors on migrating 
arterial cells. E. Vasculogenesis. Direct arterial Notch target EphrinB2, together with 
venous EphB4, promotes arteriovenous segregation and the vasculogenesis. Formation 
of intact vasculature is required for the establishment of circulation and for 
circulation-dependent hemogenic endothelial maintenance. F. Proinflammatory 
signaling. Production of TNFα by primitive neutrophils signals through Tnfr2 to 
promote arterial expression of jag1a. Jag1a is required for HSPC formation, possibly 
through endothelial-intrinsic signaling with the Notch1a receptor.
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Figure 1.3: Notch activity in budding hematopoietic cells. A. Confocal microscopy 
of HSPC budding in transgenic zebrafish. Kdrl:Cre; bactin:DsRed labels vascular and 
vascular-derived cells, and Tp1:GFP labels cells responsive to Notch activity. Left, 
transverse view of the dorsal aorta (a) and posterior cardinal vein (v). White arrows 
indicate cells undergoing EHT. Notch signaling is active throughout the dorsal aorta, 
and budding HSPCs have high levels of Notch reporter GFP at 48hpf. 
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Gata2b is a restricted early regulator of hemogenic endothelium in the zebrafish 

embryo.
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2.1. Summary 

The adult blood system is established by hematopoietic stem cells (HSCs), 

which arise during development from an endothelial to hematopoietic transition of 

cells comprising the floor of the dorsal aorta.  Expression of aortic runx1 has served as 

an early marker of HSC commitment in the zebrafish embryo, but recent studies have 

suggested that HSC specification begins during the convergence of posterior lateral 

plate mesoderm (PLM), well before aortic formation and runx1 transcription. Further 

understanding of the earliest stages of HSC specification necessitates an earlier marker 

of hemogenic endothelium. Studies in mice have suggested that GATA2 may function 

at early stages within hemogenic endothelium. Two orthologues of Gata2 exist in 

zebrafish: gata2a and gata2b. Here, we report that gata2b expression initiates during 

the convergence of PLM, becoming restricted to emerging HSCs. We observe Notch-

dependent gata2b expression within the hemogenic subcompartment of the dorsal 

aorta that is in turn required to initiate runx1 expression. Our results indicate that 

Gata2b functions within hemogenic endothelium from an early stage, whereas Gata2a 

functions more broadly throughout the vascular system.  

 

 

Keywords: hematopoietic stem cell / hemogenic endothelium / subfunctionalization / 

Gata2 / Notch 
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2.2. Introduction 

Hematopoietic stem cells (HSCs) are tissue-specific stem cells that give rise to, 

and ultimately maintain, the adult blood system over a lifetime. During 

embryogenesis, HSCs arise from a population of hemogenic endothelium, primarily 

within the ventral wall of the dorsal aorta (DA) (Ciau-Uitz et al., 2014; Clements and 

Traver, 2013; Dzierzak and Speck, 2008; Swiers et al., 2013; Taoudi and Medvinsky, 

2007). Aortic endothelium transdifferentiates into HSCs via an endothelial to 

hematopoietic transition (EHT) (Chen et al., 2009; Jaffredo et al., 1998; Zovein et al., 

2008), a process conserved across vertebrate animals (Bertrand et al., 2010; Boisset et 

al., 2014; Boisset et al., 2010; Chen et al., 2009; Jaffredo et al., 2000; Jaffredo et al., 

1998; Kissa and Herbomel, 2010; Lam et al., 2010). EHT produces hematopoietic 

stem and progenitor cells (HSPCs) that rapidly enter circulation in zebrafish (Bertrand 

et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010; Lam et al., 2010), or 

proliferate and differentiate locally to form hematopoietic clusters in the chick and 

mammalian embryo (Boisset et al., 2014; Jaffredo et al., 2000; North et al., 2002; 

Tavian et al., 1999; Yokomizo and Dzierzak, 2010). Nascent HSPCs home to the 

caudal hematopoietic tissue (CHT) of zebrafish, and the placenta and fetal liver in 

mammals, where they undergo proliferation and maturation. Finally, HSCs colonize 

the kidney in zebrafish and the bone marrow in mammals, where they establish 

residence for the remainder of life.  

The zebrafish model has proven valuable to our understanding of HSPC 

development including the first direct in vivo visualization of their emergence 

(Bertrand et al., 2010; Kissa and Herbomel, 2010; Lam et al., 2010). The transcription 
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factor Runx1 is required for EHT in both mice and zebrafish (Chen et al., 2009; Kissa 

and Herbomel, 2010; Lancrin et al., 2009). Within the zebrafish embryo, runx1 marks 

the subpopulation of cells within the DA with hemogenic potential from as early as 23 

hours post-fertilization (hpf) (Wilkinson et al., 2009), providing one of the earliest 

reported markers of HSC commitment. However, there is evidence that hemogenic 

identity is established earlier than the onset of runx1 expression. We have recently 

reported that during the convergence of the posterior lateral plate mesoderm (PLM) 

prior to the formation of the DA or its rudiment, the vascular cord, contact between the 

ventral somite and the PLM is necessary to transmit requisite Notch signals into HSC 

precursors (Kobayashi et al., 2014). That somite-to-PLM signaling occurs between 14 

and 18 hpf indicates that cells acquire hemogenic endothelial identity earlier than 

previously appreciated. Therefore, determining additional markers that distinguish 

HSCs from vascular cells is essential to investigate early events in HSC specification. 

In the present study, we identified a novel early hemogenic endothelial marker, 

gata2b, in zebrafish. 

Expression of Gata2 is driven by activation of the NOTCH1 receptor and its 

transcriptional partner RBPjK in the DA of mice (Robert-Moreno et al., 2005). Mice 

deficient in GATA2 die at embryonic day (E) 10.5 with defects in primitive and 

definitive hematopoiesis (Tsai et al., 1994). Targeted deletion of Gata2 within the 

endothelium results in edema, hemorrhage, and loss of functional HSCs (de Pater et 

al., 2013; Johnson et al., 2012; Lim et al., 2012). In addition, GATA2 serves iterative 

roles in early vascular cells and their hemogenic progeny (de Pater et al., 2013). 

GATA2 is required within the endothelium for the expression of Runx1 (Gao et al., 
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2013) that is essential for EHT (Chen et al., 2009; Kissa and Herbomel, 2010; Lancrin 

et al., 2009), likely through direct regulation of a hemogenic endothelial-specific 

Runx1 enhancer (Nottingham et al., 2007). Together, these studies suggest that 

GATA2 functions downstream of Notch signaling within the endothelium to activate 

Runx1 expression. 

A genome duplication event in early teleosts generated two gata2 paralogues 

in the zebrafish genome (Gillis et al., 2009). The gata2a paralogue is expressed 

throughout the PLM and trunk vasculature (Brown et al., 2000; Detrich et al., 1995), 

but is not affected by the loss of Notch signaling downstream of Wnt16, which affects 

HSC but not arterial specification (Clements et al., 2011). Additionally, loss of gata2a 

in gata2aum27 mutants results in defects in vascular morphogenesis and circulation 

(Zhu et al., 2011), making it difficult to address possible hematopoietic functions of 

Gata2a. In this study, we focus on the gata2b paralogue in the context of HSC 

specification. We show that gata2b is expressed specifically within hemogenic 

endothelium prior to runx1. We generated gata2b:Gal4 transgenic animals, which 

specifically label hemogenic endothelium and nascent HSCs. Moreover, gata2b is 

required genetically upstream of runx1. While gata2a is required for vascular 

development and circulation (Zhu et al., 2011), gata2b is not required for these 

processes. Our findings suggest that the duplication event resulting in gata2a and 

gata2b has segregated the endothelial and hematopoietic functions of Gata2 in 

zebrafish, allowing for future studies of the hemogenic function of Gata2 without 

disruption of the vasculature or circulation.  
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2.3. Results 

 

2.3.1. gata2b is expressed in hematopoietic precursor cells  

 A chromosomal duplication event in the teleost lineage resulted in two 

zebrafish paralogues of Gata2, gata2a and gata2b (Gillis et al., 2009), which share 

only 57% sequence identity and 67% similarity (Fig. 1). Although gata2b is identified 

in the genome, little is known regarding its expression or function. To better 

understand gata2b, we explored its expression during embryogenesis by quantitative 

PCR (qPCR) and whole-mount in situ hybridization (WISH). gata2b is maternally 

expressed, and embryonic transcription initiated at 16 hours post-fertilization (hpf) 

(Fig. 2A). By WISH, no expression of gata2b was observed in the developing early 

PLM, in contrast to gata2a, which is expressed in the PLM from approximately the 3-

somite stage (ss), at roughly 10.3 hpf ((Li et al., 2009); Fig. S1). By 18 hpf, expression 

of gata2b is detectable in a small number of cells at and near the midline (Fig. 2C, 

yellow arrowheads). No expression was detected in this region at 16 hpf, indicating 

that expression of gata2b at the midline initiated between 16 and 18 hpf (Fig. 2B,C). 

By 20 hpf, gata2b is expressed in the DA (Fig. 2D, yellow arrowheads), as well as in 

branchiomotor neurons (Fig. 2D, blue arrowheads). At 50 and 72 hpf, gata2b+ cells 

can be observed in hematopoietic cells within the CHT region (Fig. 2F,G, pink 

arrowheads).  

 To investigate whether gata2b expressing cells at the midline at 18 hpf are 

from the PLM, we sorted cells positive for fli1a:EGFP, which marks the PLM and the 

hematovascular cells it gives rise to (Lawson and Weinstein, 2002; Thompson et al., 
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1998). In line with our gata2b WISH analysis, we did not detect gata2b by qPCR at 

16 hpf in fli1a+ cells, but detected expression in this tissue from 18 to 26 hpf (Fig. 

2H). To determine gata2b expression with greater spatial precision, we transversely 

sectioned the embryonic trunk region. In 18 hpf embryos, gata2b expression was 

observed within the vascular cord, as well as in rare cells outside the midline, 

consistent with initiation near the end of PLM convergence (Fig. 2I). At 25 hpf, 

transverse trunk sections showed gata2b expression in an endothelial subpopulation, 

polarized to the ventral wall of the aorta similarly to runx1 (Fig. 2J,K), whereas 

gata2a is detected throughout the DA and posterior cardinal vein (PCV), similarly to 

the vascular marker kdrl, as well as in primitive erythrocytes (Fig. 2L,M). In 

conclusion, although both gata2a and gata2b are expressed in the DA, they have 

distinctly different expression patterns within this tissue.  

Next, we examined gata2b expression within hemogenic endothelium. By 

combining fluorescent reporter animals that mark vasculature (kdrl:mCherrymem+) or 

hematopoietic cells (cmyb:GFP+), nascent HSPCs (kdrl:mCherry+;cmyb:GFP+) can 

be distinguished from vascular, non-hemogenic endothelium 

(kdrl:mCherry+;cmyb:GFP-) at 36 hpf (Bertrand et al., 2010). At 36 hpf, gata2a is 

enriched within vascular endothelium compared to nascent HSPCs (Fig. 2O). 

Consistent with expression observed by WISH, gata2b expression is enriched within 

hematopoietic cells generated by the aortic endothelium (Fig. 2O). The specific 

expression and early initiation of gata2b make it of particular interest for studying 

mechanisms governing HSC specification prior to runx1 initiation. 
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2.3.2. A gata2b:Gal4 transgene marks hemogenic endothelium 

To further characterize gata2b as a possible marker of hemogenic endothelium 

and nascent HSCs, we generated transgenic zebrafish reporting gata2b expression. As 

gata2b is expressed specifically, but at a low level within hemogenic endothelium, we 

utilized the Gal4-UAS system to amplify expression. This system also creates 

flexibility, allowing a single transgenic Gal4-driver line to be used in conjunction with 

a variety of UAS-driven effector lines. Using BAC recombineering (Bussmann and 

Schulte-Merker, 2011) and Tol2-mediated transgenesis, we created transgenic animals 

driving optimized Gal4 (KalTA4) (Distel et al., 2009) under the control of gata2b 

regulatory elements. By crossing gata2b:Gal4 to Gal4-responsive fluorescent 

reporters including UAS:GFP and UAS:lifeactGFP, we observed GFP fluorescence at 

24 hpf, in cells with a flattened morphology in the aortic floor region (Fig. 3A). At 30 

hpf, GFP expression was consistent with the hematopoietic expression of gata2b by 

WISH, although no fluorescence was observed in branchiomotor neurons (Fig. 3B). 

By 3 dpf, gata2b:Gal4;UAS:lifeactGFP fluorescence remained restricted to 

hematopoietic populations in the CHT, thymus, and kidney, with round hematopoietic 

cells also observed in association with the heart lumen (Fig. 3C and Supplemental 

Movie 1). This indicates that gata2b:Gal4 drives expression specifically in cells at 

sites of HSC emergence and colonization (CHT, thymus, and kidney). In contrast, 

gata2a:GFP shows GFP expression in the DA, PCV, primitive erythrocytes, and 

spinal cord neurons, consistent with endogenous gata2a expression observed by 

WISH (Fig. S1). 
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Our data suggested that gata2b:Gal4 drives expression in hemogenic 

endothelial cells. Hemogenic endothelial cells are integral to the aortic wall (Bertrand 

et al., 2010; Chen et al., 2011; de Bruijn et al., 2002; Jaffredo et al., 1998; North et al., 

1999) and undergo a characteristic morphological change during EHT (Kissa and 

Herbomel, 2010). To determine if gata2b+ cells in gata2b:Gal4 animals behave in a 

similar way, we analyzed gata2b:Gal4 in the context of the pan-vascular marker kdrl. 

In gata2b:Gal4;UAS:GFP;kdrl:mCherrymem embryos, GFP+ cells co-express the 

vascular marker kdrl:mCherrymem, indicating that they are indeed within the aortic 

endothelium (Fig. 3D). Furthermore, gata2b:Gal4 driven expression marked cells 

undergoing the stereotypical budding characteristic of EHT (Kissa and Herbomel, 

2010) (Fig. 3E). Using timelapse imaging, we visualized emergence of GFP+ cells 

from the endothelium (Supplemental Movie 2).  

Following EHT, HSPCs migrate to the CHT for amplification and 

differentiation, before homing to the thymus, the primary site of T-cell development 

(Bertrand et al., 2008; Kissa et al., 2008; Murayama et al., 2006; Zhang et al., 2011). 

In gata2b:Gal4;UAS:lifeactGFP fish, we observed gata2b+ cells first in the aortic 

floor and later in the thymus (Fig. 3B,C). By photoconverting gata2b+ cells in 

gata2b:Gal4;UAS:Kaede fish, we traced cells from the aorta at 46 hpf to the thymus at 

4 dpf, confirming that GFP+ thymic cells derive from gata2b+ hemogenic endothelial 

cells (Fig. 3F,G). Moreover, thymic gata2b+ cells coexpressed the T-cell marker 

lck:nls-mCherry at 4 dpf (Fig. S2), indicating that gata2b+ cells have lymphoid 

potential.  
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Together, these data indicate that gata2b-expressing cells first reside within the 

DA, later emerging through EHT to migrate to the CHT, thymus, and embryonic 

kidney. Furthermore, gata2b+ cells have lymphoid potential, suggesting they may be 

early HSPCs. 

 

2.3.3. gata2b+ cells give rise to adult hematopoietic cells 

Nascent HSCs seed the kidney, where they amplify and are maintained during 

adult homeostasis, and differentiate into erythroid, lymphoid, and myeloid lineages. 

Erythroid, lymphoid, myeloid, and hematopoietic precursor cells within the adult 

whole kidney marrow (WKM) can be separated by flow cytometry based upon light 

scatter characteristics (Traver et al., 2003). In adult zebrafish, gata2a:GFP is 

expressed in the kidney marrow, where it primarily labels eosinophils (Balla et al., 

2010; Traver et al., 2003). In contrast, gata2b:Gal4 does not drive fluorescence in the 

adult kidney marrow when combined with either UAS:GFP or UAS:lifeactGFP (Fig. 

4A,B). 

Permanent genetic labeling of endothelial cells and their derivatives with 

endothelial-specific kdrl:Cre in combination with the lineage marker actB2:LoxP-

STOP-LoxP-DsRedEx indicated that embryonic hemogenic endothelium is the origin 

of zebrafish adult blood cells (Bertrand et al., 2010). In this lineage tracing approach, 

actB2:LoxP-STOP-LoxP-DsRedEx, also known as bactin:Switch-DsRed, undergoes 

excision of the STOP cassette in Cre-expressing cells, resulting in a permanent 

“switch” from non-fluorescence to DsRed+ for these cells and their progeny. To 

investigate if gata2b+ cells have potential to give rise to the adult hematopoietic 
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system, we performed lineage tracing in gata2b:Gal4;UAS:Cre;bactin:Switch-DsRed 

zebrafish. As expected, DsRed fluorescence marked cells in the CHT, thymus and 

kidney in 3 dpf embryos (Fig. 4C-E), closely resembling 

gata2b:Gal4;UAS:lifeactGFP embryos at this time (Fig. 3C). Whereas gata2b:Gal4 

initially drives expression in the DA, we did not detect gata2b+ cells in the 

endothelium at 3 dpf (Fig. 3A,C).  

To determine the contribution of gata2b+ cells to adult blood, we analyzed 

DsRed+ cells in the WKM by flow cytometry. Lineage tracing of the endothelium in 

kdrl:Cre;bactin:Switch-DsRed fish labelled the vast majority of hematopoietic cells 

within the WKM, with no DsRed+ cells in the WKM of bactin:Switch-DsRed 

zebrafish (Fig. 4F,G). In comparison, within the WKM of two month post-fertilization 

gata2b:Gal4;UAS:Cre;bactin:Switch-DsRed fish, DsRed+ cells comprised 87.8 ± 

1.8% of lymphoid cells, 84.8 ± 7.0% of myeloid cells, and 85.2 ± 6.6% of precursor 

cells (n=3). Although we observed some leakiness of the UAS:Cre transgene within a 

small number of DsRed+ muscle and neural cells in 3 dpf embryos, adult 

UAS:Cre;bactin:Switch-DsRed fish had less than 0.1% DsRed+ cells in the lymphoid, 

myeloid and precursor fractions of the WKM (n=2) (Fig. 4H), indicating that gata2b+ 

cells give rise to the majority of blood cells in the adult WKM in a multilineage 

manner. Similarly, switched DsRed+ cells comprised the majority of the erythroid and 

lymphoid cells within the spleens of kdrl:Cre;bactin:Switch-DsRed (Fig. 4I,J) and 

gata2b:Gal4;UAS:Cre;bactin:Switch-DsRed (Fig. 4K) fish, while no labeling was 

observed in the spleens of bactin:Switch-DsRed or UAS:Cre;bactin:Switch-DsRed 
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control animals. Using the gata2b:Gal4 transgenic line, we have demonstrated that the 

majority of hematopoietic cells are derived from gata2b+ cells.  

Taken together, our data indicate that gata2b is expressed specifically within 

aortic hemogenic endothelium, which gives rise to the vast majority of adult 

hematopoietic cells.  

 

2.3.4. gata2b is required for hematopoietic stem cell formation 

To establish if gata2b is required for HSC development, we performed 

targeted knockdown of gata2b using a splice-blocking morpholino oligonucleotide 

(MO). This MO results in intron retention leading to missense sequence and a 

premature stop codon before the zinc finger domains (Fig. S3), which is predicted to 

inhibit the DNA-binding of Gata2b. Initially, gata2b morphants express normal levels 

of etsrp, gata1a, scl, and runx1 within the PLM (Fig. S4). Primitive hematopoiesis 

appears unaffected in gata2b morphants, with normal expression of gata1a and scl in 

primitive erythrocytes and l-plastin in primitive macrophages at 22 hpf (Fig. S4 I-N). 

In addition to having normal PLM and primitive hematopoiesis, gata2b morphants 

maintain normal somitic and pronephric duct development (Fig. S4 A-R), suggesting 

normal development of morphant embryos.  

We next investigated whether gata2b is required for formation of hemogenic 

endothelium and HSCs. One of the earliest known markers of HSC fate in zebrafish is 

the transcription factor runx1 (Burns et al., 2002; Wilkinson et al., 2009). Knockdown 

of gata2b results in a decrease of runx1 in the DA floor at 25 hpf, while a similar MO 

with 5 base pairs mismatched did not (Fig. 5A,B, Fig. S3E,F). An ATG MO targeting 
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the translation start site of gata2b phenocopies the reduction of runx1 expression in 

the DA (Fig. S3H). To further confirm the hemogenic endothelial defect in gata2b 

morphants, we assessed expression of the transcription factor cmyb, which is 

genetically downstream of runx1 in hemogenic endothelial cells (Burns et al., 2005), 

and rag1, a marker of lymphoid potential. Consistent with loss of runx1, cmyb 

expression was reduced in gata2b morphants at 36 hpf (Fig. 5C,D). Similarly, rag1+ 

thymocytes were severely reduced in gata2b morphants at 4 dpf (Fig. 5E,F), further 

indicating that gata2b is essential for the production of functional HSCs.  

Due to the remarkable differences of endothelial gata2a and gata2b 

expression, we hypothesized that gata2b may have taken on a specialized role within 

the hemogenic endothelial compartment while gata2a has remained essential to 

vascular morphogenesis. Strengthening this hypothesis, depletion of gata2b did not 

affect expression of kdrl or efnb2a (Fig. 5G-J), indicating normal vascular 

development and arterial specification. Importantly, circulation was normal in gata2b 

morphants (Supplemental Movies 3-4). In contrast, gata2aum27 mutants lack trunk 

circulation (Zhu et al., 2011) and experience hemorrhages (Fig. S1), consistent with  

the vascular endothelial deletion of Gata2 in mice (de Pater et al., 2013; Johnson et al., 

2012; Lim et al., 2012). We next tested whether the Gata2a and Gata2b proteins are 

functionally redundant, by attempting to rescue gata2b morphants with ectopic 

expression of gata2a or gata2b. We found that gata2b successfully rescued gata2b 

splice morphants, while gata2a did not (Fig. S3 I-M), consistent with our hypothesis 

that Gata2a and Gata2b serve distinct requirements, Together, our results suggest that 

the requirement of GATA2 for endothelial integrity appears to be maintained by the 



57 
 

	  
	  

zebrafish Gata2a paralogue, whereas Gata2b is serves a specialized role within 

hemogenic endothelium.  

Notch signaling is required for hematopoiesis through its upstream regulation 

of Runx1 (Nakagawa et al., 2006). In zebrafish, Notch signaling is required for aortic 

cmyb expression, and cmyb loss from Notch inhibition can be rescued by runx1 

mRNA injection (Burns et al., 2005). To determine where Gata2b functions in this 

pathway, we tested if ectopic runx1 could rescue cmyb expression in gata2b 

morphants. Coinjection of gata2b MO with runx1 mRNA was sufficient to rescue loss 

of cmyb in hemogenic endothelium (Fig. S3N-Q), indicating that gata2b is required 

upstream of runx1 in hemogenic endothelium.  

 

2.3.5. gata2b is regulated by Notch signaling 

Both cell-autonomous and non cell-autonomous Notch signaling is required for 

formation of vertebrate HSCs (Hadland et al., 2004; Kim et al., 2014). Notch signaling 

is required for both arterial specification and HSC formation from arterial vasculature. 

Gata2 is a direct Notch target in the mouse DA (Robert-Moreno et al., 2005), and is 

regulated by hematopoietic, rather than arterial Notch signaling (Robert-Moreno et al., 

2008). Somitic Wnt16 is required upstream of both somite-intrinsic and somite-to-

PLM Notch signaling without affecting arterial specification (Clements et al., 2011; 

Kim et al., 2014; Kobayashi et al., 2014), demonstrating that the Notch requirements 

of arterial and HSC development are separable in zebrafish. Surprisingly, gata2a 

expression in the aortic endothelium is unaffected by knockdown of wnt16 (Clements 
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et al., 2011), which led us to investigate if Notch signaling was required for expression 

of gata2b in hemogenic endothelium.  

To assess whether or not Notch signaling is required for gata2b expression, we 

first performed inhibition of Notch signaling in the whole embryo. The E3 ubiquitin 

ligase Mindbomb is required for functionality of the Notch ligand on the signal-

emitting cell (Itoh et al., 2003). Knockdown of Notch signaling using mindbomb MO 

resulted in downregulation of both runx1 and gata2b (Fig. 6A-D). This finding was 

recapitulated by chemical inhibition of Gamma-Secretase, which prevents release of 

the transcriptionally active intracellular domain from the membrane-bound Notch 

receptor (Mumm et al., 2000). Treatment with Gamma-Secretase inhibitor 

dibenzazepine (DBZ) (Milano et al., 2004; van Es et al., 2005) from 10 hpf resulted in 

downregulation of both runx1 and gata2b in the DA (Fig. 6E,H). Furthermore, 

knockdown of wnt16, which functions upstream of Notch signaling required for HSC 

formation, resulted in reduction of both runx1 and gata2b in the DA (Fig. 6I-L), 

suggesting that Notch regulates zebrafish gata2b in a similar manner to murine Gata2.  

Three of the four Notch receptors are necessary for runx1 expression in 

zebrafish, but function in different tissues (Kim et al., 2014). The NOTCH1 

homologues Notch1a and Notch1b act directly within endothelial cells, whereas 

Notch3 is dispensable within the endothelium but required in the somite via an 

unknown mechanism (Kim et al., 2014). Because Gata2 is a direct NOTCH1 target in 

the murine DA (Robert-Moreno et al., 2005), we examined if the receptors required 

within the endothelium function upstream of gata2b. Individual knockdowns of 

notch1a and notch1b resulted in decreased runx1 and gata2b expression (Fig. 7A-D, 
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G-J). In contrast, expression of gata2a was unaffected by loss of either receptor (Fig. 

7E,F, K,L). The endothelial Notch signaling that is required for the hemogenic 

capacity of the DA thus regulates gata2b, but not gata2a. 

Together, our results demonstrate that gata2b is expressed in early hemogenic 

endothelium, where it is required upstream of runx1 to generate HSC fate. In addition, 

gata2b is regulated by the Notch receptors that function specifically within the 

endothelium to promote hematopoiesis, whereas gata2a is not. These data suggest 

that, following duplication of the ancestral gata2 gene, subfunctionalization of each 

paralogue has resulted gata2b regulating HSC emergence. 
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2.4. Conclusion 

 

2.4.1. Subfunctionalization of Gata2a and Gata2b in zebrafish 

The division of labor between duplicated genes to recapitulate the functions of 

the ancestral gene is known as subfunctionalization (Force et al., 1999). Genome 

duplication within the teleost lineage has yielded two Gata2 paralogons that have been 

maintained in these jawed, bony, ray-finned fish, including medaka, fugu, tetraodan, 

stickleback, and zebrafish (Gillis et al., 2009). We demonstrate a divergence in the 

expression patterns between gata2a and gata2b in zebrafish, with gata2a expressed 

throughout the endothelium and gata2b restricted to the hemogenic subpopulation of 

the DA. Despite both being expressed in the endothelium, gata2a and gata2b have a 

high level of sequence divergence and different expression regulation, suggesting that 

each may have divergent functions within the embryonic endothelium. Accordingly, 

gata2a is required for endothelial integrity and vascular morphogenesis (Zhu et al., 

2011), whereas gata2b is required in an HSC-specific manner. During mouse 

embryogenesis, GATA2 is required in the endothelium both for maintenance of 

endothelial integrity and HSC formation during embryogenesis (de Pater et al., 2013; 

Johnson et al., 2012; Lim et al., 2012). Together, Gata2a and Gata2b appear to 

additively fulfill the endothelial roles of GATA2, suggesting that duplication of the 

gata2 locus has led to an evolutionary separation of its endothelial and hematopoietic 

functions. The zinc finger domains of GATA2 that mediate DNA binding and 

interaction with transcriptional partners (Vicente et al., 2012) are largely conserved 

between the zebrafish Gata2a and Gata2b proteins and the human and mouse GATA2 
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proteins. Outside this region the proteins are more divergent, and it is not clear which 

regions are responsible for different functions performed by Gata2a and Gata2b. In 

mice, GATA2 can inhibit the production of CD45+ cells from the AGM region 

(Minegishi et al., 2003). The domain responsible for this activity, amino acids 75-235, 

has transcriptionally repressive activity in the GATA2 protein, however a partially 

conserved region in the GATA3 protein acts as a transcription activation domain 

(Minegishi et al., 2003; Yang et al., 1994). It is possible that differences in this domain 

might explain distinct activities of the Gata2a and Gata2b proteins. Future functional 

comparisons of the Gata2a and Gata2b proteins with human and mouse GATA2 may 

yield a greater understanding of the functions Gata2 plays in different endothelial and 

hematopoietic contexts.  

 

2.4.2. Expression of gata2b marks early hemogenic endothelium 

The process by which endothelial cells acquire hemogenic capacity has not 

been fully resolved. Understanding when and how this occurs during embryogenesis 

can inform future efforts to derive these cells in vitro. HSCs emerge from ventral 

endothelium of the DA (Bertrand et al., 2010; Boisset et al., 2010; Chen et al., 2009; 

Kissa and Herbomel, 2010; Lam et al., 2010; Taoudi and Medvinsky, 2007). Several 

signaling pathways, including Hedgehog, VEGF, and multiple Notch inputs, are 

important for formation of hemogenic endothelium upstream of runx1 expression 

(Gering and Patient, 2005; Kim et al., 2014). Due to a paucity of markers for early 

detection of hematopoietic specification within endothelium, we lack a full 

understanding of how these cues drive establishment of HSC fate.  
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The markers distinguishing hemogenic endothelium from arterial endothelium, 

including runx1, cmyb and cd41, have only been observed in the endothelium 

following formation of the DA. It is now evident that specification of both arterial and 

hemogenic endothelium begins earlier than previously postulated. In particular, 

migrating PLM cells appear to adopt arterial or venous fate well before formation of 

the vascular cord (Hong et al., 2006; Kohli et al., 2013; Quillien et al., 2014), with 

arterial specification beginning within the PLM as early as 11 hpf, at the 5-somite 

stage (Quillien et al., 2014). Somitic Notch ligands DeltaC and DeltaD downstream of 

Wnt16 are required for formation of hemogenic endothelium (Clements et al., 2011), 

and these ligands activate Notch signaling in the PLM during migration to the midline 

between 14 and 18 hpf (Kobayashi et al., 2014). When this signal is missed, arterial 

specification is unaffected but hemogenic endothelium is lost (Kobayashi et al., 2014). 

Since we observe expression of gata2b initiate in a small population of fli1a+ cells 

just before and during formation of the vascular cord at 18 hpf, it is plausible that 

Notch signaling from the somite initiates gata2b expression to prime the HSC 

program.  

 

2.4.3. Regulation of gata2b expression 

Notch signaling regulates HSC formation through both direct and indirect 

mechanisms (Clements et al., 2011; Hadland et al., 2004; Kim et al., 2014; Kobayashi 

et al., 2014). Our data demonstrate that Notch signaling is required for expression of 

gata2b in hemogenic endothelium. In mouse, both GATA2 and NOTCH1 are required 

cell-autonomously for formation of HSCs (Hadland et al., 2004; Tsai et al., 1994). The 
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transcriptionally active NOTCH1 intracellular domain (NICD1) associates with the 

Gata2 promoter in the mouse embryo at E9.5, just before HSC emergence, and is 

required for Gata2 expression in the DA (Guiu et al., 2013; Robert-Moreno et al., 

2005). These findings suggest that Gata2 is a direct target of a cell-autonomous Notch 

signal within hemogenic endothelium. In zebrafish, the Notch1a and Notch1b 

receptors are required specifically within the endothelium for HSC formation (Kim et 

al., 2014). Our data demonstrate that Notch1a and Notch1b are required for gata2b, 

but not gata2a in the DA, suggesting that there may be a conserved role of endothelial 

Notch signaling in the regulation of gata2b in zebrafish.  

RUNX1 is required cell-intrinsically within hemogenic endothelium for HSC 

formation (Chen et al., 2009). Expression of Runx1 in the DA is dependent upon 

Notch signaling in both mice and zebrafish (Burns et al., 2005; Robert-Moreno et al., 

2005). The hematopoietic defect in the absence of Notch signaling can be rescued by 

artificial induction of Runx1 in cell culture (Nakagawa et al., 2006). Similarly, the 

hematopoietic defect resulting from Notch deficiency can be partially rescued through 

provision of exogenous runx1 mRNA in zebrafish (Burns et al., 2005), indicating that 

Notch is required for HSC formation upstream of runx1 activation in hemogenic 

endothelium. In our study, the hematopoietic defect of gata2b morphants is partially 

rescued by provision of runx1 mRNA, suggesting that loss of runx1 accounts for the 

hematopoietic phenotype observed with gata2b knockdown. Hemogenic endothelial 

expression of Runx1 is governed by an intronic enhancer element that contains 

consensus sites for Runx, Cmyb, Gata, ETS, and E-Box transcription factors (Bee et 

al., 2009; Nottingham et al., 2007), but not for the Notch partner RBPjK, suggesting 
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that Notch signaling may be required through induction of intermediate transcription 

factors to promote Runx1 expression in hemogenic endothelium. The GATA binding 

site is critical for the activity of this enhancer (Nottingham et al., 2007). Dysregulation 

of Gata2 in the endothelium results in a reduction in Runx1 expression in the AGM 

region (Gao et al., 2013). In this study we report a similar reduction in runx1 

expression in the DA with gata2b knockdown, indicating a conserved requirement for 

Gata2 within hemogenic endothelium.  

 

2.4.4. The gata2b:Gal4 transgene as a tool for future hematopoietic studies 

The gata2b:Gal4 driver marks hemogenic endothelium and nascent HSCs 

from the DA to the CHT, thymus, pronephros, and adult kidney. To our knowledge, 

gata2b:Gal4 is the earliest, most specific marker of aortic hemogenic endothelium, 

allowing direct visualization of hemogenic endothelium from as early as 24 hpf. In the 

future, this transgenic driver will prove useful for unambiguous detection and tracking 

of hemogenic endothelial cells and HSCs. Because this line drives Gal4 rather than a 

fluorescent protein, it can be used in conjunction with the growing number of UAS-

driven transgenes. Furthermore, we have shown that 

gata2b:Gal4;UAS:Cre;bactin:Switch-DsRed effectively labels endothelial-derived 

blood until adulthood in a multilineage manner, demonstrating that gata2b is 

expressed in HSCs. With the growing ease of genetic manipulation using the 

CRISPR/Cas9 system in zebrafish (Auer et al., 2014), gata2b:Gal4;UAS:Cre may 

ultimately prove most useful for hematopoietic-specific disruption of genes such as 
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gata2a, whose mutation results in developmental defects and embryonic lethality, but 

might serve unappreciated roles in the developing hematopoietic system.  
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2.5. Materials and Methods 

 

2.5.1. Zebrafish husbandry and maintenance 

Zebrafish (Danio rerio) were maintained according to the guidelines of the 

UCSD Institutional Animal Care and Use Committee. The following zebrafish lines 

have been previously described: Tg(fli1a:GFP)y1 (Lawson and Weinstein, 2002), 

Tg(kdrl:Has.HRAS-mCherry)s896 (Chi et al., 2008), Tg(cmyb:EGFP)zf169 (North et al., 

2007), Tg(-20.7gata2:EGFP)la3 (Traver et al., 2003), Tg(4xUAS:GFP)hzm3 (Distel et 

al., 2009), Tg(UAS:lifeactGFP)mu271 (Helker et al., 2013), Tg(UAS:Kaede)rk8 (Hatta et 

al., 2006), Tg(actb2:loxP-STOP-loxP-DsRed)sd5 (Bertrand et al., 2010), gata2aum27 

(Zhu et al., 2011), Tg(lmo2:GFP)zf72 (Zhu et al., 2005), Tg(gata1:DsRed)sd2 (Traver et 

al., 2003), and Tg(rag2:GFP)zdf8 (Langenau et al., 2003). For clarity, throughout the 

text, Tg(kdrl:Has.HRAS-mCherry)s896 is referred to as kdrl:mCherrymem; Tg(-

20.7gata2:EGFP)la3 is referred to as gata2a:GFP; Tg(4xUAS:GFP)hzm3 is referred to 

as UAS:GFP; Tg(actb2:loxP-STOP-loxP-DsRed)sd5 is referred to as bactin:Switch-

DsRed; TgBAC(gata2b:KalTA4)sd32 is referred to as gata2b:Gal4; Tg(UAS:Cre,CY)zd17 

is referred to as UAS:Cre. 

 

2.5.2. Whole mount in situ hybridization (WISH) 

Embryos were treated with 1-phenyl 2-thiourea (PTU) and fixed in 4% 

paraformaldehyde (Sigma-Aldrich) overnight at 4°C, then dehydrated and stored in 

methanol prior to staining. WISH was performed as described (Thisse et al., 1993). In 

situ hybridization probes were synthesized using DIG RNA Labeling Kit (Roche). 
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Hybridization probes were prepared as described for gata1a (Detrich et al., 1995), 

gata2a (Detrich et al., 1995), scl (Liao et al., 1998), runx1 (Burns et al., 2005), cmyb 

(Thompson et al., 1998), kdrl (Thompson et al., 1998), l-plastin (Herbomel et al., 

1999), ephrinB2a (Lawson and Weinstein, 2002), and cdh17, myod, etsrp and rag1 

(Clements et al., 2011). Hybridization probe for zebrafish gata2b was synthesized 

from pExpress1-gata2b (IMAGE: 7037467) (ATCC) linearized with EcoRV and 

transcribed using T7 RNA polymerase (Roche). For quantification of cells detected by 

whole-mount in situ hybridization in the DA region, embryos with morphological 

defects that prevented reliable cell counting were excluded. Sections of embryos 

stained by WISH were embedded using the JB-4 embedding kit (Polysciences, Inc.) 

and sectioned with a Leica RM2165 microtome at 7-9 µm thickness. On WISH 

images, magnification bars represent 250mm unless otherwise indicated. 

 

2.5.3. Fluorescence activated cell sorting (FACS) and Quantitative Real-Time PCR 

For each sample, approximately 50-100 embryos were stored on ice in 500ml 

PBS with 2% FBS and were dissociated by pipetting. Cell suspensions were filtered 

using 40µm mesh and stained with SYTOX Red Cell Death Stain (Molecular Probes). 

Samples were sorted using the FACSAria IIu cell sorter (BD Biosciences). mRNA 

was isolated using the RNeasy Mini Kit (Qiagen). During mRNA extraction, 500ng 

polyinosinic acid potassium salt (Sigma) was added to the RLT buffer for each 

sample. cDNA was synthesized using the Quantitect cDNA Synthesis Kit (Qiagen), 

according to the manufacturer’s instructions. Quantitative PCR (qPCR) was performed 

using the BioRad CFX96 Real-Time System according to the manufacturer’s 
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instructions, using the following primers: gata2a-F 5- 

TCTTGAATCACTTGGACTCG-3; gata2a-R 5-GGACTGTGTATGAGGTGTGG-3; 

gata2b-F 5-ACCACCACACTCTGGAGAC-3; gata2b-R 5-

CTGTTGCGTGTCTGAATACC-3; ef1a primers have been previously described 

(Bertrand et al., 2007). Relative expression was calculated as 2(Ct(gene of interest)-Ct(ef1a)). 

For quantification of gata2a and gata2b transcripts, an in vitro standard curve was 

generated by transfecting HEK cells with pCS2+-gata2a or pCS2+-gata2b plasmids.   

 

2.5.4. Flow Cytometry 

Adult whole kidney marrow samples were prepared as described (Traver et al., 

2003), stained using SYTOX Red Cell Death Stain (Molecular Probes), and analyzed 

using the LSRII Flow Cytometer (BD Biosciences). 

 

2.5.5. gata2b morpholino design and validation 

Antisense morpholinos were synthesized by Gene Tools, LLC. 1 nl volume of 

morpholino solution was injected into single-cell stage embryos at the following 

strengths: 30mg/ml MO1-Gata2b (gata2b splice acceptor MO) 

TTCACGTCCTATTGGCACACGATGC, 30 mg/ml Gata2b mismatch 

TTCACcTCgTATTcGCAgACcATGC where lowercase indicates mismatched 

nucleotides, 20mg/ml MO2-gata2b (gata2b ATG MO) 

GGCATCCATCATCTCTCTTTTCAGT. For morpholino validation, wild-type and 

morphant embryos were collected and mRNA was prepared using the RNeasy mini kit 

(Qiagen), and cDNA was prepared using SuperScriptIII Reverse Transcriptase 
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(Invitrogen). RT-PCR was performed using the primers G2bEx3-F: 5’-

CTGCTCGGAAACATGACGAC-3’ and G2bEx5-R: 5’- 

GTATAGACCGCAGGCATTGC-3’. RT-PCR products were isolated using 

QIAQuick Gel Extraction kit. Purified PCR products were sequenced by Genewiz, 

Inc, using the primers G2bEx3-F (above) and G2bEx4-R: 5’-

CTTGGGTCTGATGAGAGGTC-3’. Sequences were analyzed using ApE software 

and sequence chromatograms were prepared using CodonCode Aligner. 

 

2.5.6. Generation of expression constructs  

To generate the pCMV6-gata2b construct, gata2b was amplified from 1-2 cell 

stage zebrafish embryo cDNA with the primers gata2b-F 5-

TCGGCATCCCTGTCCTACTG-3 and gata2b-R 5-

GTCTCTCAGCCTATAGCAGTGAC-3 using Phusion polymerase (New England 

Biolabs) and ligated into pCR-BluntII-Topo using the Zero Blunt Topo PCR Cloning 

kit (Life Technologies). The gata2b cDNA fragment was subcloned into pCMV6-AC-

Myc-His (OriGene) using BamHI and Xho1 enzymes (New England Biolabs). The 

pCS2-gata2a-2A-tdTomato construct was made using Multisite Gateway cloning (Life 

Technologies). The gata2a, excluding the stop codon, was amplified by PCR from 2 

dpf embryo cDNA using the primers Attb1-gata2a-F: 5’-

GGGGACAAGTTTGTACAAAAAA 

GCAGGCTCCGCCACCatgGAGGTTGCGGCCGATCAG-3’ and Attb2r-gata2a-

R(no-stop); 5’-  

GGGGACCACTTTGTACAAGAAAGCTGGGTGgtgTGGTTCGGCCCAGGCGGG-
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3’. The resulting fragment was cloned into pDONR221 by BP reaction, generating 

pME-gata2a(no stop). 2A-tdTomato was amplified from pCS2-TAG (Addgene 

#26772) using primers Attb2-2A-tomato-F: 5’-

GGGGACAGCTTTCTTGTACAAAGTGGacGGATCCGGAGCCA 

CGAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCCGGT

CCTatggtgagcaagggcgaggagg-3’ and Attb3r-tomato-R: 5’-

GGGGACAACTTTGTATAATAAAGTTGGTTA cttgtacagctcgtccatgccg-3’. The 

resulting PCR product was cloned to 3’ entry vector using BP recombination to make 

p3E-2A-tdTomato. Subsequently, an LR reaction was performed using pME-

gata2a(no stop), p3E-2A-tdTomato, and pCS-Dest2 to create the final assembly of 

pCS2-gata2a-2A-tdTomato. 

 

2.5.7. Morpholino, plasmid, and mRNA microinjection 

For all morpholino, plasmid and mRNA microinjections, 1 nl volume was 

injected into 1-2 cell stage zebrafish embryos. For previously published morpholinos, 

the following injection concentrations were used 5mg/ml MO1-Mib (Itoh et al., 2003); 

5mg/ml Wnt16 MO (Clements et al., 2011); 10mg/ml Notch1a-sp MO (Ma and Jiang, 

2007); 10mg/ml Notch1b MO (Kim et al., 2014). For runx1 mRNA rescue, runx1 

mRNA was synthesized from pCS2-runx1 using the mMessage mMachine kit (Life 

Technologies) and coinjected at 100ng/ml concentration. For plasmid rescue 

experiments, pCMV6-gata2b and pCSDest-gata2a-2A-tdTomato were injected at 

20ng/ml. 
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2.5.8. Generation of TgBAC(gata2b:KalTA4)sd32 zebrafish 

The improved Gal4 variant KalTA4 (Distel et al., 2009) was inserted at the 

start codon of gata2b on the bacterial artificial chromosome CH211-157B11 

(BACPAC Resources, Children’s Hospital Oakland Research Institute) using BAC-

recombineering as previously described (Bussmann and Schulte-Merker, 2011). The 

modified BAC was then injected together with Tol2 mRNA into Tg(4xUAS:GFP)hzm3 

zygotes (Distel et al., 2009). Transgenic fish were identified by mating to 

Tg(4xUAS:GFP)hzm3 and screening offspring for GFP expression.  

 

2.5.9. Generation of Tg(lck:nls-mCherry)sd31 zebrafish 

The lck:nls-mCherry-CG2 transgenesis construct was created by Multisite 

Gateway recombination of p5’Entry-lck-7.4kb (a kind gift of J. Yoder, addgene 

58891), pME-nls-mCherry (Tol2 kit #233), p3A-polyA (Tol2 kit #302) and 

pDestTol2CG2 (Tol2 kit #395). pDestTol2-lck:nls-mCherry-CG2 was injected with 

Tol2 mRNA (injection stock 25ng/µl each; 1nl total injection volume). Tg(lck:nls-

mCherry-CG2) were first screened for GFP fluorescence in the heart. F1 Tg(lck:nls-

mCherry-CG2) were crossed to Tg(rag2:GFP)zdf8 and Tg(lck:lck-GFP)cz1 to confirm 

localization of nls-mCherry to the correct cell types. 

 

2.5.10. Generation of Tg(UAS:Cre,CY)zd17 zebrafish 

pDestTol2CY-UAS:Cre (pCM339) features a UAS-controlled Cre recombinase 

ORF in a Tol2 transgenesis vector harboring alpha-crystallin:YFP as transgenesis 

marker. The vector was assembled using Multisite Gateway cloning with the Tol2kit 
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vector #327 (p5E-UAS), pDONR221-Cre, and Tol2kit vector #302 (p3E-SV40polyA) 

into pDestTol2CY (pCM326) as backbone. pCM326 was cloned by ligating an 

Asp718I-flanked PCR product of alpha-crystallin:YFP (abbreviated CY) (Hesselson et 

al., 2009) into the Asp718I site in Tol2kit backbone vector #394 (Kwan et al., 2007) in 

the same orientation as the Multisite Gateway cassette. Tg(UAS:Cre,CY)zd17 was 

generated by Tol2-mediated transgenesis, coinjecting 40ng/ml pDestTol2CY-UAS:Cre 

(pCM339) plasmid and 20ng/ml Tol2 mRNA. Tg(UAS:Cre,CY)zd17 were first 

identified by alpha-crystallin:YFP fluorescence in the lens at 3 dpf.  

 

2.5.11. Confocal microscopy, timelapse imaging and photoconversion 

Embryos were mounted as previously described (Distel and Koster, 2007) and 

imaged using an SP5 inverted confocal microscope (Leica) as described (Bertrand et 

al., 2010). Images and timelapse movies were created using Volocity software 

(PerkinElmer). Photoconversion was performed as described (Clements et al., 2011). 
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Figure 2.1: Homology of Gata2a and Gata2b proteins. Alignment of amino acid 
sequences of Human GATA2, murine GATA2, and zebrafish Gata2a and Gata2b 
sequences. Residues conserved in these four proteins are highlighted in blue. Residues 
conserved between Human GATA2, murine GATA2, and zebrafish Gata2a are 
highlighted in green. Residues conserved between Human GATA2, murine GATA2, 
and zebrafish Gata2b are highlighted in purple.  
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Figure 2.2: gata2b is expressed in hemogenic endothelium. (A) Expression of 
gata2b in whole embryos over time. (B-G) Whole mount in situ hybridization of 
gata2b expression at 16 hpf (B), 18 hpf (C), 20 hpf (D), 24 hpf (E), 50 hpf (F) and 3 
dpf (G). Yellow arrows indicate expression in the vascular cord region (C) and DA 
(D,E). Blue arrows indicate branchiomotor neurons (D-E).  Pink arrows indicate 
expression in the CHT (F, G). (H) qPCR of gata2b expression in GFP+ cells isolated 
from fli1a:GFP embryos by FACS.  (I) Transverse trunk sections showing WISH for 
gata2b at 18 hpf. Top, rare cell detected outside the midline (star). Bottom, 
representative section with gata2b+ cell localized to the midline. (J-M) Transverse 
sections showing WISH for gata2b (J), runx1 (K), kdrl (L), and gata2a (M), at 25 hpf. 
Pink dashed ovals indicate the dorsal aorta (DA). Orange dashed ovals indicate the 
posterior cardinal vein (PCV). Yellow arrow denotes a primitive erythrocyte. (O) 
Quantitation of gata2a and gata2b transcript in kdrl+ cmyb- and kdrl+ cmyb+ cells 
from 36 hpf and 48 hpf kdrl:mCherrymem;cmyb:GFP embryos. Error bars indicate 
S.E.M.  
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Figure 2.3: Tg(gata2b:Gal4) marks hemogenic endothelial cells. Imaging by 
confocal microscopy. (A) GFP+ endothelial cells in the trunk region of a 
gata2b:Gal4;UAS:GFP embryo at 24 hpf. (B-C) gata2b:Gal4;UAS:lifeactGFP at 30 
hpf and 3 dpf. (C’) An enlarged view of (C), with thymus and kidney highlighted. (D-
D’) Transverse (D) and lateral (D’) views of the trunk vasculature of 30 hpf 
gata2b:Gal4;UAS:GFP;kdrl:mCherrymem. (E-E’) Transverse (E) and lateral (E’) views 
of a 48 hpf gata2b:Gal4;UAS:GFP;kdrl:Cre;actB2:LoxP-STOP-LoxP-DsRedEx 
embryo shows a GFP+ cell undergoing EHT. (F-F’) A representative Kaede+ cell in 
the trunk of a gata2b:Gal4;UAS:Kaede embryo before (F) and after (F’) 
photoconversion. Blue dashed lines indicate approximate location of DA and PCV. 
(G) Thymus of a 4 dpf gata2b:Gal4;UAS:Kaede embryo that experienced 
photoconversion of a single aortic gata2b+ cell in the trunk at 46 hpf. White dashed 
line highlights the thymus region. T, Thymus; K, Kidney; A, Aorta; V, Vein.
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Figure 2.4: gata2b+ cells give rise to adult blood. (A-B) Analysis of GFP+ cells in 
the WKM. (A) Representative flow cytometric analysis of the adult WKM, including 
the distribution of erythroid (red), lymphoid (blue), precursor (purple), myeloid 
(green) and eosinophil (orange) populations. (B) Percentage and distribution of GFP+ 
cells from the WKM of wild-type, gata2a:GFP, UAS:GFP, gata2b:Gal4;UAS:GFP, 
and gata2b:Gal4;UAS:lifeactGFP adult zebrafish. Scatter plots depict the forward and 
side scatter distribution of GFP+ cells from the WKM, with erythroid (red), lymphoid 
(blue), precursor (purple), myeloid (green) and eosinophil (orange) populations 
marked for reference. For wild-type (n=1), gata2a:GFP (n=2) and UAS:GFP (n=2), 
the indicated percentage corresponds to the representative scatter plot. For 
gata2b:Gal4;UAS:GFP (n=3) and gata2b:Gal4;UAS:lifeactGFP (n=3), a 
representative scatter plot is shown and the indicated percentage of GFP+ cells 
corresponds to the average plus/minus standard deviation. (C-E) 
gata2b:Gal4;UAS:Cre;bactin:Switch-DsRed embryo at 3 dpf. (C) DsRed fluorescence 
in the whole embryo. (D) Enlarged view of thymus and kidney region in (C). T, 
thymus; K, kidney; P, pigment (E) Enlarged view of the CHT region in (C). (F) 
Representative flow cytometric analysis of adult WKM. (G) Histograms of DsRed 
fluorescence of erythroid, lymphoid, precursor, and myeloid fractions of WKM of 
bactin:Switch-DsRed (gray filled) and kdrl:Cre;bactin:Switch-DsRed (black line). (H) 
Histograms of DsRed fluorescence of erythroid, lymphoid, precursor, and myeloid 
fractions of WKM of UAS:Cre;bactin:Switch-DsRed (gray filled) and 
gata2b:Gal4;UAS:Cre;bactin:Switch-DsRed (black line). Numbers indicate percent of 
the fraction DsRed+.  (I) Representative flow cytometric analysis of the adult spleen. 
(J) Histograms of DsRed fluorescence of erythroid and lymphoid fractions of the 
spleen of bactin:Switch-DsRed (gray filled) and kdrl:Cre;bactin:Switch-DsRed (black 
line). (K) Histograms of DsRed fluorescence of erythroid and lymphoid fractions of 
the spleen of UAS:Cre;bactin:Switch-DsRed (gray filled) and 
gata2b:Gal4;UAS:Cre;bactin:Switch-DsRed (black line). Numbers indicate 
percentage of cells in the DsRed+ fraction. 
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Figure 2.5: gata2b is required for formation of HSCs. (A-J) Whole mount in situ 
hybridization of wild-type embryos and gata2b morphant siblings. (A-B) Expression 
runx1 at 25 hpf. (C-D) Expression of cmyb at 36 hpf. (E-F) Expression of rag1 at 4 
dpf. Dashed ovals indicate thymus region. (G-H) Expression of kdrl at 25hpf. (I-J) 
Expression of efnb2a at 25hpf). (A’-D’, G’-J’) magnified views of the trunk region. 
(E’-F’) magnified views of the thymus region of E-F.   
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Figure 2.6: Notch and non-canonical Wnt signaling contribute to gata2b 
expression in hemogenic endothelium. (A-D) Whole mount in situ hybridization of 
runx1 and gata2b expression in control and mib morphant siblings. (E-H) Expression 
of runx1 and gata2b in embryos treated with DMSO or Gamma-Secretase inhibitor 
DBZ from 10 to 24 hpf. (I-L) Expression of runx1 and gata2b in control and wnt16 
morphant sibling embryos.   
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Figure 2.7: notch1a and notch1b are required for expression of gata2b, but not 
gata2a, within the endothelium (A-F) Expression of runx1 (A-B), gata2b (C-D), and 
gata2a (E-F) in control and notch1a morphant siblings. (G-L) Expression of runx1 (A-
B), gata2b (C-D), and gata2a (E-F) in control and notch1b morphant siblings.   
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Figure 2.S1: gata2a is expressed within the vasculature, and is required for 
vascular integrity. (A) In situ hybridization of gata2a expression in the PLM at the 8-
somite stage (13 hpf) (B) Expression of gata2a at 25 hpf. (C) Confocal microscopy 
shows a lateral view of the trunk region of gata2a:GFP;kdrl:mCherrymem at 25 hpf. 
(C’) Digitally reconstructed transverse view of the trunk region in (C). (D-E) Pooling 
of red blood cells observed by o-dianisidine staining in 2 dpf siblings (D) and 
gata2aum27 mutants (E). (F) Confocal microscopy of the head vasculature and 
erythrocytes in a 2 dpf lmo2:GFP;gata1a:DsRed;gata2aum27-/- embryo. White arrows 
denote extravascular erythrocytes.  
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Figure 2.S2: gata2b:Gal4 marks lymphoid cells in the thymus. (A-B) Confocal 
microscopy of the thymus region at 4 dpf.  (A) The novel transgenic line lck:nls-
mCherry labels rag2:GFP+ lymphoid cells. (B) gata2b:Gal4;UAS:GFP labels 
lck:nls:mCherry+ lymphoid cells. 
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Figure 2.S3: gata2b morpholino validation. (A) Schematic representation of gata2b 
morpholino targets. Light grey boxes indicate untranslated regions (UTRs). Zfn-N and 
Zfn-C indicate the location of the N- and C-terminal zinc finger domains. The gata2b 
splice acceptor morpholino, represented by a blue bar, targets the intron 3 / exon 4 
boundary upstream of the zinc finger DNA binding domains. Red arrows indicate the 
positioning of primers designed to validate the splice acceptor morpholino.  A gata2b 
ATG morpholino, represented in (A) by a green bar, is designed to block translation of 
gata2b transcript. (B) RT-PCR of gata2b in embryos injected with gata2b splice 
acceptor morpholino. Primers amplify transcript from exon 3 to 5. (C-D) 
Representative sequences of the splice product produced by the gata2b splice acceptor 
MO. (E-H) In situ hybridization of runx1. Yellow arrowheads highlight the DA 
region. Expression of runx1 is maintained in control embryos (E) and embryos 
injected with a gata2b mismatch morpholino (F), which is homologous to the gata2b 
splice acceptor MO with the exception of 5 mismatched nucleotides. (G) Embryos 
injected with gata2b splice acceptor morpholino. (H) Embryos injected with gata2b 
translation blocking morpholino. (I-M) Attempted rescue of runx1 in gata2b 
morphants with provision of gata2a or gata2b. Expression of runx1 in control 
embryos (I), gata2b morphants (J), gata2b morphants injected with pCS2-gata2a-2A-
tdTomato plasmid (K) and gata2b morphants injected with pCMV6-gata2b plasmid 
(L). Yellow arrowheads highlight the DA region. (M) Quantification of runx1+ cells 
in the DA in (I-L). n.s., not significant (p>0.05). ***, significant (p<0.0001). P-values 
calculated by unpaired, two-tailed Student’s T-test. Each data point represents one 
embryo. (N-P) runx1 partially rescues cmyb expression in gata2b morphants. In situ 
hybridization of cmyb at 30 hpf in control embryos (N), gata2b morphant siblings (O), 
and siblings coinjected with gata2b morpholino and runx1 mRNA. (Q) Quantification 
of cmyb+ cells in the DA in (N-P). Each data point represents one embryo. ***, 
significant (p<0.0001) by unpaired, two-tailed Student’s T-test.
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Figure 2.S4: gata2b morphants have normal primitive hematopoiesis, 
morphogenesis, and gata2a expression. (A-R) Whole mount in situ hybridization of 
wild-type embryos and gata2b morphant siblings. Expression of etsrp at 10 ss (A, B). 
(C-H) Expression of gata1a (C, D), scl (E, F), and runx1 (G, H) in 12 ss embryos. (I-
N) Expression of gata1a (I,J), scl (K, L) and l-plastin (M, N) in 22 hpf embryos. (O, 
P) Expression of myod in 25 hpf embryos. (Q, R) Expression of cdh17 in 36 hpf 
embryos. (S, T) Expression of gata2a in 25 hpf control (S) and gata2b morphant 
embryos (T).  
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Examining genetic interactions between Notch signaling, Sclβ, Gata2a and Gata2b 

within the hemogenic endothelium.
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3.1. Introduction 

Hematopoietic stem cells arise from hemogenic endothelial precursors within 

the major embryonic arteries, through an endothelial to hematopoietic transition 

(EHT). In the period leading up to the emergence of hematopoietic stem and 

progenitor cells (HSPCs), the transcription factor Runx1 is expressed both within the 

hemogenic endothelium and budding hematopoietic clusters. Runx1 is specifically 

required EHT, and is dispensable for HSC function following emergence. Live 

imaging in the zebrafish embryo revealed that Runx1 is essential to cell survival 

during EHT, with runx1 knockdown resulting in cells that initiate but fail to complete 

EHT, instead undergoing apoptosis within the aortic wall. Analysis of aortic runx1 

expression thus allows insight into the functionality of the hemogenic endothelium. 

However, it remains unclear how the Runx1+ hemogenic endothelial population is 

molecularly specified.  

Notch signaling is essential for HSC formation, contributing to the formation 

and emergence of HSPCs by a multitude of mechanisms (Chapter 1). Among these 

contributions, Notch signaling is cell-autonomously required for the formation of 

functional HSCs (Hadland et al., 2004; Kumano et al., 2003). Notch signaling 

functions genetically upstream of the critical transcription factor Runx1, but does not 

regulate Runx1 directly (Nottingham et al., 2007). Prior to HSPC emergence, 

expression of Runx1 is driven within the dorsal aorta and major extra-embryonic 

arterial vessels by defined hemogenic endothelial enhancer element, which resides 

within the first intron of the Runx1 locus (Nottingham et al., 2007). This enhancer 

element contains consensus binding motifs for a number of hematopoietic 
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transcription factors, including recognition sites for Gata, ETS, E-Box, Myb and Runx 

families, however the enhancer notably lacks consensus binding sites for the Notch 

transcriptional partner RBPjK (Nottingham et al., 2007).  ChIP analysis identified that 

Gata2, Scl, Lmo2, Fli1, Ldb1, Pu.1 and Runx1 transcription factors occupy this 

enhancer element in cell culture (Nottingham et al., 2007). Among these factors, only 

Gata2 has been identified as a direct target of the Notch transcriptional complex 

(Robert-Moreno et al., 2005), and the Gata binding site is critical for the activity of the 

Runx1 hemogenic endothelial enhancer (Nottingham et al., 2007). This has suggested 

that Gata2 is an essential intermediary between Notch activation and induction of 

Runx1. However, although the hematopoietic defect of Notch1-deficient para-

splanchnopleural explants can be rescued by artificial induction of Runx1 expression, 

induction of Gata2 alone is insufficient, suggesting additional Notch-dependent 

factors may be required in parallel (Nakagawa et al., 2006). Recently, expression of 

the transcription factor scl was found to restore runx1 expression during Notch 

inhibition in zebrafish embryos (Kim et al., 2013). Scl is also sufficient to rescue the 

hemogenic endothelial defects resulting from Hedgehog and Vegf signaling inhibition 

(Kim et al., 2013; Ren et al., 2010), strongly suggesting Scl contributes to runx1 

regulation downstream of the Hedgehog-Vegf-Notch pathway. 

Scl (Stem cell leukemia), also known as Tal1 (T-cell-associated lymphocytic 

leukemia 1), is a class II basic helix-loop-helix transcription factor that functions at 

multiple stages of hematopoietic development. Scl-null mouse embryos die around 

E8.5 with defects in vasculogenesis and a complete failure of primitive and definitive 

hematopoiesis (Robb et al., 1996; Shivdasani et al., 1995; Visvader et al., 1998). 
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Similarly, knockdown of scl in zebrafish embryos results in both primitive and 

definitive hematopoietic defects, as well as vasculogenesis defects, indicating a 

conserved requirement in vertebrate development (Dooley et al., 2005). Scl-null cells 

fail to contribute to hematopoiesis in wild-type/Scl-null chimeric mice (Porcher et al., 

1996; Robb et al., 1996), indicating a cell-autonomous requirement similar to that of 

Notch1 and Gata2 (Hadland et al., 2004; Kumano et al., 2003; Tsai et al., 1994).  

Zebrafish embryos express two isoforms of scl that make overlapping and 

distinct contributions to hematopoeisis. sclα is expressed as a full-length transcript, 

whereas the sclβ isoform, expressed under an alternate promoter, lacks the N-terminal 

118 amino acids (Qian et al., 2007). Similar full-length and N-terminal truncation 

isoforms are observed in human and mouse. Within the context of adult 

hematopoiesis, these mammalian isoforms have distinct functions, favoring either 

megakaryocytic (full-length) or erythroid (N-terminally truncated) lineage choice, 

whereas their relative contributions to HSC formation are not known (Calkhoven et 

al., 2003). Zebrafish and Sclα  and Sclβ isoforms are redundantly required within the 

PLM for the initiation of primitive erythroid development, but later function at 

different stages of erythrocyte differentiation (Qian et al., 2007). During HSC 

development, Sclα is not required for HSC specification, as determined by normal 

initiation of runx1 and cmyb expression within the hemogenic endothelium (Qian et 

al., 2007), but later is required for the maintenance of cmyb+ cells following 

specification (Zhen et al., 2013). In contrast, the Sclβ isoform is required for the 

establishment of hemogenic endothelium, with both runx1 and cmyb expression 
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downregulated in the absence of Sclβ (Zhen et al., 2013). sclβ is expressed within the 

ventral wall of the dorsal aorta, suggesting this expression marks the hemogenic 

endothelial subpopulation (Zhen et al., 2013) similarly to gata2b (Chapter 2).  

This chapter examines the epistasis between Notch signaling, Sclβ, Gata2a and 

Gata2b, in an attempt to further understand the molecular specification of hemogenic 

endothelium. 
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3.2. Results 

 

3.2.1. Sclβ functions genetically upstream of gata2b in hemogenic endothelium 

During HSPC formation within the zebrafish embryo, sclβ is required for the 

establishment of Runx1+ hemogenic endothelium. The transcription factor sclβ is 

expressed within the ventral wall of the dorsal aorta (Zhen et al., 2013), suggesting 

that it may mark the hemogenic endothelial subpopulation and function directly within 

this tissue (Zhen et al., 2013). In Chapter 2, expression of gata2b was determined to 

mark hemogenic endothelial cells that undergo EHT to give rise to the adult blood 

program. To determine whether Gata2b and Sclβ colocalize within hemogenic 

endothelium, immunofluorescence was performed. Due a lack of a zebrafish Gata2b 

antibody, localization of Sclβ was compared to GFP localization in gata2b:Gal4; 

UAS:GFP transgenic embryos (Fig. 1). Using the Scl-C antibody (courtesy of Zilong 

Wen), immunofluorescence detected Sclβ protein broadly within cells of the ventral 

floor of the dorsal aorta, while GFP protein was more restricted (Fig. 1). Notably, all 

observed GFP+ cells were contained within the Scl+ endothelium, indicating a tight 

correlation between Scl protein and gata2b expression within hemogenic endothelial 

cells.  

Scl and Gata2 function cooperatively within in many adult undifferentiated 

hematopoietic progenitor populations (Moignard et al., 2013; Wilson et al., 2011). 

Further, Scl and Gata2 regulate one another in early hemangioblasts (Dooley et al., 

2005; Lugus et al., 2007). To further understand the relationship between Sclβ and 
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Gata2b within hemogenic endothelium, epistasis between Sclβ and Gata2b was 

examined. Antisense morpholino oligonucleotide knockdown of sclβ resulted in 

similar reductions of both gata2b and runx1 in the dorsal aorta (Fig. 2A). In order to 

distinguish scl expression in endothelial cells and nearby primitive erythrocytes, whole 

mount in situ hybridization for scl was followed by transverse tissue sectioning of 

both control and gata2b morphant embryos. Endothelial cells expressing sclβ were 

detected in the aortic floor of both control embryos and gata2b morphants (Fig. 2B), 

suggesting Gata2b is not necessary for sclβ expression in the zebrafish hemogenic 

endothelium. The restriction of gata2b expression to Scl+ cells, and the requirement 

for gata2b expression indicates that Sclβ acts genetically upstream of gata2b within 

the hemogenic endothelium. 

 Full length scl mRNA is sufficient to rescue hemogenic endothelial runx1 

during chemical inhibition of Notch signaling (Kim et al., 2013).  Sclβ is required for 

both runx1 and gata2b expression, suggesting that the Sclβ isoform in particular may 

act between Notch signaling and runx1 induction. To test this, the N-terminally 

truncated sclβ mRNA was injected into zebrafish embryos, which were subsequently 

treated with the gamma-secretase inhibitor DBZ, which prevents release of NICD and 

thereby inhibits Notch activation (Mumm et al., 2000). Without Notch inhibition, sclβ 

mRNA increased expression of both runx1 and gata2b within the trunk region, 

possibly expanding hemogenic transcription factor expression to the venous 

endothelium (Fig. 3). Additionally, injection of sclβ mRNA is sufficient to restore 

both runx1 and gata2b in Notch inhibited embryos (Fig. 3). Together, these data 
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suggest that Notch signaling may induce gata2b expression indirectly, by first 

inducing sclβ (Fig. 3I).  

 

3.2.2. Gata2a is required for HSC formation 

Two Gata2 paralogues exist in teleost fish, resulting from a chromosomal 

duplication event. Both gata2a and gata2b are expressed in the zebrafish, making 

epistasis between Scl and Gata2 more complicated to define. Data thus far indicates 

that Sclβ is required for expression of gata2b within the hemogenic endothelium. 

Within the PLM, scl overexpression induces gata2a expression (Dooley et al., 2005).  

However it has remained unclear whether there is any connection between endothelial 

gata2a expression and sclβ expression within the aortic floor. 

Knockdown of sclβ does not affect endothelial gata2a expression, indicating 

that Sclβ does not function upstream of gata2a (Fig. 4). In contrast, at 36hpf, when 

Scl+ erythrocytes have entered circulation and no longer occlude the view of 

hemogenic endothelium, gata2aum27 mutants lack expression of sclβ (Fig. 4). 

However, circulation is critical to the maintenance of hemogenic endothelium within 

the dorsal aorta (North et al., 2009). Therefore, to examine whether sclβ fails to be 

maintained due to the circulatory defect of gata2aum27 mutants, or fails to initiate, 

arterial sclβ expression was assessed prior to primitive erythrocyte clearing. By 

combined immunofluorescence and fluorescence in situ hybridization of vascular-

labeled kdrl:GFP; gata2aum27 embryos, mutant embryos were found to have a 

depletion of Scl+ endothelial cells in the floor of the aorta, compared to heterozygous 
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and wild-type siblings (Fig. 4). Together, these results indicate that Gata2a is 

important for establishing Sclβ+ hemogenic endothelium. 

The loss of aortic sclβ in gata2aum27 mutants suggests that, whereas gata2a in 

expressed panvascularly and loss of gata2a results in primary vascular defects, it is 

also relevant for hematopoiesis independent of circulation. Although gata2a is 

expressed within the early PLM (Li et al., 2009), primitive erythroid cells appear to 

develop normally in gata2aum27-/- embryos (Fig. 5A-D). Unlike primitive erythrocytes 

in sclα and sclβ morphant embryos (Qian et al., 2007), primitive erythrocytes in 

gata2aum27-/- embryos differentiate normally, as determined by normal o-dianisidine 

staining of hemoglobinized erythrocytes (see Chapter 2, Figure 2.S1). However, 

gata2aum27 mutants lack hemogenic endothelial gata2b, runx1, and cmyb expression 

(Fig. 5 E-J) and are deficient in the generation of Rag1+ thymocytes Fig. 5K-L), 

indicating a failure of definitive hematopoiesis. Importantly, both gata2b and runx1 

are downregulated in gata2aum27 mutants at 24hpf, prior to circulation-dependent 

hemogenic endotheial maintenance (North et al., 2009). Therefore, the hematopoietic 

defect that occurs in the absence of gata2a is not a secondary effect resulting the lack 

of circulation through the trunk vasculature (Zhu et al., 2011). Injection of gata2a-2A-

dTomato mRNA rescued expression of runx1 in gata2aum27 mutants, confirming the 

specificity of the hemogenic endothelial defect (Fig. 6). 

Because both Sclβ and Gata2b promote runx1 expression downstream of 

Notch signaling, I next investigated whether the loss of either sclβ or gata2b may 

account for the hematopoietic defect of gata2aum27 mutants. Injection of sclβ mRNA 
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resulted in elevated runx1 expression in gata2aum27+/+ and gata2aum27+/- siblings, 

however sclβ mRNA was not sufficient to rescue runx1 expression in gata2aum27 

mutants (Fig. 7A-D, I). Similarly, gata2b mRNA was not sufficient to restore runx1 

expression in gata2aum27 mutants (Fig. 7E-H, I). It therefore appears that the loss of 

gata2a has a broader impact on the development of hemogenic endothelium, beyond 

the loss of sclβ and gata2b.  

 

3.2.3. Complex relationship between Notch and Gata2a within the aortic endothelium 

The inability of gata2aum27 mutants to form continuous and distinct arterial and 

venous trunk vessels suggests a possible arteral specification defect, and this is further 

supported by the observed loss of hemogenic endothelium. The circulatory defect of 

gata2aum27 mutants closely resembles that of the hey2 mutant gridlock (Zhong et al., 

2001; Zhong et al., 2000). Arterial expression of hey2 is unaffected in gata2aum27 

mutants at 24hpf (Zhu et al., 2011). Hey2 acts upstream of Notch signaling in the 

dorsal aorta of zebrafish (Rowlinson and Gering, 2010), therefore, the relationship 

between Notch signaling and gata2a was examined.  

Of the three receptors expressed in the aorta, Notch1a and Notch1b have been 

previously shown to be dispensible for gata2a expression (Chapter2). Arterial gata2a 

is not regulated by hematopoieitic-specific Notch signaling downstream of somitic 

wnt16 (Clements et al., 2011), however embryo-wide of Notch signaling inhibition 

results in a loss of gata2a (Fig. 8). Expression of gata2a is unaltered by the combined 

knockdown of notch1a and notch1b, but is downregulated in notch3 morphants (Fig. 

8). To further examine whether the loss of gata2a affects arterial Notch signaling, the 
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transgenic Notch activity reporter Tp1:GFP was used.  Arterial GFP fluorescence was 

reduced in Tp1:GFP; gata2aum27-/- embryos, compared to sibling embryos, indicating 

a defect in arterial Notch activation (Fig. 9). Multiple, sequential Notch signaling 

events occur within the dorsal aorta (Chapter 1), and Notch signaling is required for 

expression of arterial deltaC and notch3 (Lawson et al., 2001). Consistent with a 

Notch signaling defect in gata2aum27 mutants, expression of notch3 is downregulated, 

and expression of deltaC and dll4 are discontinuous within the dorsal aorta (Fig. 10). 

Both notch1a and notch1b appear unaffected in gata2aum27 mutants, and Notch ligand 

and receptor expression appear normal in gata2b morphants (Fig. 10). Gata2a thus 

functions both upstream and downstream of Notch3 within the dorsal aorta.  

Gata2a and Notch3 are reciprocally required for expression within in the aorta, 

and it is unclear when this regulatory feedback loop begins. Notch activity associated 

with arterial specification initiates by the 5-somite stage within the early PLM, far 

before initiation of vasculogenesis, and is governed together by the Notch1b and 

Notch3 receptors (Quillien et al., 2014). Expression of gata2a initiates within the PLM 

by the 3-somite stage (Li et al., 2009), shortly before the earliest Notch signaling 

initiates within the PLM. To determine whether Gata2a is necessary for induction of 

notch3 expression, or for its later maintenance, expression of notch3 was monitored 

over time in gata2aum27 mutants. At the 8-somite stage, roughly 13hpf, notch3 

expression is maintained in the PLM of gata2aum27 mutants, whereas notch3 

expression is downregulated by 19hpf within the vascular cord (Fig. 11). Gata2a is 

therefore dispensible for notch3 initiation, but is later required to maintain arterial 

notch3 expression as vasculogenesis initiates.  
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Similarly to Gata2a, Hey2 functions both upstream (Rowlinson and Gering, 

2010) and downstream of Notch signaling (Iso et al., 2003). In gata2aum27 mutants, 

hey2 expression is initiatied normally within the PLM, but expression is 

downregulated in the dorsal aorta by 36hpf (Fig. 12). Failure to maintain hey2 

expression in gata2aum27 mutants is consistent with a broader defect of arterial 

maintenance, possibly due to loss of arterial Notch signaling through downregulation 

of notch3 receptor expression. However, artificial Notch activation in the gata2aum27 

mutant was not sufficient to restore hemogenic endothelial expression of runx1 (Fig. 

13). Although the loss of arterial notch3 may result in a loss of arterial maintenance, 

this phenotype does not explain the hemogenic endothelial defect that occurs in 

gata2aum27 mutants.  
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3.3. Discussion 

 

3.3.1. Sclβ may act as an intermediary between Notch and Gata2b 

Cell-autonomous Notch signaling is essential to HSC specification. By the 

conventional model, Notch signaling initiates the hemogenic endothelial 

transcriptional program through direct transcriptional activation of Gata2 (Pimanda et 

al., 2007; Robert-Moreno et al., 2005). In turn Gata2, together with transcriptional 

partners including Scl, transcriptionally activates Runx1, thereby allowing for EHT 

and emergence of HSPCs. However, multiple findings over the years have suggested 

that the contribution of direct Notch signaling may be more complex. For example, 

although the hemogenic potential of Notch1-deficient para-splanchnopleural explants 

can be rescued by artificial induction of Runx1, it cannot be similarly restored by 

artificial induction of Gata2 (Nakagawa et al., 2006). This work suggests that other 

factors induced by Notch signaling may also be required for Runx1 expression 

(Nakagawa et al., 2006). More recently, Scl was found to be sufficient to restore 

hemogenic endothelial expression when the Hedgehog-Vegf-Notch pathway is 

inhibited (Kim et al., 2013; Ren et al., 2010). In the absence of Notch signaling, Scl, 

like Gata2, is downregulated in the mouse dorsal aorta, and Notch activation induces 

both Gata2 and Scl expression in murine cell culture (Robert-Moreno et al., 2005). 

However, unlike Gata2, no evidence has indicated Scl as a direct transcriptional target 

of Notch signaling (Robert-Moreno et al., 2005). 

Of the two zebrafish homologues of Gata2, gata2a is expressed panvascularly 

while gata2b is expressed specifically within hemogenic endothelium. Supporting 
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conserved Notch activation of Gata2 across vertebrates, in Chapter 2, Gata2b was 

determined to be required for expression of runx1, and to be regulated by the Notch1a 

and Notch1b receptors that promote HSC specification within the endothelium (Kim et 

al., 2014). Sclβ, an N-terminally truncated isoform of Scl, has been previously shown 

to be required for runx1 expression in zebrafish embryos (Zhen et al., 2013). In this 

chapter, Sclβ and Gata2b are found to colocalize within the hemogenic endothelium, 

consistent with the coexpression of both Gata2 and Scl in the budding hematopoietic 

clusters of higher vertebrates (Chan et al., 2007). Moreover, Sclβ is required for 

expression of gata2b within hemogenic endothelium, and is sufficient to restore 

gata2b expression in the absence of Notch signaling. These results suggest that rather 

than Notch directly activating gata2b, sclβ could possibly act as an intermediate.  

Importantly, multiple attempts to define sclβ as Notch-dependent have been 

unsuccessful. Inhibition of Notch signaling using wnt16, notch1a, notch1b, and 

mindbomb morpholinos, and treatment with the chemical gamma-secretase inhibitor 

DBZ, produced no noticeable change to the sclβ:GFP transgenic reporter, or to Scl 

protein localization by antibody staining. It therefore cannot be ruled out that Sclβ 

may be sufficient to rescue both gata2b and runx1, not by restoring the endogenous 

pathway, but by dominant activation of hematopoietic expression.  

Scl is coexpressed with both Gata2 and Fli1 in the hemogenic endothelium and 

budding hematopoietic clusters of mice and chicken (Chan et al., 2007; Jaffredo et al., 

1998), and expression of each transcription factor is regulated by a corresponding 

hematopoietic enhancer element that contains a conserved Ets-Ets-Gata motif 
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(Pimanda et al., 2007). Together, Gata2, Scl and Fli1 associate with and 

transcriptionally regulate each of their respective enhancer elements, forming 

recursively wired regulatory circuit (Donaldson et al., 2005; Gottgens et al., 2002; 

Pimanda et al., 2007). It is conceivable that in the context of such a recursive 

regulation, artificial overinduction of one component may be sufficient to initiate the 

entire network. If this is the case, it is possible that during the normal course of 

development Notch directly activates gata2b within the hemogenic endothelium, and 

Sclβ is then required to maintain gata2b expression. Further study of the 

transcriptional regulation of both scl and gata2b will be necessary to clarify whether 

either sclβ, gata2b, or both are true direct targets of Notch1a or Notch1b. To facilitate 

this future investigation, the Traver laboratory is currently attempting to develop 

antibodies against Notch1a and Notch1b transcriptionally active intracellular domains. 

 

3.3.2. Cooperative action of Gata2 and Scl in hematopoiesis 

Hematopoietic stem cell formation and lineage differentiation are governed, in 

part, by context-dependent transcriptional complexes formed by E-box, GATA and 

Ets family members. These complexes differ in composition and transcriptional 

activity depending on the particular constellation of transcription factors within the 

complex and the cell type context (Lecuyer and Hoang, 2004; Tripic et al., 2009). For 

example, within the context of the hemogenic endothelium, c-kit expression is driven 

by transcriptional complex including Scl, E47, Lmo2, Ldb1, Pu.1, and either Gata1 or 

Gata2 (Lecuyer et al., 2002). In this context, inclusion of Gata2 results in higher 

transcriptional activity than inclusion of Gata1, while inclusion of Gata1 results in 
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greater transcriptional activation of other transcriptional targets (Lecuyer et al., 2002). 

During hemangioblast differentiation, the composition of Scl-Gata complexes can 

influence cell fate decisions. An Scl-Lmo2-Gata1 complex favors erythroid 

differentiation, whereas in the absence of Gata1, an Scl-Lmo2-Gata2 complex favors 

the endothelial lineage (Gering et al., 2003).  

During adult hematopoiesis, Gata2 and Scl expression correlate in many 

hematopoietic progenitor populations, and are progressively downregulated with the 

differentiation of most lineages, although both are maintained during megakaryocyte 

and mast cell differentiation (Lecuyer and Hoang, 2004; Shivdasani, 1997; Tsai and 

Orkin, 1997). During embryonic development, Gata2 and Scl are coexpressed within 

both hemangioblasts and hemogenic endothelium (Chan et al., 2007; Jaffredo et al., 

1998; Lugus et al., 2007; Pimanda et al., 2007), and can work cooperatively in both 

contexts (Gering et al., 2003; Nottingham et al., 2007). In teleosts, where 

chromosomal duplication has resulted in two paralogues, it is possible that divergence 

of Gata2a and Gata2b may have led to a further diversification of Scl-Gata 

transcriptional complexes. It is conceivable that exchanges between Gata2a and 

Gata2b, like exchanges between Gata1, Gata2, and Gata3 may confer different degrees 

of transactivation activity in a target-specific manner. To this end, further study is 

currently underway to identify and compare the transcriptional partners and 

transcriptional targets of Gata2a and Gata2b. 

 

3.3.3. Gata2a and the hemogenic endothelium 
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Unlike gata2b, which is restricted to the hemogenic endothelium, gata2a is 

expressed throughout the vasculature and vascular precursors from an early 

mesodermal stage (Chapter 2). Loss of gata2a results in defective vasculogenesis, 

preventing circulation throughout the trunk vasculature (Zhu et al., 2011). Although a 

loss of circulation would be anticipated to preclude HSC formation, due to the loss of 

flow-induced nitric oxide signaling necessary for hemogenic endothelial maintenance 

(North et al., 2009). Interestingly, gata2aum27 mutants experience a defect in runx1 

expression, prior to the time circulation is required. Additionally, gata2aum27 mutants 

fail to express gata2b or sclβ, suggesting a failure to establish hemogenic 

endothelium.  

The hematopoietic defect of gata2aum27 mutants may result in part from 

decreased VEGF signaling within the dorsal aorta due to reduced expression of the 

VEGF receptor kdrl (Zhu et al., 2011). Kdrl-null embryos experience severe vascular 

and hematopoietic defects, including severe reduction of Scl expression (Ema et al., 

2003). Although Scl is insufficient to restore vascular and hematopoietic development 

in the absence of Kdrl (Ema et al., 2003), Scl expression can partially rescue the 

hematopoietic defect of the VEGFlo hypomorph mouse (Martin et al., 2004). In 

zebrafish however, expression of sclβ is sufficient to restore runx1 expression in 

VEGF-inhibited embryos (Ren et al., 2010), however it is not sufficient to restore 

runx1 expression in gata2aum27 mutants. Although reduced VEGF signaling within the 

aorta may be able to account for the loss of sclβ, the inability of sclβ to rescue 

hematopoietic expression in the absence of Gata2a suggests that loss of Gata2a results 

in a more extensive hematopoietic defect. One possible explanation, given that gata2a 
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is expressed in PLM from an early stage, is that Gata2a establishes a permissive 

environment for hemogenic endothelial specification to take place, beyond ensuring 

the proper level of VEGF receptor expression. Another possibility is that Sclβ may be 

insufficient to rescue gata2aum27 mutants because Gata2a itself is necessary either in 

parallel or cooperatively with Sclβ. Such a requirement is an attractive hypothesis, as 

Scl interacts with multiple Gata proteins on a context-dependent basis, and a “Gata 

Switch” between Gata family members within transcriptional complexes is a well 

established phenomenon known to impact the degree of target activation (Bresnick et 

al., 2010). Recent work in has demonstrated that the response to direct Notch 

activation within the hemogenic endothelium is tightly regulated by the simultaneous 

induction of Gata2 and of Hes1, which subsequently feeds back to inhibit Gata2 

expression (Guiu et al., 2013). While Gata2 activates Runx1, it also inhibits the 

differentiation of hemogenic endothelium to produce CD45+ cells (Minegishi et al., 

2003) and must be downregulated to allow hematopoiesis to proceed. The zebrafish 

Hes1 homologue her6 is not expressed in the dorsal aorta or hemogenic endothelium 

(Appendix), suggesting that if restriction of Gata2 activity occurs in zebrafish, it may 

occur either via a different transcriptional repressor, or by a distinct mechanism. The 

region of the Gata2 protein implicated in the suppression of CD45+ cell production is 

amino acids 75-236 , a region among the most divergent between Gata2a and Gata2b  

proteins (Chapter 2).  It is possible that in the context of Gata2 duplication, a novel 

“Gata Switch” within the Scl-Gata2 transcriptional complex alters transactivation 

activity and that this has supplanted tight transcriptional regulation of Gata2. 

Consistent with such a hypothesis, gata2a and gata2b show inverse expressions in 
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vascular versus hemogenic endothelium, and gata2b expression is not suppressed 

following HSPC emergence, with gata2b-expressing cells detectable within the CHT 

at 2dpf and 3dpf (Chapter 2). Binding partners and transcriptional targets of Gata2a 

and Gata2b proteins are currently under investigation, and it will be interesting to see 

if both interact with Scl, Lmo2, Fli1, Pu.1, and E2A proteins, and whether they 

regulate similar or distinct targets. 

 

3.3.4. Is Notch defect in the gata2aum27 mutant a result of the lack of circulation? 

In the course of investigating the molecular mechanism that underlies the 

contribution of Gata2a to HSC specification, Notch3 was found to be both required for 

gata2a expression and dependent upon Gata2a to maintain arterial expression, 

suggesting an autoregulatory feedback loop between Notch3 and Gata2a. Although 

notch1a and notch1b receptor expressions are maintained, the gata2aum27 mutant 

experiences reduced Notch activity within the dorsal aorta, and a failure to maintain 

arterial expression of hey2.  

Alterations in blood flow affect arterial maintenance. In avian embryos, 

although arterial expression is able to initiate normally in the absence of circulation, 

artificial reversal in blood flow through the yolk sac vasculature affects endothelial 

expression of EphrinB2 (le Noble et al., 2004). As EphrinB2 can be directly regulated 

by Notch, perturbation of blood flow might be anticipated to result in downregulation 

of arterial Notch signaling. However, in zebrafish embryos, cardiac cessation results in 

upregulation, rather than downregulation, of arterial Notch activity (Watson et al., 

2013). Additionally, although expression of hey2 and ephrinb2a appear unaffected in 
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gata2aum27 mutants at 24hpf (Zhu et al., 2011), notch3 is downregulated as early at 

19hpf within the vascular cord. Together, these results suggest the arterial defect of 

gata2aum27 mutants begins prior to circulation. 

The requirement of gata2a for HSC specification does not appear to be due to 

arterial downregulation of notch3, as reactivation of Notch is not sufficient to restore 

runx1 expression in gata2aum27 mutants. This is in agreement with work recently 

published by the Traver Laboratory, showing that only Notch1a and Notch1b are 

required within the endothelium for HSPC specification, whereas Notch3 promotes 

HSPC specification non cell-autonomously, from the nearby somitic tissue (Kim et al., 

2014). 

 

3.3.5. Dysregulation of Notch, Gata2 and Scl in Leukemia and Lymphoma 

Notch signaling, Gata2, and Scl are each critical for the normal development of 

the adult hematopoietic system, whereas dysregulation of each is associated with 

hematopoietic malignancy. Both increased and decreased expression of Gata2 is 

correlated with the development of acute myeloid leukemia (AML). 21% of patients 

that suffer from Gata2 haploinsufficiency develop AML (Spinner et al., 2014). 

Reduced Gata2 expression due to promoter hypermethylation (Celton et al., 2014), 

and chromosomal rearrangement resulting in misactivation of the Gata2 repressor 

Evi1 are also associated with AML (Groschel et al., 2014; Yamazaki et al., 2014). 

However, Gata2 overexpression is observed in approximately one-third of AML 

patients and correlates with shorter survival (Vicente et al., 2012). Mutations in the 

zinc-finger binding domains of Gata2, which result in aberrant interaction with and 
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inhibition of Pu.1, are observed in 10% of blast-crisis phase Chronic Myelogenous 

Leukemia patients (Zhang et al., 2008).  

Notch activation contributes to classical Hodgkin’s Lymphoma, promoting the 

proliferation and survival of malignant cells (Jundt et al., 2002). Gata2 is expressed in 

50% of classical Hodgkin’s Lymphoma patients, potentially consistent with induction 

by Notch (Schneider et al., 2004). Notch activation contributes to classical Hodgkin’s 

Lymphoma through an intact Notch signaling pathway, activated by Jagged1 from 

both malignant and neighboring cells (Jundt et al., 2002). In contrast, Notch signaling 

is constitutively active in T-cell Acute Lymphoblastic Leukemia (T-ALL) 

(Chiaramonte et al., 2003). Nearly all T-ALL patients experience Notch3 

overexpression (Bellavia et al., 2002), and approximately half have activating 

mutations in Notch1 (Weng et al., 2004). Scl is the most frequently translocated genes 

in T-ALL patients (Lecuyer and Hoang, 2004). T-ALL patients with Scl-induced 

leukemia have a high rate of Notch1-activating mutations (O'Neil et al., 2006), and 

Notch activation subsequently sustains Scl overexpression (Talora et al., 2006). 

Although direct regulation of Scl by Notch has not been described, the heavy 

correlation between Notch and Scl in T-ALL indicates strong genetic interaction.  
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3.4. Materials and Methods 

 

3.4.1. Whole-mount in situ hybridization 

Whole-mount in situ hybridization was performed according to the procedure 

outlined in Chapter 2. Hybridization probes were prepared as described for notch1a, 

notch1b and notch3 (Clements et al., 2011), dll4, deltaC (Lawson et al., 2001), 

hey2(Zhong et al., 2000),  (Qian et al., 2007), runx1 (Burns et al., 2005), cmyb 

(Thompson et al., 1998), gata2a (Detrich et al., 1995), gata2b (see Chapter 2). 

 

3.4.2. Genotyping of gata2aum27 

gata2aum27-/- embryos were preliminarily distinguished by examining 

circulation through the trunk vasculature between 30 and 48hpf. Molecular genotyping 

of embryos was performed in accordance with the procedure outlined by Zhu et al., 

2011. Genomic DNA was amplified using the following primers:  

um27-F: 5-AATTCTGCACAGAGGGGCGTGAATGTGTG-3; um27-R: 5- 

GTACAGGCCGCACGCGTTGCAGA-3. A 68°C annealing temperature and 30 

second extension time were used. To distinguish the 10bp deletion of the gata2aum27 

mutant allele, the PCR amplification was run on a 4% low-range agarose gel (Bio-

Rad).  

 

3.4.3 Combined fluorescence in situ hybridization and immunofluorescence staining 

Embryos were fixed in 4% paraformaldehyde overnight at 4C, and then 

dehydrated stepwise into methanol. Embryos were permeabilized with pre-chilled 
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acetone and placed at -20C for 7 minutes. Embryos were directly hydrated in RNase-

free water (Sigma) for one hour, then washed with phosphate buffer solution with 

0.1% Tween-20 (Sigma) (PBT), and then hybridized and stained according to the 

conventional whole mount in situ hybridization protocol (Thisse et al., 1993). 

Following NBT/BCIP staining, embryos were rinsed with PBT, fixed for 20 minutes 

in 4% PFA, and rinsed again with PBT. Embryos were subsequently incubated in 

Maleic Acid buffer with 2% blocking reagent (Roche) for 2 hours at room temperature 

with agitation, then incubated with primary antibody, diluted in Maleic Acid buffer 

with 2% blocking reagent, overnight at 4C with agitation. Embryos were then washed 

6 times for 10 minutes each in PBT, incubated in Maleic Acid buffer with 2% 

blocking reagent for 2 hours at room temperature, and then incubated in fluorescently 

conjugated secondary antibody, diluted in Maleic Acid buffer with 2% blocking 

reagent, overnight at 4C with agitation in the dark. Embryos were rinsed with PBT 4 

times for 20 minutes each, at room temperature, with agitation, covered from the dark, 

and were stored in darkness at 4C until analysis. 

 

3.4.4. mRNA and morpholino treatment 

For all morpholino, plasmid and mRNA microinjections, 1 nl volume was 

injected into 1-2 cell stage zebrafish embryos. For previously published morpholinos, 

the following injection concentrations were used: 10mg/ml notch1a-sp MO1(Ma and 

Jiang, 2007); 10mg/ml Notch1b MO (Kim et al., 2014); 10mg/ml notch3 (Ma and 

Jiang, 2007); 30mg/ml Gata2b SA MO (Chapter 2); 10mg/ml  Sclβ MO. For 

combined knockdown of notch1 and notch1b, a combined solution of 5mg/ml 
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notch1a-sp MO1 and 5mg/ml Notch1b MO was used. For mRNA rescue experiments, 

gata2a-2A-dTomato and gata2b mRNA were prepared as described in Chapter 2. For 

synthesis of sclβ mRNA, pGEM-Sclβ was cloned by Isao Kobayashi. pGEM-Sclβ was 

linearized using SpeI enzyme, and transcribed with T7 polymerase using the 

mMessage mMachine kit (Life Technologies).  

 

3.4.5. Transgenic zebrafish 

The following transgenic zebrafish lines were used for this work: 

Tg(hsp70:Gal4)kca4 (Scheer and Campos-Ortega, 1999); Tg(UAS:NICD1a)kca3 (Scheer 

and Campos-Ortega, 1999); Tg(gata2b:Gal4)sd32 (Chapter 2); Tg(4xUAS:GFP)hzm3 

(Distel et al., 2009); Tg(kdrl:GFP)la116 (Cross et al., 2003); Tg(Tp1:GFP)um14 (Parsons 

et al., 2009). 
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Figure 3.1: gata2b drives expression within scl+ cells in the aortic floor. Whole-
mount immunofluorescence detection of GFP and Scl in the 30hpf 
gata2b:Gal4;UAS:GFP embryo. A. Representation of the region of focus in B-E. B, 
anti-GFP shown in green. C, anti-Scl-C shown in red. D, merged anti-GFP(green) and 
anti-Scl-C (red). E, merged  anti-GFP and anti-Scl with brightfield.
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Figure 3.2: sclβ  is required upstream of gata2b. A-B, Whole-mount in situ 
hybridization of gata2b expression in control (A) and sclβ morphant (B) embryos. C-
D, runx1 expression in control (C) and sclβ morphant (D) embryos. E-F, plastic 
sections of 28hpf embryos stained by whole-mount in situ hybridization. E, 
Expression of scl in control embryos. F, Expression of scl in gata2b morphant 
embryos.  
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Figure 3.3: sclβ  can rescue gata2b during Notch inhibition. (A-D) Whole-mount in 
situ hybridization of runx1 in uninjected embryos treated with DMSO (A) and 20mM 
DBZ (B) and embryos injected with sclβ mRNA treated with DMSO (C) and 20mM 
DBZ (D). (E-H) Whole-mount in situ hybridization of gata2b in uninjected embryos 
treated with DMSO (E) and 20mM DBZ (F) and embryos injected with sclβ mRNA 
treated with DMSO (G) and 20mM DBZ (H).   
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Figure 3.4: gata2a is required for HSC formation. Whole-mount in situ 
hybridization of primitive and definitive hematopoietic expression. (A-B) Expression 
of gata1a in 22hpf control sibling (A) and gata2aum27-/- (B) embryos. (C-D) 
Expression of scl in 22hpf control sibling (C) and gata2aum27-/- (D) embryos. (E-F) 
Expression of runx1 in 25hpf control sibling (E) and gata2aum27-/- (F) embryos. (G-H) 
Expression of cmyb in 32hpf control sibling (G) and gata2aum27-/- (H) embryos. (I-J) 
Expression of rag1 in the thymus of 4dpf control sibling (I) and gata2aum27-/- (J) 
embryos.  
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Figure 3.5: The hematopoietic defect of gata2aum27 mutants can be rescued by 
restoration of gata2a. Whole-mount in situ hybridization of runx1 expression in 
28hpf embryos. A. Representative expression of runx1 in uninjected gata2aum27 
siblings. B. Representative expression of runx1 in uninjected gata2aum27-/- embryos. 
C. Representative expression of runx1 in gata2aum27 siblings injected with XXX 
gata2a mRNA. D. Representative expression of runx1 in gata2aum27-/- embryos 
injected with gata2a mRNA. E, Quantification of runx1-positive cells in the dorsal 
aorta region of uninjected and gata2a mRNA injected gata2aum27 siblings and 
homozygous mutants. Each data point represents the number of runx1-positive cells in 
one embryo.  
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Figure 3.6: gata2a is required for scl expression. (A-B) Whole-mount in situ 
hybridization of gata2a expression in control (A) and sclβ morphant (B) embryos at 
26hpf. (C-D) Whole-mount in situ hybridization of scl expression in sibling (C) and 
gata2aum27-/- (D) embryos at 36hpf. E-F Combined fluorescent in situ hybridization 
for scl expression and immunofluorescence detection of GFP in 
Tg(kdrl:GFP);gata2aum27+/- sibling and Tg(kdrl:GFP);gata2aum27-/- embryos at 
28hpf. White arrows denote scl+ kdrl+ endothelium. G, Quantification of the number 
of scl+ kdrl+ endothelial cells detected in Tg(kdrl:GFP);gata2aum27+/- sibling and 
Tg(kdrl:GFP);gata2aum27-/- embryos. ***, p<0.0001.  
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Figure 3.7: sclβ  and gata2b cannot rescue gata2a-/- mutants. A-H, Whole-mount in 
situ hybridization of runx1 in gata2aum27 siblings and gata2aum27-/- embryos at 25hpf. 
A, Representative expression of runx1 in uninjected in gata2aum27 siblings. B, 
Representative expression of runx1 in uninjected gata2aum27-/- embryos. C, 
Representative expression of runx1 in gata2aum27 siblings injected with sclβ mRNA. 
D, Representative expression of runx1 in gata2aum27-/- embryos injected with 
sclβ mRNA. E, Representative expression of runx1 in uninjected in gata2aum27 
siblings. F, Representative expression of runx1 in uninjected gata2aum27-/- embryos. 
G, Representative expression of runx1 in gata2aum27 siblings injected with gata2b 
mRNA. H, Representative expression of runx1 in gata2aum27-/- embryos injected with 
gata2b mRNA. I, Quantification of runx1-positive cells in the dorsal aorta region of 
all embryos represented by A-H. Each data point represents the number of runx1-
positive cells in one embryo.  
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Figure 3.8: Notch signaling is required for gata2a expression. A-J Whole-mount in 
situ hybridization of gata2a expression in control and Notch inhibited embryos. A-B, 
Expression of gata2a in embryos treated with DMSO (A) and 20µM DBZ from 12-28 
hpf (B). C-D, Expression of gata2a in control (C) and notch1a morphants (D). E-F, 
Expression of gata2a in control (C) and notch1b morphants. G-H, Expression of 
gata2a in control (C) and notch3 morphants. I-J, Expression of gata2a in control (C) 
and embryos injected with both notch1a and notch1b morpholino.  
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Figure 3.9: gata2a is required for aortic Notch activity. A-B, Confocal micrograph 
of GFP fluorescence in the Notch reporter transgenic Tg(Tp1:GFP) at 28 hpf. A, GFP 
fluorescence in gata2aum27 sibling embryo. B, GFP fluorescence in gata2aum27-/- 
embryo.  
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Figure 3.10: gata2a is required for aortic Notch signaling. Whole-mount in situ 
hybridization of Notch ligand and receptor expression in the dorsal aorta in gata2aum27 
mutants and gata2b morphants at 26hpf. A-B, Expression of notch1a in sibling and 
gata2aum27-/- embryos. C-D, Expression of notch1a in control and gata2b morphant 
embryos. E-F, Expression of notch1b in sibling and gata2aum27-/- embryos. G-H, 
Expression of notch1b in control and gata2b morphant embryos. I-J, Expression of 
notch3 in sibling and gata2aum27-/- embryos. K-L, Expression of notch3 in control and 
gata2b morphant embryos. M-N, Expression of deltaC in sibling and gata2aum27-/- 
embryos. O-P, Expression of deltaC in control and gata2b morphant embryos. Q-R, 
Expression of dll4 in sibling and gata2aum27-/- embryos. S-T, Expression of dll4 in 
control and gata2b morphant embryos. Pink arrowheads denote affected arterial 
expression.  
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Figure 3.11: gata2a is required for expression of notch3 in the early aorta. Whole-
mount in situ hybridization of notch3 expression. A-B Expression of notch3 in 
gata2aum27 siblings (A) and gata2aum27-/- mutant embryos (B) at 12hpf. White 
arrowheads denote the PLM. C-D Expression of notch3 in gata2aum27 siblings (C) and 
gata2aum27-/- mutant embryos (D) at 19hpf. Black arrowheads denote vascular cord.  
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Figure 3.12. gata2a is required for arterial maintenance. A-D Whole-mount in situ 
hybridization of hey2 expression. A, Expression of hey2 in gata2aum27 sibling embryos 
at 12hpf. B, Expression of hey2 in gata2aum27-/- embryos at 12hpf. White arrowheads 
indicate PLM. C, Expression of hey2 in gata2aum27 sibling embryos at 36hpf. D, 
Expression of hey2 in gata2aum27-/- embryos at 36hpf. Black arrows indicate dorsal 
aorta.  
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Figure 3.13: The Notch signaling defect of gata2aum27-/- mutants does not account 
for the failure of hematopoiesis. Whole-mount in situ hybridization of runx1 
expression embryos resulting from a cross of Tg(Hsp70:Gal4);gata2aum27+/- and 
Tg(UAS:NICD);gata2aum27+/- parents. All embryos were heat shocked at 10ss. A-B, 
Expression without NICD induction (wild-type, Hsp70:Gal4, or UAS:NICD). C-D, 
Expression with NICD induction (Hsp70:Gal4; UAS:NICD). A,C, gata2aum27 sibling 
embryos. B,D, gata2aum27-/- embryos.   
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4.1. Future Directions 

In all, the work presented in this thesis provides the first comparative analysis 

of the expression and function of gata2a and gata2b within the context of vascular and 

hematopoietic development.  gata2a is expressed throughout the endothelium and 

endothelial precursors from an early mesodermal stage, whereas gata2b initiates 

specifically within the hemogenic endothelial subpopulation as vasculogenesis 

initiates, but not before. Prior to this work, zebrafish hemogenic endothelial cells were 

first detectable in by runx1 expression, within the ventral floor of an established dorsal 

aorta (Wilkinson et al., 2009). Expression of gata2b is detected early within the 

primary vascular cord, and in cells that have not yet reached the midline, raising 

question of how early endothelial cells begin acquiring hemogenic potential. 

Furthermore, lineage tracing of Gata2b+ cells revealed that the Gata2b+ population is 

likely already lineage restricted, as that they do not contribute appreciably to perdurant 

vascular endothelium. This is in agreement with a recent study of early hemogenic 

endothelium in mice, in which cells of the dorsal aorta are restricted to either 

endothelial or hematopoietic fate as early as embryonic day 8.5, although HSPC 

emergence does not occur until two days later (Swiers et al., 2013). It would be 

interesting to know at what stage in specification hemogenic endothelial cells become 

restricted to hematopoietic versus long-term endothelial fate, and the molecular 

mechanisms that underlie such a restriction. 

I have determined that Gata2a is required both for the development of properly 

formed and intact vasculature, and for the establishment of hemogenic endothelium, 

whereas Gata2b serves a more restricted role within the hemogenic endothelium, and 
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is required for runx1 initiation. Notch signaling is required for gata2b expression, 

which has suggested conservation of transcriptional regulation of HSPC specification 

across vertebrate species.  However, further demonstration of direct transcriptional 

regulation of gata2b by Notch would both confirm conservation of the Notch-Gata2 

connection, and identify which endothelial Notch receptor responsible for direct 

gata2b activation. Also, although Sclβ is sufficient to restore Notch-dependent 

hematopoiesis, suggesting Sclβ is required for hematopoiesis downstream of Notch 

signaling, I was unable to determine that Notch signaling is required for sclβ 

expression. It would therefore be interesting to determine whether sclβ is a direct 

transcriptional target of Notch, and whether Sclβ can directly regulate gata2b. 

Additionally, I have found Notch signaling is also required for endothelial gata2a 

expression, and that Notch3 functions both upstream and downstream of gata2a. 

Further transcriptional analysis of gata2a and notch3 loci would help to clarify 

whether this regulation is direct, and may provide further insight into the molecular 

basis for arterial maintenance.  

Expression of gata2a is observed diffusely throughout the posterior lateral 

plate mesoderm from 11hpf (Li et al., 2009), and at 25hpf is expression was detected 

throughout the endothelium and primitive erythrocytes that derive from PLM. 

However, at the time of HSPC emergence, gata2a is highly enriched in the vascular 

endothelium compared to emerging HSPCs, and inversely, gata2b is enriched in 

emerging HSPCs compared to non-hemogenic endothelium. It is currently unclear 

whether gata2a is expressed more highly in vascular endothelial precursors than 

hemogenic endothelial precursor cells, or whether gata2a is expressed equivalently in 
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both vascular and hemogenic endothelial precursor cells, but downregulated prior to 

HSPC emergence. 

Both gata2a and gata2b are required for HSPC specification upstream of 

runx1. A major question that has arisen from this work is how each paralogue 

contributes to HSPC specification. Does Gata2a help to create a permissive 

environment for establishment of hemogenic endothelium in any way beyond allowing 

for normal expression of kdrl, sclβ and gata2b? Do Gata2a and Gata2b regulate 

distinct vascular and hemogenic transcriptional targets, or do they regulate the same 

transcriptional targets, exchanging places within the same transcriptional complexes to 

confer differing activation efficiencies? Furthermore, the Notch transcriptional target 

Hes1 represses Gata2 within the aorta, providing tight transcriptional regulation over 

Gata2 expression in mice (Guiu et al., 2013). However, analysis of the zebrafish Hes1 

homologue her6 revealed that is not enriched in aortic endothelium. It is therefore 

worth investigating the expression patterns of other her family genes, to determine 

whether any are more highly expressed within the aorta, and whether any repress 

expression of gata2a or gata2b. It is possible that duplication of Gata2 duplication in 

teleosts could have led to the development of a different mechanism of control over 

Gata2 transcriptional activity. Exchange between Gata1 and Gata2 can alter target 

transactivation (Bresnick et al., 2010; Love et al., 2014). It would be interesting to see 

whether a similar exchange between Gata2a and Gata2b may provide similar control 

over Gata2 target expression. 

Finally, due to a paucity of antibodies against zebrafish proteins, cell 

identification and isolation in zebrafish embryos has relied upon fluorescently labeled 
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transgenic reporter lines. However, the lack of specific transgenic reporters for 

hemogenic endothelium and HSPCs has led in some cases to the misidentification of 

these cells (see Appendix). Two transgenic zebrafish lines were created in the attempt 

to create a more reliable transgenic readout for emerging HSPCs: her6:mCherry and 

gata2b:Gal4. Although her6:mCherry does not label emerging HSPCs, it marks rare 

cells in contact with the ventral wall of the aorta that could possibly be relevant to 

hematopoietic specification and is therefore worth further investigation. The 

gata2b:Gal4 transgenic line drives expression within the hemogenic endothelium and 

nascent HSPCs and appears more restricted than the current transgenic lines available 

for studying this population. Therefore, gata2b:Gal4 should prove useful for future 

studies of HSPC specification and emergence. Furthermore, because in this animal, 

the gata2b promoter drives expression of Gal4, rather than a fluorescent protein, it can 

be used in conjunction with the wide variety of available UAS effector transgenic 

lines. In this way, the line can be paired with UAS-driven fluorescent proteins, 

photoconvertible fluorescent proteins, and Cre recombinase, for immediate expression 

analysis, short-term cell tracing and for long-term lineage tracing and isolation of 

hemogenic endothelial derivatives. With the growing number of UAS-inducible 

modulators of molecular signaling, the molecular requirements within the hemogenic 

endothelium and during HSPC emergence can be investigated. For example, it was 

recently demonstrated that Notch activity downregulation in the budding 

hematopoietic clusters is important for HSPC emergence in higher vertebrates 

(Richard et al., 2013).  Although a similar inactivation of Notch signaling has not been 

observed in budding hematopoietic cells of zebrafish, it is possible this may be 
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explained by the rapid embryonic development relative to the stability of GFP form 

the Notch activity reporter. It would be interesting to see if a similar requirement for 

Notch signaling inactivation exists in zebrafish. The effect of sustained Notch activity 

on zebrafish HSPC emergence could be easily and straightforwardly addressed by 

allowing for gata2b:Gal4 to drive the Notch activator UAS:NICD1a and the 

fluorescent reporter UAS:GFP simultaneously. Finally, with the growing ease of 

zebrafish genetic manipulation using the CRISPR/Cas9 system, 

gata2b:Gal4;UAS:Cre  could be used in the future to perform tissue-targeted gene 

deletion within hemogenic endothelial-derived blood.   
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Her6 is not a marker of hemogenic endothelium or emerging HSPCs in zebrafish
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The Hairy Enhancer of Split (Hes) and Hes-related families of transcription 

factors are among the most well characterized direct targets of Notch signaling (Iso et 

al., 2003). In mice, Hes1 is expressed in the dorsal aorta and budding hematopoeitic 

clusters, and was recently shown to play an essential role in hematopoiesis by 

inhibiting Gata2, which is also a direct Notch target (Guiu et al., 2013). In this way, 

Hes1 is able to provide precise restriction to Notch activation of Gata2, which must be 

downregulated in order to allow for the production of CD45+ cells (Minegishi et al., 

2003).  

Her6 is a homologue of Hes1 in zebrafish (Pasini et al., 2001). Previously, in 

characterizing the Notch-independent development of erythromyeloid progenitor cells, 

as compared to the Notch-dependent emergence of HSCs, work from the Traver 

laboratory suggested that her6 may be enriched within emerging HSPCs (Bertrand et 

al., 2010), similarly to Hes1. This was determined by quantitative analysis of 

expression in sorted fluorescently labeled populations: lmo2:GFP+ gata1:DsRed+ 

cells (EMPs) versus lmo2:GFP+ cmyb:GFP+ cells (HSCs) (Bertrand et al., 2010). 

Because EMPs arise independent of Notch signaling, enrichment of her6 in the 

defined HSCs versus EMPs was consistent with her6 as a Notch target in the HSC 

population.  For these reasons, I further analyzed her6 expression, and worked 

together with Julian Bertrand in the generation and characterization of a her6:mCherry 

transgenic reporter line.  

Endogenous expression was analyzed by whole mount in situ hybridization for 

her6. Expression of her6 was detected is a widely throughout the embryo, including 

expression in the brain, spinal cord, somites, and pronephric ducts (Fig 1A-B). 
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Expression in somites appears to be downregulated over time and becomes 

increasingly posteriorly restricted, whereas expression in the pronephric ducts appears 

to increase between 25hpf and 28hpf. Because her6 expression in the vasculature was 

not easily observable, WISH-stained embryos were transversely sectioned. Expression 

of her6 was not observed within the aorta or venous endothelium (Fig 1D). Expression 

of her6 was detected within the neural tube and pronephric ducts, and was also 

detected in a region in close proximity to the vasculature, possibly the sclerotomal 

compartment of the somite, or subaortic mesenchyme (Fig 1D). Colocalization 

analysis using known sclerotomal markers, such as pax9, could help to more 

conclusively define her6 expression in this region.  

The her6:mCherry transgenic line was created by co-injecting Tol2 mRNA and 

the pTol2-Her6:mCherry construct (courtesy of Julian Bertrand) into wild-type 

zebrafish embryos. One founder was identified to give three distinct patterns of 

expression. One expression pattern was ubiquitous throughout the early embryo, and 

was later determined to be a result of maternal expression, meaning it is expressed 

from mRNA transcript that is maternally loaded into the oocyte prior to fertilization. A 

second expression pattern was restricted to the somites. The third expression pattern 

closely resembled the endogenous her6 expression pattern: expressed within the 

somites at 18hpf, expressed in the brain, neural tube, somites, pronephric ducts at 

26hpf, and expressed additionally in neuromasts of the lateral line at 48hpf (Fig 2). 

To determine whether her6 is expressed in Notch-active cells, expression of 

her6:mCherry was compared to the Tp1:GFP Notch activity reporter transgenic. In 

her6:mCherry; Tp1:GFP, colocalization was observed within the brain and somites 
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(Fig 3A, B) and pronephric ducts (Fig 3B,C). No mCherry fluorescence was observed 

in the Notch+ arterial endothelium, whereas rare her6:mCherry+ cells were observed 

adjacent to Tp1:GFP+ arterial endothelium (Fig 3B,D asterisks). At this point, it is 

unclear what these cells are, where they come from, and whether they have a function 

relevant to the establishment or function of hemogenic endothelium.  

As Her genes are classical Notch targets (Iso et al., 2003), it was surprising 

that much of the her6:mCherry+ cells were not Notch-active. To determine whether 

her6 is truly regulated by Notch signaling, her6 expression was analyzed in Notch 

inhibited embryos. Total inhibition of the Notch pathway, both by mindbomb 

antisense morpholino and by treatment with the chemical gamma-secretase inhibitor 

DBZ both resulted in noticeable reduction of her6 expression within the neural tube 

and the somites. The effects of single Notch receptor knockdowns were less clear. 

Knockdown of notch1a or notch3 resulted in a possible reduction of her6 expression, 

whereas knockdown of notch1b did not noticeably alter her6 expression (Fig 4). The 

further reduction of her6 expression with inhibition of global notch signaling than 

with single receptor knockdowns suggests that her6 may be regulated by multiple 

Notch receptors. The effect of notch2 knockdown on her6 was not analyzed, because 

notch2 was previously determined to be dispensable to hematopoiesis (Kim et al., 

2014).  It therefore remains possible that Notch2 may regulate her6 expression. 

However, even with complete knockdown of the whole Notch pathway, her6 

expression is not completely reduced (Fig 4).  Together with the expression of 

her6:mCherry in many tissues that are not Notch-active (Fig. 3), this suggests that 

her6 expression may be regulated independently of Notch in some tissues. 
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Both endogenous her6 and the her6:mCherry transgenic are not expressed 

within the dorsal aorta. This was unexpected, because it had been previously 

determined that her6 is highly expressed within lmo2:DsRed+ cmyb:GFP+ cells. 

Considering that both the lmo2 and cmyb transgenes drive expression in tissues 

outside the aorta, I considered whether her6 expression might overlap with lmo2 and 

cmyb transgene expression in other embryonic tissues. Analyzing fluorescence in 

lmo2:GFP;her6:mCherry embryos, lmo2:GFP was detected throughout the 

endothelium, where it did not colocalize with her6:mCherry, however lmo2:GFP 

her6:mCherry colocalization was observed in the pronephric ducts (Fig 5A). 

Similarly, in cmyb:GFP;her6:mCherry embryos, cmyb:GFP was detected in the 

hematopoietic cells within the ventral wall of the aortic endothelium, where it did not 

colocalize with her6:mCherry. However cmyb:GFP colocalized with her6:mCherry 

within the pronephric ducts. In all, these results suggest that the prior determination 

that her6 is enriched in the emerging HSPC population may have been due to 

coexpression of lmo2 and cmyb transgenic reporters within the pronephric ducts, and 

the resulting unintended inclusion of pronephric cells in the intended “HSC” 

population. With the development of a more specific marker for emerging HSPCs, this 

hypothesis could be tested by comparing her6 expression levels in the 

lmo2:DsRed+cmyb:GFP+ population and in gata2b:Gal4;UAS:GFP+ cells. 

Although the her6:mCherry transgenic line does not label hemogenic 

endothelium or early HSPCs, it may still be of interest for future work in the Traver 

laboratory. Notch signaling within the somite indirectly contributes to HSPC 

specification by an unresolved mechanism that potentially involves the sclerotomal 
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compartment of the somite (Clements et al., 2011; Kim et al., 2014). In support of this, 

sclerotomally expressed pax9 is important for hematopoietic development (Charbord 

et al., 2014). Additionally, it was recently reported that some somitic cells may 

migrate toward the endothelium, promoting hematopoiesis by the delivery of Sdf1a 

(Nguyen et al., 2014). Because of these recent discoveries, together with the 

expression of her6 within the early somite, later possibly within the sclerotome or 

subaortic mesenchyme, and the close association of her6:mCherry+ cells and 

endothelial cells in the floor of the aorta, it remains worth investigating whether Her6 

is required for the specification or emergence of HSPCs. 
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Figure A.1: Analysis of endogenous her6 expression. Expression of her6 by in situ 
hybridization. A, Whole-embryo expression of her6 at 25.5 hpf. B, Whole-embryo 
expression of her6 at 28.5 hpf. C, Schematic representation of a transverse section of 
the trunk region of the zebrafish embryo. NT, neural tube; n, notochord; S, somite; a, 
dorsal aorta; v, posterior cardinal vein; p, pronephric ducts. D, Four representative 
transverse sections of the trunk region of 24hpf zebrafish embryos.  
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Figure A.2: Analysis of her6:mCherry fluorescence during embryonic 
development.  A, her6:mCherry fluorescence at 18hpf. B, her6:mCherry fluorescence 
at 26hpf. C, her6:mCherry fluorescence at 48hpf.  
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Figure A.3: Comparison of her6:mCherry and Tp1:GFP reporter expression at 
30hpf. A, dorsal view of her6:mCherry;Tp1:GFP fluorescence in the anterior region 
of the embryo. B-D lateral views of her6:mCherry;Tp1:GFP fluorescence in the trunk 
region. A, dorsal aorta; V, posterior cardinal vain; P, pronephric ducts. Asterisk 
denotes endothelial-associated her6:mCherry+ cell. 
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Figure A.4: Notch inhibition of her6 expression. A, Expression of her6 in control 
(left column) and Notch inhibited embryos (right column) at 24hpf. B, Expression of 
her6 in control (left column) and Notch inhibited embryos (right column) at 28hpf.  



158 
	  

	  
	  

 
 
Figure A.5: Comparison of her6:mCherry fluorescent expression with lmo2:GFP 
and cmyb:GFP by confocal microscopy. A, her6:mCherry;lmo2:GFP  at 35hpf. B, 
her6:mCherry;cmyb:GFP  at 34hpf. A, dorsal aorta; V, posterior cardinal vain; P, 
pronephric ducts.
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