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ABSTRACT OF THE DISSERTATION 
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Professor Shuo Lin, Chair 
 
Seminal studies in the zebrafish mutant line cloche, which is embryonically lethal due to a 

deficiency in blood and vascular lineages, resulted in the identification of a critical transcription 

factor Ets Related Protein/ Ets Variant 2 (Etsrp/Etv2) that was necessary and sufficient for 

vasculogenesis and myelopoiesis. The mammalian homolog was subsequently identified and 

found to play functionally conserved roles. Because the forced expression of Etv2 alone is 

sufficient to ectopically induce vascular and myelopoietic genes, we interrogated the 

transcriptome of Etv2 overexpressing embryos with microarray and deep sequencing approaches 

and identified several novel vascular and myelopoietic genes downstream of Etv2 in zebrafish.  

Nevertheless, the number of genes directly induced by Etv2 to specify angioblasts from the 

lateral plate mesoderm, and the location of such binding would provide valuable information to 

understand how Etv2 regulates vasculogenesis and hematopoiesis.  We therefore approached 

these questions with ChIP-sequencing and RNA-sequencing technologies to identify the direct 

genetic targets of Etv2 in zebrafish embryos.  These datasets were independently validated, and 

will provide a framework from which to understand how Etv2 directs the genetic networks that 

initiate vasculogenesis and myelopoiesis in zebrafish.  
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General Introduction 

The development of blood and vessels has been historically linked by their close 

anatomical proximal origin, which was first reported by Florence Sabin in 1917 (Sabin, 1917).  

Since then there have been many studies dissecting the molecules, cells and developmental 

mechanisms by which these cells form the tissues crucial for circulation of nutrients and oxygen, 

which are essential for life.  The close derivation of these cells promotes the idea that they are 

descendants of a common progenitor known as the hemangioblast (Murray, 1932), of which 

there is evidence in several systems including  cultured embryonic stem cells (Choi et al., 1998; 

Wang et al., 2004) and established model organisms like mouse (Huber et al., 2004)  and 

zebrafish (Vogeli et al., 2006).   

Genetic evidence has also hinted at the common derivation of blood and vasculature by 

knockout mice for several molecules expressed in both of these tissues including the VEGF 

receptor, fetal liver kinase 1, flk1 (Shalaby, 1997; Shalaby et al., 1995) and the transcription 

factor stem cell leukemia, scl (Robb et al., 1995; Visvader et al., 1998), as reviewed in Park et al., 

2005.  Stronger genetic evidence exists in the zebrafish cloche mutant  in which all lineages of 

blood and vascular endothelial cells are deficient from the earliest stages of development, and 

therefore die embryonically (Stainier et al., 1995).  However, the identification of the gene 

responsible for the cloche phenotype remains partially discovered at best.  A cloche candidate 

was identified in the lysocardiolipin acyltransferase, lycat, gene which is an endoplasmic 

reticulum localized acyltransferase, that when knocked down in zebrafish and in in vitro 

embryonic stem cell differentiation models results in blood and vascular deficiencies (Wang et 

al.; Xiong et al.).  However, lycat can not be the long sought after gene responsible for the cloche 

phenotype because although the reintroduction of lycat in cloche mutants rescues blood 
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development, it does not rescue the endothelial lineage. Furthermore, while lycat is deleted in the 

clochem39 spontaneous mutant allele, it is not affected in other ENU generated alleles.  

Several studies examined the transcriptome of cloche by microarray approaches (Qian et 

al., 2005; Sumanas et al., 2005; Weber et al., 2005).  Through these studies various genes were 

discovered as novel to the developing blood and vasculature of zebrafish embryos.  A 

particularly important gene identified in these studies was the DNA binding ETS domain 

containing transcription factor initially referred to as ets related protein, etsrp (Sumanas et al., 

2005), that was found to be necessary and sufficient for the specification of vasculogenesis and 

primitive myelopoiesis (Pham et al., 2007; Sumanas et al., 2008; Sumanas and Lin, 2006). But 

embryos in which etsrp was knocked down retained primitive blood formation, suggesting that 

etsrp is not a marker for all hemangioblasts in zebrafish.  However the knockout of the mouse 

ortholog, ets variant 2 (etv2), results in a similar phenotype to flk1 nulls, in which blood and 

vasculature are lacking, ultimately resulting in embryonic lethality (Lee et al., 2008), and in 

culture both blood and vascular programs have been rescued by the reintroduction of etv2 in etv2 

null derived stem cells (Kataoka et al., 2011).  This suggests that etv2 is a good marker for the 

hemangioblast lineage in mammals, but in zebrafish it is only a marker for hemangioblasts in the 

anterior lateral mesoderm from which endothelial and primitive myeloid cells emerge, and not 

the posterior lateral mesoderm from which trunk endothelial and primitive erythrocytes are 

derived (Sumanas et al., 2008).   

Since etsrp/etv2 is sufficient to ectopically induce the expression of vascular and 

myelopoietic lineages when overexpressed in zebrafish (Sumanas et al., 2008; Sumanas and Lin, 

2006), we reasoned that we could identify novel genes expressed during the development of 

these cell lineages in zebrafish by genomic approaches.  Our main aim was to identify the direct 
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genetic targets, and more specifically obtain the comprehensive set of genomic cis-elements 

bound by etsrp/etv2 from whole embryos since this will reflect the binding by etsrp/etv2 in vivo.  

Zebrafish is an ideal organism for these studies because of the high reproductive rate per 

pair of adults, and because the genome has been sequenced.  Also there are standard methods 

available to reveal and characterize gene expression and function.  In the first chapter of this 

dissertation we performed a microarray experiment in etsrp/etv2 overexpressing embryos to 

identify a dozen genes previously unknown to be expressed in the vasculature and two in the 

primitive myeloid lineage.  As time progressed and less biased approaches to interrogate 

transcriptomes were established in higher throughput next generation RNA-sequencing (RNA-

seq), we revisted the etsrp/etv2 overexpression profiles.  This work is presented in chapter two, 

in which we identified 39 more genes previously unknown to be expressed in the developing 

zebrafish vasculature.  In the third chapter we present data revealing the identity of the direct 

genomic targets of etsrp/etv2 and more importantly, the specific locations at which etsrp/etv2 

induces these genes.  These data were obtained by combining chromatin immunoprecipitation-

high throughput sequencing data with RNA-seq profiles from etsrp/etv2 gain and loss of function 

embryos. 
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Table S1.  Quantitative RT-PCR primers 

 Gene Forward primer Reverse primer 
flk1 5’- CATGTTGGTGGGACACTCAC-3’ 5’-CTGCAGAGCAGTTGAGGATG-3’ 
scl GGAGATGCGGAACAGTATGG GAAGGCACCGTTCACATTCT 
β-actin TGTTTTCCCCTCCATTGTTG ACATACATGGCAGGGGTGTT 
etsrp.3UTR GAGGAATTCTCGAAGGATTGG TGGTTTTCTAAAGGCACCTAGC 
fli1A CCGAGGTCCTGCTCTCACAT GGGACTGGTCAGCGTGAGAT 
yrk CTGAAGCCTTCCTGGATGAG CTAGCCAGACCGAAATCTGC 
atxr1/tem8 GTCGGGGGAATTAAACGAAT GGTAGTCTGGTGGAGGTGGA 
hapln1b GATGGGCTTCCACAAAAAGA GGTTTGGTGATGGGGTATTG 
sh3gl3 GAGCCTTCATCGATCCTCTG CACTGTGCTCGCAACTGATT 

 
Table S2.  Primers used to clone in situ probes for selected genes 
CLONE # PRIMER PRIMER SEQUENCE PRODUCT SIZE (Kb) 
Arhgef9.fwd 5’- GGTCAACGTGATTCTCATATTCTTC -3’ < 5 
Arhgef9.rvs ACATCCCATGGTTTCTTACATTG  
cbe2.fwd GGAAAAGCAGCCATGATAAAAAG 1.7 
cbe2.rvs TTCAGGCTGTGGGAGGTG  
Krml2.fwd GACGACAAACAGGCTATAGTTTAAGAG 1.5 
Krml2.rvs TGAAAATGTTACAACTGCTTCGA  
Hoxb8b.fwd GCGCATCCAATGATACAAGG 1.1 
Hoxb8b.rvs TTGAATACATGATGCAACAGCC  
Rasgrp3.fwd TAGAAGTTACACGTCGGATTTGC 3.3 
Rasgrp3.rvs CCTATCGGCTCAAAGACTCACT  
Lrrp33.fwd ATGTCAAGCACAAGAGAGACCA 2.3 
Lrrp33.rvs GAAATGAGATACATTCACATATTTGCA  
Znf385.fwd AGCGCGGAGACCAACTTG 2.4 
Znf385.rvs TCAGTACGGTGAGAACAAGATTG  
Lrrp51.fwd GTCTTGACTGTAACTTTTCTATGGTGG 1.0 
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Lrrp51.rvs GTATGTCACGTTACACTGAAAAAAATG  
Smoc2.fwd AAACTGAATTTCTGACCAGTGTGTT 1.0 
Smoc2.rvs ATGAAGAACTTTCAACAAAATGATCTG  
Pcdhg.fwd TCATTCTCTTGGATTTACAGAATTTTC 6.2 
Pcdhg.rvs TATTAGCATATAAAATGCAAGTAGCAC  
Novel2.fwd AGACTAACACACATTAGCATCCGA 0.5 
Novel2.rvs TAATGACAAAGAATGCCCACAT  
LOC550501.fwd TAACAGGACCTTCACTGCTATAAGG 1.9 
LOC550501.rvs GAAAATTGCAGACATTACAAATGAA  
Tex2.fwd CACATGTTTCCTTTGGTGTCTAG 3.3 
Tex2.rvs ACATGTCCTCGAGAGATTCTTTAGG  
apolipoB.fwd TCTGAAGGCTTCAGCCACTT 1.5 
apolipoB.rvs CAGAACAAGGATGACAATAGGTTG  
Tem8.fwd GAGCCGAAGAAGATGTGGAG 1.4 
Tem8.rvs CTGAGCTTTGGCTGCTTCTT  
C1orf192.fwd AAGTCGCAAAAGCTCCAGAA 1.1 
C1orf192.rvs GTGGACCATCACATCCACAA  
Arhgap29.fwd GTGGCTCTTTGAGCTCCATC 1.2 
Arhgap29.rvs TCGCACTGAAACACAAGCTC  
Fgd5.fwd CTGGATCATGTGGGAGTGTG 1.1 
Fgd5.rvs TGAACAACAGCAGATGATGG  
Ptgs1.fwd GCTGAAGTGGACGGTGATTT 1.1 
Ptgs1.rvs AGTGGGTGCCAGTGGTAAAG  
Hapln1b.fwd CACAGCACAACCCAAAGTGA 0.9 
Hapln1b.rvs ACGCCGTAGAGTTTGTGCTT  
Loc555375.fwd GACAATTACCAACCCGGAGA 0.6 
Loc555375.rvs TGGTCTCCACATGCTCAGTC  
Sim.to testican3 fwd  TGAAGATGCTTGTGCTGGTC 1.1 
Sim.to testican3 rvs CGTCTCCCATTTCCTCTTCA  
Yrk.fwd GGAAGGCCAGTAAAGCTGTG 1.3 
Yrk.rvs ATGCCGAAAGACCATACGTC  
Sh3gl3.fwd GGCCGGGTTTAAGAAACAGT 1.0 
Sh3gl3.rvs GAATGATGATGTCGCCCTCT  
Ldb2.fwd CACGACCCCTTCTACTCGTC 1.1 
Ldb2.rvs GCTGTTCCAGGGACTGTTGT  
Sim.hemicentin.fwd TTGGGAAAGCCTCACTTTTG 1.1 
Sim.hemicentin.rvs TCACATCCGACCAATCAGAA  
Sim.costim.fwd TTCCTGTGGACTTTGCCAGT 1.2 
Sim.costim.rvs AGGGCCTTTTCCTGTTGAAT  
EST:AI721944.fwd TGCAGCCCAATTAAGTGACA 0.5 
EST:AI721944.fwd GTGCACCTTGAGTTTTGCAC  
EST:AW019729.fwd TGCAAGTGTTGCCTTTAATGTT 0.6 
EST:AW019729.rvs CCACAAATATTCCTCATAATCCTTTT  
Hoxc3a.fwd GCCACCACGTGACTACATTG 1.4 
Hoxc3a.rvs TGCCTTGGGAAAAGTAGCAT  
C20.orf112.fwd TTTTTGATATATAGCACACGGTTTT 0.4 
C20.orf112.rvs AAATATTGGCAACCCATTTCC  
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Chapter 2 Supplementary Material 
 
Table S1. RNA-seq reads obtained in control and etsrp oe samples and mapping results 

control estrp OE Total 
Paired-end Single-end Paired-end Single-end 

38,595,718 32,937,423 20,418,736 31,710,235 123,663,112 
7,941,282 

(21%) 
10,288,710 

(32%) 
10,927,174 

(54%) 
13,504,539 

(43%) 
42,761,705 

(35%) 
 
Table S2. DAVID GO derived gene subset without clear vascular expression or not expressed in 
developing vasculature 

 
Genes in bold may be vascular because they are either expressed in the mesoderm or heart of embryos, but it is currently not clear 
whether the expression in the heart is specific to the endocardium or myocardium.  *xirp2a was examined here and found to be 
expressed in the vasculature.  
 
Table S3: quantitative PCR of unigene hits predicted to be suppressed by etsrp oe via RNA-seq. 

 
* Statistically significant, determined by student t-test p<0.05.  fli1a was included as a control. 
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Table S4: Genes with double entries in Ensembl. 

 
Genes in bold are expressed in developing zebrafish vasculature at time examined (24 hpf). 
 
Table S5: Primers used to clone selected genes and make WISH probes 

 
Bold have vascular expression at time examined (24 hpf) 
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Table S6: Primers used to test downregulated gene set following etsrp overexpression by qPCR 

 
 
Table S7: Complete etsrp mRNA-seq dataset (induced greater than or equal to 1.9 fold) 

 
Note: Only few entries included in sample, table is long 
 
Table S8: Downregulated mRNA-seq dataset (reduced greater than or equal to 1.9 fold by 
overexpression of etsrp) 

 
Note: Only few entries included in sample, table is long 
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Supplementary Text 
 
Text S1 

Genes marked with an asterisk have two identifiers in the current Ensembl build, Zv9.  To clarify 

the identity of the gene examined here, their chromosomal locations have been noted along with 

their un-examined paralog(s) in Table S3. 

 K. cntn4/big2* 

contactin4 is a member of the subset of immunoglobulin superfamily of proteins expressed in the 

nervous system (Shimoda and Watanabe, 2009), whose function is crucial for axon guidance in 

the formation of the olfactory bulbs of mice (Kaneko-Goto et al., 2008).  In vitro evidence also 

suggests contactin4 is involved in axonal migration behaviors during retinotectal development 

(Osterfield et al., 2008). Robust expression has also been detected in human testis and at lower 

levels in various other organs (Zeng et al., 2002), but cntn4 disruption has only been associated 

with 3p deletion syndrome and autism (Fernandez et al., 2004; Roohi et al., 2009).  In zebrafish 

there is strong cntn4 expression in the olfactory bulb, spinal chord neurons, and in both axial and 

cranial vasculature (Figure 3K).   

 L. myo1f 

myo1f is an unconventional myosin that was initially identified from cochlear tissues of mice and 

has also been detected in eye, brain, liver, lungs and other tissues (Crozet et al., 1997).  In a 

separate study, the expression of myo1F was only detected in tissues of the immune system, in 

particular the knockout mice display defects in neutrophil migration due to an inability of 

neutrophils to exocytose granules that prevent neutrophil adhesion to integrin containing 

substrates (Kim et al., 2006).  Of clinical relevance, an association between mutations in myo1f 

and hearing pathologies has been noted (Zadro et al., 2009).  The expression of several 
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unconventional myosins in zebrafish has previously been published (Sittaramane and 

Chandrasekhar, 2008), and we note that myo1f has a low level of ubiquitous basal expression 

with a more robust expression in vasculature and in myeloid cells (Figure 3L).  

 M. iclp2 

The mammalian invariant chain proteins function in antigen presentation by immune cells, 

however there are two separate genes in zebrafish, iclp1 and iclp2.  The latter lacks a fragment 

that is required for antigen presentation, suggesting that in zebrafish, iclp2 may have a distinct 

function from the mammalian invariant chain and this alternate role is believed to be enzymatic 

in nature (Yoder et al., 1999).  

 N. rgl2 

ral guanine nucleotide dissociation stimulator-like 2, rgl2, is a member of the ral-Guanine 

Dissociation Stimulator, ral-GDS, family of proteins, which are effectors of ras (Ferro and 

Trabalzini, 2010), whose induction by overexpression of etsrp was detected previously (Wong et 

al., 2009b).  Rgl2 expression in humans is reported to be ubiquitous, as is the mouse ortholog, rlf 

(Isomura et al., 1996; Peterson et al., 1996).  However, rlf presents higher expression levels in 

heart and lung (Post et al., 2002).  The activation of rgl2 by ras proteins is dependent on specific 

modifications such as phosphorylation by PKA (Ferro et al., 2008), and one function of rgl2 

bound by R-ras is the activation of ralA, which promotes exocytosis of endosomes (Takaya et al., 

2007).  Of clinical relevance, rgl2, promotes hypertrophic growth of terminally differentiated 

cardiomyocytes (Post et al., 2002), and its expression is increased in pancreatic cancer cells, 

where it promotes cancer cell growth through ral-dependent and ral-independent activation 

(Vigil et al., 2010).  In zebrafish, rgl2 is expressed throughout the developing vascular 

endothelial system, primitive erythrocytes and the forebrain (Figure 3N and Figure S1N).  
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 O. capn8 

calpain8 is a member of the calpain family of intracellular calcium regulated cystein proteases, 

some of whose expression and evolution in developing zebrafish embryos have been previously 

examined (Lepage and Bruce, 2008).  In mammals calpain8 is orthologous with nCL-2, which is 

specifically expressed and functional in the stomach of mice (Hata et al., 2006).  The ortholog in 

xenopus, xcl2, is expressed in non-mesodermal and non-vascular tissues during developmental 

stages and its knockdown results in gastrulation defects (Cao et al., 2001).  Nonetheless, we 

previously detected the upregulation of calpain8 by overexpressing etsrp using a microarray 

approach (Gomez et al., 2009), and therefore examined its expression here.  Calpain8 of 

zebrafish has basal ubiquitous levels of expression, with pronounced expression in the axial 

vasculature, forebrain, lateral line primordium, and hatching gland (Figure 3O). 

 P. mhc1uea 

major histocompatibility class 1 uea of zebrafish is orthologous with MHC1 Related protein 

MR1 of humans, which is well conserved and ubiquitously expressed (Huang et al., 2008).  A 

current hypothesis is that MR1 presents antigens to immunogenic cells of mucosa associated 

invariant T cells (mait), the innate T cells resident within the intestine that can mount a rapid 

immune response, but the antigens presented to mait cells by MR1 are unknown (Huang et al., 

2009b).  As previously reported, mhc1uea is induced by etsrp and expressed ubiquitously (Wong 

et al., 2009b), and we note here that the expression within the trunk vasculature is reduced in 

etsrp morphants (Figure 4P and Figure S1P).   

 Q. dgki 

diacylglycerol kinase iota, dgki, is one of nine members of diacylglyerol kinases in mammals 

that are divided into five subtypes, that metabolize and thereby dampen diacylglycerol signaling 
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by phosphorylating it  to phosphatidic acid (Reviewed in (Luo et al., 2004)).  The human dgki 

was originally cloned from retinal and brain libraries, and detected in both cytoplasmic and 

nuclear fractions (Ding et al., 1998).  Dgki knockout mice are viable and appear normal but 

harbor reduced ras signaling and are disposed to defects in metabotropic glutamate receptor-

dependent long-term depression (Regier et al., 2005; Yang et al., 2011).  

 R. ifit5-like* 

interferon-induced protein with tetratricopeptide repeats 5-like, may be the ortholog of the 

mammalian ifit5, which was identified in a promyelocytic leukemia cell line, NB4, through 

differential hybridization as a gene that is induced directly by interpheron alpha and indirectly by 

retinoic acid (Niikura et al., 1997).  Although knowledge on this gene is limited to the report on 

its identification, ifit5 was classified as a member of the interferon inducible family of proteins 

owing to the means of its induction and the presence of tetratricopeptide repeat (TPR) motifs 

characteristic of this family.  TPR motifs mediate protein-protein interactions, but their 

functional roles in ifit5 remains obscure.  While human ifit5 contains 9 TPR motifs (Niikura et 

al., 1997), a pfam domain scan of the zebrafish ifit5-like reported here is predicted to contain 4 

TPR motifs.  

 S. tmem88a  

transmembrane protein 88a is a multipass transmebrane protein with two transmembrane 

regions.  It was previously listed as a gene induced by etsrp (Wong et al., 2009b) and its paralog, 

tmem88b has the same topology.  While humans have a single ortholog, tmem88, mice have two, 

tmem88 and tmem88b, both of which remain uncharacterized.  Like other vascular specific 

genes, tmem88a is downregulated in the axial vasculature of etsrp morphants (Figure 3S).  

 T. rasa4 
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ras p21 protein activator 4, rasa4, or Ca2+-promoted ras inactivator, Capri, is a well conserved 

ras gtpase member of the gap1 family that negatively regulates ras signaling by switching off the 

Ras-MAPK signaling pathway in response to calcium signaling (Lockyer et al., 2001).  By 

northern blot rasa4 was found to have ubiquitous expression in humans (Nagase et al., 1998), but 

knockout mice are viable yet experience an impaired ability to mount innate immune responses 

to pathogens because it functions as an adaptor for cdc42 and rac during FcR-mediated 

phagocytosis (Zhang et al., 2005).  Through an RNAi screen, rasa4 was also identified as one of 

several hundred genes associated with necropotosis, emphasizing its involvement in tumor 

signaling inhibition (Hitomi et al., 2008).  Although we note a broad distribution of expression at 

the stage examined, there is bolder expression within the axial vasculature in the trunk of 

zebrafish embryos that is reduced in etsrp morphants (Figure 3T and Figure S1T).  

 U. samd10* 

The only notable domain in this gene is the sam domain, which is about 70 amino acids long and 

is heavily credited with mediating protein-protein interactions in a diverse array of proteins and 

tissues including several proteins that are involved in developmental processes (Schultz et al., 

1997).  There is also evidence that sam domains bind mRNA, which increases the possible 

functional role of the encoded protein (Schultz 2003).  We note the expression of samd10 in both 

the cranial and axial vasculature and budding somites, but not in intersegmental vessels (Figure 

3U).  

 V. cald1* 

Caldesmon is a protein that binds actin, myosin, tropomyosin and calmodulin.  In humans there 

are two isoforms generated by alternative splicing, the high molecular weight form, hcald, is 

smooth muscle specific and the low molecular weight form, lcald, is expressed in non-muscle 
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cells (Hayashi et al., 1992).  The main function associated with caldesmon is the regulation of 

cell motility, and is a putative repressor of cancer cell invasion (Li et al., 2004; Yoshio et al., 

2007).  Lcald has been identified in cancerous gliomas and in endothelial cells of breast, lung, 

kidney, colon, stomach, ovary, uterus, prostate, thyroid and liver cancers, but never in the normal 

vasculature of adults (Zheng et al., 2005a).  The caldesmon1, cald1, of zebrafish is the ortholog 

of lcald, and its knockdown by morpholinos results in heart formation defects but the effects on 

vascular development remains to be examined (Zheng et al., 2009).  The cald1 gene examined 

here is expressed in the vasculature but not in the heart and is located on chromosome 4, while 

Zheng et al knocked down the cald1 gene located on chromosome 25 (Table S3).  

 W. sept5b 

Initially identified as cell division cycle related 1, CDCrel1, and peanut like 1, PNUTL1, in a 

megakaryocytic cell line and endothelial cells (Kelly et al., 1994; McKie et al., 1997; Zieger et 

al., 1997), septin5 expression was also identified in human fetal brain and heart but only in cell 

bodies and dendrites of adult neurons, and platelets (Bläser et al., 2002; Caltagarone et al., 1998).  

CDCrel1/sept5 knockout mice appear normal, which may be due to compensation by other 

septins, of which there are many (Peng et al., 2002), but they exhibit social and cognitive 

disorders (Suzuki et al., 2009).  Although there is precedent for the expression of septin5 within 

huvecs (Bläser et al., 2006), in zebrafish we also note faint but definite expression that outlines 

the dorsal aorta in the trunk vasculature (Figure 3W and Figure S1W), as well as the forebrain 

and somites.   The nearest evolutionary paralog, septin5a has not been examined.  

 X. zgc:171494* 

The orthologous gene in higher vertebrates is ceramide synthase 3, cers3, which adds acyl chains 

to catalyze the synthesis of ceramides containing C18 and longer acyl chains, is expressed in 
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testis and at low levels in the skin of mice (Mizutani et al., 2006).  Although there is some slight 

ubiquitous expression, there is marked expression of zgc:171494 in the axial vasculature (Figure 

3X) and the expression in the cranial vasculature becomes more apparent in etsrp morphants 

(Figure 4X).   

 Y. ankdd1a 

ankyrin repeat and death domain containing 1a, ankdd1a encodes a protein that is 489 amino 

acids long and is predicted to contain five ankyrin repeats and a c-terminal death domain. 

Ankyrin repeats mediate protein-protein interactions, and the death domain associated with 

apoptosis is also found in proteins involved in non-apoptotic molecular functions (Reed et al., 

2004; Weber and Vincenz, 2001).  Although highly conserved, ankdd1a has not been 

characterized and while mice and humans both have a putative paralog, ankdd1b, this paralog in 

zebrafish has currently not been identified or annotated.  

 Z. sh3bp4 

sh3 binding protein 4, sh3bp4, or transferring receptor trafficking protein, TTP, was cloned from 

human cornea fibroblasts and is also expressed in pancreas, heart, placenta, kidney, skeletal 

muscle, liver (Dunlevy et al., 1999) and retina (Khanobdee et al., 2004). Although the protein 

encoded by sh3bp4 has been localized at the plasma membrane by two independent groups, there 

is debate on its localization at the nucleus (Khanobdee et al., 2004; Tosoni et al., 2005).  

Functionally, sh3bp4 is classified as an accessory endocytic protein that specifically internalizes 

the transferring receptor (Tosoni et al., 2005).   Several interaction partners of Sh3bp4 have been 

discovered by yeast two hybrid screens including Ciz1, Plekha1, and Ttc1, which regulate 

signaling and stress responses (Thalappilly et al., 2008).   

 AA. myof * 
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myoferlin is induced by etsrp overexpression (Wong et al., 2009b), and while it is commonly 

associated with muscle development, its involvement in endothelial cell biology has also been 

revealed (Bernatchez et al., 2007; Bernatchez et al., 2009).  We demonstrate here that its 

expression in endothelial cells is conserved in zebrafish with signal detected in the cranial and 

axial vasculature of the trunk, as well as the somitic mesoderm in the tail of 24 hpf embryos 

(Figure 3AA’). 

 AB. grtp1b 

growth hormone regulated TBC protein 1b, was originally identified in the transcriptional 

profiling of cardiomyocytes in response to growth hormone signaling (Lu et al., 2001).  Widely 

conserved, its expression in mice is highest in testis, with moderate expression in kidney and 

liver and lowest in lung, intestine and stomach.  Possession of a TBC domain suggests it 

functions as an activator of the GTPase, Rab.  

 AC. Tagap* 

T-cell activation GTPase activating protein, tagap, is a Rho gap that was identified as a gene that 

is regulated during T cell activation (Mao et al., 2004).  In mice tagap appears to be expressed 

ubiquitously with an apparent prominence in sperm and although knockouts are viable, they have 

transmission ratio distortion defects (Bauer et al., 2005).  Nevertheless, of clinical significance, 

tagap is downregulated in T cells of patients with down syndrome (Sommer et al., 2008), and is 

associated with celiac disease and type 1 diabetes (Hunt et al., 2008; Romanos et al., 2009; 

Smyth et al., 2008).   

 AD.  fhl3* 

four and a half lim domains 3, fhl3, contains four LIM domains that mediate protein-protein 

interactions, and has been localized in both the cytoplasm and the nucleus (Coghill et al., 2003; 
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Takahashi et al., 2005).  In the cytoplasm it regulates α-actinin mediated actin bundling where it 

enhances cell spreading and stress fiber disassembly (Coghill et al., 2003).  In the nuclei of 

certain blood lineages, fhl3 is a transcriptional co-repressor of the beta chain of the IgE receptor 

(Takahashi et al., 2005), while in myogenesis it attenuates myoD expression (Cottle et al., 2007).  

Fhl3 is also classified as a co-activator in satellite cells where it cooperates with sox15 in the 

activation of foxk1 (Meeson et al., 2007).  Regarding disease, fhl3 together with paralogs fhl1 

and fhl2 are downregulated in liver cancer cells where they function as tumor suppressors 

through tgf-β dependent and independent signaling by modulation of smad activity (Ding et al., 

2009). 

 AE. irf9 

interferon regulatory factor 9, irf9, is part of the heterotrimeric transcription factor, interferon 

stimulated gene factor 3, isgf3, which includes the binding partners stat1 and stat2 (Gerber and 

Pober, 2008).  In normoxic endothelial cells, a direct target of isgf3 and therefore interferon 

signaling is hypoxia inducible factor 1α, hif1α, which results in the inhibition of proliferation 

(Gerber and Pober, 2008).  irf9 is highly expressed in breast and uterine cancer cells, and forced 

expression of irf9 regulates interferon response genes independently of interferon signaling, 

resulting in resistance to anti-microtubule agents and cell survival (Luker et al., 2001).  However, 

there is little evidence demonstrating that irf9 can activate transcription when not in the isg3 

complex (Kraus et al., 2003).  Nonetheless, etsrp overexpression ectopically induced the 

expression of irf9, which shows marked expression in the axial (Figure 3AE’) and cranial 

vasculature of etsrp morphants (Figure 4AE’). Neither stat1 nor stat2 appeared on the dataset of 

genes induced by etsrp. 

 AF. hmha1* 
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histocompatibility (minor) HA-1, located on chromosome 22  encodes a protein with a rhoGAP 

domain, a protein kinase C-like phorbol ester/diacylglerol binding domain, and an FCH domain.  

The mammalian ortholog is expressed in hematopoietic cells and some tumorous as well as 

noncancerous lung and hepatic tissues (Fujii et al., 2002; Klein et al., 2002).  Although minor 

histocompatibility antigens are clinically relevant in stem cell and organ transplantation in the 

mediation of transplant rejection/acceptance (Spierings, 2008), the expression and presentation 

by vascular endothelial cells is currently not believed to activate immunologic responses 

(Bolinger et al., 2008).  The function of hmha1 in the developing endothelial cells of zebrafish 

remains to be determined.  

 AG. ankrd58 

This gene has a modest level of basal expression but has robust axial vascular expression in the 

trunk (Figure 3AG’).  Based on Ensembl predictions, it is conserved and the mammalian 

ortholog is ankrd58.  While zebrafish is predicted to contain two ankyrin repeats, the mouse 

ortholog also has two, while in humans there are three.  Ankyrin repeats are involved in protein-

protein interactions (Mosavi et al., 2004).  This gene awaits further characterization.  

 AH. ccdc135 

coiled-coil domain containing 135, ccdc135, or spermatogenesis related gene like, srgl, was first 

cloned from spermatocytes of mice and also detected in spleen, kidney, ovary and thymus (Ma et 

al., 2006).  Ccdc135 was subsequently identified as a gene that is preferentially expressed in 

ciliated cells such as olfactory sensory neurons (McClintock et al., 2008), and more recently it 

was reported that the ortholog in Drosophila melanogaster is specifically localized to axonemes 

where it regulates sperm motility (Yang et al., 2011).  In 24 hpf zebrafish embryos there is slight 
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basal expression throughout the embryos with pronounced expression in the cranial and axial 

trunk vasculature, pronephros and tailbud (Figure 3AH’).   

 AI. tmem151a* 

tmem151a encodes a protein with four transmembrane domains that is well conserved in 

vertebrates. There is a second gene in Ensembl with the same name as well as 4 paralogs called 

tmem151b.  tmem151a remains to be characterized further. 

 AJ. aff3 

AF4/FMR2 family member 3, aff3, was originally identified as a lymphoid nuclear protein with 

transactivation potential that is related to the AF-4 family of genes (Ma and Staudt, 1996).  In 

mice aff3 is only expressed in thymus, spleen, brain and lungs (Ma and Staudt, 1996), while in 

humans it is expressed in the heart, brain, and placenta of adults, as well as fetal tissues (Hiwatari 

et al., 2003).  The non-vertebrate ortholog of drosophila, lilliputian, controls cell growth and 

differentiation (Wittwer et al., 2001), suggesting aff3 may regulate cell growth.  Consequently, 

some breast cancer tumor cells have increased expression of aff3, which is otherwise not 

expressed in these organs (To et al., 2005).  Genetically, aff3 has been associated with acute 

lymphoblastic leukemia (Hiwatari et al., 2003), and a predisposition to rheumatoid arthritis 

(Barton et al., 2009).   

 AK. si:ch211-250g4.3 

si:ch211-250g4.3 encodes a protein with a death like-domain at the N-terminus followed by a 

FYVE zinc finger domain, a prefoldin domain and three trompomyosin domains.  The 

evolutionary paralog with highest conservation is an uncharacterized gene called CR385063.1 in 

the Ensembl database.  The main vertebrate ortholog associated with si:ch211-250g4.3 is ninein, 

however zebrafish also contain both a ninein gene as well as a ninein-like gene that have higher 
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sequences conserved with human and mouse ninein than si:ch211-250g4.3.  si:ch211-250g4.3 

has not been characterized, but is expressed specifically in the developing vasculature of 

zebrafish (Figure 3AK’). 

 AL. acsbg2     

acyl-CoA synthetase bubblegum-related 2, acsbg2 is an enzyme that preferentially activates oleic 

and linoleic fatty acids (Pei et al., 2006).  Although there is a consensus that acsbg2 is expressed 

in testis, Zheng et al., 2005b (Zheng et al., 2005b) also detected it in human pancreas, liver, small 

intestine, heart, and kidney, while Fraisl et al., 2006 (Fraisl et al., 2006), only detected in testis, 

and Pei et al., 2006 (Pei et al., 2006) detected it in testis, and motor neurons in the medulla 

oblongata and cervical spinal cord.  In zebrafish acsbg2 is expressed in neurons of the spinal 

cord, as well as the diencephalon, hindbrain and axial vasculature (Figure 3AL’). 

 AM. arhgap27  

arhgap27, also known as CIN85 associated multi-domain containing RhoGAP1, camgap1, was 

initially identified as a binding partner of cin85 by a yeast two hybrid screen, is an active GAP of 

cdc42 and Rac1, and is implicated in receptor mediated endocytosis (Sakakibara et al., 2004).  

Arhgap27 is expressed in various tissues in mice including the heart (Sakakibara et al., 2004), 

and humans express two splice variants due to alternative splicing (Katoh and Katoh, 2004).  In 

zebrafish, arhgap27 is vascular specific at 24 hpf (Figure 3AM’).  
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Chapter 3.  The Direct Genomic Targets of Etsrp/Etv2 in Zebrafish Hemato-Vascular 
Development 
 

Abstract 

Etsrp/Etv2 is a conserved master control gene for vascular and hematopoietic development.  

Although the importance of this transcription factor is well established in multiple organisms, the 

direct target genes within the genome are not.  In order to identify these target genes, we have 

combined ChIP-Seq datasets with gain of function and loss of function RNA-Seq datasets 

generated in vivo using zebrafish embryos.  Through genome wide analysis by ChIP-Seq 

technology, 10,029 genomic sites neighboring 6,950 genes were found to uniquely bind Etv2.  

For gain of function, we performed RNA-Seq analysis of embryos overexpressing Etv2 and 

identified 1907 genes induced over 2-fold, from which 752 genes are associated with ChIP-Seq 

peaks.  For loss of function, we used RNA-Seq data from three cloche alleles that lack 

vasculature and are deficient in Etv2.  This study resulted in the identification of 780 down-

regulated genes from which 164 contained Etv2-ChIP peaks.  Analysis of the intersection from 

the three datasets generated a list of 82 genes, likely representing the direct targets positively 

regulated by Etv2.  We functionally validated six Etv2 binding sites at these gene loci as 

vascular-specific enhancers using transgenic zebrafish.  We also examined genes repressed by 

Etv2 overexpression and identified 111 genes with ChIP-Seq peaks.  Among them, 33 of 57 with 

documented expression are associated with myogenesis.  This suggests that Etv2 not only 

activates vascular and hematopoietic genes but also actively represses myogenic cell fates.  The 

results presented here broaden our understanding of the molecular mechanisms of Etv2 action in 

vascular and hematopoietic cell specification. 
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Introduction 

Vertebrates that fail to develop a hematopoietic and vascular system die embryonically, 

so it is crucial to understand the gene regulatory network that direct the initial stages of vascular 

development.  In the zebrafish, initial vasculogenesis occurs by the coalescence of angioblasts 

derived from the lateral plate mesoderm (Jin et al., 2005; Proulx et al., 2010).  Through a 

previous transcriptome study of cloche mutants that are defective in the initiation of 

vasculogenesis and hematopoiesis (Stainier et al., 1995), we identified a critical transcription 

factor ets related protein, etsrp, that is necessary and sufficient for vasculogenesis, primitive 

myelopoiesis and hematopoietic stem cell development (Ren et al., 2010; Sumanas et al., 2008; 

Sumanas et al., 2005; Sumanas and Lin, 2006).  Independently, etsrp was also identified by 

mapping of an ENU-induced mutant with vascular defects, and suggested to cooperate with other 

ETS family members for regulating vasculogenesis (Pham et al., 2007). 

The mammalian ortholog of etsrp, initially named Er71 when identified in the testis of 

adult mice (Brown and McKnight, 1992), shows syntenic association with zebrafish, and is able 

to ectopically induce the vasculogenic program when overexpressed in zebrafish (Sumanas et al., 

2008).  Er71 is also named Ets variant 2 (Etv2).  To remain consistent with the current 

nomenclature we hereafter refer to etsrp/Etv2/Er71 as etv2/Etv2.  Etv2 null mice are 

embryonically lethal and fail to form vasculature and hematopoietic cells (Ferdous et al., 2009; 

Lee et al., 2008), while the Xenopus ortholog is also required during the initial stages of 

vasculogenesis (Neuhaus et al., 2010; Salanga et al., 2010), which provides further evidence for 

the functional conservation of this protein during evolution.  Additionally, several molecular 

signaling pathways involving BMP, Notch, Wnt and VEGF have been implicated in etv2 

regulation (Kataoka et al., 2011; Lee et al., 2008; Rasmussen et al., 2012).  Other regulators of 
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etv2 include CREB, which was found to interact with a cis binding element upstream of the 

transcription start site of Etv2 (Yamamizu et al., 2012) and NKX2-5, which induces Etv2 

expression in endocardial cells (Ferdous et al., 2009).  In zebrafish, the lateral plate mesoderm is 

split into separate bilateral anterior and posterior domains, and etv2 expression in these tissues is 

regulated by distinct transcription factors.  Gata4, gata5 and gata6 lie upstream of etv2 in the 

anterior mesoderm (Peterkin et al., 2009) and foxc1a/foxc1b directly regulate etv2 in the 

posterior mesoderm (Veldman and Lin, 2012). 

Because the forced expression of Etv2 alone is sufficient to induce vasculogenic and 

myelopoietic genes in zebrafish embryos, we and others have carried out transcriptional profile 

studies of Etv2 overexpressing embryos by microarray and deep RNA sequencing approaches to 

more fully characterize the genes expressed in these tissues (Gomez et al., 2012; Gomez et al., 

2009; Wong et al., 2009a).  But those methods do not offer the means to identify the direct 

genetic targets of the Etv2 protein, which is highly desirable for understanding the early 

vasculogenic gene regulatory network.  Nonetheless, Etv2 has been inferred to bind an 

evolutionarily conserved composite FOX:ETS motif which contains a non-canonical FOX DNA 

binding element bound by the mammalian transcription factor, Foxc2, that is directly adjacent to 

an ETS binding cis element, and is highly represented near endothelial genes (De Val et al., 

2008).  Evidence supporting the binding of this FOX:ETS site by Etv2 in zebrafish has been 

noted at a site near an endocardial enhancer for nfatc1 (Palencia-Desai et al., 2011).  In 

mammals, ETV2 has been demonstrated to directly induce genes including Flk1 (Ishitobi et al., 

2011; Lee et al., 2008), Mef2c (De Val et al., 2008), Lmo2 (Koyano-Nakagawa et al., 2012), Scl 

(Kataoka et al., 2011; Wareing et al., 2012a), Fli1 (Kataoka et al., 2011), Gata2 (Kataoka et al., 

2011), Cdh5 (Liu et al., 2012) and Tie2 (Ferdous et al., 2009; Lee et al., 2011).  While in 
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Xenopus, Etv2 directly induces the endothelial genes flk1 and aplnr as well as the hematopoietic 

genes, pu1 and runx1 (Salanga et al., 2010), which suggests that Etv2 can modulate the 

expression of many hemato-vascular genes. 

 As a master regulator, a comprehensive understanding of Etv2’s direct targets will be 

highly useful for elucidating the genetic basis of vasculogenesis and hematopoiesis.  Here we 

aimed to identify the comprehensive set of direct in vivo genomic binding targets of Etv2 in 

zebrafish embryos by Chromatin Immunoprecipitation followed by high throughput sequencing 

(ChIP-Seq) through a gain of function approach with a stable transgenic line with inducible 

expression of an epitope tagged Etv2 protein.  Since overexpression is likely to overestimate the 

true Etv2 genomic binding sites, the dataset was narrowed down to targets near biologically 

relevant genes by subtraction with complementary transcriptome profiles generated from 

embryos with Etv2 gain and loss of function by RNA-Seq.  In addition to the identification of 

directly induced genes, Etv2 was also associated with the direct down-regulation of genes 

associated with skeletal muscle and neurons.  These results clarify the molecular mechanisms by 

which Etv2 specifies vascular and hematopoietic lineages in zebrafish embryos. 

 

Methods 

ChIP-Seq 

Binding of the mCherry antibody (rabbit anti-DS Red polyclonal, Clontech) to Etv2-mCherry 

was tested by whole mount immuno-fluorescence before performing ChIP-Seq experiments on 

progeny from hsp70l:etv2-mCherry heterozygous transgenic zebrafish (Veldman et al., 2013) 

out-crossed to wild type, producing half a clutch with the inducible etv2-mCherry transgene and 
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half without.  The primary antibody was tested at 1:500 followed by 1:1000 of the Alexa Fluor 

488 anti-rabbit secondary IgG (A11008 Life Technologies). 

 

For ChIP, homozygous heat shock hsp70l:etv2-mCherry fish were out-crossed with wild-type 

fish, exclusively producing embryos with ubiquitous heat inducible C-terminal mCherry tagged 

Etv2, and equal numbers of wild type embryos were processed in parallel as controls.  

Transgenic expression was stimulated by floating embryos in Petri dishes at 38.5° C for 45 

minutes, followed by incubation for 1 hour at 28.5° C before harvesting.  ChIP was performed 

with the Protein A ChIP kit (Millipore) according to the manufacturer’s instructions with the 

following modifications prior to sonication.  Cells from 200 embryos per ChIP were first de-

yolked with Ringer’s solution containing 0.5M EDTA with 2 cycles of centrifugation at 1,000g 

between changes of Ringer’s buffer before fixation in 1% formaldehyde for 10 minutes.  

Samples were quenched with 0.125M Glycine, followed by 3 washes in PBS with protease 

inhibitors (Roche) and stored at -80°C.  Cells were lysed in cell lysis buffer (10mM Hepes 

pH7.9, 0.5% NP40, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT), followed by a high salt wash 

(50mM Hepes pH7.9, 0.1% SDS, 1% Triton X-100, 0.1% deoxycholate, 1mM EDTA, 500mM 

NaCl), and a final lysis in nuclear lysis buffer (1% SDS, 50mM Tris-HCl pH8, 20mM EDTA). 

Each lysis step was performed by passing samples through a 200 µl pipette tip and a 10 minute 

incubation on ice followed by a 10 minute centrifugation step (2,000g) at 4°C. Thereafter, lysates 

were sonicated with a Bioruptor (Diagenode) at high frequency setting for 2 cycles, each cycle 

lasting 10 minutes with each minute divided into 30 seconds of sonication followed by 30 

seconds of rest.  Ice was changed between cycles to prevent overheating and denaturation of 

samples, producing a final sheared protein bound-DNA range of 200-500bp. The anti-DS Red 
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polyclonal antibody (Clontech) was used at 5 ug per ChIP. A total of 1200 embryos were used 

for each ChIP-Seq library.  2ng of each sample was used to generate each library with the 

Ovation Ultralow IL Multiplex System (Nugen) according to manufacturer’s instructions. The 

final libraries were gel extracted with mini-elute columns (QIAGEN) at a range of 300-550 bp.  

Libraries were processed on an Illumina Hi-seq 2000 sequencer to generate single end 50bp 

reads. 

 

Each ChIP sample was resuspended in 40µl elution buffer (QIAGEN) after chloroform 

extraction, and 2µl of each was tested by qPCR with SYBR green (Roche) using the primers 

listed in Supplementary Methods Table 1.  Enrichment was determined by the ΔΔ Ct method and 

standardized with rhodopsin primers that were published previously (Wardle et al., 2006). 

 

RNA-Seq 

For Etv2 overexpression, pools of 100 embryos injected at the one cell stage with Etv2 RNA or 

uninjected controls were collected at 90% epiboly for RNA-Seq analysis.  Similarly, 100 

embryos of either wild type controls or hsp70l-etv2-mCherry embryos were heat shocked for 45 

minutes, and re-incubated for 6 hours at 28°C followed by RNA-Seq analysis.  Cloche alleles 

m39 plus m378 containing the gata1-GFP transgene and la1164 containing the flk1-GFP 

transgene were all manually sorted by the absence of transgenic expression in either blood or 

angioblasts at 15 hpf, together with stage matched wild type controls.  Two wild type datasets 

were generated. One was collected together with and used to standardize la1164, while the other 

was collected and processed along with m39 and m378. Total RNA for all samples were 

harvested with TRIzol (Life Technologies), and further purified with the RNeasy kit (QIAGEN).  
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RNA-Seq libraries were constructed with the TRUseq preparation kit according to 

manufacturer’s instructions (Illumina).  

qPCR of hsp70l-etv2-mCherry samples before RNA-Seq library preparation (Supp Fig 3) was 

performed as described (Ren et al., 2010) with primers for scl: (F) 

GGAGATGCGGAACAGTATGG (R) GAAGGCACCGTTCACATTCT  and fli1a: (F) 

CCGAGGTCCTGCTCTCACAT (R) GGGACTGGTCAGCGTGAGAT 

 

Enhancer assay 

Genomic targets of Etv2-mCherry and negative control regions were amplified from wild type 

genomic DNA using the primers listed on Supplementary Methods Table 2.  Both the forward 

and reverse primers were preceded by a 6 bp leader sequence, followed by a Bam H1 restriction 

site (forward primer) and a Sal I site (reverse primer).  Restriction sites straddle the genome 

specific complementary sequences.  Amplicons were amplified with hot start HiFi Taq 

Polymerase (Roche), cloned into the pCR4 Topo TA vector (Invitrogen) and sequenced with 

M13F primers to verify cloning of intended target sequences.  Cloned inserts were double 

digested with Bam H1 and Sal I (Schoenebeck et al.) and ligated into a Tol2 vector upstream of 

the gata2 minimal promoter and eGFP (Veldman and Lin, 2012).  To generate transient and 

germline transgenic fish, 50pg plasmid DNA and 20pg tol2 RNA was injected into single cell 

zebrafish embryos. 

 

For enhancer mutagenesis, the plasmid containing the enhancer, fli1a. B, was amplified with 

primers (L) 5’-ATACCCATAGATTGAGACACCCT-3’ and (R) 5’-

GCCCTCTGTATAAAATAGCACAGC-3’ in opposite directions of the ETS binding sites with 
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the Phusion HiFi polymerase (Schoenebeck et al.).  The amplicon was purified with a gel 

extraction mini-elute column (QIAGEN), then ligated overnight with T4 ligase (Schoenebeck et 

al.), deleting the ETS binding sites and thereby generating the construct fli1a. Bdel. 

 

Images were captured on a digital CCD camera (Axiocam, Zeiss) mounted on an upright 

microscope (Axioskop2 plus, Zeiss), with Openlab 4.0.2 software (Imprvision, Lexington, MA).  

Images were processed to generate figures on Adobe Photoshop CS5.  Schematics were 

assembled in Adobe Illustrator CS5.  RNA-Seq and ChIP-Seq binding profiles (WIG file images) 

were generated with the UCSC genome browser and annotated on Illustrator and Photoshop. 

 

Whole Mount In Situ Hybridization (WISH) 

WISH was performed as described (Gomez et al., 2009). Probes were cloned with the following 

primers for wnt3a: (F) AGGGAGGGAATCAGAGGACG (R) GTGGCATTTCTCTTTGCGCT 

and gsx1: (F) AGGGAGAACAGCGAAAAGGG (R) GGTGTGGCGTACAGAGTCTT. 

 

Bioinformatics 

Detailed description of data processing is attached in the Supplemental Bioinformatics Methods 

file. 

 

Results 

I. Etv2 binds 10,029 sites in the zebrafish genome 

We raised zebrafish specific Etv2 antibodies twice for the purpose of identifying the 

direct genomic targets of Etv2 in zebrafish embryos by ChIP-Seq but to no avail.  As an 
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alternative, we performed ChIP-Seq for Etv2 from embryos of a stable transgenic zebrafish line 

hsp70l:etv2-mCherry (Veldman et al., 2013) in which the temporal induction of Etv2 can be 

carefully regulated, and the ubiquitously induced Etv2 protein can be specifically detected with a 

commercially available antibody for mCherry (Supplementary Fig 1).  Pools of wild type control 

or hsp70l:etv2-mCherry embryos were heat shocked and processed for ChIP at 15 hours post 

fertilization, a stage when the endogenous protein is highly transcribed and likely active in 

angioblasts (Fig 1A).  Following bioinformatics processing, relative to the ChIP-Seq profile of 

the wild type group, etv2-mcherry was predicted to bind 10,029 genomic sites neighboring 6,950 

genes (Supplementary Table 1).  Gene Ontology (GO) analysis of the dataset with the 

ChIPpeakAnno package (Zhu et al., 2010a) identified genes associated with vascular 

development and blood vessel development as highly significantly enriched categories 

(Supplementary Table 2), suggesting that the dataset indeed contains biologically relevant 

genomic occupancy information.  Moreover, when compared with previously published ChIP-

Seq maps of the epigenetic enhancer mark, H3K4me1, and regions of actively transcribed 

chromatin, H3K4me3 (Aday et al., 2011), the Etv2-mCherry dataset was found to preferentially 

overlap with enhancer sites at a higher rate (53.6%) than with actively transcribed DNA (36.6%), 

as expected of a transcription factor (Fig 1B and Supplementary Table 3).  The most statistically 

significant enriched motif in the dataset contained the conserved core ETS binding site 5’-

GGAA-3’ as previously observed for the mammalian ortholog (Brown and McKnight, 1992) 

(Fig 1C).  Globally, Etv2 bound ChIP-Seq peaks are distributed throughout the genome with 

some genes containing several peaks of enrichment.  While peak distribution is not confined to a 

particular location relative to the transcription start site of a gene, a frequency distribution plot of 

genomic binding by Etv2 results in a bimodal binding distribution at the Transcription Start 
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Sites, TSS, of genes (Fig 1D), similar to the binding profiles observed by other transcription 

factors (Soleimani et al., 2012).  Altogether, these observations of the comprehensive dataset 

suggest that it reflects authentic genomic occupancy information for Etv2. 

 The dataset was evaluated by independent ChIP-qPCR assays on stage and condition 

matched pools of embryos at seven predicted sites bound by Etv2 with a randomly selected 

unbound negative control region per selected peak, as demonstrated for a pair near fli1a (Fig 

2A).  Binding at all sites was normalized to a region in the promoter of rhodopsin, rho, which is 

not expressed at the stages examined, or according to the ChIP-Seq data, bound by Etv2-

mCherry.  Compared to wild types, we found that the Etv2-mCherry group occupies all 7 ChIP-

Seq binding sites examined, at statistically significant levels compared with no enrichment at 

negative control sites (Fig 2B).  Five of the Etv2 binding sites tested (near scl, mefcb, notch1a, 

arid1ab, fli1a) contain the FOX:ETS co-binding site, which provides further evidence in support 

of the notion that such an evolutionarily conserved motif is indeed bound by Etv2 in vivo, and 

our identification of this motif further supports the validity of the dataset obtained here.  

However, we noted that this FOX:ETS site is not present at all peaks within the vicinity of genes 

expressed in endothelial cells, and by examining the expression of various genes at ZFIN 

(Thisse, 2004), we found that Etv2 binds next to genes that are never expressed in endothelial 

cells.  This is a reasonable result, since Etv2 is normally not expressed ubiquitously or at such 

elevated levels, which may result in ectopic binding to DNA where the endogenous proteins is 

not likely to bind in angioblasts.  For example, another ETS family protein, Etv4/Pea3, is 

expressed in the tail bud, midbrain-hindbrain boundary and other neural tissues around 15 hpf 

and directly activates dusp6 by binding directly upstream of its start site (Znosko et al., 2010).  In 

our data there is a prominent ChIP-Seq peak at the exact location where Etv4/Pea3 binds, which 
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suggests that the high concentration of Etv2-mCherry protein can result in ectopic binding to the 

promoters and enhancers bound by other ETS family members.  Regardless, the independent 

validation of the ChIP-Seq data suggests that the ChIP-Seq dataset offers a reliable map of 

genomic binding by Etv2.  In particular, the validation of Etv2 binding near fli1a and scl is of 

biological significance since these two genes are well known transcriptional regulators of the 

vascular and hematopoietic lineages. 

 

II. Etv2 ChIP-seq identifies vascular enhancer elements. 

To examine whether any of the genomic Etv2 targets are bona fide vascular enhancers we 

randomly selected 10 sites bound by Etv2 near 8 genes that we previously found to be 

downstream of etv2, namely fgd5, she, cdh5, arhgap31, sox18, fli1a, yrk and crip2, to test for 

enhancer activity in a transient transgenic assay in zebrafish larvae.  An average of 500 bases 

surrounding the predicted Etv2 bound peaks were cloned into an enhancer reporter plasmid, as 

exemplified for a binding site within an intron of she (Fig 3A). Two unbound negative control 

regions with the same average length and an empty vector were also analyzed. The enhancer 

tested for she resulted in 35 of 40 (87%) embryos with definite expression in the vasculature (Fig 

3B).  In a similar fashion, we noted a clear vascular expression pattern in 6 of the Etv2 targets 

examined (red bars, Fig 3C), while  the negative controls, and predicted Etv2-mCherry binding 

sites not expressed in the vasculature displayed random mosaic expression patterns, as illustrated 

by embryos injected with the empty vector (lower panel in Fig 3B).  The only exception was the 

crip2 negative control, which overlaps with an H3K4me1 enhancer peak, and in which over 95% 

of the embryos display marked GFP reporter expression in cardiomyocytes (Supplementary Fig 

2). Although not all Etv2 ChIP-seq binding sites tested are functional in the vasculature, we did 
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not test every locus bound by Etv2 for the genes tested.  However the specificity observed in 

those that are active in the vasculature argue that this dataset offers a useful approximation of 

functional vascular ets box enhancer cis elements. 

  Although there is controversy over whether ETV2 directly regulates fli1 in mice (Kataoka 

et al., 2011; Wareing et al., 2012b), we have confirmed the direct binding of Etv2 within the fli1a 

locus in zebrafish, and generated transgenic zebrafish with one of the two enhancers studied 

(labeled fli1a. B in Fig 3C).  To demonstrate that Etv2 or other ETS factors are involved in the 

regulation of this enhancer, the ETS binding sites were deleted from this construct, fli1a. Bdel, 

which resulted in the elimination of the vascular specific expression noted with the full-length 

enhancer (Fig 3D).  Overall the enhancer data validates the ChIP-Seq dataset by demonstrating 

that some of the sites bound by Etv2-mCherry are active enhancers in vivo. 

 

III. Combining Etv2 gain and loss of function RNA-Seq with ChIP-Seq datasets identify 

direct Etv2 targets in vivo 

In order to identify the biologically relevant direct targets of Etv2 within the ChIP-Seq 

dataset, we compared the transcriptional profiles of RNA-Seq from embryos with gain- and loss-

of-function of Etv2.  For gain of function, we examined Etv2 overexpression at two 

developmental stages, 90% epiboly after injection of Etv2 mRNA at one cell stage, and 6 hours 

post heat activation of hsp70l:etv2-mCherry at 15hpf, since this was determined to be the stage 

of maximal induction of fli1a in a time-course measurement by qPCR (Supplementary Fig 3).  

This resulted in 1,029 genes induced above a 2-fold cutoff at 90% epiboly (Supplementary Table 

4, Sheet 1), and 959 induced above 2-fold by heat shock (Supplementary Table 4, Sheet 2).  Less 

than 15% (138) of the genes overlapped between these two datasets, which is most likely due to 
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the differences in developmental stages.  ChIP-Seq peaks were compared with the sum of genes 

induced at both time points (1907), resulting in 752 genes induced within the ChIP-Seq dataset 

(Supplementary Table 4, Sheet 3). 

For loss of function we examined the RNA-Seq profiles of embryos deficient in Etv2.  

Since it is possible that other ETS domain containing transcription factors expressed in the 

zebrafish vasculature might compensate for the absence of Etv2 either in morphant or mutant 

embryos (Pham et al., 2007), we examined the transcript profiles of cloche mutants that are 

devoid of all hemangioblast lineages and therefore all vascular specific ETS factors (Liu and 

Patient, 2008).  Three different cloche alleles, m39, m378, and la1164 were independently sorted 

by the absence of either gata1:EGFP or kdrl:EGFP transgenes at the same stage when 

hsp70l:etv2-mCherry embryos were heat shocked for ChIP-Seq, 15 hpf, and processed for RNA-

Seq profiling.  Relative to stage matched wild-type controls, this resulted in the down-regulation 

of 403 genes in m39, 453 genes in m378, and 190 genes in la1164, with etv2 being reduced in all 

three alleles, as expected (Supplementary Fig 4).  Interestingly, although all three alleles are 

deficient in the vascular and hematopoietic lineages, the datasets generated in all 3 mutants are 

not completely overlapping.  Nevertheless, the comparison between the sum of genes reduced in 

all three cloche alleles (780) with the Etv2 ChIP-Seq dataset resulted in 164 of these containing 

ChIP peaks (Supplementary Table 4, Sheet 4).  Since Etv2 is necessary and sufficient for the 

expression of endothelial and primitive myeloid genes, the genes that meet both of these criteria 

in our RNA-Seq datasets are most likely directly induced by Etv2. We therefore examined the 

intersection between the genes reduced greater than 2-fold in all three cloche mutants, with those 

induced greater than 2-fold by Etv2 overexpression generated in this study resulting in 82 genes 

being directly induced by Etv2.  In addition, we considered vascular and myeloid expressed 
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genes that we previously identified through microarray of Etv2 overexpression (Gomez et al., 

2009). All together, this resulted in a total of 101 genes (Fig 4A and Table 1), which are bound 

by Etv2-mCherry at 204 locations (Supplementary Table 4, Sheet 5).  An example of a gene in 

this list is she, wherein RNA-Seq profiles show reduction in cloche, induction by Etv2-mCherry 

after heat shock, and a ChIP-Seq peak in the Etv2-mCherry group but not wild type controls (Fig 

4B).  Furthermore, by whole mount in situ hybridization (WISH), ectopic induction is apparent 

in Etv2-mCherry embryos following heat shock, while vascular expression is severely reduced in 

Etv2 morphants (Fig 4C).  The list of direct targets was then examined by Database for 

Annotation Visualization and Integrated Discovery Gene Ontology (DAVID GO) analysis 

(Huang et al., 2009a), resulting in the top category obtained belonging to genes associates with 

vascular development, and contains many well characterized and studied vasculogenic molecular 

players that includes transcription factors, adaptor proteins and receptors.  

 

IV. Forced expression of Etv2 directly represses genes expressed in skeletal muscle and 

neuronal cells 

In addition to the activator function ascribed to Etv2 in the vasculogenic program, its 

propensity to facilitate gene repression has also been demonstrated in cardiomyocytes (Liu et al., 

2012; Palencia-Desai et al., 2011; Rasmussen et al., 2011; Schoenebeck et al., 2007).  Moreover, 

a cohort of genes associated with muscle lineages are upregulated in Etv2 null cells in mice 

(Kataoka et al., 2011; Rasmussen et al., 2011), while the forced expression of Etv2 in zebrafish 

results in the repression of several skeletal myogenic genes and the transformation of skeletal 

myocytes to functional vascular endothelial cells (Veldman et al., 2013).  We previously 

observed the broad repression of genes expressed in all three germ layers in Etv2 overexpression 
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at 80% epiboly following the ectopic expression of Etv2 from the one cell stage (Gomez et al., 

2012), and we obtained the same results here with RNA-Seq data from embryos obtained with 

similar experimental conditions at 90% epiboly.  Ectopic Etv2 induction at 6 hours post heat 

shock (hphs) at 15 hpf results in the repression of 798 genes relative to wild type controls 

(Supplementary Table 5, Sheet 1), with a preponderant enrichment of genes associated with 

cardiomyocytes, skeletal myocytes and neurons. Of the 798 genes, 111 contain ChIP-Seq peaks, 

and although the expression patterns of only 57 of these have been documented at the 

developmental stages studied here (between 15 and 21 hpf), 24 are expressed in somites, 19 are 

expressed in the nervous system, and 9 are expressed in both somites and the nervous system 

(Fig 5A and Supplementary Table 5, Sheet 2).  Myod, myog, myf5, mylpfa and tnnt3a are part of 

myogenic genes reduced by Etv2-mCherry following heat shock, as shown in Veldman et al., 

2013.  Notably, the master regulator of myogenesis, myod, and a component of the SWI/SNF 

chromatin modifying complex postulated to modulate myogenenesis after initiation, smarcd3a 

(Ochi et al., 2008), are repressed myogenic genes associated with ChIP-Seq peaks. 

Since the repression of neural genes by the forced expression of Etv2 has not been 

investigated, we examined the expression of wnt3a and gsx1, which are putative direct targets of 

Etv2, following heat shock by WISH.  Compared to wild type embryos, the expression of wnt3a 

is severely reduced in the midbrain (Fig 5B), while both wnt3a and gsx1 are nearly abolished in 

the hindbrain.  Concomitant with this repression, the normally vascular restricted expression of 

she in the head of wild types is ectopically induced throughout the forebrain, midbrain, and 

hindbrain following Etv2-mCherry overexpression.  Despite the similar effects observed between 

the myogenic and neural lineages resulting from forced Etv2-mCherry expression, we have not 

detected the transformation of neuronal cells to functional vascular endothelial cells as observed 
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in skeletal myocytes (Veldman et al., 2013), but the activation of vascular genes in the neural 

cells by forced induction of Etv2 can potentially provide insights into clinically relevant diseases 

like cancer.  

 

Discussion 

The critical requirement of Etv2 for the specification of hemangioblasts in the lateral 

plate mesoderm is undisputable, but the mechanism remains incompletely understood.  In mice 

ETV2 has been proposed to initiate vasculogenesis by directly inducing a core hemangioblast 

network consisting of Scl, Fli1 and Gata2, with the sole re-introduction of Scl or Fli1 being able 

to restore both vasculogenic and hematopoietic programs in Etv2 null embryonic stem cells 

(Kataoka et al., 2011).  While others found that only Scl is able to rescue the hematopoietic 

program, and establish the recursive loop with Fli1 and Gata2 (Wareing et al., 2012b), perhaps 

indicating that ETV2 initiates distinct networks in cells fated to become endothelial cells than 

those fated for the hematopoietic fate.  We previously obtained analogous findings in zebrafish, 

whereby both scl and fli1a are individually able to partially rescue endothelial specification and 

subsequent vasculogenesis in Etv2 deficient embryos (Ren et al., 2010).  Scl and fli1a are direct 

targets of Etv2 in our dataset, and while gata2a is both induced by Etv2 and associated with a 

ChIP-Seq peak, by RNA-seq it is not reduced below 2-fold in any of the cloche mutants at the 

stages examined, but is apparently reduced in etv2 mutants at later developmental stages (Pham 

et al., 2007).  Therefore, our data indicates that in zebrafish Etv2 directly induces only two of 

three components of the feed-forward loop, as well as other hemato-vascular transcription factors 

like the paralog of fli1a, fli1b, the co-factor of scl, lmo2, as well as sox7 and sox18 which are sox 

factors required redundantly for artery-vein specification (Cermenati et al., 2008).  
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The genetic relationship between Etv2 and the VEGF receptor, Kinase insert domain 

receptor/Fetal liver kinase1, Kdr/Flk1 has also been contended.  Etv2 has been proposed to lie 

upstream of Flk1 because FLK1 is severely reduced in Etv2 null mice, a cis-regulatory element 

upstream of Flk1 is directly bound by ETV2 (Lee et al., 2008), and the conditional deletion of 

Etv2 in Flk1 cells results in viable mice (Wareing et al., 2012b).  However, independent studies 

have revealed a rather mild reduction of FLK1 expression in Etv2 null embryos, and instead 

shown that VEGF signaling induces Etv2 through FLK1 to specify the hemangioblasts from 

primitive mesoderm (Kataoka et al., 2011; Rasmussen et al., 2012).  In zebrafish, there are two 

orthologs of the mammalian Flk1 resulting from a genome duplication event, kdr and kdrl, where 

the sequence of the former has a higher similarity to the mammalian Flk1(Bussmann et al., 

2008), but the latter appears to play a more highly conserved biological role (Covassin et al., 

2006).  However, both paralogs are required for artery but not vein formation, since the chemical 

inhibition of all VEGF signaling results in an artery specific deficit coupled with an expanded 

vein (Covassin et al., 2006).  Similarly, VEGF knockdown depletes etv2 expression in the dorsal 

aorta and intersegmental vessels but it continues to be expressed in the vein, which appears 

expanded (Sumanas and Lin, 2006).  The persistent expression of vascular markers after VEGF 

signal inhibition indicates that in zebrafish the initial expression of etv2 might be independent of 

VEGF signaling, but this possibility cannot be completely excluded because expression data has 

revealed that kdr is expressed before etv2 (Bussmann et al., 2007).  Nevertheless, the induction 

of kdrl by the forced expression of VEGF is unsustainable in the absence of etv2 (Sumanas and 

Lin, 2006), arguing that Etv2 directly induces VEGF receptors, and that the VEGF-Etv2-

Kdr/Kdrl feedback loop is conserved between mice and zebrafish.  Indeed, Kdrl was identified as 
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a direct target in this study, while kdr only failed to be included because it is only mildly reduced 

in all 3 cloche alleles by RNA-seq at the stages examined. 

The role of Etv2 in hematopoietic development varies across the model organisms 

studied to date. Etv2 deficiency is dispensable for hematopoiesis in Xenopus (Neuhaus et al., 

2010; Salanga et al., 2010), dispensable for primitive erythropoiesis but required for primitive 

myelopoiesis and definitive hematopoiesis in zebrafish (Ren et al., 2010; Sumanas et al., 2008), 

and required for the full spectrum of hematopoietic development in mouse embryos (Kataoka et 

al., 2011; Koyano-Nakagawa et al., 2012; Lee et al., 2008) and hematopoietic stem cell (HSC) 

maintenance in adult mice (Lee et al., 2011).  In previous studies, we have found that 

overexpression of Etv2 is sufficient to induce several myelopoietic genes including the 

transcription factors spi1/pu1 and krml2 (Gomez et al., 2012; Gomez et al., 2009; Sumanas et al., 

2008).  Although in Xenopus the overexpression of Etv2 might directly induce pu1 (Salanga et 

al., 2010), we did not see a ChIP-Seq peak associated with either of the two paralogs of pu1 in 

zebrafish, spi1 or spi1l, arguing that in zebrafish Etv2 only regulates myelopiesis indirectly, most 

likely by directly inducing scl.  Both spatiotemporal expression comparisons between etv2, scl 

and pu1, as well as epistasis experiments have previously suggested this to be the case (Sumanas 

et al., 2008).  We did note the direct induction of a couple of genes expressed in myeloid cells, 

krml2/mafbb and myo1f, but these genes are also expressed in the vasculature, so the ChIP-Seq 

peaks associated with them might reflect their induction by Etv2 in the vascular and not the 

myeloid lineage.  Nevertheless, Etv2 overexpression is sufficient to induce both isoforms of scl 

expressed in zebrafish (Ren et al., 2010), and as with myelopoiesis, Etv2 is likely to direct the 

definitive hematopoietic program by directly inducing scl (Qian et al., 2007).  We have also 

observed a ChIP-Seq peak near runx1, which is essential for definitive hematopoiesis (Burns et 
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al., 2005; Kalev-Zylinska et al., 2002), at a region distinct from the promoter used in a transgenic 

line previously used to lineage trace the emergence of definitive HSCs from the hemogenic 

endothelium in the dorsal aorta (Lam et al., 2010).  According to the transcriptome profiles 

generated here, Etv2 overexpression is not sufficient to induce runx1 expression, however the 

requirement of Etv2 for the formation of endothelial cells, plus the report that in Xenopus Etv2 

might directly activate runx1 (Salanga et al., 2010) suggest that the binding of Etv2 to runx1 in 

zebrafish might reflect the activation of runx1 expression by Etv2 in vivo. 

The hsp70l-etv2-mCherry zebrafish line used here was also instrumental in the discovery 

that the ectopic induction of Etv2 can transform skeletal myocytes to functional endothelial cells 

(Veldman et al., 2013).  Although this might occur by several means such as competition for 

myogenic co-factors, induction of myogenic microRNAs, alteration of epigenetic landscapes, 

this study presents the complete catalog of genes down-regulated by Etv2 overexpression and we 

detected an Etv2 ChIP-Seq peak within myod, suggesting that one possible mechanism involved 

in the myogenic transformation may be the direct downregulation of the master regulator of 

myogenesis.  Among the set of genes down-regulated by Etv2, the histone modifying smarcd3a 

is also an interesting target because it has been proposed to maintain the skeletal myogenic 

program by modulating the access of myod to myogenic genes at the chromatin level (Ochi et al., 

2008).  It is also interesting that a large portion of the genes down-regulated by Etv2 are 

expressed in neurons.  One possible explanation for the observed repression in these cells is that 

ETS domain family transcriptional repressor(s) might be expressed specifically in the myogenic 

and/or neural lineages in zebrafish, and the forced expression of etv2 in these cells can bind 

genomic repressor elements bound by those repressors, but we did not identify any such factors 

by searching ZFIN or the literature.  Although we do not see the transformation of neurons to 
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functional vascular endothelial cells, we have observed the ectopic induction of vascular genes in 

those cells. Although the work presented here carries the caveats that the data was obtained by 

forced ubiquitous expression of Etv2, which results in binding to sites not normally bound by 

Etv2, the transcriptome profiles and GO analysis of these profiles do reflect the biologically 

relevant hemato-vascular fate.  Therefore, these results provide an accurate prediction of the sites 

bound by Etv2 within the embryo and demonstrate that as in mice, in zebrafish, Etv2 initiates the 

vascular fate by inducing a key transcriptional network loop as well as other cellular proteins 

including receptors, adaptors, etc. that define angioblasts and certain hematopoietic lineages. 
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Figures 

 

Figure 1: Etv2 ChIP-Seq in vivo. (A) Both hsp70l-etv2-mCherry and wild type embryos were 
heat shocked with the conditions indicated in the schematic and harvested for ChIP-Seq at 1 hphs 
when mCherry expression (Soleimani et al.) is observed in the hsp70l-etv2-mCherry group. 
Relative to chromatin immunoprecipitated from wild type embryos 10,029 peaks were enriched 
in the etv2-mCherry group.  (B) etv2-mCherry ChIP-Seq genomic occupancy data overlap with 
enhancers (H3K4me1) and areas of actively transcribed DNA (H3K4me3).  (C) The most 
statistically significant position weight matrix logo for etv2-mCherry binding across the genome 
(e-value <3.2e-1120) is identical to the ETS consensus binding site. (D) Frequency distribution 
plot of etv2-mCherry ChIP-Seq peaks relative to the transcription start site of all genes bound by 
etv2-mCherry.  
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Figure 2. etv2-mCherry ChIP-Seq validation. (A) ChIP-Seq binding profiles of wild type control 
(top track) and etv2-mCherry (bottom track) at the fli1a locus.  Validation was performed at the 
two areas marked in the gene map where fli1a qPCR primers bind at the region marked by the 
red rectangle that is positive for binding, and fli1a negative primers amplify the unbound region 
marked by the lavender rectangle. (B) ChIP-qPCR was performed at 7 enrichment sites predicted 
by the ChIP-Seq data with 7 neighboring unbound negative control sites tested per gene, as 
indicated for the fli1a pair in panel A.  Binding at all sites was normalized by binding to the 
promoter of rhodopsin, rho.  The results obtained for fli1a at the sites pointed to in panel A are 
included as the first pair in the bar graph.  Gray and black asterisks indicate statistical 
significance of enrichment at p<0.05 (t-test), with the gray asterisk comparing binding near a 
given gene between Etv2-mCherry and wild type embryos, and the black asterisk comparing 
Etv2-mCherry binding between the predicted binding site and a negative control site. 
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Figure 3. Etv2 binding sites function as vascular enhancer elements.  (A) Representative 
schematic of enhancer assay at she.  Approximately 500 bp spanning Etv2-mCherry ChIP seq 
peaks (red rectangle) or sample of signals at negative control regions (lavender rectangle) were 
cloned upstream of the gata2 minimal promoter followed by eGFP in a Tol2 transgene plasmid. 
(B) Representative images of eGFP reporter expression in embryos with enhancers expressed in 
developing vascular endothelial cells as demonstrated by the enhancer for she (top panel), and 
the random mosaic expression observed in negative controls, as demonstrated by the empty 
vector (bottom panel). (C) Vascular specific eGFP expression is observed in 6 of 10 Etv2 bound 
regions tested (red bars). Two separate peaks were tested near fli1a and yrk, these are labeled 
with capitals as A and B, and fli1a. B corresponds to the site of Etv2 enrichment in Fig 2A. 
Negative control regions are represented by lavender bars, and the mutagenized fli1A. Bdel site, 
placed next to the full-length fli1a. B, is marked by the blue bar. A sample size of 40 embryos 
was examined for all constructs. (D) Schematic of fli1a. B enhancer with red vertical bars 
representing the 6 ETS binding sites within the cloned enhancer, which were deleted in fli1a. 
Bdel.  Images are of representative embryos injected with these constructs.  The expression of 
the fli1a. Bdel construct resulted in random mosaic expression without a predominant expression 
pattern.  The embryo in the lower panel shows expression in the notochord, noto. All embryos 
were imaged laterally with anterior facing left, and the white dashed line in D outlines the yolk 
extension. Abbreviations: isv, intersegmental vessels; da, dorsal aorta; cv, caudal vein; noto, 
notocord. 
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Figure 4.  Identification of direct Etv2 target gene by overlap of ChIP-Seq with RNA-seq gain of 
function, and loss of function datasets.  (A) Venn diagram showing overlap between genes 
containing ChIP-seq peaks and RNA-seq data for etv2 loss of function as represented by the sum 
of genes reduced below two-fold in three cloche alleles, and Etv2 gain of function, which 
includes genes induced two-fold and above at two developmental stages.  Note that the total 
number of genes (101) includes 26 genes that we previously identified through transcriptome 
studies.  (B) Representative RNA-Seq profiles in the top four tracks (dark green, wild type; light 
green, la1164; magenta, wild type; blue, etv2-mCherry) and ChIP-Seq profiles in the bottom two 
tracks, at one of the direct target genes, she.  Gene structure of she is shown at the bottom with 
exons 3, 4, and 5, from left to right. (C) WISH images of ectopic she expression at the trunk 
following Etv2 overexpression (top right) and the reduction in the vasculature after Etv2 
knockdown (bottom right). Embryo images are lateral views with anterior facing left, and values 
indicate the number of embryos showing the expression pattern shown over the number of 
embryos examined. 
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Figure 5. Forced expression of Etv2-mCherry represses expression of some genes in the nervous 
system.  (A) 111 of 798 genes reduced below a 2-fold cutoff in the RNA-Seq profile at 6 hphs in 
the etv2-mCherry OE group are associated with Etv2-mCherry ChIP-Seq peaks.  The expression 
of 57 of the 111 genes are available in ZFIN and pubmed databases, and these are broken down 
as indicated in the pie chart. (B) WISH for she (left column), wnt3a (center column) and gsx1 
(right column) at condition and stage matched embryos corresponding to RNA-Seq.  Compared 
to wild types (top row), the expression of she in etv2-mCherry OE (bottom row) is induced 
ectopically in the nervous system, while the expression of wnt3a is abolished in the hindbrain 
(gray arrow), and severely reduced in the midbrain (black arrowhead).  Similarly, gsx1 
expression is abolished in the hindbrain (brown arrow), the anterior tegmentum (green 
arrowhead), and severely reduced in the ventral diencephalon (light blue arrowhead).  Embryos 
were imaged in lateral view with the dorsal-anterior end facing left, and values indicate the 
number of embryos showing the expression pattern shown over the number of embryos 
examined. 
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Table 1.  The direct targets of Etv2 in zebrafish 

  
Note: genes in bold are genes we previously identified by transcriptional profiling of Etv2 OE using microarray and RNA-seq 
profiling. Bold and asterisks are genes identified as direct targets by RNA-seq data generated in this manuscript and also by 
previous transcriptional profile studies of Etv2 OE. 
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Chapter 3 Supplementary Material 

 

Supplementary Figure 1. The antibody used for ChIP specifically detects Etv2-mCherry.  Whole 
mount fluorescent immunohistochemistry shows specific detection of Etv2-mCherry at 0hphs 
and 1hphs (downward facing red arrows), but not in wild types (rightward facing yellow arrows).  
Note the increased intensity observed in positive stained embryos at 1hphs in panel C relative to 
0hphs in panel B and the absence of staining in no heat shock controls in panel A and the no 
primary control in panel D.  Half of the embryos in panels B, C, and D displayed red Etv2-
mCherry expression at the time of embryo fixation, while none of the embryos in panel A did. 
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Supplementary Figure 2. The crip2 negative enhancer is cardiac specific.  Representative images 
of embryos injected with (A) empty vector control, and (B) the crip2 negative enhancer.  Purple 
arrow points to cardiac region. 38 of 40 wild type embryos injected with the crip2 negative 
enhancer display marked GFP expression in cardiomyocytes at 30hpf.  
 

 

Supplementary Figure 3.  Gene expression changes of these genes were examined following heat 
shock of hsp70l-etv2-mCherry embryos at 15 hpf at 1, 3, 6, 9, 12 and 24 hours post heat shock 
(hphs).  The largest induction of fli1a was detected at 6hphs, and subsequent RNA-Seq profiles 
were generated for embryos at this stage.  
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Supplementary Figure 4. etv2 is downregulated in 3 cloche alleles.  RNA-Seq profile at the etv2 
locus with the profile color-coded for each condition. mWT control (top row) was used to 
standardize expression for cloche alleles m39 and m378, while the fourth row, la1164-WT, is the 
wild type control used to standardize expression for the cloche allele la1164 (see methods). This 
is also reflected by the amplitude values in the y-axis.  
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Supplementary Figure 5.  The transcript profiles of cloche alleles are distinct.  Genes 
differentially repressed below a 2-fold cutoff by RNA-Seq profiling are labeled in black 
numbers. 
 
 
Supplementary Methods: Bioinformatics  
 
RNA-seq 
The Illumina HiSeq 2000 platform yielded approximately 150 ~ 215 million single end short 
reads (50bp) per sample (Tables SM1 and SM2). Bowtie (version 0.12.8) (Langmead et al., 
2009) was used to align the reads to the zebrafish genome Zv9 (danRer7) with up to 2 
mismatches allowed. Each sample yielded mappable reads in excess of 80% (Tables SM1 and 
SM2), however, only uniquely mapped reads were used in subsequent gene differential 
expression analysis.  Read counts per gene were summarized by the R package, GenomicRanges 
coupled with the UCSC danRer7 gene annotation table ensGene.  A standard pair-wise 
comparison of two samples was performed by DESeq (Anders and Huber, 2010) with default 
parameters. 
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Table SM1 
Sample Total raw 

reads 
Total 
uniquely 
mapped reads 

Total 
multiple 
mapped 
reads 

Total 
reads not 
mapped  

hsp70l-Etv2-mCherry  
wild type 

214,241,173 138,342,349 
(64.57%) 

19,552,429 
 (9.13%) 

56,346,395 
(26.30%) 

hsp70l-Etv2-mCherry  
OE 

217,217,421 140,770,907 
(64.81%) 

17,955,469 
(8.27%) 

58,491,045 
(26.93%) 

90% Epiboly  
wild type 

141,472,333 84,910,582 
(60.02%) 

17,178,622 
(12.14%) 

39,383,129 
(27.84%) 

90% Epiboly 
Etv2 OE 

161,511,110 90,997,864 
(56.34%) 

19,443,252 
(12.04%) 

51,069,994 
(31.62%) 

 
Table SM2 

Sample Total raw 
reads 

Total uniquely 
mapped reads 

Total 
multiple 
mapped 
reads 

Total reads 
not mapped  

wild type for 
 m39, m378 

166,083,322 98,042,913 
(59.03%) 

14,364,299 
(8.64%) 

53,676,110 
(32.32%) 

m39 141,547,867 89,900,715 
(63.51%) 

12,653,724 
(8.94%) 

38,993,428 
(27.55%) 

m378 140,179,310 87,543.275 
(62.45%) 

12,688,254 
(9.05%) 

39,947,781 
(28.50%) 

la1164 171,810,545 113,893,845 
(66.29%) 

15,418,548 
(8.97%) 

42,498,152 
(24.74%) 

wild type for 
la1164 

199,804,780 112,974,973 
(56.54%) 

16,231,546 
(8.12%) 

70,598,261 
(35.33%) 

 
ChIP-seq 
ChIP-seq DNA samples from wild type and hsp701:etv2-mCherry heterozygous zebrafish were 
sequenced separately in 2 lanes on the Illumina Hiseq 2000 platform. Overall, 82,311,932 short 
reads (50bp) were obtained from the wild type control sample and 55,560,402 short reads were 
obtained from etv2-mCherry.  The R package, FastQC, was utilized to perform a sequencing 
quality check.  The first 4 bases corresponding to the inline barcodes were trimmed from the raw 
reads before mapping.  Bowtie( --sam --best –n 2 –m 1) (Langmead et al., 2009) was used to 
map the trimmed raw reads to the zebrafish genome Zv9.    Approximately 17 million and 13 
million uniquely mapped reads for wild type and etv2-mCherry samples were identified 
respectively (Table SM3).  MACS (version 1.4) (Zhang et al., 2008)  was then used to identify 
the corresponding read enriched regions on the genome with the following parameters: -t  
etv2_uniquly_mapped_reads -c control_uniquely_mapped_reads  -g 1.5e9   -s 46 -w  --single-
profile  --verbose 1. 10,029 peak regions were obtained with p-values < 1.00e-5.  
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Table SM3 
Samples Total raw 

reads 
Total uniquely 
mapped reads 

Total multiple 
mapped reads 

Total reads not 
mapped 

Etv2-mCherry 
ChIP-seq 

55,560,402 13,407,569 
(24.13%) 

7,694,800 
(13.85%) 
 

34,458,033 
(62.02%) 
 

wild type 
ChIP-seq 

82,311,932 16,905,309 
(20.54%) 
 

11,068,679 
(13.45%) 
 

54,337,944 
(66.01%) 
 

 
The R Package ChIPpeakAnno (Zhu et al., 2010b) and biomaRt were used to annotate the peaks 
regions.  Ensembl (version 69) annotated zebrafish Transcription Start Sites(TSSs) were utilized 
in ChipPeakAnno to perform the annotation step. 6,950 Ensembl zebrafish TSSs were found to 
be neighboring the aforementioned 10,029 peak regions (Supplementary Table ##1). Among 
these, 9,687 peak regions were within 10Kb of the nearest TSS, and 6,856/6,950 TSSs were 
within 10 KB of a peak region. A +/-10Kb flanking distance distribution to these TSSs indicated 
that most Etv2-mCherry binding sites were within several hundred base pairs of the TSSs, and a 
bimodal distribution flanking these TSSs can also be observed (Fig 1D).  
 
We also performed a GO terms enrichment analysis by ChIPpeakAnno coupled with GO gene 
mapping package org.Dr.eg.db (2.8.0). GO Biological Process terms GO:0001568 (blood vessel 
development) and GO:0001944 (vasculature development) showed up at very significant levels  
(p-value 1.93e-08 , Benjamini adjusted p-value 3.57e-06  and p-value 4.54e-09 , Benjamini 
adjusted p-value 1.08e-06 respectively).  
 
Genomic sequences +/- 100bp from the summits of peaks enriched by MACS were extracted and 
submitted to DREME (Bailey, 2011) to investigate possible motifs in our Etv2-mCherry ChIP-
seq data.  
 
             
Correlation analysis with H3K4me1 and H3K4me3 
 
We compared the 10,029 Etv2-mCherry ChIP-seq peaks generated by MACS with previously 
published ChIP-seq profiles of histone H3K4me1 and H3k4me3 binding sites by the Lawson lab 
(Aday et al., 2011).  The published H3K4me1 and H3K4me3 binding site Zv7 coordinates were 
downloaded from (http://www.sciencedirect.com/science/article/pii/S0012160611001564), and  
converted  to Zv9 coordinates with UCSC’s batch coordinate conversion tool, liftOver.  The 
coordinates of 37,244 out of 41,478 H3K4me1 binding sites and 24,750 out of 29,033 H3K4me3 
binding sites were converted from the Zv7 to the Zv9 version. Overlapping peak regions were 
identified by the function findOverlappingpeaks from the R package ChipPeakAnno (Zhu et al., 
2010a) with default parameters.    
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Supplementary Tables 
Supplementary Methods Table 1.  Verification primers (ChIP-qPCR) 
Fox:ets site Gene  Sequence   Product  Location 

yes scl TGAAATCCGAGCAATTTCCGC 117   

  GATGCTCTCCTGTCTCCGC    

no scl neg TGAACAAGAACTCGCCCACT 87  3.3 Kb downstream 

  CTGGGCACTGGTCAAGTAGA    

yes mef2cb TTGGTTTGGTGTGTGTGTGC 115   

  GTGAAGGGGAAGCTGTCAGG    

no mef2cb neg AGGCTTCTGGAGATTTGGCA 109  2.3 Kb downstream 

  TGTCATGCTGAGGGGTCAGA    

yes notch1a CATGCTGCCGTACACAGGTA 178   

  TCCCTCTGCGTTTCCTCCTA    

no notch1a neg ATCAGAGCAGGAAAGGCGTC 146  7 Kb downstream 

  TCACACATTCATCTGGGGGC    

yes arid1ab GCTGTGCCGTTGCAGTATTC 98   

  CAACAGCCCCTGAACCTGAA    

no arid1ab neg AGGCCAAAAGAGGCAATCCA 92  4.3 Kb downstream 

  GGGATGTGATCAGGCTCTGG    

no numb ACCGCTAGTGTTTCCTGCTC 164   

  TCACTACAATAGCCGTCCGC    

no numb neg TGCGTTTGTCATCTTGAGGC 112  15.7 Kb downstream 

  TCGAGCTCTCCGCATAATCA    

yes fli1a TCGACAATGAGAAGGGTGTCT 107   
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  GAGGGCATTCCTGTCTTTTG    

no fli1a neg TGTTTGGTTAAGGCCGGGCGAGA 92  6.1 Kb upstream 

  ACCAAACTGTCTGGCCTCCTGCTC    

no crip2 TGGCGGGAAAGGGTTGCCAT 94   

  TCTCTGGCCCTTCCGCTCCC    

no crip2 neg TCCAGCGCTCCTCCTCAGAGA 96  31 Kb upstream 

  ACAATGCGTAAGCACACCGGCT    
Last column location is in reference to binding site tested 
 
 
Supplementary Methods Table 2. Primers used to clone and test Etv2 bound sites by transient 
enhancer assay 
 

Gene Primer    PCR product 
fgd5 (2 OF 2) gagacgGGATCCCCTCACATTCCGTTTTCTGACA 539 

 agacgcGTCGACGTCATTTTGACACAGTGTGACTT  

she gagacgGGATCCAGTCACCCTAACGCTTTCTCA 504 

 agacgcGTCGACGCGTTTCTCGATTTATGCACC  

cdh5 gagacgGGATCCGTAGCAGACCAGCCAGTGTC 553 

 agacgcGTCGACACGTCTACAACTAGAACCACACA  

arhgap31 gagacgGGATCCCTCGTGTTTGACAGTAATGCAG 413 

 agacgcGTCGACAGGAGGAGATGAAATGACTATCAC 
sox18 gagacgGGATCCGCGCGTGTAGGAGTGTTACT 524 

 agacgcGTCGACATTAAAGCCCACCCTCACCC  

fli1a. A gagacgGGATCCCGTAGTTCCAGCACCCAGAG 618 

 agacgcGTCGACTAAAACATGGCTTGCGGCAG  

fli1a. B gagacgGGATCCTCCTTCACAATTTGACACTGATACC 506 

 agacgcGTCGACGTGCAGATTCTTGGTACATTGAGG 

crip2 gagacgGGATCCACCTGCTGTCACCCTAAATGT 559 

 agacgcGTCGACCTTGTAAAGCTGACCGGCCT  

yrk. A gagacgGGATCCCAGGCCGTTAATGAACGCAG 502 

 agacgcGTCGACGCAGCATTGCATACTGGACTAA  

yrk. B gagacgGGATCCTCAAATGTGCAGGTTGCTCTC 168 

 agacgcGTCGACTTCCCGCTGTCCTATCATTCC  

crip2 neg gagacgGGATCCACTTGTCCACAGTGGCAGTTA 450 

 agacgcGTCGACCCATTCAGTTGACCGAAAGCA  

notch1a neg gagacgGGATCCCTGTCTCCACTGCAGCATGA 625 

 agacgcGTCGACCAACCCCCTGAGTATGAGCG  
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Supplementary Table 1: Total set of genomic sites bound by etv2-mCherry 

 
Note: Only few entries included in sample, table is long 
 
Supplementary Table 2: Geno Ontology (GO) analysis of total etv2-mCherry ChIP-seq dataset 

 
Note: Only few entries included in sample, table is long 
Generated with the ChIP Peak Anno Package (Referenced in text) 
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Supplementary Table 3. Etv2-mCherry overlap with H3K4me1 

 
Note: Only few entries included in sample, table is long 
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Supplementary Table 4, Sheet 1. Genes induced 2-fold and above by Etv2 OE at 90% epiboly 

 
Note: Only few entries included in sample, table is long 
 
Supplementary Table 4, Sheet 2.  Genes induced 2-fold and above by etv2-mCherry OE  

 
Note: Only few entries included in sample, table is long 
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Supplementary Table 5, Sheet 2:  Genes reduced by etv2-mCherry OE below 2-fold that contain 
ChIP-seq peaks   

 
RED = expressed in nervous system, BLUE = expressed in skeletal muscle or somites, LAVENDER = expressed in 
somites and nervous system, GREEN = expressed in other tissues, NO COLOR = no expression available 
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Concluding Remarks 

The work presented here provides tools to further understand the development of the 

circulatory system, in particular in zebrafish, which has become a valuable vertebrate model 

organism in which to study vascular, cardiac, and hematopoietic development.  In chapters 1 and 

2 we presented the identification of 50 genes that are expressed in the early stages of vascular 

development in zebrafish and 3 genes that are expressed in primitive myeloid cells.  Various 

signaling pathways and mechanisms by which the vascular system is formed have been 

published in the literature, and it is our hope that through future research other investigators will 

identify functional relevance for some of these genes. On our part we have knocked down ten 

(dgki, gpr183, cntn4, myo1e, she, rgl2, tmem119, cdc42gap1, camgap1, klhl4) with morpholino 

oligomers but did not identify obvious phenotypic defects in the architectural formation of the 

vasculature for any of these.  This might be due to redundancy with other factors or because we 

did not look at other cell biology attributes or physiological consequences.  However our efforts 

have produced a substantial number of potential genes that we hope will serve the community to 

continue to unravel the biological mechanisms by which the circulatory system is developed.   

 In chapter 3 by subtracting the excess set of genes bound by Etv2 following Etv2-

mCherry overexpression with RNA-seq datasets, we found that the majority of genes directly 

induced by Etsrp/Etv2 are vascular.  Chapter 3 provides several points worth emphasizing.  In 

previous work performed in our lab we found that Etv2 autonomously regulates the myeloid 

lineage, but the absence of Etv2 expression in myeloid derivatives created a gap in our 

understanding by which Etv2 induces this lineage (Sumanas et al., 2008).  Here we show that 

Etv2 indirectly induces the myeloid lineage by inducing Scl, which subsequently specifies the 

myeloid lineage by inducing Pu1 (Patterson et al., 2005).  Interestingly by lineage tracing of 
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Etv2-GFP transgenic cells, GFP positive myeloid cells have been identified as descendants of 

Etv2-GFP progenitors (Proulx et al., 2010).  Combined, this shows that in zebrafish Etv2 induces 

the myeloid lineage by activating Scl within hemangioblasts and subsequently remains 

asymetrically associated with angioblasts and then with differentiated endothelial cells.  A 

second point worth mentioning is that similar to Etv2’s indirect regulation of the myeloid 

lineage, Etv2 is likely to indirectly regulate the definitive hematopoietic lineage through Scl in 

the hemogenic endothelium, as alluded to in a separate publication we produced (Ren et al., 

2010).  The final point worth noting is that besides the induction of Scl and Fli1a, which can 

partially rescue endothelial specification in Etv2 deficient embryos (Ren et al., 2010), Etv2 

directly induces a wide breadth of molecules, but not every single gene expressed in the 

developing vasculature.  

In future work it will be interesting to see whether VEGF signaling is also required for 

the induction of Etv2 in zebrafish as observed in mice and as mentioned in the discussion of 

Chapter 3.  It will also be useful to generate a zebrafish specific Etv2 ChIPable antibody to 

identify the direct targets of the endogenous protein, and thereby determine the accuracy of the 

binding sites predicted by the data presented here.  Since we deduced a list of direct genetic 

targets based on a distance of Etv2 ChIP-seq peaks within 10 Kb of the transcription start site of 

genes induced by Etv2 overexpression and downregulated in the absence of Etv2, we might have 

missed many long range Etv2 bound distal enhancers.  This can be addressed in the future by 

chromosome conformation capture experiments. It will also be helpful to obtain Etv2 ChIP-seq 

data in mammals to understand the evolutionary similarities and differences of Etv2 binding at 

cis regulatory elements between these organisms. We hope that the data generated here will 

provide valuable information in future investigations of blood and vascular gene regulation. 
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