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Abstract 

 

Proper specification of veins and arteries is crucial for the development of a 

functional vasculature. The underlying mechanisms controlling vascular subspecification 

remains an area of intense study, as incorrect arterio-venous (AV) identity can lead to 

vascular failure and developmental lethality. A substantial body of work has focused on 

the cell non-autonomous control of AV subspecification, and in particular, the Notch 

signaling pathway has been shown to be crucial for this process. By contrast, much less is 

known about the transcription factors and the cell autonomous control of AV 

subspecification. We have recently discovered a 600 bp enhancer within the Endothelin 

Converting Enzyme-1 (ECE1) locus with activity that co-localizes in vivo with arterial, 

but not venous, markers by immunofluorescence. This enhancer was discovered via a 

genome wide screen for composite FOX:ETS motifs, which are enriched in endothelial-

specific enhancers. In addition to the FOX:ETS motif, we identified a well-conserved, 

putative Sox transcription factor binding site. We have demonstrated that this cis-element 

is bound by Sox family members in vitro, and is required for enhancer activity in 

transgenic mice. While recent publications reveal a role for members of the SoxF 

subfamily (Sox7, Sox17, and Sox18) in vascular development, whether they play a role in 

mammalian AV sub-specification remains unclear. Our data indicate that of these factors, 

Sox17 can coordinate with Foxc2 and Etv2, Forkhead and Ets factors that regulate 

transcription via FOX:ETS binding, to enhance transcriptional activity of the ECE1 

enhancer. Furthermore, we provide data supporting a role for Sox17 in AV sub-

specification.  
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Chapter 1: Introduction 

The vascular system is a hierarchical system consisting of large arteries and veins, 

smaller venules and arterioles, and capillaries (Drake et al.1998). Oxygenated blood is 

carried from the heart to the peripheral tissues through the arterial system and reaches the 

capillaries where the arterial and venous systems meet. From there, the deoxygenated 

blood is returned to the heart via the veins. In addition to oxygen-carrying red blood cells, 

the vasculature transports a variety of hormones, cytokines, and immune cells throughout 

the body (Risau et al. 1995). 

This functional difference between arteries and veins underlie the structural 

distinctions between the two vessel types. Both vessels contain three distinct layers – the 

tunica intima, media, and adventia (Wolinsky et al. 1967). The tunica intima is the 

innermost endothelial cell layer and is surrounded by a thin layer of connective tissue. 

Enclosing this layer is the tunica media, which consists of smooth muscle cells and 

connective collagen and elastic fibers. The relative amounts of muscle cells and 

connective fibers can vary in the tunica media depending on the strength and elastin 

needs of the specific vessel. Lastly, the tunica adventia is the outermost layer and exists 

to stabilize the vessel by anchoring to nearby tissues mainly through collagen fibers. 

Arterial endothelium endures increased blood pressure and much higher rates of 

hemodynamic flow requiring a more robust tunica media than veins to support these 

stresses (Eichmann et al. 2005). In addition to the thinner tunica layers in the venous 

system, veins also contain valves to prevent retrograde blood flow (Bazigou et al. 2012). 

Given the obvious importance of the vascular system in normal human 

physiology and pathological states such as stroke and cancer, an incredible body of 
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research focuses on the early morphogenic and molecular events required to build a 

functioning vascular system. 

 

Vascular Morphogenesis and Specification  

The vasculature is one of the earliest organ systems to develop during 

embryogenesis. Murine vasculogenesis, de novo formation of blood vessels, begins at 

embryonic day (E)6.5 in extraembryonic tissues with the emergence of endothelial 

progenitors that are marked by the Vegf receptor Flk1. These endothelial progenitors 

coalesce and form a primary plexus, which is remodeled to form the vascular network of 

the yolk sac (Drake et al. 2000). In the embryo proper, Flk1
+
 cells are observed by E7.5.  

Shortly thereafter, these cells contribute to the cardiac crescent and will further develop 

into the endothelial lining of the heart known as the endocardium (Misfeldt et al. 2009). 

At the same time, Flk1
+
 cells also contribute to the aortic primordia, which consists of 

two lumenless, parallel cords of progenitor cells. As these cords develop and lumenize, 

the formation of the vitelline veins, which eventually bring in blood from the yolk sac, 

and sinus venosus begin (Chong et al. 2011). It is not until post-turning stage, ~E9.0, that 

the major embryonic vein, called the cardinal vein, is formed. In contrast to the primitive 

aorta, the cardinal vein does not arise from any cord-like structures, but instead appears to 

coalesce from a loose plexus (Chong et al. 2011). In zebrafish, live imaging studies have 

suggested that the cardinal vein actually arises from the dorsal aorta, but this has not been 

demonstrated in mammals (Herbert et al. 2009). During the rest of embryonic 

development, angiogenesis, growth from existing vessels, continues to form a mature 

vascular network connecting the various organ systems as they arise (Chung et al. 2011).  
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During these morphogenetic events, a tightly controlled network of signaling 

pathways work to specify endothelial cells from their mesodermal progenitors. The 

Vascular Endothelial Growth Factor (Vegf) signaling pathway is one of the most 

appreciated signaling pathways in vascular development. This pathway consists of three 

tyrosine kinase receptors: Flt1 (VegfR1), Flk1 (VegfR2), and Flt4 (VegfR3) (Ferrara  et 

al. 2003). While Flt1 and Flt4 are important in vascular development, analysis of 

embryos null for the receptors indicates that endothelial cell specification proceeds 

normally, but mutants succumb to defects in vascular remodeling (Dumont et al. 1998; 

Fong et al. 1995). In contrast, embryos null for Flk1 fail to properly develop endothelial 

progenitors, form a vascular plexus, and die between E8.5-9.5, indicating a role in 

endothelial cell specification (Shalaby et al. 1995). Five ligands, termed Vegf-A-E, exist 

for the receptor family (Ferrara et al. 2003). Vegf-A, also called VEGF, is also required 

for vasculogenesis, as homozygous mutants for Vegf-A fail to form the dorsal aortae and 

have decreased levels of Flk1, Flt1, and Tie2, suggesting defective endothelial 

specification (Carmeliet et al. 1996). Strikingly, loss of a single allele of Vegf-A also 

results in embryonic lethality around E10.0 due to defective vascular remodeling 

(Carmeliet et al. 1996; Ferrara et al. 1996).  

 In addition to signaling pathways, transcription factor networks play a critical role 

in endothelial cell specification. For example, several members of the Ets transcription 

factor family function in vascular development (Meadows et al. 2011). Approximately 

thirty Ets transcription factors are defined by a winged helix-turn-helix Ets DNA binding 

domain that recognizes the consensus sequence GGAA/T (Lammerts van Bueren et al. 

2012). Analysis of promoter and enhancer regions of endothelial genes often contain 
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clusters of functional Ets binding sites, hinting at the importance of Ets factors in 

endothelial specification (De Val et al. 2009). Recent work showed that the expression of 

the three Ets factors Etv2, Fli1, and Erg1 in conjunction with TGF-! inhibition is 

sufficient to drive amniotic cells into an endothelial cell fate (Ginsberg et al. 2012). Of 

these three Ets factors, Etv2 is unique in that embryos lacking the gene fail to form a 

vasculature and are embryonic lethal by E9.0. Marker analyses showed that these mutants 

did not express Flk1 or another endothelial marker PECAM, suggesting that endothelial 

cells failed to arise in these embryos (Lee et al. 2008). Other experiments show that 

ectopic expression of Etv2 alone is sufficient to drive endothelial marker expression in 

zebrafish and Xenopus oocytes (Neuhaus et al. 2010; Sumanas et al. 2006). Etv2 is 

expressed transiently in early endothelial progenitors and Etv2 expressing cells give rise 

to endothelial and hematopoietic lineages, leading to the hypothesis that Etv2 sits atop the 

transcriptional network to drive endothelial cell specification (Rasmussen et al. 2011). 

 Etv2 also cooperates with Forkhead proteins to drive endothelial gene expression 

in addition to its independent functions (De Val et al. 2009). Forkhead proteins are helix-

turn-helix transcription factors of which several members are known to play roles in 

endothelial function and development (Papanicolaou et al. 2008). A former post-doc in 

our lab, Sarah De Val, identified a small 44 bp region of the Mef2c locus that directs 

activity of the reporter gene !-galactosidase to endothelial cells in transgenic embryos 

(De Val et al. 2008). Analysis of the 44 bp sequence led to the discovery of the FOX:ETS 

motif, where a non-consensus Forkhead binding site sits adjacent to an Ets binding site. 

Interestingly, several previously identified endothelial enhancers also contain the 

FOX:ETS motif. The Forkhead protein Foxc2 co-occupies the FOX:ETS motif with Etv2 
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and these factors synergistically activate enhancers containing the motif. Demonstrating 

the in vivo relevance of this finding, ectopic of expression of both Foxc2 and Etv2 in 

Xenopus oocytes robustly activated endothelial genes compared to weak activation by 

either factor alone (De Val et al. 2008). The strength of these data led to a hypothesis 

where the presence of the FOX:ETS motif is sufficient to predict endothelial specific 

enhancers. To test this idea, a bioinformatic screen for novel endothelial enhancers was 

performed based on criteria defined from known endothelial enhancers containing the 

FOX:ETS motif. Strikingly, over 1,500 conserved FOX:ETS motifs with a second 

conserved Ets motif were identified in the human genome (De Val et al. 2008). Several of 

the predicted enhancers were validated and showed endothelial specific activity in 

transgenic enhancer assays in mice. One of the predicted enhancers was present in the 

ECE1 locus and is further characterized as part of the thesis work described here.  

 

Arterial and Venous Sub-Specification  

 During vascular development, endothelial cells must also further specify into 

arterial or venous endothelium. While it was first believed that hemodynamic forces were 

the major inducers of these two fates, it is now clear that intrinsic molecular mechanisms 

play a large role in arterial and venous development (Lin et al. 2007). However, regional 

cues along with blood flow clearly still play a role as plasticity of arterial and venous 

identity is observed in quail-chick chimeras and during adult neovascularization (Nunes 

et al. 2011; Moyon et al. 2001). 

EphrinB2, a tyrosine kinase receptor, and EphB4, its ligand, were the first genes 

identified to display distinct expression patterns between arteries and veins (Wang et al. 
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1998; Adams et al. 1999). Both receptors and ligands of the Ephrin signaling pathway are 

membrane bound and known to mediate cell-to-cell signaling events during migration 

and axonal guidance (Pitulescu et al. 2010). EphrinB2 is specifically expressed in arterial 

endothelium while EphB4 is specifically expressed in venous endothelium. That 

expression of EphrinB2 occurs before significant hemodynamic stress exist suggested 

that the fate of arteries and veins are predetermined and do not rely solely on 

hemodynamic forces. However, embryos null for EphrinB2 or EphB4 only display 

angiogenesis and remodeling defects in both arteries and veins. Initial specification of the 

dorsal aorta for both mutants was largely unaffected (Wang et al. 1998; Gerety et al. 

1999). Although specification was unaltered by perturbation of EphrinB2/EphB4 

signaling, several signaling pathways and transcription factors have been shown to work 

upstream of EphrinB2/EphB4 to influence arterial and venous identity (Gridley 2010; 

Wilkinson et al. 2012).  

 

Notch Pathway 

The Notch pathway influences many cell fate decisions during embryogenesis through 

cell-to-cell signaling. Both ligands and receptors of the pathway are single pass Type I 

transmembrane proteins, thus requiring cell-to-cell contact for activation of the pathway 

(Fiúza et al. 2007). In mammals, there are four receptors (Notch1-4) and five ligands 

(Jag-1, Jag-2, Dll1, Dll3, and Dll4). Upon receptor-ligand interaction, proteolytic 

cleavage occurs and releases the Notch intracellular domain (NICD). NICD translocates 

into the nucleus and binds to its consensus DNA binding site (Cave et al. 2005). 
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Interaction with RPBJ-" leads to activation of target genes, including Hey1 and Hey2 

(Gridley et al. 2010). 

During development of the vasculature, the receptors Notch1 and Notch4 along 

with the ligands Jag-1, Jag-2 and Dll4 are expressed specifically in arteries. Loss of the 

ligand Dll4 causes defective aortic and venous remodeling and improper arterio-venous 

specification. Even loss of one Dll4 allele led to remodeling defects in a fraction of 

embryos (Duarte et al. 2004). Marker analyses of null embryos demonstrate loss of 

expression for the arterial markers Connexin37, Connexin40, and EphrinB2. 

Interestingly, expression of the venous marker EphB4 was expanded to the arteries 

indicating complete loss of arterio-venous identity (Duarte et al. 2004). Although loss of 

both receptors Notch1 and Notch4 led to defective vascular remodeling and embryonic 

lethality, arterial specification appeared relatively normal (Krebs et al. 2000).  

In addition to Notch signaling’s importance in early arterial and venous 

specification, recent studies have uncovered a role for Notch in arterial maintenance and 

maturation (Sörensen et al. 2009; Hoglund et al. 2012). Expression of the Notch ligand 

Dll1 was observed in fetal arteries beginning at E13.5, well after arterial identity is 

established, leading to the hypothesis that Dll1 plays a role in arterial maintenance 

(Sörensen et al. 2009). Loss of Dll1 did not affect normal arterio-venous specification as 

AV markers were correctly expressed at E13.5. However, shortly thereafter, the arterial 

markers EphrinB2 and Nrp1 were downregulated, while the venous marker Coup-TFII 

was expressed in arterial endothelium (Sörensen et al. 2009). Notch signaling is also 

required for the proper development of the smooth muscle layer surrounding the arteries 

(High et al. 2008). Recent work uncovered a mechanism of lateral induction which 
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upregulates the Notch ligand Jag-1 in the developing smooth muscle cells in order direct 

proper specification and maturation of the smooth muscle layers (Manderfield et al. 

2012).  

Studies in zebrafish also confirm the importance of Notch signaling in arterio-

venous specification. Zebrafish embryos with decreased Notch signaling have decreased 

or absent arterial marker expression and expanded venous marker expression to the 

arteries (Lawson et al. 2001). Furthermore, studies in zebrafish and mice where Notch 

signaling is expanded beyond the arterial compartment show increased arterial marker 

expression and suppression of the venous identify (Lawson et al. 2001; Trindade et al. 

2008). 

The signaling pathways that act upstream of Notch were first investigated in 

zebrafish. A landmark paper demonstrated that Vegf signaling acts directly upstream of 

Notch to specify arteries and Sonic Hedgehog sits atop of the cascade to turn on Vegf. 

(Lawson et al. 2002) However, recent work describes a Vegf-independent mechanism for 

Hedgehog in arterial specification through the calcitonin receptor-like receptor 

(Wilkinson et al. 2012). Adding further complexity is another report describing the role 

of Wnt signaling in arterio-venous specification. Increased Wnt signaling in mouse 

embryos led to defective remodeling with an expansion of the arterial marker EphrinB2 

into venous endothelium. Interestingly, several Notch signaling components were 

increased by Wnt gain-of-function, which may explain the similarity of phenotypes 

between Dll4 and Wnt gain of function studies (Corada et al. 2010). 
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Forkhead Factors – Foxc1 and Foxc2 

The Forkhead transcription factors Foxc1 and Foxc2 are both expressed in the 

developing vasculature and share overlapping roles in cardiovascular development 

(Kume et al. 2001). Members of the Forkhead family are helix-turn-helix transcription 

factors that share a Forkhead DNA binding domain that recognizes the consensus 

sequence RYMAAYA (R=A/G, Y=C/T, M=A/C) (Carlsson et al. 2002). Mice lacking 

either gene die starting at E13.5 and the rest succumb shortly after birth with defective 

aortic arch remodeling (Iida et al. 1997; Winnier et al. 1999). However, compound 

homozygotes for each allele display a more drastic phenotype; Foxc1/Foxc2 double nulls 

die between E9-9.5 and are smaller than wildtype littermates (Kume et al. 2001; Seo et al. 

2006). Vascular remodeling defects are present as the double nulls have a much larger 

arterial vessel. The double nulls also fail to properly specify this enlarged dorsal aorta as 

arterial markers, including Dll4, Notch1, Notch4, Jag-1, and EphrinB2 are not present. In 

contrast with other mutants displaying specification defects, venous markers were 

properly expressed in venous endothelium in Foxc1/Foxc2 double nulls (Seo et al. 2006). 

The Foxc transcription factors are believed to mediate arterial specification 

through interaction with the Notch pathway. Foxc1 and Foxc2 can bind to promoter 

regions of both Dll4 and Notch target gene Hey2 and activate the promoters in 

transcriptional reporter assays (Seo et al. 2006; Hayashi et al. 2008). Both Foxc1 and 

Foxc2 are present at these promoter regions in endothelial cells as demonstrated by ChIP. 

Furthermore, Foxc2 functionally interacts with NICD and physically interacts with 
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RBPJ-", providing strong evidence for Foxc interaction with the Notch pathway (Hayashi 

et al. 2008). 

 

SoxF Factors  

 Sox7, Sox17, and Sox18 comprise the SoxF subfamily of the larger Sox 

transcription factor family (Laudet et al. 1993). Sox factors recognize the consensus 

sequence WWCAAWG (W=A/T) through the High Mobility Group (HMG) DNA 

binding domain and sit in the minor groove (Francois et al. 2010). The HMG’s ability to 

bend DNA is believed to facilitate co-factor interactions by Sox proteins by improving 

accessibility along with protein-protein interactions through the HMG (Reményi et al. 

2003; Wissmüller et al. 2006). 

 All three SoxF factors are expressed in the paired dorsal aorta during 

vasculogenesis (Sakamoto et al. 2007). Later in development, Sox7 and Sox17 are 

specifically expressed in the arteries, while Sox18 is also expressed in a subset of the 

cardinal vein endothelium (Hosking et al. 2009). Several studies in zebrafish uncovered a 

role for Sox7 and Sox18 in arterio-venous specification (Pendeville et al. 2008; 

Cermenati et al. 2008; Herpers et al. 2008). In each of these studies, morpholino knock-

down of either Sox7 or Sox18 had no effect on vascular development. However, knock- 

down of both genes led to arterio-venous shunting, decreased expression of arterial 

markers such as EphrinB2, and expansion of venous markers such as Flt4 into arterial 

endothelium. In mammalian vascular development, SoxF factors are known to play roles 

in angiogenesis, hemangiogensis and lymphangiogenesis (Matsui et al. 2006; François et 
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al. 2008; Costa et al. 2012). However, it remains unstudied whether arterio-venous 

identity is affected by any SoxF factor alone or in combination in mice. 

Sox7 nulls were recently generated and display gross vascular remodeling defects, 

growth retardation, and die between E10.5 and E14.5 (Wat et al. 2012). Further analyses 

should reveal the underlying defects leading to this phenotype. Sox7 is most appreciated 

for its role in the hemogenic endothelium, which is a subset of endothelium that gives rise 

to hematopoietic stem cells (HSCs) (Zape et al. 2011). In embryonic stem cell 

differentiation models, Sox7 is expressed in hemogenic endothelium and is down 

regulated upon transition to HSCs (Costa et al. 2012). Loss of Sox7 leads to a decrease of 

blood progenitors, demonstrating Sox7’s function in hemogenic endothelium (Gandillet 

et al. 2009). 

Sox17 plays a critical role in the development of gut endoderm and subsequent 

left-right patterning as demonstrated by analysis of Sox17 nulls (Kanai-Azuma et al. 

2002; Saund et al. 2012). Closer examination of Sox17 nulls during vasculogenesis 

revealed a delay in anterior dorsal aorta formation in a subset of nulls. Full penetrance of 

this phenotype was observed in embryos lacking both Sox17 and Sox18. Defects in 

hematopoiesis were observed in mice engineered to specifically delete Sox17 within the 

vasculature (Kim et al. 2007). Despite observed embryonic lethality and growth 

retardation, the integrity of the developing vasculature was not examined in Sox17 

endothelial-specific nulls (Kim et al. 2007).  

Proper lymphangiogenesis requires Sox18 in humans and mice (Irrthum et al. 

2003; François et al. 2008). Lymphatic endothelium arises from the cardinal vein and is 

demarcated by the expression of the transcription factor Prox1 at E10.5 (Oliver et al. 
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2002). Prox1 function is required for budding of lymphatic endothelium from the cardinal 

vein and controls expression of a number of lymphatic specific genes (Wigle et al. 2002). 

Sox18 is co-expressed with Prox1 cardinal vein endothelium and directly activates Prox1 

to properly specify lymphatic endothelium (François et al. 2008). Interestingly, in outbred 

genetic backgrounds, Sox7 and Sox17 are expressed in Prox1 positive cells in the 

absence of Sox18 and are able to activate Prox1 in this context (Hosking et al. 2009). As 

the lymphangiogenesis defects observed in Sox18 nulls are not as severe in an outbred 

background compared to inbred, it is believed that the abnormal expression of Sox7 and 

Sox17 may be able to partially function in development of the lymphatic system.  

 

Coup-TFII 

  The observation that arterial specification requires active Notch signaling led to 

the hypothesis that venous identity is the ‘default’ state of early endothelium. This notion 

was challenged by study of the chicken-ovalbumin upstream promoter transcription 

factor (Coup-TFII). Coup-TFII is specifically expressed in venous endothelium in 

addition to mesenchyme surrounding the developing vasculature (Chong et al. 2011; You 

et al. 2005). In germline Coup-TFII knockout embryos, the cardinal veins are malformed, 

the vasculature is dilated, and embryonic death is observed around E10.0 (Pereira et al. 

1999). As it was unclear whether endothelial or mesynchemal defects were responsible 

for these phenotypes, a conditional approach was undertaken to delete Coup-TFII 

specifically within the vasculature (You et al. 2005). These embryos died by E12.5 with 

severe hemorrhaging and dilated vasculature. Arterial markers, including members of the 

Notch pathway, were expanded into veins in these mutant embryos. Interestingly, the 
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venous marker EphB4 was only slightly reduced in Coup-TFII endothelial specific nulls, 

indicating that other factors influence venous identity (You et al. 2005). Similar defects 

were observed in Coup-TFII morpholino studies in zebrafish (Aranguren et al. 2011). 

Misexpression of Coup-TFII in arterial endothelium results in gross vascular defects, 

where only one major vessel forms in the place of the cardinal vein and dorsal aorta. This 

vessel fails to express the arterial markers Nrp1 and Jag-1, while the venous marker 

EphB4 is present (You et al. 2005). Taken together, these data indicate that venous 

identity is actively regulated by Coup-TFII function.  

 

Endothelin Signaling Pathway 

Endothelin was first discovered as a potent vasoconstrictor and vasodilator of 

vascular endothelium (Yanagisawa et al. 1988; Wright et al. 1988). Since then, the 

importance of the Endothelin pathway in various aspects of mammalian biology, ranging 

from development in the early embryo to disease states in the adult, has been realized. 

For example, elevated levels of Endothelin are often associated with a vast repertoire of 

diseases such as hypertension, renal failure, pulmonary hypertension, and a variety of 

cancers (Barton et al. 2008). During embryogenesis, disruptions in Endothelin signaling 

can cause defects in the neural crest. Such defects can lead to congenital diseases such as 

Waardenburg and Hirschsprung syndromes (Pla et al. 2003).  

The Endothelin signaling pathway consists of three peptide ligands (ET-1, ET-2, 

ET-3) and two G protein-coupled receptors (ETA, ETB) (Sugden 2003). The receptors 

display different affinities for the peptides, with ETA displaying rank affinity order ET-

1> ET-2>ET-3, while ETB displays similar affinities for all three peptides (Davenport et 
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al. 2006).. Studies from other biological systems have demonstrated Endothelin's ability 

to activate intracellular calcium mobilization, stimulate second messengers including 

cAMP, IP3, and DAG, and activate MAPK signaling pathways (Sugden 2003).  

While the ligands are expressed in a wide variety of adult tissues, including 

cardiomyocytes, renal epithelial cells, and neurons, only ET-1 is expressed in the 

endothelium (Hunley et al. 2001). Accordingly, the receptors are expressed in several 

different tissues types. Within the vasculature, only ETB is expressed in endothelium and 

both receptors are expressed in the surrounding smooth muscle cells (Hunley et al. 2001).  

Endothelin mediates vasoconstriction through ETA on vascular smooth muscle cells. 

ETA receptor signaling causes an influx of intracellular calcium levels, leading to a 

contractile response of the smooth muscle (Miwa et al. 2005). ETB mediates the 

vasodilating effects of ET-1 by promoting synthesis of the vascular dilators nitric oxide 

and prostacyclin. The receptor also regulates plasma levels of ET-1 by clearing the 

peptide from circulation (Rodríguez-Pascual et al. 2011). While these activities were first 

identified in cell culture systems, they have now been confirmed in endothelial specific 

knockout models of ETB (Bagnall et al. 2006; Kelland et al. 2010). The observation that 

increased levels of endothelin in several vascular pathological states leading to the 

hypothesis that endothelin receptor blockade could provide therapeutic potential (Barton 

et al. 2008). Indeed recent clinical studies show beneficial effects of ET antagonism for 

diseases such as resistant hypertension, pulmonary hypertension, and renal failure 

(Barton 2008; Black et al. 2007; Shapiro 2003). 

Despite endothelin’s important role in adult vascular function, the pathway does 

not appear to play a major role in vasculogenesis. Instead, genetic studies of various 
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components of the Endothelin pathway demonstrate its developmental role in the neural 

crest. Mice null for either ET-1 or Ednra display highly similar phenotypes. Both 

knockouts survive until birth, but shortly succumb to respiratory failure due to 

craniofacial defects (Clouthier et al. 1998; Kurihara et al. 1994). These defects have been 

attributed to down-regulation of the Endothelin-dependent transcription factors Hand1 

and Hand2 (Clouthier et al. 2000; Thomas et al. 1998). Mice null for either ET-1 or 

Ednra also exhibit cardiac neural crest abnormalities in the conotruncal region of the 

heart, such as defective outflow tract septation and aortic arch remodeling (Kurihara et al. 

1995; H. Yanagisawa et al. 1998). Interestingly, mice null for either ET-3 or Ednrb also 

display similar phenotypes, but in an entirely different subset of neural crest derived 

tissues. Both of these null mice survive up to one month after birth but eventually die of 

aganglionic megacolon. Pigmentation defects are also observed in these mice (Baynash et 

al. 1994; Hosoda et al. 1994).  

Recent work has uncovered new roles for Endothelin signaling during embryonic 

development outside of the neural crest. A closer examination of Ednra nulls revealed 

that a subset of nulls displayed defects in myocardial development (Asai et al. 2010). The 

mutant embryos displayed a thin ventricular walls and down-regulation of myocardial 

markers Tbx5 and Connexin40. These defects are believed to be a primary cardiac defect 

due to observed staining of ETA in a subset of the myocardium and that these defects 

were observed before the emergence of cardiac neural crest in the heart (Asai et al. 2010). 

Other work showed that the Endothelin pathway is required for proper axonal guidance 

during embryonic development (Makita et al. 2008). Interestingly, this work showed that 
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the ETA receptor and the peptide ET-3 were required for this process, indicating that the 

receptor can functionally interact with other ET peptides in addition to ET-1.  

 

Endothelin Converting Enzyme-1 

As mentioned previously, a FOX:ETS motif was identified in the locus of the 

Endothelin Converting Enzyme-1 (ECE1) gene. There are two endothelin converting 

enzymes, ECE1 and ECE2, which are type II membrane proteases that function mainly to 

produce the mature endothelin peptide (Davenport et al. 2006). ECE1 can also hydrolyze 

other substrates, including as neurotensin, substance P, bradykinin, and !-amyloid 

(Eckman et al. 2001; Johnson 1999). The three endothelin peptides are translated as 

prepro-Endothelin precursors, and require two separate cleavages to form mature peptide. 

First, a furin endopeptidase cleaves the prepro-Endothelin to form big-Endothelin, which 

is then cleaved by ECE1 or ECE2 (Davenport et al. 2006). ECE1 is considered the major 

endothelin converting enzyme for the endothelin system, as embryos null for ECE1 

display the same cranial and trunk neural crest defects of the ETA/ET-1 and ETB/ET-3 

mutants (Yanagisawa et al. 1998). In contrast, ECE2 null mice are grossly normal, viable, 

and fertile. Furthermore, expression of ECE2 is limited to the central nervous system, 

whereas ECE1 is detected in most adult tissues (Yanagisawa et al. 2000).   

ECE1 is posited to be the rate-limiting step of the endothelin pathway as ectopic 

expression of ECE1 and prepro-Endothelin is sufficient to upregulate downstream targets 

(Takebayashi-Suzuki et al. 2000). Accordingly, ECE1 has been implicated in the 

progression of diseases states, including diabetes, atherosclerosis, and Alzheimer’s 

disease (Barton et al. 2008). For example, ECE1 mRNA is increased in the arteries of 
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atherosclerotic mice and arterial samples of diabetic patients (Anstadt et al. 2002; 

Martínez-Miguel et al. 2009). In addition, polymorphisms in several regulatory regions of 

ECE1 influence the risk of developing Alzheimer’s disease (Jin et al. 2009; Li et al. 

2012; Scacchi et al. 2008). Despite the importance of the transcriptional regulation of 

ECE1, most work has focused on the post-translational and secretory regulation of ECE1 

(Kuruppu et al. 2012). 

 The ECE1 gene consists of 19 exons and generates four isoforms, ECE1a-d, based 

on alternative promoters that direct expression of four 5’ isoform specific exons 

(Orzechowski et al. 1997; Valdenaire et al. 1995). The isoforms maintain similar catalytic 

rates and substrate specificity, as they only differ in their N- termini and the catalytic 

domain remains unchanged (Turner et al. 1996). Tissue distribution is one major 

difference between the isoforms. For example, ECE1c is strongly expressed in several 

adult tissues, while ECE1a appears to be the main isoform expressed in endothelial cells 

(Goettsch et al. 2008; Schweizer et al. 1997). While the N- termini are responsible for the 

observed differences of subcellular localization in vitro, the functional relevance behind 

this observation remains unclear (Valdenaire et al. 1999). Interestingly, recent work on 

prostate cancer and atherosclerosis has uncovered differing expression profiles and 

functional effects of the isoforms during these disease states (Dawson et al. 2006; 

Jackson et al. 2006; Lambert et al. 2008).  

 The direct transcriptional regulation of ECE1 remains poorly understood, likely 

due to the complexity of the locus. Protein Kinase C was shown to upregulate ECE1a in 

vitro, and the Ets protein, Ets1, was posited to mediate this regulation (Orzechowski et al. 

2001). Another in vitro study demonstrated the ability of the transcription factor Nkx2.5 
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to trans-activate the ECE1b promoter (H Funke-Kaiser et al. 2003). Characterization of 

the promoter region upstream of ECE1c identified several transcriptional start sites, lack 

of a TATA motif, and an enrichment for CG dinucleotides, leading to its classification as 

a housekeeping promoter (Heiko Funke-Kaiser et al. 2003). However, it remains unclear 

whether any of the above data is relevant to the in vivo transcriptional regulation of 

ECE1.  

 ECE1 is a central component of endothelin biology in embryonic development, 

normal adult physiology, and during the development of several pathophysiological 

states. Despite this, a paucity of knowledge exists regarding the transcriptional regulation 

of ECE1. This thesis work aims to provide a careful analysis of part of the transcriptional 

network upstream of ECE1. As a result of these studies, we have found a role for the 

SoxF transcription factor Sox17 in the direct regulation of this enhancer and in the 

development and specification of the early arterio-venous system.  
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Chapter 2: Results 

Characterization of an arterial specific enhancer from the Ece1 Locus 

 The FOX:ETS motif predictive enhancer screen identified an enhancer within the  

intronic region of the human ECE1 gene (De Val et al. 2008). This enhancer, termed the 

ECE1 enhancer, sits 375 base pairs upstream of the start codon for isoform specific exon 

1a (Fig. 1B). The 5’ region of the ECE1 locus from exon1c-exon5 was analyzed by Vista 

to compare the sequence alignments from human and mouse genomes for this region. 

(Dubchak et al. 2006) Coding regions are highlighted in blue, non-coding regions are 

highlighted in pink, and untranslated regions in light blue. Vista analysis identified a non-

coding region just upstream of isoform specific exon 1a, which corresponds to the ECE1 

enhancer, circled in red (Fig. 1A). Vista calculated that the non-coding region 

corresponding the ECE1 enhancer is approximately seventy-five percent conserved 

between mouse and human.  

 In order to determine whether the predicted enhancer region functions in vivo, the 

623 base pair human enhancer was first tested in transient transgenic analyses. The 

reporter construct, schematized in Fig. 1B, was used to generate transgenic embryos, 

which were screened by X-gal staining for !-gal activity in the endothelium. From this 

initial screen, four out of five LacZ transgene positive displayed X-gal staining in the 

endothelium by whole-mount and section analysis (De Val et al. 2008). For a more 

detailed analysis, the construct was injected again to generate four stable lines. Three of 

the four lines showed !-gal activity in the endothelium at E9.5 and E11.5.  While 

moderate to light !-gal staining was observed in venous endothelium at E9.5, each of the 

three endothelium-active lines showed specific staining in the arterial endothelium by 
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E11.5 (Data not shown). Whether this early venous activity reflects true enhancer activity 

or !-gal perdurance from an earlier common progenitor of arteries and veins remains 

unclear. One line was selected for further characterization and the resulting data is 

described here.  

 To characterize ECE1 enhancer activity through embryonic development a time-

course of enhancer activity was performed. !-gal activity was present at embryonic day 

E7.75 in a pattern that is consistent with endothelial progenitors (Fig. 2A) (Shalaby et al. 

1995). Strong activity was observed in the developing paired dorsal aortae and 

endocardium at E8.5 (Fig. 2B). Continued endothelial activity was observed at E9.5 and 

E12.5 (Fig. 2C,D). To investigate enhancer activity in more mature vascular beds, 

transverse sections of E12.5 X-gal stained embryos were analyzed. !-gal staining was 

present in the endothelium of the dorsal aorta but not the cardinal vein in cranial sections 

(Fig. 2E). In more caudal regions of the embryo, !-gal activity was again present in the 

endothelium in the dorsal aorta along with umbilical arteries, but absent from cardinal 

and iliac veins (Fig. 2F,H). In the heart, enhancer activity was strongly detected in the 

endocardium overlying the endocardial cushions (Fig. 2G, arrow). Interestingly, !-gal 

activity throughout the endocardium was weakly detected by E12.5, despite strong 

activity at E8.5, suggesting down-regulation of the enhancer in later stage endocardium 

(Fig. 2B,G; asterisk).  

 In order to confirm arterial-specific activity of the ECE1 enhancer, co-

immunofluorescence studies were employed to compare enhancer activity to known 

arterial and venous markers at E12.5 (Fig. 3). Serial transverse sections of E12.5 

transgenic mouse embryos containing both dorsal aortae and cardinal veins were used for 
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staining. The arterial markers Connexin40 (Cx40) and Neuropilin-1 (Nrp1) showed 

specific expression in the arteries as reported (Fig. 2A’, A”, B’, B”) (Buschmann et al. 

2010; Sörensen et al. 2009). Co-staining with antibodies against !-gal showed overlap 

with Cx40 and Nrp1 in arterial endothelium and absence of staining in venous 

endothelium (Fig. 2A-B”). Co-staining with !-gal and the venous markers Neuropilin-2 

(Nrp2) and Coup-TFII gave expected results, with no co-localization of !-gal and the 

venous markers in venous endothelium (Fig. 2C-D”) (You et al. 2005; Yuan et al. 2002). 

 Although the presence of the enhancer within the intronic region of ECE1 

suggests that the enhancer regulates ECE1 expression, it is formally possible that the 

enhancer regulates a different gene from a distance. Although it is known that ECE1 is 

expressed in embryonic endocardium, it remains unclear whether ECE1 is expressed in 

embryonic vasculature (Yanagisawa et al. 1998; Sedmera et al. 2008). To ensure that 

enhancer activity is at least consistent with ECE1 protein expression, co-

immunofluorescence for !-gal and ECE1 was performed at E12.5. Within the 

vasculature, ECE1 was expressed in the dorsal aorta, umbilical artery, mesenteric artery, 

cardinal vein, mesenteric vein, and umbilical vein (Fig. 4A’, C’). Interestingly, ECE1 

expression was found evenly distributed throughout the developing endocardium (Fig. 

4B’). Previous reports of ECE1 expression in chick hearts showed increased ECE1 

staining in regions of high sheer-stress (Hall et al. 2004). This could possibly reflect 

differences between murine and chick ECE1 protein and/or differences in staining 

techniques. Again, !-gal staining was restricted to arterial endothelium and co-localized 

with ECE1 only within the arterial endothelium (Fig. 4A-A”, C-C”). Within the heart, !-

gal expression only co-localized with ECE1 along the endocardium overlaying the 
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endocardial cushions (Fig. 4B-B”, arrow). Although low levels of enhancer activity were 

seen in the endocardium by X-gal staining, immunofluorescence for !-gal failed to detect 

any expression within the normal endocardium (Fig. 4B). This likely reflects the 

increased sensitivity of !-gal enzymatic activity. The finding that the ECE1 enhancer 

activity domain only consists of a subset of the full ECE1 expression profile suggests that 

ECE1 may be regulated in a modular fashion by multiple regulatory elements.  

 

Identification of a required Sox cis-element within the ECE1 enhancer  

 In order to identify cis-elements that potentially regulate the ECE1 enhancer in 

addition to the FOX:ETS motif, the enhancer sequence was subjected to multiple 

sequence analysis by ClustalW (Chenna et al. 2003). Because sequence conservation 

among species reflects conservation of function, the enhancer sequences between human, 

mouse, cow, and opossum were analyzed (Fig. 5). Interestingly, little sequence 

conservation exists among these species with three obvious exceptions. The first two 

consist of the FOX:ETS motif (highlighted in pink) and an independent Ets site 

(highlighted in green). The second Ets site is expected as the FOX:ETS predictive screen 

included a second Ets site (De Val et al. 2008). Additionally, the ClustalW analysis 

identified the conserved base pairs ACAATGA, between the FOX:ETS and Ets sites, 

which is the  consensus binding site for Sox family transcription factors (Fig. 5) (Laudet 

et al. 1993).  

The requirement of the putative Sox cis-element for enhancer activity was tested 

in the same transgenic reporter assay used to identify the enhancer (Fig. 6). A construct 

was generated that contained the ECE1 enhancer sequence with a four base pair mutation 
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within the Sox site (ECE1 Sox mut). Embryos were collected at E12.5 and vascular 

specific LacZ activity was not detected  (0/3 LacZ positive). As a expected, mutation of 

the FOX:ETS motif (ECE1 FOX:ETS mut) also abolished enhancer activity at E12.5 (0/3 

LacZ positive). 

Electrophoretic Mobility Shift Assay (EMSA) was used to test whether Sox 

proteins bind to the putative Sox element within the ECE1 enhancer in vitro (Fig. 7). The 

Sox family of transcription factors consists of twenty factors, which are categorized into 

ten subfamilies (Bowles et al. 2000). Sox7, Sox17, and Sox18 make up the SoxF 

subfamily and are known to play important roles in cardiovascular development 

(Francois et al. 2010). For EMSA analyses, in vitro translated proteins for Sox7, Sox17, 

and Sox18 were made and incubated with either a radiolabeled control Sox site oligo or 

radiolabeled oligo containing the ECE1 Sox site and subjected to electrophoresis on an 

acrylamide gel (Fig. 7A-C) (Niimi et al. 2004). A change in mobility of the oligo 

indicates that protein is bound to the radiolabeled oligo. As seen in Fig. 7, all SoxF 

members can bind the control Sox oligo and ECE1 oligo. Radiolabeled oligo and protein 

were also incubated with an excess of unlabeled competitor oligo to ensure that the shift 

indicates a specific binding event between oligo and protein (denoted C for control Sox 

oligo or E for ECE1 Sox oligo). Unlabeled oligos containing a mutation in the Sox site 

(Cm or Em) were also used to try to compete protein away from the radiolabeled oligo. 

SoxF proteins still bound to the oligo even the presence of Cm or Em, indicating that the 

protein binding is specific to the Sox sites. 
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Sox17 cooperates with Foxc2 & Etv2 to activate the ECE1 enhancer 

 Several enhancers containing a FOX:ETS motif can be synergistically activated 

by Foxc2 and Etv2 through the FOX:ETS motif (De Val et al. 2008). To test whether this 

synergistic activity is present on the ECE1 enhancer, transcriptional reporter assays were 

performed in COS-1 cells (Fig. 8). A 170 bp region containing the FOX:ETS, Sox, and 

second Ets elements of the ECE1 enhancer was cloned upstream of the thymidine kinase 

minimal promoter to direct expression of !-galactosidase (ECE1-Tk-!gal). ECE1-Tk-

!gal was co-transfected into COS-1 cells with expression plasmids for either empty 

vector pRK5, Etv2, Foxc2, or Etv2 and Foxc2 in combination. As a control, the above 

expression plasmids were also tested for their ability to trans-activate the empty reporter 

Tk-!gal (Fig. 8). Transcriptional activity was calculated as fold of !-gal activity 

normalized to total protein concentration of experimental sample over Tk-!gal co-

transfected with pRK5. Consistent with other FOX:ETS enhancers, Foxc2 and Etv2 

synergistically activated ECE1-Tk-!gal. Together, Foxc2 and Etv2 activated the enhancer 

approximately 70-fold, while Foxc2 activated the enhancer 16-fold and Etv2 activated the 

enhancer approximately 7-fold (Fig. 8). When Foxc2 and Etv2 were co-transfected with a 

plasmid containing the 170 bp enhancer with a mutated FOX:ETS site (ECE1-FEm-Tk-

!gal) transcriptional activity was lost, demonstrating that the FOX:ETS motif is required 

for this synergistic activitation of the ECE1 enhancer. 

 Although EMSA analyses demonstrated the ability of SoxF factors to bind the 

Sox site in the ECE1 enhancer, these experiments did not probe SoxF’s ability to 

transcriptionally activate the enhancer. Consequently, the transcriptional reporter assay 
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described previously was performed using ECE1-Tk-!gal co-transfected with expression 

plasmids for Sox7, Sox17, and Sox18 (Fig. 9-A). Sox7 activated the enhancer 

approximately 5-fold, Sox17 activated 32-fold, and Sox18 activated approximately 3-

fold. It should be noted that addition of Sox17 also trans-activated the empty reporter Tk-

!gal approximately 6-fold for unknown reasons. As Sox transcription factors often 

function with co-factors, the ability of SoxF factors to modulate Foxc2 and Etv2 

synergistic activity was also tested (Fig. 9B) (Kamachi et al. 2000). Sox7, Sox17, or 

Sox18 was co-transfected with Foxc2 and Etv2 in addition to ECE1-Tk-!gal (Fig. 9B). 

Sox7 did not have a significant effect on Foxc2 and Etv2 synergy; addition of Sox7 led to 

approximately 50-fold activity compared to 60-fold with Foxc2 and Etv2 alone (Fig. 9B). 

Interestingly, Sox17 substantially increased Foxc2 and Etv2 synergy to 163-fold as 

compared to 60-fold alone, but Sox18 actually decreased Foxc2 and Etv2 synergy to 15-

fold (Fig. 9B). 

 Because Sox17 positively augmented Foxc2 and Etv2 synergy, we questioned 

whether Sox17 synergized with each factor individually or if the increased activation 

required all three factors. Expression plasmids for Sox17 and Foxc2 were co-transfected 

alone or in combination with ECE1-Tk-!gal (Fig. 10A). Sox17 and Foxc2 synergistically 

activated the ECE1 enhancer 62-fold as compared to 16-fold activation by Foxc2 alone 

and 21-fold activation by Sox17. Sox17 also synergized with Etv2, as the two factors 

activated the enhancer 41-fold as compared to 7-fold for Etv2 alone and 16-fold for 

Sox17 alone (Fig. 10B).  

 To test the cis-element requirements for Foxc2, Etv2, and Sox17 synergy, we 

repeated transcriptional reporter assays with ECE1-Tk-!gal containing mutations in the 
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FOX:ETS motif (ECE1-FEm-Tk-!gal), Sox site (ECE1-Sm-Tk-!gal), and both 

FOX:ETS and Sox sites (ECE1-FESm-Tk-!gal) (Fig. 11). As expected, Foxc2 and Etv2 

synergy was abolished by mutation of the FOX:ETS motif but was unaffected by 

mutation of the Sox site. Synergy between Sox17 and Foxc2 was diminished from 62-

fold to 13-fold and 12-fold by mutation of FOX:ETS and Sox sites, respectively (Fig. 

11). Interestingly, the fold activity decreased further to 2-fold when both elements were 

mutated together. A similar pattern was seen for Sox17 and Etv2 synergy. Activation was 

decreased from 40-fold to 18-fold and 6-fold by mutation of FOX:ETS and Sox sites 

respectively, and further decreased to approximately 3-fold when both sites were 

mutated. Even more striking was Foxc2, Etv2, and Sox17 synergy on the various mutant 

reporters. Individual mutation of the FOX:ETS and Sox elements only decreased the 160-

fold activity to 45-fold and 31-fold, respectively. However, the combined FOX:ETS and 

Sox mutant diminished activity to 2-fold (Fig. 11). The observation that both cis-elements 

must be mutated to completely abrogate activation by all three factors suggests that a 

complex may be formed between the factors and this complex can be recruited by either 

site. However, that the activity on either single mutant is not as robust as the intact 

enhancer underscores the importance of both FOX:ETS and Sox cis-elements for trans-

activation of the enhancer.  

 

The ECE1 Sox cis-element is required for enhancer activity in cultured aortic cells 

and is occupied by Sox17 

 Previous studies of ECE1 promoter regions utilized bovine aortic endothelial cells 

(BAECs) to characterize potential required cis-elements within the promoter regions. 
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Interestingly, one study of the promoter region upstream of Exon1a unknowingly 

included the FOX:ETS motif along with the Sox element (Orzechowski et al. 1999). This 

study delimited a 1.5kb region upstream of the transcriptional start site for exon1a that 

was sufficient to direct transcriptional activity in BAECs. However, this study did not 

identify the FOX:ETS motif, Sox element, or any other cis-elements required for basal 

activity. In order to examine this in further detail, ECE1-Tk-!gal was transfected into 

BAEC and !-gal levels were compared to empty vector Tk-!gal as described above (Fig.  

12). Interestingly, ECE1-Tk-!gal exhibits approximately 8-fold basal activity compared 

to Tk-!gal, indicating that the 170 bp region contains cis-elements that are sufficient to 

drive transcription in BAECs. The requirement of the FOX:ETS motif and Sox site for 

transcriptional activity was tested by transfecting ECE1-FEm-Tk-!gal, ECE1-Sm-Tk-

!gal, and ECE1-FESm-Tk-!gal into BAECs (Fig. 12). Although the FOX:ETS motif was 

sufficient to predict endothelial enhancers, and thus endothelial transcriptional activity, 

mutation of the FOX:ETS motif did not hinder transcriptional activity of the ECE1 

enhancer in BAECs. In striking contrast, mutation of the Sox site alone decreased 

transcriptional activity from 8-fold to 2-fold. This 2-fold activity was further decreased to 

background levels with both Sox and FOX:ETS sites mutated. Furthermore, Sox17 

occupies the ECE1 enhancer in BAECs, according to Chromatin Immunoprecipitation 

(ChIP) (Fig. 13). An antibody against Sox17 was able to specifically pull down the ECE1 

enhancer region as seen by a positive signal with PCR primers encompassing the ECE1 

enhancer and a negative signal for PCR primers against GAPDH. Pulldown with goat IgG 

isotype control also failed to generate a positive signal, demonstrating the specificity of 

the Sox17 antibody (Fig. 13). These data highlight the importance of the Sox cis-element 
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in endothelial specific transcription and may reflect a requirement in more mature, 

differentiated arterial endothelial cells. 

 

Sox17 controls arterio-venous identity and morphogenesis   

The above study of the ECE1 enhancer demonstrates the importance of the Sox 

cis element in addition to the FOX:ETS motif in endothelial specific transcription. The 

existence of several pan-endothelial FOX:ETS enhancers suggests that the FOX:ETS 

motif is not sufficient to direct transcription to more specified endothelial cell types, (e.g. 

venous, arterial, lymphatic, or endocardial) but that additional layers of regulation are 

required. Although the above data cannot prove that the Sox site is directing arterial 

specific transcription, we decided to investigate Sox17’s potential role in arterio-venous 

specification.  

 Although Sox17 is expressed in the dorsal aortae in early stages of arterial 

development, it is not known whether this expression persists or remains specific to the 

arteries at later stages of development (Sakamoto et al. 2007). Co-immunofluorescence 

studies of Sox17 and the ECE1 enhancer at E12.5 confirmed arterial specific expression 

of Sox17 at later developmental stages (Fig. 14). Sox17 co-localized with !-gal in the 

dorsal aorta, mesenteric artery, and umbilical artery, but was not expressed in the cardinal 

vein or mesenteric vein (Fig. 14A-A”, C-C”). Interestingly, Sox17 was not expressed 

throughout the endocardium (data not shown) but did co-localize with !-gal staining in 

the endocardium overlaying the endocardial cushions (Fig. 14B-B”). This congruent 

pattern between Sox17 expression and the ECE1 enhancer activity further supports the 

notion that Sox17 regulates the enhancer. 
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 To first investigate Sox17’s potential role in arterio-venous specification, Sox17 

was knocked-down in BAECs by siRNA and markers for arterial and venous 

endothelium were analyzed (Fig. 15). Specific knock-down of Sox17 was observed as 

Sox17 transcript decreased by 65 percent, but neither Sox7 nor Sox18 transcript levels 

were affected (Fig. 15B). Pan-endothelial markers were also investigated and mostly 

remained unchanged by Sox17 knock-down with the exception of CD31. As expected 

ECE1 transcript levels were unaffected likely due to functional redundancy by other 

promoters and enhancers. Of the three arterial markers examined, both Dll4 and 

EphrinB2 were significantly downregulated (Fig. 15A). For venous markers, only Nrp2 

was significantly upregulated; however, both APJ and Flt4 trended towards increased 

expression over control (Fig. 15A). 

 With the above in vitro data supporting a role in arterio-venous specification, we 

decided to examine Sox17’s role in arterio-venous sub-specification in vivo. A 

conditional strategy to delete Sox17 specifically in the endothelium was employed since 

global knockout of Sox17 results in severe endoderm defects and embryonic lethality at 

early E9.5 (Kanai-Azuma et al. 2002). Conditional deletion was achieved using Cre/Lox 

technology where LoxP sites were introduced surrounding the entire coding region of 

Sox17 and the presence of Cre recombinase initiates recombination between the two 

LoxP sites, thus deleting the gene where Cre is present. Endothelial specific Cre 

expression was achieved by crossing Sox17 flox mice into transgenic Tie2-Cre animals, 

in which expression of Cre is controlled by the pan-endothelial Tie2 promoter and 

enhancer regions (Kisanuki et al. 2001). This strategy was designed and employed in a 

previous study of Sox17’s role in hematopoietic stem cells that determined endothelial 
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specific deletion causes embryonic lethality by E13.5 but did not report any specific 

defects within the vasculature (Kim et al. 2007). Endothelial specific Sox17 nulls were 

smaller than littermate controls and displayed some light blood pooling at E9.5 (Fig.  

16A). However, they did not appear to suffer the gross morphological defects observed in 

global Sox17 nulls (Kanai-Azuma et al. 2002). To confirm endothelial deletion of Sox17 

immunofluorescence staining was performed on transverse sections of endothelial 

specific nulls and control littermates (Fig. 16B). Co-staining of Sox17 and a pan-

endothelial marker Endomucin showed that arterial Sox17 is below the level of detection 

in endothelial specific nulls as compared to controls.  

Further examination of Endomucin stained sections uncovered vascular 

morphogenesis defects in Sox17 vascular nulls (Fig. 17). In control littermates the 

cardinal vein and dorsal aorta are properly formed, exhibiting correct spacing between 

vessels, normal vessel size and lumenization (Fig. 17, A-A”). In contrast, Sox17 

endothelial specific nulls display aortic constriction, improperly formation and spacing of 

veins, and an improper connection between the dorsal aorta and sinus venosus (Fig. 17, 

B-B”). This range of phenotypes has been observed previously in mouse mutants 

exhibiting arterio-venous defects (Benedito et al. 2008; Corada et al. 2010).  

To determine whether molecular markers of arterial specification are properly 

expressed in Sox17 endothelial nulls in situ hybridizations for Dll4 and Gja5 

(Connexin40) were performed. In control sections, Dll4 was properly expressed in 

arterial endothelium and was absent from venous endothelium in sections through the 

trunk and tail (Fig. 18, A, A’). In Sox17 endothelial specific nulls, Dll4 was expressed in 

arterial endothelium but was also expanded to aberrant vessels beyond the arterial 
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compartment and in the sinus venosus (Fig. 18, B, B’). Interestingly, the arterial marker 

Gja5 did not display the same behavior as Dll4 in Sox17 nulls. Normal Gja5 expression 

was seen in the dorsal aorta of control littermates (Fig. 19, A, A’). However, this 

expression was lost in Sox17 endothelial specific nulls in the dorsal aorta (Fig. 19, B, B’). 

Interestingly, Gja5 expression exists in vessels that positionally correlate to the cardinal 

veins (Fig. 19, B, arrow). Although these data are preliminary in nature and a more robust 

expression analysis is required, these data suggest that Sox17 is required for proper 

arterio-venous morphogenesis and specification.  
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Figure Legends 

Figure 1. Vista plot and schematic of the ECE1 locus and enhancer.  

A) Vista plot depicting the ECE1 locus from exon 1c to exon 4. Conservation peaks 

correspond to percentage of conservation between mouse and human sequences. The 

circled enhancer region is less than 75% conserved between mouse and human. Pink 

peaks are non-coding regions, blue are coding regions, and light blue are untranslated 

regions. B) Schematic of the ECE1 locus from exon 1c to exon 4. Vertical bars indicate 

exons. Below is schematic of construct used to generate transgenic mice, where the 623 

base pair enhancer is upstream of the heterologous promoter HSP68 fused the reporter 

gene LacZ and a polyadenylation signal. 

 

Figure 2. The ECE1 enhancer is active in the developing arterial endothelium.   

Whole-mount (A-D) and transverse sections (E-H) of X-gal stained embryos transgenic 

for the ECE1 enhancer. Whole-mount staining of embryonic timepoints E7.75 (A), E8.5 

(B), E9.5 (C), and E12.5 cleared with benzyl alcohol:benzyl benzoate (D). Transverse 

sections show staining in arterial but not venous endothelium at E12.5 (E, F, H). X-gal 

staining is weak throughout the endocardium (asterisk in G) except the endocardium 

overlying the endocardial cushions (arrow in G). dA = dorsal aorta, uA = umbilical 

artery, cV = cardinal vein, iV = Iliac Vein. Scale bars in all panels = 100"m. 
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Figure 3.  The ECE1 enhancer co-localalizes with markers of arterial endothelium 

but not venous markers. 

The activity of the ECE1 enhancer by immunofluoresence against !-gal was compared to 

arterial and venous markers at E12.5. Co-immunofluorescence for !-gal (A, A”, B, B”) 

and arterial markers Connexin40 (A’, A”) and Neuropilin-1 (B’, B”) showed co-

localization in the dorsal aorta. Comparison of !-gal (C, C”, D, D”) to venous markers 

Neuropilin-2 (C’, C”) and Coup-TFII showed an absence of #-gal  in the cardinal vein. 

dA = dorsal aorta, cV = cardinal vein. Scale bars in all panels = 100"m.  

 

Figure 4.  The ECE1 enhancer comprises only a subset of the ECE1 expression 

domain. 

Co-immunofluorescence for !-gal was compared to endogenous ECE1 expression at 

E12.5. ECE1 protein is expressed in both dA and cV (A’, A”) and only co-localizes with 

the ECE1 enhancer in the dA (A, A”). In the heart, ECE1 protein is expressed throughout 

the endocardium (B’, B”, asterisk) yet only co-localized with the ECE1 enhancer in the 

endocardium overlying the cardiac cushions (B, B”, arrow). In the caudal region, ECE1 is 

expressed in both mesenteric vein and artery and umbilical artery (C’, C”) while the 

ECE1 enhancer only co-localized with ECE1 in the mesenteric and umbilical arteries (C, 

C”). dA = dorsal aorta, mA = mesenteric artery, uA = umbilical artery cV = cardinal vein, 

mV = mesenteric vein. Scale bars in all panels = 100"m.  
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Figure 5.  The ECE1 enhancer contains deeply conserved transcription factor 

binding sites. 

ClustalW analysis was used to compare the ECE1 enhancer across mouse, human, cow, 

and opossum sequences. The human sequence depicted is from build hg19 on Chr1: 

21,606,305-21,606,927. The mouse sequence is from build mm9 Chr4: 137,475,834-

137,476,446. The Cow sequence is from build bosTau7 Chr2: 137,099,861-137,100,460. 

The Opossum sequence is from build monDom5 Chr4: 357,040,561-357,041,040. The 

FOX:ETS motif and a second Ets site are conserved through all species tested and 

highlighted in pink and green respectively. A consensus Sox site, highlighted in blue, is 

also deeply conserved and sits between the FOX:ETS and second Ets sites. Note the 

absence of other clusters of conserved sequences.  

 

Figure 6.  The FOX:ETS and Sox cis-elements are required for Ece1 enhancer 

activity in vivo. 

Transgenic constructs were made to contain either a 2 base pair mutation in the FOX:ETS 

motif  (ECE1 FOX:ETS mut) or a 4 base pair mutation in the Sox motif (ECE1 Sox mut) 

and used to generate transgenic embryos. Embryos were collected at E12.5 and assayed 

by X-gal staining. Embryos containing the ECE1 FOX:ETS mut and ECE1 Sox mut 

transgenes embryos did not display !-gal activity, with 0/3 !-gal positive/transgene 

positive for each construct. 7/9 !-gal positive/transgene positive was observed for the 

wildtype ECE1 enhancer.  
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Figure 7. SoxF proteins can bind the Sox cis-element in the ECE1 enhancer.  

EMSA was used to determine the ability of SoxF proteins to bind the Sox site in the 

ECE1 enhancer. Recombinant Sox7 (A), Sox17 (B), and Sox18 (C) proteins were 

generated by in vitro translation and tested against radiolabeled oligos containing either a 

control Sox site or the Sox site from the ECE1 enhancer. The resulting band shift 

indicates protein binding to the oligo. To check for binding specificity, unlabeled oligos 

containing either the wildtype or mutated Sox site for both Control and Ece1 oligos were 

added to compete for binding with the protein. Wildtype control and ECE1 oligos 

competed for binding, while control and ECE1 oligos containing a mutated Sox site 

failed to compete. C= control Sox oligo, Cm = control oligos containing Sox mutation, E 

= ECE1 Sox oligo, Em = ECE1 oligo containing Sox mutation.  

 

Figure 8. Foxc2 and Etv2 synergistically activate the ECE1 enhancer.  

Transcriptional activity of a 170 bp region of the ECE1 enhancer encompassing the 

conserved transcription factor binding sites was tested in COS-1 cells 48 hr after 

transfection. A plasmid containing the 170 bp region upstream of the thymidine kinase 

minimal promoter driving !-galactosidase (ECE1-Tk-!gal ) was co-transfected with 

expression plasmids for Foxc2 and Etv2 separately or in combination. Activation by 

Foxc2 and Etv2 in combination or alone was abrogated by mutation of the FOX:ETS site 

(Ece1-Fem-Tk-!gal , grey bars) and absent in the empty vector control (Tk-!gal ,white 

bars). !-gal levels were normalized to protein concentration for each sample. Data are 
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represented as fold activation over empty vector (Tk-!gal) transfected with empty 

expression plasmid (pRK5). Error bars reflect SEM for n=8 independent experiments.  

 

Figure 9. Comparison of SoxF transcriptional activity on the ECE1 enhancer.  

A) Expression plasmids for Sox7, Sox17, and Sox18 were co-transfected with ECE1-Tk-

!gal (black bars) or Tk-!gal (white bars) in COS-1 cells and cells were harvested 48 hr 

later. B) Ability of SoxF factors to cooperate in Foxc2 and Etv2 synergy was tested in 

COS-1 cells. Expression plasmids for Sox7, Sox17, or Sox18 were co-transfected with 

expression plasmids for Foxc2 and Etv2 in addition to ECE1-Tk-!gal reporter plasmid 

(black bars) or empty vector Tk-!gal (white bars). !-gal levels were normalized to 

protein concentration for each sample. Data are represented as fold activation over empty 

vector (Tk-!gal) transfected with empty expression plasmid (pRK5). Error bars reflect 

SEM for n=5 independent experiments.  

 

Figure 10. Sox17 synergizes with Foxc2 and Etv2   

A) Expression plasmids for Sox17 and Foxc2 were transfected alone or in combination 

along with ECE1-Tk-!gal reporter (black bars) or empty vector Tk-!gal  (white bars). 

B) Expression plasmids for Sox17 and Etv2 were transfected alone or in combination 

along with ECE1-Tk-!gal  (black bars) or empty vector (white bars). !-gal levels were 

normalized to protein concentration for each sample. Data are represented as fold 

activation over empty vector (Tk-!gal) transfected with empty expression plasmid 

(pRK5). Error bars reflect SEM for n=8 independent experiments.  
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Figure 11. Synergy between Sox17, Foxc2, and Etv2 requires both FOX:ETS and 

Sox cis-elements.  

Combinatorial comparison of Foxc2, Etv2, and Sox17 transcriptional activity on ECE1-

Tk-!gal (black bars), ECE1-FEm-Tk-!gal (dark grey bars), ECE1-Sm-Tk-!gal (light grey 

bars), and ECE1-FESm-Tk-!gal (lined dark grey bars), which contains both FOX:ETS 

and Sox mutations, in COS-1 cells. Activity was abrogated to 2-fold by mutation of both 

FOX:ETS and Sox elements. !-gal levels were normalized to protein concentration for 

each sample. Data are represented as fold activation over empty vector (Tk-!gal) 

transfected with empty expression plasmid (pRK5). Error bars reflect SEM for n=8 

independent experiments.  

 

Figure 12. Sox cis-element is required for basal activity of the ECE1 enhancer in 

cultured Bovine Aortic Endothelial Cells.  

Reporter plasmids ECE1-Tk-!gal, ECE1-FEm-Tk-!gal, ECE1-Sm-Tk-!gal, and ECE1-

FESm-Tk-!gal along with empty vector Tk-!gal were transfected into BAECs and 

harvested 48 hr later. Both ECE1-Tk-!gal and ECE1-FEm-Tk-!gal showed apprx 8-fold 

higher basal activity compared to Tk-!gal. Mutation of the Sox site in  

ECE1-Sm-Tk-!gal and ECE1-FESm-Tk-!gal decreased basal activity to 2-fold and 1-

fold, respectively. !-gal levels were normalized to protein concentration for each sample.  

Error bars reflect SEM for n=6 independent experiments.  
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Figure 13. Sox17 is present at the endogenous ECE1 enhancer locus via ChIP 

Chromatin from BAECs was cross-linked with formaldehyde, sheared, and 

immunoprecipitated with an antibody against Sox17 or an IgG isotype control. Purified 

immunoprecipitated DNA and input DNA were amplified with primers flanking 250 bp 

region of the bovine ECE1 enhancer or with primers flanking a 470 bp region of GAPDH 

as a negative control. The ECE1 enhancer was specifically amplified from chromatin 

immunoprecipitated with an anti-Sox17 antibody indicating Sox17’s presence at the 

enhancer in BAECs.  

 

Figure 14. Sox17 co-localizes with activity of the ECE1 enhancer in vivo. 

Co-immunofluoresence for ECE1 enhancer activity by staining for !-gal (A, A”, B, B”, 

C, C”) and Sox17 (A’, A”, B’, B”, C’, C”) at E12.5. !-gal and Sox17 were co-expressed 

in the dorsal aorta (A-A”), mesenteric and umbilical arteries (C-C”), and in the 

endocardium overlying the endocardial cushions (B-B”). Note the absence of Sox17 in 

venous endothelium. dA = dorsal aorta, mA = mesenteric artery, uA = umbilical artery 

cV = cardinal vein, mV = mesenteric vein. Scale bars in all panels = 100"m.  

 

Figure 15. Sox17 knock-down leads to misregulation of arterial and venous genes in 

BAECs. 

A) BAECs were transfected with 20pmol total of siRNAs against Sox17 or 20pmol of 

control siRNAs for 24hr before harvesting. qRT-PCR for pan-endothelial, arterial, and 

venous markers was performed on siRNA treated and control samples. CD31, EphrinB2, 

and Dll4 were significantly decreased after Sox17 siRNA treatment, while Nrp2 was 
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increased. SEM and p values were determined from 3 independent experiments. B) Sox17 

knock-down specifically decreased Sox17 transcript levels. qRT-PCR for SoxF factors 

was performed on control and Sox17 siRNA treated cDNA. Sox17 siRNA decreased 

Sox17 transcript levels approximately 65% compared to control, while Sox7 and Sox18 

transcript levels were unaffected.  

 

Figure 16. Endothelial specific deletion of Sox17 causes gross morphological defects 

A) Endothelial specific Sox17 nulls were growth retarded and display slight blood 

pooling at E9.5 compared to control littermates. Control embryos are Sox17
$/fl 

but lack 

the Tie2-Cre transgene. B) Co-immunofluoresence for !-gal (A, A”, B, B”) and Sox17 

(A’, A”, B’, B”) is shown on control sections (A-A”) and Sox17 endothelial specific null 

sections (B-B”). Strong staining for !-gal and Sox17 is seen in the control, while Sox17 

is below the level of detection in the mutants. dA = dorsal aorta.  Scale bars in all panels 

= 100"m.  

 

Figure 17. Endothelial specific deletion of Sox17 leads to arterial and venous 

morphogenic defects 

Transverse sections of control and Sox17 endothelial specific nulls were stained with the 

pan-endothelial marker Endomucin to analyze vascular morphogenesis at E9.5. Sox17 

endothelial specific nulls display aortic constriction (*), poorly defined veins (**), and 

shunting between the dorsal aorta and sinus venosus (arrow) (B-B’) when compared to 

controls (A-A’). dA = dorsal aorta, cV = cardinal vein. Scale bars in all panels = 100"m.  
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Figure 18. Loss of Sox17 leads to expansion of Dll4 expression pattern.  

In situ hybridization for Dll4 on control sections (A, A’) and Sox17 conditional null 

sections (B, B’) at E9.5. In control sections Dll4 is expressed in specifically in arterial 

endothelium in the trunk (A) and tail (A’) sections. In Sox17 endothelial specific nulls 

Dll4 is also expressed in arterial endothelium, but is also expressed in non-arterial vessels 

(B, B’). dA = dorsal aorta, cV = cardinal vein. Scale bars in all panels = 100"m.  

 

Figure 19. Loss of Gja5 in arterial endothelium in Sox17 conditional nulls. 

In situ hybridization for Gja5 on control sections (A, A’) and Sox17 conditional null 

sections (B, B’) at E9.5. Gja5 is absent from arterial endothelium in Sox17 conditional 

nulls as compared to control sections. dA = dorsal aorta, cV = cardinal vein. Scale bars in 

all panels = 100"m.  
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 Chapter 3: Discussion 

Anatomists from ancient Greece were the first to appreciate that blood flows in 

two distinct vessel types. Nearly twenty centuries would pass before William Harvey 

provided a complete description of the circulatory system (Schultz 2002). Nearly twenty 

years ago the first genetic distinctions between arteries in veins were discovered, 

kickstarting a field of study to understand the molecular events governing the formation 

of arteries and veins (Wang et al. 1998).  

While the signaling pathways regulating arterio-venous morphogenesis and 

specification are well described, the requisite transcription factor networks remain poorly 

understood. The work described here is the first characterization of a well-defined 

enhancer with specific activity in arterial endothelium. A previous study described an 

arterial-specific 9.2kb regulatory fragment from the Alk1 locus, but required cis-elements 

for this activity were not identified likely owing to the large size of the fragment (Seki et 

al. 2004). In contrast, the ECE1 enhancer is 623 base pairs allowing investigation of the 

contained cis-elements (Fig. 5). Surprisingly, conservation analysis identified only one 

additional conserved element besides the FOX:ETS motif, a Sox binding site positioned 

directly between the FOX:ETS motif and second Ets site. EMSAs confirmed the ability 

of Sox factors to bind this element. 

Given the abundance of pan-endothelial FOX:ETS enhancers an enticing 

speculation is that the Sox site confers arterial specificity to the enhancer. However, 

ablation of the Sox site in vivo did not expand enhancer activity to the veins, but instead 

abrogated enhancer activity (Fig. 6). This does not rule out a role for the Sox element in 

directing arterial specificity, but this result suggests that the element may also function 
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with the FOX:ETS motif for the initial activation of the enhancer. Indeed, our cell culture 

studies support this notion, as Sox17 was able to strongly synergize with Foxc2 and Etv2 

pairwise or in combination with all three factors (Fig. 9). Interestingly, the Sox site is 

required for enhancer activity in an arterial specified cell type (Fig. 12). This was in 

contrast to the FOX:ETS motif that is not required for activity in this context. These data 

are consistent with the idea that cooperation between Forkhead, Ets, and SoxF factors 

initiates enhancer activity, followed by arterial specification or maintenance of arterial 

gene expression by SoxF factors.  

 This study also adds to our understanding of the transcriptional regulation of 

ECE1. Comparison of the ECE1 enhancer activity to the endogenous protein 

demonstrated that the enhancer comprises only a subset of the full ECE1 expression 

pattern (Fig. 4). This observation strongly suggests that multiple modular enhancers and 

promoters regulate ECE1, which is consistent with the known alternative promoter usage 

for the gene (Orzechowski et al. 1997). Given ECE1's role in arterial function, one could 

hypothesize that an arterial specific enhancer offers the ability to modulate gene 

expression in response to the complex hemodynamics experienced by the arterial system 

in order to maintain proper vascular tone. This specific enhancer activity could also allow 

for the observed upregulation of ECE1 observed during atherosclerosis (Martínez-Miguel 

et al. 2009). Future work should determine whether ECE1 enhancer activity is modulated 

by hemodynamic forces and during vascular dysfunction in the adult arterial system.  

 While the expression pattern of the various ECE1 isoforms has been investigated 

in adult tissues, whether the expression of the isoforms varies in a spatio-temporal 

manner during embryonic development remains unknown. Given the proximity of the 
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ECE1 enhancer to the isoform ECE1a, it would be of interest to determine whether 

ECE1a is also arterially restricted during vasculogenesis.  

Although our data demonstrated Sox17's ability to trans-activate the ECE1 

enhancer, knock-down of Sox17 failed to affect ECE1 transcript levels in BAECs (Fig. 

15). This could suggest that other regulatory regions are sufficient to direct expression of 

ECE1 in arterial cells. Another possibility is that Sox17 influences regulation of a 

specific ECE1 isoform, which was overlooked as the primers used in this study were 

designed to probe all isoforms.  

Although the data presented in this study promote Sox17 as the SoxF factor 

involved in ECE1 enhancer regulation, our data do not exclude the possibility that Sox7 

and/or Sox18 also regulate the enhancer. While Sox17 was shown to occupy the enhancer 

by ChIP in BAECs, efforts to probe Sox7 and Sox18 occupancy proved inconclusive 

(Fig. 13). Although Sox7 and Sox18 do not positively function with Foxc2 and Etv2 in 

vitro (Fig. 9B), Sox7 and Sox18 are also expressed in early arterial endothelium, allowing 

for the possibility that they may also regulate the ECE1 enhancer (Sakamoto et al. 2007). 

However, it is unknown whether arterial expression of Sox7 and Sox18 is maintained 

throughout arteriogenesis. Sox factors are known to be functionally redundant and are 

unlikely to discriminate among Sox binding sites (Kamachi et al. 2000). The fact that 

Sox7 and Sox17 can only partially substitute for Sox18 during lymphangiogenesis 

suggests that inherent differences between SoxF factors exist (Hosking et al. 2009). 

Plausible examples of inherent differences could be differential co-factors interactions 

and/or inputs from upstream signaling pathways.  
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The predictive power of the FOX:ETS motif to identify novel endothelial 

enhancers greatly expanded our understanding of endothelial specification. The present 

study demonstrates that FOX:ETS enhancers can be subspecified into arterial specific 

activity and begs the question if FOX:ETS enhancers can be further specified to other 

endothelial types like lymphatic, venous, or endocardial endothelium. If true, one could 

hypothesize that additional elements are required for this proposed subspecification, 

leading to a model where FOX:ETS is required for the initial endothelial activation and 

other factors refine activity to various cell types. It is also of interest whether this study 

can provide the basis for a secondary predictive screen for arterial specific promoters and 

enhancers. As mentioned above, regulatory elements conferring arterial specificity 

remain largely unknown, contributing to our paucity of knowledge regarding 

transcriptional control of arterial specification. Identification of novel arterial specific 

regulatory elements could potentially shed light on the upstream transcriptional networks 

regulating arterial specification.  

Previously, the emergence of arteries and veins during vasculogenesis has been 

described as a remodeling event of the primary plexus (Risau et al. 1995). While this 

appears to remain true for the yolk sac arterio-venous system, recent work has established 

a stepwise pattern for the appearance of the first arteries and veins. In Chong et al., the 

Flk1-LacZ reporter was used to investigate the earliest steps of vasculogenesis in the 

embryo proper (Chong et al. 2011). The authors observed that endothelial progenitors 

coalesced into two paired cords between E7.75-E8.0, which eventually become the paired 

dorsal aorta. While the vitelline vein formed shortly thereafter, the first embryonic 

cardinal veins did not appear until after turning stage. They noted the cardinal veins did 
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not form from well-defined cord-like structures, but instead appeared to form from a 

loose plexus (Chong et al. 2011). Studies in the zebrafish have also challenged the 

standard model of arterial and venous morphogenesis. Using live imaging studies, 

Herbert et al., proposed a model where venous endothelium segregates from a common 

precursor vessel that eventually develops into the artery (Herbert et al. 2009). This sort of 

model is consistent with a study that demonstrated that the size of the dorsal aortae and 

cardinal veins is reciprocally balanced (Kim et al. 2008). Analysis of Notch and 

EphrinB2/EphB4 mutants showed these mutations cause smaller arteries led to larger 

veins and vice versa. These data implicate a cell sorting mechanism between arteries and 

veins, which is consistent with the known cell-sorting functions of the Ephrin/Eph system 

in other developmental processes (Pitulescu et al. 2010). However, whether the model 

purported in Herbert et al, exists in mammals remains unknown. In the future, detailed 

analysis of arterial and, yet to be identified, venous specific enhancer activity between 

E8.5-E9.5 could shed light on this issue. 

This work also provides evidence for the role of Sox17 in arterio-venous 

specification. In BAECs, loss of Sox17 resulted in misregulation of several arterial and 

venous markers (Fig. 15A). Strikingly, analysis of endothelial specific Sox17 nulls 

demonstrated the loss of arterial marker Gja5 and what appears to be an expansion of the 

arterial gene Dll4 (Figs. 18 & 19). Although it is unclear why there would be a 

differential response between two markers, recent work showed that expression of Gja5 

and Dll4 have differential reactions in a flow-less embryonic model, where Gja5 was 

downregulated while expression of Dll4 was maintained (Chong et al. 2011).  A more 



! ))!

extensive arterio-venous marker analysis will help identify putative target genes and 

uncover the full extent of arterio-venous perturbation by loss of Sox17.  

This is the first study to report vascular malformations in Sox17 endothelial 

specific nulls. Germline Sox17 knockouts die at around E9.5 from severe morphological 

defects due to improper gut endoderm development, preventing analysis of the 

vasculature (Kanai-Azuma et al. 2002). Hematopoietic defects were reported by 

endothelial specific deletion of Sox17, but that study did not report any defect in vascular 

development. Hemogenic endothelium is a known source of embryonic hematopoietic 

stem cells and arises from the arterial endothelium of the AGM (aorta-gonads-

mesonephros region) (Zape et al. 2011). Therefore is it plausible that the hematopoietic 

defects previously reported are secondary to the morphogenetic and specification defects 

of the Sox17 endothelial specific nulls. 

The morphological defects caused by loss of Sox17 are consistent with other 

mutant models where arterio-venous identity is lost. Serial section analysis of Sox17 

vascular specific nulls displayed abnormal arterial caliber, improperly formed veins, and 

shunting between the dorsal aorta and sinus venosus (Fig. 17). These defects were 

observed in Notch pathway, Forkhead, and Wnt pathway mutants, which all exhibited 

arterio-venous specification defects (Benedito et al. 2008; Seo et al. 2006; Corada et al. 

2010). Further characterization of the phenotype will include India ink injections to 

visualize the full extent of arterio-venous malformations in the Sox17 endothelial specific 

nulls.   

A major question to be addressed is identification of the upstream signaling 

pathways influencing Sox17 activity and/or expression. The misregulation of Dll4 in vivo 
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suggests that Sox17 acts in parallel or upstream of the Notch pathway. Upstream 

regulation of Dll4 is supported by the observation of decreased Dll4 transcript levels after 

Sox17 knock-down in vitro, although transient loss-of-function in cell culture is not 

analogous to developmental loss of function (Fig. 15A). During gut endoderm 

development, Sox17 activates target genes in concert with its identified co-factor !-

catenin (Sinner et al. 2004). !-catenin is the downstream effector of Wnt signaling and 

was shown to physically interact with Sox17. However, other studies show the 

relationship between Sox17 and !-catenin to be antagonistic. Analysis of the Wnt 

activated Lef-1 promoter showed that ectopic expression of Sox17 inhibits Wnt- 

dependent activation through direct binding of the promoter (Liu et al. 2010). In 

oligodendrocyte progenitors, loss of Sox17 was shown to increase transcript levels of 

Wnt pathway members including !-catenin (Chew et al. 2011). During normal 

development of these cells, elevated Sox17 levels correlated with decreased !-catenin 

(Chew et al. 2011). Interestingly, the Wnt pathway was recently implicated in arterio-

venous specification. !-catenin gain-of-function embryos showed vascular defects similar 

to the Sox17 endothelial specific nulls (Corada et al. 2010). This study attributed these 

defects to an increase in Dll4 mediated Notch signaling. Future studies will have to 

address a possible link between Sox17 and the Wnt signaling pathway during arterio-

venous morphogenesis and specification. 
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Chapter 4: Materials & Methods 

Transgenic Mice Generation and Analyses 

5"g of the transgenic reporter constructs were digested overnight with XhoI/NotI 

at 37
°
C to release the plasmid backbone. The transgene was gel purified using the Qiagen 

Gel Extraction Kit and eluted from the column with 30"l of injection buffer (5mM Tris-

HCl, 0.2mM EDTA pH 7.4). 2ng/"l of purified transgene was used for pronuclear 

injection as described previously and the injected eggs were implanted into 

psuedopregnant females (Hogan 1994). The resulting embryos were collected at the 

indicated timepoints or were allowed to go to term for the establishment of stable lines. 

LacZ-positive embryos and mice were genotyped according to the included protocol.  

Embryos analyzed by X-gal staining were harvested and pre-fixed in 2% 

paraformaldehyde, 0.2% glutaraldehyde in PBS for 30min-1.5hrs depending on the stage. 

The embryos were then incubated in PBS and then incubated in Stain Solution containing 

5mM K4Fe(CN)6, 5mM K3Fe(CN)6, 2mM MgCl2, 1mg/ml 5-bromo-4-chloro-3-indolyl !-

D-galactopyranoside (X-gal) in PBS overnight in the dark at room temperature. The next 

day, the embryos were washed for 30min in PBS and post-fixed in 4% paraformaldehyde 

in PBS. E12.5 LacZ-positive embryos were cleared using 1:1 Benzyl Benzoate, Benzyl 

Alcohol after dehydration in 100% ethanol. For sections, embryos were dehydrated, 

incubated in xylene, and infiltrated with paraffin by Leica’s ASP 300 automatic tissue 

processor. The embryos were then embedded in paraffin, sectioned to 8µm thickness, and 

mounted on slides. Slides were counterstained with Nuclear Fast Red.  

 

 



! ),!

Sox17 Conditional Nulls 

Sox17 floxed mice were kindly provided by Dr. Ann Zovein and detailed 

construction of the alleles has been described previously (I. Kim, Saunders, and Morrison 

2007). Tie2-Cre mice were kindly provided by Dr. Shaun Coughlin. Characterization and 

development of this Cre line has been described previously (Kisanuki et al. 2001). 

Sox17
fl/+ 

mice were intercrossed with female Mef2c-AHF-Cre animals to convert the 

floxed allele to delta in the germline (Verzi et al. 2005). The resulting Sox17
$/+

 mice 

were intercrossed With Sox17
fl/+

;Tie2-Cre
Tg/0 

males and the pregnant females were 

harvested for embryos. Mice and embryos were genotyped following protocols described 

herein. 

 

Genotyping 

 Embryonic yolk sacs and tail biopsies from adult mice were digested overnight at 

55
º
C in tail lysis buffer (100mM NaCl, 25mM EDTA pH8.0, 1% SDS, 10mM Tris-HCl 

pH8.0, 0.6 µg/ul proteinase K). DNA was isolated from digested tissue by 

phenol:chloroform extraction followed by isopropanol precipitation. Pellets were 

resuspended overnight at room temperature in 50-100µl TE.  

 Mice and embryos containing a LacZ transgene were genotyped by Southern or 

PCR. For southern analysis 20µl of DNA was digested overnight 37
°
C by EcoRV and 

resolved on a 0.7% TBE agarose gel. The DNA was transferred to a Zeta-Probe 

membrane by vacuum transfer and cross-linked by UV light in a Stratalinker. The 

membrane was hybridized with a 
32

P-radiolabeled LacZ probe overnight at 58
°
C, washed, 

and exposed to film. The LacZ probe was generated by EcoRI digesting the plasmid 
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pCR2.1-TOPO-lacZ to release a ~350bp fragment of the LacZ gene. Radiolabeling was 

performed by Invitrogen’s RadPrime DNA Labeling kit according to manufacturer’s 

instructions. For PCR genotyping of ECE1-LacZ mice and embryos the following 

primers amplified a ~500bp region between the ECE1 enhancer and HSP68: Ece1 gt 5’ 

5’-AGGTGGATCCTGGGAGATCTTA-3’ and HSP Rev 5’-TGCCTCTGACCTCATGG 

ACT-3’ by the program 95°C 5’, {94°C 60”, 52°C 60”, 72°C 30”} 10 cycles, {95°C 60”, 

55°C 60”, 72°C 30”} 25 cycles, 72°C 7’. 

 Sox17 floxed and delta alleles were genotyped by duplex PCR with the following 

primers: Sox17_For 5’- TTGCCGAACACACAAAAGGAG – 3’, Sox17_Rev_Flox 5’- 

TGGA GGTGCTGCTCACTGTAAC–3’, and Sox17_Rev_KO 5’GGACTGGAAAATG 

AGAGAATA GCG-3’. The PCR program is as follows: 94°C 5’, {94°C 30”, 61°C 60”, 

72°C 45”} 34 cycles, 72°C 5’. The PCR products were resolved on a 2% gel to resolve 

the 480bp Flox band, 550 $ band, and 350bp WT band. The Tie-Cre trangene was 

genotyped by PCR with the following primers: Cre F 5’-CCTGTTTTGCAGG 

TTCAGCG-3’ and Cre R 5’-ATGCTTCTGTCCGTTTGCCG-3’. The program 95°C 5’, 

{95°C 30”, 60°C 30”, 72°C 30”} 30 cycles, 72°C 5’ was used to amplify a ~300bp 

region.  

 

Plasmid Construction 

 For plasmids, all PCR amplification was performed using High Fidelity PCR 

System by Roche according to manufacturer’s instructions and confirmed by sequencing.  

ECE1-HSP68-LacZ 
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 This construct was built by Dr. Sarah De Val and published previously (De Val et 

al. 2008). The primers Ece1 F1 5’-CATAATCCCGGGGCAAAAACACGCGA-3’ and 

Ece1 R1 5’-TGACTGACCCGGGCCAGACATCACC-3’ were used to amplify the 

623bp enhancer from the human genome. The resulting PCR fragment was digested with 

XmaI and cloned into the HSP68-LacZ vector also digested with XmaI. It should be 

noted that the orientation of the enhancer and mutant varients is 3’ to 5’ as compared to 

its genomic location upstream of ECE1’s exon 1a.  

 

ECE1-FOX:ETS mut-HSP68-LacZ 

 A three base pair mutation was introducted into the FOX:ETS site of ECE1-

HSP68-LacZ by the SOEing method (Horton 1995). The introduced mutations are 

underlined in the following primers: Ece1 FEMmF 5’-TAGCTAATGAGGCAGGG 

AGGCACAAT-3’ Ece1 FEMmR 5’-ATTGTGCCTCCCTGCCTCATTAGCTA-3’. The 

mutated base pairs are underlined. These primers amplified the enhancer from ECE1-

HSP68-LacZ with the flanking primers T7/HSPRev and the fragment was cloned back 

into HSP68-LacZ via XmaI. 

 

ECE1-Sox mut-HSP68-LacZ 

 A four base pair mutation was introduced into the Sox site of Ece1-HSP68-LacZ 

as described above. The introduced mutations are underlined in the following: Ece1 

SoxmF 5’-GGAAGGGAGGCAGGTAGAGAGGAAGT-3’ and Ece1 SoxmR 5’-

ACTTCCTCTCTACCT GCCTCCCTT-3’.  
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ECE1-Tk-!gal  

 A 170bp region of ECE1-HSP68-LacZ was amplified and cloned into vector Tk-

!gal. The primers used for amplification are: Ece1-bglII 3’ 5’-ATTGCTGCTGGC 

AGATCTGTCCCT-3’ and Ece1 F1 listed above. The amplified fragment was digested 

with BglII and BamHI and ligated to Tk-!gal digested with BglII. The resulting clones 

were screened for orientation to maintain 3’ to 5’ orientation relative to the minimal 

promoter TK.  

 

ECE1-FEm-Tk-!gal  

 The plasmid was constructed as described for ECE1-Tk-!gal except the vector 

utilized was ECE1-FOX:ETS mut-HSP68-LacZ.  

 

ECE1-Sm-Tk-!gal  

 The plasmid was constructed as described for ECE1-Tk-!gal except the vector 

utilized was Ece1-Sox mut-HSP68-LacZ.  

 

ECE1-FESm-Tk-!gal  

 The previously described SOEing protcol was utilized to introduce the four base 

Sox mutation in addition to the three base pair FOX:ETS mutation. Primers Ece1 SoxmF 

and Ece1 SoxmR were used to amplify the enhancer from ECE1-FEm-Tk-!gal with the 

flanking primers TK-F 5’-TGGTACTCTAACTGAGCTAACA-3’ and TK-R 

5’AACGACATGGTGACTTCTTCTT-3’ . The resulting fragment was digested with 

BglII/XhoI and ligated to to Tk-!gal also digested with BglII/XhoI.  
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Foxc2-pRK5 & Etv2-pRK5  

 These plasmids were generated by Sarah De Val and published previously (De 

Val et al. 2008). 

 

Sox7-pRK5, Sox17-pRK5, & Sox18-pRK5 

 The original expression vectors were a kind gift from Dr. James Wells at the 

Cincinnati Children’s Hospital Foundation. Sox7 and Sox18 cDNAs were subcloned out 

of pCDNA6/V5- His into pRK5. The inserts were first digested with HindIII, blunted 

with Klenow, and digested again with XhoI. These fragments were ligated to pRK5 

digested with SmaI and SalI. Sox17 was subcloned from the vector pCIG with XhoI into 

pRK5 also digested with XhoI. Proper orientation of the cDNA was confirmed. 

 

 Electrophoretic Mobility Shift Assay  

Complementary single-stranded oligos containing the ECE1 Sox site were 

designed with a “GG” 5’ overhang. Control oligos were published previously and were 

also designed with a “GG” 5’ overhang. Sense strand oligo sequences are listed below in 

Table 1 and mutated region and corresponding WT sequence is underlined. To anneal the 

single stranded oligos, 10µg of each oligo was annealed in 1X annealing buffer (10mM 

Tris pH7.6, 5mM DTT, 10mM MgCl2, 1mM spermidine), heated to 95°C for 10min, and 

allowed to cool to room temperature. 

2µg of annealed oligonucleotides were radiolabeled with [
32

P]-dCTP by Klenow 

to fill-in overhanging 5’ ”GG” ends and purified on a nondenaturing polyacrylamide-
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TBE gel. Binding reactions consisted of 5µl of recombinant protein or unprogrammed 

lysate, 0.2µg of poly-dG-DC, binding buffer (40mM KCl, 15mM HEPES pH7.9, 1mM 

EDTA, 0.5mM DTT, 50% glycerol), 1µl of cold competitor and water to a final volume 

of 20µl. These reactions were incubated for 10 min at room temperature before addition 

of radiolabeled probe. Between 10,000-20,000 radiolabel counts were added to each 

reaction and allowed to incubate 20 min at room temperature. The reactions were then 

run on a 6% nondenaturing polyacrylamide gel at 150V for 2-3 hours at room 

temperature, vacuum-dried, and exposed to film.  

 Recombinant protein was made using 1.5µg of the expression plasmids Sox7-

pRK5, Sox17-pRK5, and Sox18-pRK5 and following the manufacturer’s instructions for 

the Promega TNT Coupled Reticulocyte System. Sp6 polymerase was used to generate 

recombinant protein for all three expression plasmids. Unprogrammed lysate was 

generated with pRK5 empty vector.  

 

Table 1. List of EMSA oligos  

ECE1 Sox WT  GGAAGGGAGGCACAATGAAGAGGAAGT 

ECE1 Sox mut  GGAAGGGAGGCAGGTAGAGAGGAAGT 

Control Sox WT  GGAGAAATCCAGGACAATAGAGACTGTGGGTG 

Control Sox mut  GGAGAAATCCAGGCACCGAGAGACTGTGGGTG 

 

Immunofluoresence  

 The primary antibodies used in this study were as follows: Goat anti-Sox17 (R&D 

AF1924), Goat anti-ECE1 (R&D AF1784), Goat anti-Nrp1 (R&D AF566), Goat-anti 

Nrp2 (R&D AF2215), Goat anti-Connexin40 (Santa Cruz sc-20466), Mouse anti-

COUPTFII (Perseus Proteomics PP-H7147-00), Chicken anti-!gal (Abcam ab9361), and 
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Rat anti-Endomucin (eBiosciences 14-5851-82). The following secondary antibodies 

were used: Rabbit-anti Goat 594 (Invitrogen A11080), Rabbit anti-Chicken 488 (Jackson 

ImmunoResearch 303-545-003), and Rabbit anti-Rat 488 (Invitrogen A21211), and 

Rabbit anti-Mouse 594 (Invitrogen A11062).  

 Embryos were collected, fixed overnight at 4°C in 4% formaldehyde, and stored 

in PBS. Embryos were processed, embedded in paraffin, and sectioned as described 

above. After sectioning, slides were dried at 37°C overnight before use. Slides were 

dewaxed and hydrated through an ethanol series to H2O. Antigen retrieval was performed 

in Citra Solution (Biogenix) and immersed slides were microwaved on high 2 min, 30s in 

a water bath. They were allowed to rest 1 min and this was repeated for a total of three 

times. The immersed slides rested at room temperature for 20 min before being rinsed in 

PBS. The slides were then incubated in blocking buffer (1% BSA, 1% donkey serum, 

0.3% Triton X-100, 0.1% sodium azide) for 30 min at room temperature in a humidified 

chamber. Primary antibodies were diluted in blocking buffer and added to slides, which 

were incubated at 4°C overnight in a humidified chamber (Goat anti-Sox17 1:200, Goat 

anti-ECE1 1:500, Goat anti-Nrp1 1:200, Goat anti-Nrp2 1:200, Goat anti-Connexin40 

1:25, Mouse anti-CoupTFII 1:200, Chicken anti-!gal 1:100, and Rat anti-Endomucin 

1:200). The following day the slides were washed 3 times in PBS for 10 min each. The 

slides were then incubated in the appropriate secondary antibody diluted 1:300 in 

blocking buffer for 1 hr at room temperature in a humidified chamber. The slides were 

washed again for 3 times in PBS for 10 min each, mounted with SlowFade with Dapi 

(Invitrogen), and imaged on a fluorescence microscope. 
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Cell Culture and Transcription Reporter Assays 

COS-1 cells were grown in DMEM supplemented with 10% FBS, 1% L-

glutamine, and 1% penicillin-streptomycin in a standard cell culture incubator at 37°C, 

5% CO2. For trans-activation studies, cells were seeded in 24-well tissue culture plates 

and grown to 50-60% confluency. Transfections were performed with Fugene6 (Roche) 

in duplicate. 0.35µg of reporter and 0.45µg of total trans-activators (0.15µg of each trans-

activator plus empty vector pRK5 if needed) were diluted in Opti-MEM and allowed to 

incubate for 5 min at room temperature. 1µl of Fugene6 was added per reaction and this 

was allowed to incubate for an additional 15 min. The cells received fresh media before 

addition of the transfection reaction. Transfected cells were harvested 48 hrs after 

transfection for !-gal assays, which are described below. 

BAEC cells were grown in DMEM supplemented with 10% FBS (JRS lot# J084-

6), 1% L-glutamine, and 1% penicillin-streptomyocin in a standard cell culture incubator 

at 37°C, 5% CO2. For basal activity assays, cells were seeded in 24-well tissue culture 

plates and grown to 80-90% confluency prior to transfection. 500ng of reporter constructs 

were diluted in Opti-MEM and allowed to incubate for 5 min at room temperature. 1µl of 

Lipofectamine LTX was added per reaction and the transfection incubated a further 30 

min at room temperature. The cells received fresh media before addition of the 

transfection reaction. Transfected cells were harvested 48 hrs after transfection for !-gal 

assays, which are described below. 

Harvested cells were washed once in PBS and pelleted cells were resuspended in 

100µl 0.1M sodium phosphate buffer. Cells were lysed by 3 cycles of freeze-thaw in 

liquid nitrogen followed by a 37°C water bath. Lysates were spun for 10 min at 4°C to 
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pellet cellular debris.  !-gal assays were performed using the Luminescent!!-gal !

Detection Kit II (Clontech). 50µl of the supernatant was combined with 50µl of substrate 

in a 96-well plate and incubated in the dark for 1 hr. The plates were read using a 

GloMax MultiDetection microplate luminometer that measured relative light units. 

RLU’s were normalized to total protein measured by the Bradford Assay (Bio-Rad). 

Briefly, 10µl of lysate was incubated with Bradford substrate for 10 min and absorbance 

at 595# was measured. A standard curve was generated with BSA standards and lysate 

protein concentration determined.  

 

siRNA and qRT-PCR 

  siRNA’s targeting bovine Sox17 (NCBI Reference Sequence XM_868600.3) 

 were designed based on human Sox17 siRNA previously published (Sinner et al. 2007). 

Two regions in Sox17 were targeted by the RNA oligos listed in Table 2. Single stranded 

oligos were annealed in RNAse-free anneal buffer (50mM Tris pH 8.0 and 100mM NaCl) 

by heating to 95°C for 10 min and then allowing the oligos to cool to room temperature. 

The annealed siRNAs were stored at -80°C at a final concentration of 20µM.  

 BAECs were cultured as described above and seeded into 24-well plates for 

experiments. 10pmol of each Sox17 siRNA (20pmol total) were transfected into BAECs 

seeded in 24-well plates at 50% confluency with Lipofectamine2000 in the absence of 

antibiotics. 20pmol of Block-IT Fluorescent (Invitrogen) siRNA was also transfected as a 

control. Transfected cells harvested 24 hrs later, pelleted, and stored at -80°C until an n=3 

were generated. 

 RNA was isolated from harvested cells using the Qiagen RNeasy Kit following 
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the manufacturer’s instructions. 1µg of RNA was used to generate cDNA using the 

Omniscript RT kit using random primers. Gene expression changes between Sox17 

siRNA treated and control cells were analyzed by quantitative real-time PCR with the 

primer pairs listed in Table 3. Reactions for each sample and primer pair were performed 

in triplicate with SYBR Green PCR Master Mix (Applied Biosystems) and analyzed on 

an Applied Biosystems 7900HT Fast Real Time PCR System. The primers were 

validated on BAEC cDNA to exhibit 100% efficiency by the standard curve method. This 

allowed the experimental data to be analyzed by the ddCT method as described 

previously (Livak and Schmittgen 2001). Primer validation and real time PCR was 

largely executed by Dr. Lisa Hua.  

 

Table 2. Bovine Sox17 siRNA oligos 

Oligo Name RNA Sequene 

BoS171F GCACGGAGUUCGAACAGUACCUGCA 

BoS171R  CAGGUACUGUUCGAACUCCGUGCGC 

BoS173F CGCGGUGUAUUACUGCAACUAUCCC  

BoS173R GAUAGUUGCAGUAAUACACCGCGGA 
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Table 3. qRT-PCR Bovine Primers 

./0/!

123/! !"#$%#&'(#)*+#',+-.+/0+' 1+2+#3+'(#)*+#',+-.+/0+''

456! 456664466464766446446654' 546444665476664555776766'

78&$! 4646567666575444544655'' 4445454476665755554665'

98:(! 5645445775555475775455546' 446576747765566476567754'

;<<'! 46466644766547644576' 55755575766444474665'

=7/$! 55555775775755675745' 55546576645547674677'

=>0?%! 64665546447776446576' 74777646546546545545'

=5:?'! 7646666445455446765564' 7455564765645457665464'

@<A'! 4447665544664576576666' 54666776676666754766467'

.258:! 65475676646664577476' 5467646577555677646'

1B5$! 44557766566647765667' 6757754654567765576657'

1B5%! 7677745655555644555445' 7666656476777554546765'

CDE*! 64546644467567664466' 67766667467557654767'

CDE$*! 56754676557755456457' 65577547667676665644'

CDE$+! 66665767645444746766' 55646775645546745575'

F"/%! 76544675577567677576' 55776644556475454577'

 

 

Chromatin Immunoprecipitation 

ChIP from BAEC chromatin was performed using the ChIP Assay Kit (Millipore; 

17-295). Protein was cross-linked to chromatin by treating cells with 1% formaldehyde 

for 30 min at room temperature. Cross-linking was quenched by addition of glycine to a 

final concentration of 125mM and incubating for 5 min. Cells were rinsed with PBS and 

lysed in SDS buffer for 10 min on ice. The samples were sonicated with 5 cycles of of 30 

sec at 45% power and 30 sec of rest with Fisher Scientific Model 120 Sonic 

Dismembrator to shear chromatin to 200-500 bp fragments. Samples were pooled so that 

immunoprecipation occurred with lysate from 1x10
6 
cells. Samples were pre-cleared with 

50"l of Protein G Plus Agarose (Santa Cruz) for 1 hr at 4°C with rotation. Agarose was 
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pelleted by centrifugation and the lysates were incubated with either 10µg goat anti-

Sox17 antibody or 10µg of goat IgG isotype control (Santa Cruz) overnight at 4°C with 

rotation. The following day chromatin-antibody complexes were collected with Protein G 

Plus Agarose. The complexes were washed according to manufacturer’s protocol for 3 

min each wash at room temperature. The complexes were eluted in a total of 500"l 

elution buffer (1% SDS and 0.1M NaHCO3) and reverse cross-linked by treatment with 

20"l 5M NaCl for 4 hrs at 65°C. Proteins were digested away by treatment with 4ng/ul of 

Proteinase K and DNA purified by phenol:chloroform extraction. The resulting DNA 

from immunoprecipitated samples and input was analyzed by PCR for the ECE1 and 

GAPDH loci as a negative control. Primers for the bovine ECE1 locus are btCHIP FSE2 

F 5’-CCACAATGTCACTGAACTGAACCC-3’ and btCHIP FSE2 R 5’-

TTCTCGGCCTAACTCACAGTC-3’ and generate a 250bp band. Due to the nearby GC- 

rich region, touchdown PCR was used to amplify the region with the following protocol: 

99°C 5’, {95°C 30”, 68°C 30” - 58°C 30 , 72°C 30”} + {95°C 30”, 68°C 30”, 72°C 30”} 

20 cycles, 72°C 5’. Taq polymerase was added after the initial denaturing step. PCR for 

GAPDH was performed with the primers Bovine Gapdh F 5’- AACAACAC 

CCTCAAGATTGTCAGC-3’ and Bovine Gapdh R 5’- TCGAAGGTAGAAGAG 

TGAGTATCG-3’. A 250 bp band is amplified by the PCR program {94°C 30”, 53°C 

30”, 72°C 30”} 30 cycles, 72°C 5’. 

 

In situ Hybridization 

 The Gja5 in situ probe was kindly provided by Dr. Michael Chin and described in 

a previous publication (Koibuchi and Chin 2007). Dll4 probe was generated from Dll4 
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cDNA clone ID4017786 from the I.M.A.G.E. Consortium. Gja5 probe was digested with 

SpeI and transcribed with T7 polymerase using the DIG RNA Labeling Kit (Roche). Dll4 

was digested with SalI and also transcribed with T7.   

 Embryos were processed as above for immunofluorescence to generate slides for 

in situ hybridization. Solutions prior to hybridization were made with DEPC treated 

water to minimize RNase contamination. Slides were dewaxed and rehydrated through an 

ethanol series and washed in PBS. The slides were fixed with freshly made 4% 

paraformaldehyde for 20 min then washed in PBS again. This was followed by treatment 

with 20"g/ml proteinase K in 50mM EDTA pH 8.0 and 500mM Tris pH 8 for 8 min then 

quenched by incubating the slides in 0.1% glycine in PBS for 1 min. The slides were 

fixed again with 4% paraformaldehye for 10 min and washed again in PBS. The slides 

were then treated with 0.1M Tri-ethanolamine for 2 min on a rotator and then 1:400 

acetic anhydride was added, and the slides were allowed continue to rotate for another 10 

min. A second aliquot of acetic anhydride was added for an additional 10 min. Slides 

were then rinsed in PBS and dehydrated through an alcohol series and allowed to dry for 

one hour. Then, the slides were hybridized in hybridization solution (50% formamide, 5X 

SSC pH 4.5, 1% SDS, 50"g/ml heparin, 50"g/ml yeast tRNA), containing the 

appropriate amount of probe. The slides were allowed to hybridize overnight at 70°C. 

The following day, the slides were washed, treated with RNAse, and incubated in 1X 

MABT (0.1M Maleic Acid, 0.15M NaCl, 0.1% Tween-20). Blocking solution (10% 

Roche Blocking Reagent dissolved in 1X MAB) was then added to the slides and they 

were incubated for 2 hr at room temperature in a humidified container. The slides were 

then incubated overnight with anti-DIG antibody diluted 1:2000 in blocking solution at 
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room temperature in a humdified container. The next day, the slides were washed in 1X 

MABT with levamisole for 2-3 hrs with several changes of solution. The slides were then 

incubated in freshly made NTMT (0.1M NaCl, 0.1M Tris pH 9.5, 0.05M MgCl2, 2mM 

levamisole) then immersed in BM Purple (Roche) for signal detection.  
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