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Abstract 

The primitive wave of haematopoiesis provides an initial circulatory system used during 

vertebrate embryonic development. During the primitive wave, lateral plate mesoderm cells, 

expressing the transcription factor Scl, contribute to both blood and vasculature progenitors. 

Scl protein is required for the development of all blood lineages in zebrafish, while in mice 

Scl knockout results in prenatal fatalities due to complete absence of early haematopoiesis. 

The highly dynamic nature and small cell number of primitive haematopoietic progenitors 

have to date hindered in depth in vivo studies of this developmentally crucial population. 

Using genome-wide profiling of scl-expressing progenitors in zebrafish I have shown that 

early primitive haematopoietic programmes at the anterior and posterior of the embryos, are 

distinct at the level of both transcriptional and chromatin landscapes. I have identified 

characteristic anterior and posterior transcriptional signatures and associated putative cis-

regulatory modules, correlating with divergent biological functions in these populations.  

In particular, I have characterised the cellular heterogeneity, identifying spatially and 

transcriptionally distinct sub-populations within the anterior scl-expressing cells in vivo. I have 

identified regulatory programmes underlying development of anterior vascular and 

haematopoietic progenitors, and identified a cell subpopulation co-expressing key regulators 

of both lineages, possibly accounting for the developmental plasticity within the system.  

Here, scl-expressing haematopoietic progenitor populations were profiled at unparalleled 

temporal and spatial resolution, obtaining full genome-wide description of early vertebrate 

primitive haematopoiesis in vivo. This work provides comprehensive framework for analysis 

of gene regulatory interactions and exploration of novel factors and putative regulatory 

elements involved in this process. 
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1. Introduction 

 The haematopoietic and vascular system in vertebrates 

 Embryonic origins of the circulatory system.  

The circulatory system is the first system to arise and function in the developing 

vertebrate embryo, with high conservation across vertebrate taxa.  Circulation 

permits efficient exchange of nutrients and waste products while also providing a 

rapid communication system between distant tissues as well as immune defences.   

Historically, the avian models were used in the investigation of early vertebrate 

development.  Chick embryos are relatively large, readily available and could easily be 

manipulated during early development of key tissues such as the blood and 

vasculature. Thus many of the key findings concerning vascular and haematopoietic 

development were originally made in the chick or quail. 

In gastrulation, the three germ layers: ectoderm, mesoderm and endoderm are first 

formed in the early embryo, as shown in figure 1-1.  During the earliest stages of 

mesoderm formation, this germ layer consists of highly migratory fibroblast-like 

cells1,2.  The extra-embryonic yolk sac is formed from mesodermal cells that rapidly 

migrate out from the midline, between the ectoderm and endoderm cell layers3,4.  

The extra-embryonic coelom advances and laterally splits the mesodermal 

population, forming the splanchnopleuric and somatopleuric mesoderm.  The 

splanchnopleuric mesoderm is the ventral layer bordered by the coelom above and 

the endoderm below, while the somatopleuric mesoderm lies above the coelom and 

beneath the ectoderm.  The first vascular structures that appear during vertebrate 

development are the blood islands5.  Proximity to the endoderm and ectoderm 

influence the cellular fate of the mesodermal cells that migrate between them.   
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Figure 1-1- Schematic of mesoderm formation, by Wolpert and Tickle, 20106. 

These clusters of haemangiogenic cells (cells capable of forming haematopoietic and 

vascular cells) develop from the splanchnopleuric mesoderm suggesting repressive 

signalling arises from the ectoderm while positive vasculogenic signal emanate from 

the endoderm. As a result of these gradients of positive and negative intercellular 

signals the haemangiogenic clusters are correctly spatially orientated and restricted.  

Haematopoietic precursors were originally proposed to arise from the centre of the 

blood island, while the mesodermal cells on the periphery of the blood islands form 

the angioblast population (endothelial precursors)7.  Hence the close spatial 

proximity of these two cell types led to the proposition of the existence of a 

common blood and vascular progenitor7. The cells at this site of the potential origins 

of the blood and vascular lineages was called the haemangioblast, though at this stage 

Murray was unable to conclude whether this referred to a mixed population or a bi-

potent progenitor population7,8.  Grafting studies in the mouse embryo suggested 

that vascular and haematopoietic lineages arise independently9.  Clonal analysis of 

Mesodermal cells rapidly migrate away from the midline between the endoderm, which neigh-

bours the yolk and the ectoderm that is exposed to the extra-embryonic environment.  This 

schematic showing a transverse section of  the gastrulating avian embryo was originlly published 

in òPrinciples of developmentó by Wolpert et al6.
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differentiated mouse embryonic stem cells identified a blast colony forming cell (BL-

CFC), a single cell that could be differentiated in vitro to give rise to either 

haematopoietic or endothelial lineages10.  However this study represented a forced 

differentiation rather than observation of a naturally occurring event, thus may not 

even occur in vivo and still did not provide any information on the embryonic origin 

of haematopoiesis.  Smooth muscle cells were also observed to differentiate from 

BL-CFCs suggesting that these cells represent an earlier mesodermal progenitor 

rather than a more restricted bi-potential haemangioblast.  In the primitive streak of 

the mouse embryo, rare BL-CFC like cells were identified, however their isolation 

and subsequent culture only gave rise to haematopoietic lineages11,12.  

Some studies suggest that committed haemangiogenic precursors exist prior to 

gastrulation, but fail to clarify whether both haematopoietic and vascular functions 

arise from a single cell in vivo, or whether two distinct populations exist spatially 

intermingled13-15.  In an attempt to resolve this transgenic mouse embryos were 

subjected to random single cell labelling prior to gastrulation, the resultant clones 

observed were haematopoietic, endothelial or rarely a mix of both lineages16.  The 

authors discussed these results as counteracting the idea of the haemangioblast, with 

mixed clones originating from a pre-gastrulation precursor or a late stage endothelial 

to haematopoietic transition. 

Supporting the existence of a haemangioblast in vertebrates is the shared expression 

of key molecular markers in both developing blood and endothelial cells.  

Overexpression of certain factors that are common to both fates has show an 

increase in both haematopoietic and vascular numbers, however this is often 

accompanied by expansion of other fates and does not mimic endogenous 

development17-20.  This has been further supported by fluorescent labelling of single 
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cells and cell tracing studies within the zebrafish, which identified cells capable of 

contributing to both haematopoietic and vascular, but not other mesodermal fates21.   

Figure 1-2- Schematic of vertebrate vasculogenesis, modified from Risau and 

Flamme, 199522. 

The embryonic origins of the haematopoietic system and whether this involves 

transition through a haemangioblast still remains unclear23. Knowledge of these key 

developmental processes is essential for informing cellular reprogramming and 

regenerative clinical approaches.    The main obstacle to tackling this question has 
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been our inability to study these progenitors in vivo given their relatively small 

numbers within the embryos, combined with the failure to fully recapitulate their 

development in culture. 

As the somites begin to form, the first angioblasts are observed within the embryo 

proper, in close proximity to the endoderm and begin to fashion the earliest version 

of the dorsal aorta24 (as detailed in figure 1-2).  As with the haematopoietic lineage, 

the origins of angioblasts in the embryo proper have also been controversial.  Due to 

the inherently dynamic and motile nature of mesodermal cells, tracing the origins of 

mesodermal populations can be challenging, at the earliest stages of development. 

The intra- and extra-embryonic vessels connect shortly after the formation of the 

second somite and cephalic mesodermal angioblasts stream into the head where they 

begin formation of the cranial vasculature. 

Two distinct yet interconnected biological processes form blood vessels.  Initially 

vasculogenesis occurs by aggregation of angioblasts, resulting in the de novo formation 

of a vessel at the location of the aggregate25.  Angiogenesis occurs subsequently to 

vasculogenesis and this process consists of sprouting or splitting off exiting vessels 

in response to signals from neighbouring tissues26. 

 Primitive and Definitive haematopoiesis 

In all vertebrates, haematopoietic development occurs in two key waves: primitive 

and definitive.  Primitive haematopoiesis provides an initial circulatory system for 

embryonic development. This is superseded by the definitive wave of 

haematopoiesis, which produces self renewing haematopoietic stem cells (HSC) 

capable of developing into all mature haematopoietic cell types27,28. In vertebrates 

primitive and definitive haematopoiesis takes place in different embryonic locations.  

Although these locations vary between different vertebrate species, molecular 
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signatures and many of the regulatory pathways involved in haematopoietic 

development are highly conserved across the vertebrate taxa. 

 Molecular players involved in haematopoietic and vascular development 

A key signalling pathway regulating the formation of vasculature is mediated by 

Vascular Endothelial Growth Factor (VEGF) receptors and ligands.  Overexpression 

of VEGF ligand alone in the avian embryo leads to ectopic vasculogenesis29.  

VEGFR2 (VEGF receptor 2) was identified as one of the first molecular markers 

expressed in angioblasts in both mice and quail, with its expression becoming 

restricted to endothelial cells as development progresses29-32. Figure 1-3 details the 

evolution of the VEGF-R family in vertebrates used by Bussman et al to clarify the 

roles of these proteins in zebrafish33.  

Complete disruption of vegf or vegfr (VEGF receptors) genes in mice is lethal early in 

development due to the crucial role of these factors in vasculogenesis and later in 

angiogenesis34,35. VEGF signalling has been shown to act upstream of Notch 

signalling and downstream of Sonic hedgehog activity in arterial lineage signalling36. 

VEGF signalling also increases vascular permeability37. Engerman et al. showed that 

under normal conditions endothelial cells rarely undergo proliferation in adult tissue, 

however during development endothelial cells rapidly proliferate in correlation with 

the expression of VEGF and VEGFRs38,39. 

ETS family of proteins play crucial yet overlapping roles in blood vessel 

development and myeloid lineage formation20,40-43. This transcription factor family 

bind to the sequence (C/A)GGA(A/T) (reviewed by Sharrocks et al.43) and includes 

etv2, erg and fli1 genes.  Knockdown of ets family genes results in defects in 

myelopoiesis, vasculogenesis and angiogenesis, suggesting these molecules are 

involved in all three developmental processes 20,44,45. For instance, etv2 knockdown 
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causes dramatic reduction in cell numbers of macrophages, neutrophils and 

heterophillic granulocytes41 as development progresses in those mutants. ETV2 

protein plays a critical role in the formation of vasculature as knockdown also causes 

complete loss of circulation42. Moreover, etv2 and foxc1a double knockdown results in 

loss of the majority of developing vasculature46. 

Figure 1-3- Vertebrate VEGFR classes, adapted from Bussmann et al. 200747.  

Some of the earliest markers that have been used to probe angioblast development 

are cell adhesion factors, such as VE-cadherin (CDH5), platelet endothelial cell 

adhesion molecule (PECAM-1) and cluster of differentiation in a cell surface 

glycoprotein cd3448-51. Cdh5 has been shown to play a crucial role in mediating 

VEGF signalling required for sprouting angiogenesis52,53 and for controlling blood 

https://en.wikipedia.org/wiki/Glycoprotein
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vessel permeability54. Morpholino knockdown in zebrafish identified an angiogenic-

independent role for cdh5 in cardiac development: its depletion resulted in low 

cardiac output due to poor endocardial cell adhesion55. 

Rbtn2, a factor identified through its contribution to T-cell Acute Lymphoblastic 

Leukaemia T-ALL, also known as Lmo256, plays crucial roles in vascular and 

haematopoietic development.  Lmo2 is a LIM-only domain protein that cannot 

directly bind DNA56-58 and requires association with other proteins, such as Stem cell 

like protein, Scl (also known as T-cell Acute Lymphocytic Leukaemia 1, Tal1), to 

stabilize its association to DNA59. Similar to scl, lmo2 is expressed in developing 

blood and vasculature cells of vertebral embryos.60-63 

 The Scl/Tal1 protein.  

 Discovery of a key leukemic factor. 

SCL (Stem Cell Leukemia) was first discovered as a gene involved in a chromosomal 

translocation associated with the occurrence of the stem cell-like acute lymphoblastic 

leukemia (ALL), presenting both a myeloid and lymphoid differentiation 

phenotype63-65. Leukemic cells from a 16-year old patient showed an early T-cell 

phenotype, defined as being CD2+/ CD7+ and CD3-/ CD4-/ CD8-.  When typical 

chemotherapeutic treatments failed to be effective in this patient, adenosine 

deaminase inhibitors, such as 2õ-deoxycoformycin, were administered, as they were 

previously shown to treat leukemic growth by blocking nucleotide synthesis. During 

the first 7 days of 2õ-dexycoformycin treatment the patientõs leukemic cells 

dramatically changed morphology from early T-lymphoid-like to displaying myeloid 

morphological features.  At the same time, the expression of CD7, marker of early 

T-lymphocytes, was lost, resulting in leukemic cells displaying classical stem-like 

features66. 
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Kurtzberg et al. showed that a similar òstem cell likeó phenotype could be generated 

in vitro with 2õ-deoxycoformycin treatment of primary patient leukemic cells, resulting 

in cells differentiating down a range of lineages65.  During this conversion, the 

genomes of the leukemic cells were monitored and showed a chromosomal 

translocation occurring between chromosome 1p32-33 and the TCR ŭ/Ů locus on 

chromosome 14q11. 

The SCL gene has hence been identified and mapped to human chromosome 1 by 

analysing this translocation and through independent efforts of several groups64,67.  

Aberrant recombinase activity was suggested to be responsible for this chromosomal 

rearrangement, as sequences found in proximity to the human SCL gene show high 

similarity to specific DNA sequences flanking the TCR ŭ/Ů locus64,67.  It has thus 

been suggested that these motifs are used by recombination enzymes to correctly 

identify and arrange segments of DNA for functional TCR gene assembly.  These 

putative recombinase signal sequences occur multiple times through the human SCL 

locus, but are not conserved in mice68-70. The rearrangement of the TCR locus occurs 

at a stage of development when SCL is highly expressed in haematopoietic cells; thus 

the SCL locus is likely to be contained in hypomethylated chromatin71.  This òopenó 

chromatin state results in exposed DNA and therefore may be permissive to 

erroneous recombinase activity at this site. In this initial T-ALL case, the intact SCL 

coding region was relocated into the TCR locus, resulting in inappropriate 

expression of the SCL protein under the control of TCR regulatory elements64.  

Consequently high SCL expression is observed in leukemic T-cells and undetectable 

in normal T-cells64,72-74. 

A second mechanism of SCL erroneous regulation was identified in leukemic cells of 

other T-cell leukemia patients75.  Deletion of a ~90kb region of chromosome 1, 

placed the SCL coding region under the regulatory elements of a ubiquitously 
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expressed gene named SIL (SCL Interrupting Locus)76,77.  Further analysis showed 

that this deletion event frequently occurs in T-cell leukemia patients and is strongly 

correlated with deletion of at least one of the TCR Ů genes.  This strong correlation 

is indicative of a role for SCL in the process of Ů locus deletion or commitment to 

the TCR ŭ/Ȃ fate71,78. 

 Scl in different biological contexts 

Following the identification of SCLõs role in T-ALL, experiments were carried out to 

determine the biological function and mechanism of action for this gene under 

normal, non-oncogenic conditions.  

Combined with its key role in leukemia, the expression of Scl in òearlyó 

haematopoietic tissues suggested that SCL may act as a key regulator of early 

haematopoietic fate decisions64,72,79.  Moreover, levels of Scl mRNA were observed to 

significantly increase when murine erythroleukemia (MEL) cells were induced to 

differentiate in vitro80, suggesting a second role in erythroid development for this 

potential transcription factor.  

GATA proteins are transcription factors that bind the DNA sequence 

(A/T)GATA(A/G).  GATA1 was identified in zebrafish following study of a bloodless 

mutation. In this mutation line HSC, myeloid and lymphoid lineages were unaffected 

yet circulating erythroid cells were lost81,82.  In mice GATA1 has been shown to be 

required in the differentiation of erythroid progenitor cells beyond the 

proerythroblast stage83. The promoter of SCL was shown to harbour GATA binding 

sites, that could be bound by a key erythroid factor, GATA184. 

Further supporting an early haematopoietic role, overexpression of SCL in K562 

cells induced spontaneous erythroid differentiation68,80. Expression of a dominant 

negative form of SCL in MEL blocked erythroid maturation80. SCL has been shown 
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to act both during erythroid specification and maturation, albeit through distinct 

mechanisms and with different requirements in SCL expression levels85. 

Two groups independently generated Scl null mice, and showed they die of severe 

anaemia by E1086,87, with embryos displaying phenotype similar to deficiencies in 

GATA188,89 or Lmo263 gene products.  A deficiency in myelopoiesis was also 

described, through investigating the haematopoietic potential of Scl-/ - cells upon 

injection into mice blastocysts.  Despite these cells contributing to a range of cell 

types, Scl-null cells were unable to contribute to haematopoietic lineages, indicating 

that Scl may act at the level of a myelo-erythroid progenitor86. Supporting this earlier 

developmental role, Gata1 and Spi1 transcripts were absent from Scl -/ - cells87.  

Further differentiation assays using mutant Scl -/ - cells in vitro and in chimeric mice 

identified a crucial role for Scl protein in the development of all haematopoietic 

lineages including lymphoid lineages90,91. During early thymocyte development, Scl 

normally becomes silenced in T-cells92. 

In addition to expression within haematopoietic tissue, Scl was also expressed in the 

developing vasculature, including in the embryonic yolk sac, however studies in Scl-

null mice indicated that endothelial development was not ablated86,87.  To investigate 

Scl functions beyond haematopoietic development, the Scl mouse knockout was 

rescued specifically in haematopoietic cells by expression of Scl under the regulatory 

region of gata193.  In òrescuedó embryos and analysis of chimeras generated from Scl -

/ - embryonic stem cells, endothelial cells were shown to be correctly specified, but 

angiogenic remodelling was severely disrupted and Scl -/ - cells could not contribute to 

major vessels93.  However, upon rescue under the control of a Scl 3õ enhancer that 

directed expression of Scl open reading frame (ORF) to HSCs and endothelium94, 

both haematopoietic and angiogenic defects were resolved95.  Studies in avian 

systems confirm that scl+ cells, which arise from the splanchnopleuric mesoderm, 
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acquire endothelial markers and function in angiogenesis96. Morpholino mediated 

knockdown in zebrafish also determined that scl played a crucial role in the 

formation of the dorsal aorta and major trunk vessels97.  Conserved regulatory 

functions for scl in both haematopoietic and vascular fates indicated that scl might act 

in the controversial common precursor- the haemangioblast. The existence of a 

common progenitor is also supported by the evidence from the cloche zebrafish 

mutant line, which displays deficit in both haematopoietic and vascular lineages and 

is characterised by a complete loss of the endocardium98.  In cloche mutants, scl 

expression is almost completely lost, however ectopic expression of scl can partially 

rescue the haematopoietic and vascular defects, indicating that scl lies downstream of 

cloche99. 

Time-lapse microscopy determined that in the zebrafish embryo, the cells of the 

developing endocardium express scl and originate from the anterior lateral mesoderm 

(ALM)47,100.  These cells are initially part of anterior cell population proposed to give 

rise to early myeloid progenitors, but then rapidly migrate into the developing heart 

field.  In scl mutants101, where bHLH domain of the Scl protein has been disrupted, 

these endocardial precursors form but fail to migrate into the heart field, leading to 

major cardiac defects47. 

Scl is also required to repress the cardiomyogenic program in mice.  Upon Scl 

knockdown, endothelial cells of the yolk sac have been shown to ectopically express 

cardiac markers and spontaneously form beating cardiomyocytes following in vitro 

culture102. 

In several key vertebrate models, scl has been shown to be expressed within neural 

tissue72,73,103-106, displaying highly conserved patterns encompassing thalamus midbrain 

and hindbrain104,107. Hindbrain/ spinal cord expression is driven by regulatory 

modules distinct to those controlling midbrain scl expression, in mouse, zebrafish 
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and chicken models104. The regulatory region that controlled SCL expression in the 

midbrain contained two binding sites for GATA transcription factors104.  Mutation 

of these binding sites in erythroid cell lines has previously indicated that GATA1 

binding was required for full activity of the SCL promoter108,109. Although GATA1 is 

not expressed in the midbrain, GATA2 and GATA3 are and their patterns overlap 

with SCL in neural cells110,111.  Disruption of these GATA binding sites completely 

ablated neural SCL expression as well104, indicating that despite different cellular 

contexts similar regulatory kernels may function and be re-used to direct distinct 

developmental processes. 

Bone homeostasis is the balance of bone formation and reabsorption mediated by 

osteoblasts and osteoclasts, respectively. Osteoclast development from HSCs has 

been shown to be under SCL regulation and similar factors to those controlling 

myelopoiesis are also involved112. In vitro, SCL null embryonic stem cells fail to 

develop into osteoclasts113.  

It is possible that similar regulatory interactions surround scl in each of these 

biological contexts, with tissue-specific factors tuning Scl-mediated activity towards 

tissue-specific targets.  

 Scl binding partners and complex formation.  

When the SCL gene was identified, the resulting predicted protein showed high 

homology to previously described basic helix-loop-helix proteins, such as Lyl-1, Myc 

and MyoD64.  Murre et al. showed that in addition to permitting direct DNA-binding 

of these related proteins, the helix-loop-helix domain may also contribute to the 

formation of protein complexes114. The high homology of SCL protein with factors 

known to be involved in key developmental fate decisions, suggested that SCL also 

played a crucial developmental role and prompted further investigation.  Despite 
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84% conservation in sequence at the bHLH domain and overlapping expression in 

vivo, Lyl-1 was unable to rescue Scl knockout115.  

As with other bHLH family members, Scl was shown to form heterodimers with 

members of another family of bHLH proteins, E-proteins, including E2A, E47 and 

E12116-118. E-proteins, which are ubiquitously expressed, associate with Scl and extend 

its downstream target pool by permitting it, when in such complexes, to bind to E-

box DNA motifs (CAGATG)117,118. Direct DNA interactions, in this case, are 

formed by the basic domain on both Scl and its associated E-protein119.  The crystal 

structure of Scl:E47 interaction domains indicates that the formation of such 

heterodimers would be thermodynamically more favourable that the formation of Scl 

or E47 homodimers120.  

Scl and Lmo2 directly interact in vivo, and were found associated in T-ALL cell lines 

and erythroid cells56. Lmo2 knockout mice die at E10.5 due to severe anaemia arising 

from a block in erythroid maturation63, indicating that, along with Scl, this protein is 

essential for proper erythroid development.  80% of childhood T-ALL patients with 

ectopic expression of either Scl or Lmo2, show co-overexpression of both genes121,122, 

suggesting a possible co-operative role.  These two transcription factors act 

synergistically to strongly promote tumourigenesis in transgenic mice, causing drastic 

and early onset of T-cell leukemia that is significantly more severe than in Lmo2-only 

controls123. Lmo2 has been shown to contribute to angiogenesis, but not 

vasculogenesis.  Ectopic scl expression in zebrafish embryos resulted in expansion of 

lmo2 expression throughout the mesoderm18.  This expansion of endogenous lmo2 

expression as measured by in situ analysis, is greatly increased upon co-injection of scl 

and lmo2 mRNAs, and is also accompanied by increased expression of 

haemangiogenic factors along the full length of the anterior/ posterior axis.  Despite 

overexpression of lmo2 and scl, erythropoiesis was only expanded to the pronephric 
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mesoderm, in a fashion that overlapped with gata1 expression18.  Structural studies of 

the Scl protein:DNA complex revealed that upon Lmo2 binding to Scl:E47 

heterodimers, the protein complex is stabilized, but hydrogen bonds with DNA are 

lost, thus reducing its association with DNA binding motifs120. 

In Xenopus, Scl overexpression experiments resulted in expansion of the cellular field 

of primitive haematopoiesis, with a significantly greater effect achieved upon 

combined overexpression of Scl, Lmo2 and GATA 1 mRNAs, than with 

overexpression of any of these factors alone124.  Scl, the E2A protein E47, and Lmo2 

form a multi-protein-DNA-binding complex in erythroid cells, along with GATA1 

and Ldb1125.  This complex was termed the òScl pentameric complexó and shown to 

directly associate with E-box-GATA consensus motifs - a DNA sequence commonly 

found in the promoters of erythroid genes125,126.  In early mesodermal development 

GATA1 is absent, thus GATA2, which is expressed at this time, has been proposed 

to interact with Scl containing complexes and has been shown to directly interact 

with Lmo2127.  This is supported by the partial rescue of haematopoietic defects in 

GATA1 null mice by ectopic expression of GATA2128. 

Lécuyer et al. have shown that Scl multi-protein complexes bind and enhance 

expression of the c-kit promoter in vivo129.  Synergistic action of Scl with other 

transcription factors suggested that Scl commonly functioned as part of multi-

protein complexes with the complex members directing the complex to specific 

subsets of Scl target genes130,131.  

Point mutation analysis identified key residues within the bHLH domain essential for 

haematopoietic function of Scl protein, including residues required for 

heterodimerization and specifically for Lmo2 association132.  Mutation of these key 

residues has emphasised the requirement for Scl to form functional complexes in 

order to mediate transcriptional regulation132. 
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Surprisingly, the direct DNA binding activity of Scl was found to be dispensable for 

Scl function in vitro and in vivo133,134.  Following disruption of the bHLH region of Scl 

DNA binding ability was ablated, yet bHLH domain-lacking variants were able to 

rescue erythroid specification in scl-/ - ES cells. Similarly such DNA binding domain 

lacking Scl variant mRNAs also rescued erythroid and vascular fates in zebrafish cloche 

mutant85,116,133, which normally lacks scl function.  Together, these studies suggest that 

other proteins complexed with Scl can mediate direct DNA interactions.  

Isolation and characterisation of Scl-containing protein complexes in erythroid 

cultures also identified co-repressors ETO2 and Gfi1b as Scl interaction partners135.  

Thus complex formation could not only determine Scl targets but also the nature of 

regulatory function exerted upon a bound target.  

 Diverse molecular functions of Scl in vivo. 

Evidence from different cellular systems indicates that the mechanism of Scl action 

varies between different cellular contexts. Through the formation of complexes Scl 

can mediate a range of effects on a variety of target loci.   Scl has been shown to 

recruit a variety of regulatory activities to target gene loci and has been proposed to 

influence the activity of other transcription factors through modulating the 

availability of common binding partners. 

A range of Scl target loci has been identified through analysis of genome-wide 

binding profiles of Scl, analysed within a number of different cellular environments 

by ChIP-Seq (Chromatin Immunoprecipitation followed by deep sequencing)126,136,137. 

For example, in primary erythroid cells, Scl most commonly binds in proximity to 

GATA motifs to promote expression of downstream targets. Yet in a T-ALL-

derived cell-line, Scl binds most frequently near runx motifs and mainly results in 

target gene repression138.  
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Several studies support a sequestration model, theorised to contribute to Scl-

mediated leukemogenesis. The model proposed that in T-ALL cells which ectopically 

express both Lmo2 and Scl, Scl pentameric complexes continue to form, eventually 

depleting the free pools of other complex members such as the E-proteins, while at 

the same time reducing the affinity Scl shows for specific DNA binding sites120 

(detailed in figure 1-4).  E-protein homodimers are essential for T-cell maturation, 

thus in conditions of Lmo2 and Scl overexpression, maturation promoting complexes 

are removed and replaced with complexes more commonly associated with early 

haematopoiesis92,138,139. Sequestration of E-proteins by Scl-containing complexes has 

also been reported to contribute to leukemogenesis through preventing apoptotic 

signalling, which is in part mediated by E-protein homodimers140.  Scl sequestration 

of E-proteins has also been proposed to have important indirect effects, as binding 

with Scl opposes E-protein interaction with bHLH factors involved in the 

development of other cell types120.  This theory is supported by in vivo studies that 

describe cardiogenic activity in would-be haematopoietic tissues, following Scl 

knockdown102,141,142.  Developmental regulation through sequestration of other key 

factors would thus permit similar regulatory circuitry to be employed in varied 

biological contexts, i.e. during vascular, blood and neural development.  Lineage 

specific repression would result from the unavailability of E-proteins to associate 

with tissue-specific bHLH factors such as MyoD and NeuroD.  

OõNeil et al. used transgenic mice to investigate the effect of Scl interactions with the 

E-proteins E47 and HEB in leukemogenesis. Upon induced Scl expression, mice 

with reduced E47 or HEB levels showed dramatic disease acceleration compared to 

wildtypes.  E-protein target genes were repressed with co-repressor mSin3A 

occupying enhancers that in wild type are normally bound by E-protein/p300 

complexes and promote expression143.  
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Figure 1-4- Model of Scl protein complex interactions with DNA in different cellular 

contexts, by El Omari et al. 2013120. 

 

Scl has been observed to mediate both transcriptional activation and repression upon 

binding to regulatory regions of a target gene. In the case of c-kit Scl binding results 

in opposing activities and is dependant on the cellular context.  Transcription of c-kit 

was promoted by Scl activity in haematopoietic progenitor lines, yet repressed by 

binding of Scl-containing complexes in primary erythroid cells144,145.  ETO2-Gfi1b-

Scl complexes identified in erythroid cells repress target gene expression in vitro.  
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However, as erythroid maturation progresses, these complexes dissociate, relieving 

repression of terminal erythroid maturation genes while simultaneously releasing Scl 

from repressive protein complexes, allowing it to associate to different partners and 

form activating complexes135.  

SCL complexes can associate with the broadly expressed transcriptional co-activator 

p300 in human MEL cells146.  p300 and CREB-binding protein (CBP) are closely 

related proteins that associate with transcription factors to increase the transcription 

of their downstream targets.  CBP and p300 act by recruiting basic transcriptional 

machinery147-149, relaxing chromatin structure at the target loci through their intrinsic 

histone acetyltransferase activity or by recruitment of histone modifiers150 to 

transcription factor complexes.  This p300:SCL complex was shown to associate 

with E-box motifs and promote expression of proximal genes during stimulated 

erythroid differentiation146.  Conversely in the same cell line SCL protein associates 

with transcriptional co-repressor, mSin3A, which leads to the recruitment of 

HDAC1 to SCL targets151.  HDAC1 catalyses the removal of acetyl groups from 

histone tails, which promotes chromatin condensation and diminishes transcription 

locally152. In MEL cells this SCL-mediated recruitment of HDAC activity caused 

transcriptional repression, which was reduced during stimulated erythroid 

maturation151. 

SCL can directly interact with LSD1, a histone-3 lysine-4 demethylase that catalyses 

promoter and enhancer hypomethylation and represses transcription of downstream 

targets.  The direct nature of this interaction indicates that SCL can direct regulatory 

activity to target genes in the absence of an òSCL core complexó153. SCL-mediated 

recruitment of LSD1 blocks erythroid differentiation through repressing expression 

of SCL target genes required for terminal differentiation154. 



 1-19 

The scale of this opposing SCL molecular activity was demonstrated in T-ALL cell 

culture. Upon knockdown of SCL, an array of direct SCL targets were observed to 

show either an increase or decrease in expression, which culminated in the loss of 

leukemogenicity136. 

 Regulation of Scl activity 

Transcriptional Regulation 

The comparison of genomic context within the Scl locus across 5 different vertebrate 

species has allowed identification of putative Scl regulatory elements as non-coding 

highly conserved regions155.  In all five species the downstream locus is the same, 

though there is variation in the upstream neighbouring loci.  In combination with 

expression data from these species it was concluded that the key regulatory regions 

for the Scl locus were also likely to be conserved17,99,104,155,156.  Multiple sequence 

alignments identified areas of highly conserved sequence outside of the coding 

regions, including in the 3õUTR, the first non-coding exon and upstream elements 

(figure 1-5). The analysis of putative regulatory elements identified, using long-range 

comparative sequence analysis and phylogenetic foot-printing, binding sites motifs 

for GATA, SKN1 and YY1 transcription factors within these highly conserved 

regions155. Subgroups of T-ALL patients have been identified that display 

overexpression of specific haematopoietic genes, such as runx1, myb, nkx3-1, erg and 

ets1, suggesting regulatory interactions between these factors157-161.  Sanda et al. 

confirmed Scl binding in proximity to these genes139.  Sequences for E-box, GATA, 

Runx and ETS binding sites were over-represented in proximity to the identified Scl 

binding sites139.  An autoregulatory loop involving Scl, GATA3 and Runx1 was 

identified with binding and occupancy sites within their own and each othersõ 

regulatory regions139,162-165.  Conservation of key regulatory elements at the Scl locus 
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through five vertebrates, suggests similar regulatory circuitry may surround Scl across 

vertebrate taxa.   

Figure 1-5- Synteny of the Scl locus across five vertebral species, by Gottgens et al. 

2002155. 

 

It has previously been shown that the Scl flanking sequences from the closely related 

species Takifugu rubripes are sufficient to recapitulate Scl expression in zebrafish 

following genetic ablation166 

An element with novel regulatory function was identified in proximity of one of Sclõs 

enhancers in embryonic stem cell lines167.  This motif carried active enhancer histone 

marks, but failed to promote expression in transgenic mice.  This motif was 

discovered to boost activity of the proximal enhancer, possibly through competitive 

or constructive complex formation between the two regulatory elements167. 
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In human haematopoietic cell lines, histone and transcription factor ChIP has been 

used to describe the regulatory regions within the SCL locus. This identified 

enhancers, which when tested in reporter assays, suggested both positive and 

negative influences on SCL expression levels168. Combination of powerful techniques 

such as these has allowed describing SCL regulatory landscape at a previously 

unprecedented resolution and has begun to offer an insight into the gene regulatory 

control of this essential factor. However such techniques have been limited by their 

requirement for substantial input material and were feasible only in culture in vitro 

systems. 

Transcript Degradation 

The 3õUTR conserved region contains sequences that upon transcription would 

likely form stem loop structures, which can provide binding sites for RNA-binding 

proteins169,170.   

T-ALL has previously been related to disruption of normal microRNA (miRNA) 

networks171,172 and a recent study has revealed that miRNA-mediated silencing of Scl 

may occur during normal T-cell development173. miRNA recognition sites were 

identified in the 3õUTR of human SCL transcripts and their disruption provided 

leukemic advantages. Over-expression of miRNAs predicted to bind to these sites 

caused SCL knockdown in cell culture173. A recent study has identified a number of 

miRNAs, potentially targeting SCL transcript, that were found down-regulated in T-

ALL patient samples, suggesting their absence could account, at least in part, for 

ectopic activation of SCL in the this subgroup of T-ALL patients173. 

Post Translational Regulation 

The Scl protein has been shown to undergo post-translational modification, in the 

form of phosphorylation174.  The anti-apoptotic and pro-proliferative protein kinase, 

Akt, phosphorylates Scl at Thr90.  This phosphorylation caused relief from Scl-
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mediated repression at a target gene required for erythroid cytoskeletons174.  Scl is 

subject to ubiquitination at its C-terminus, which tags the protein for proteasome-

mediated degradation in response to Notch signalling175.  Phosphorylation at serine 

172 is required for association between Scl and the histone modifier, LSD1153. This is 

mediated by PKA, and PKA inhibitors have been shown to prevent Sclõs interaction 

with LSD1 resulting in a de-repression of Scl target genes153. 

 The zebrafish model. 

 Zebrafish general development 

Zebrafish (Danio rerio) is a highly desirable model for the study of haematopoietic 

development in vertebrates.  Embryos are externally fertilized, develop 

independently of the mother and are thus available for manipulation and observation 

starting from a single-cell stage.  A single female zebrafish can produce several 

hundred eggs a week, lending statistical significance readily to any study carried out 

in this model.  The generation time for zebrafish is comparable to that of mice, with 

animals reaching reproductive maturity within 2-3 months, making intergenerational 

studies feasible. Early development occurs at a faster rate than in other animals such 

as mice, which significantly increases the feasibility of lineage tracing studies and 

observation of developmental morphological changes in real time.  Zebrafish 

embryos are optically transparent permitting non-invasive observation and high 

resolution imaging of internal developmental processes.  These fish are relatively 

small, making animal facility costs for zebrafish more economical than for other 

model organisms such as mice, frogs or quail.  

Invertebrate models, such as Drosophila, which have greatly contributed to our 

understanding of key early developmental processes, lack a complex circulatory 

system and show major immune system differences. The haematopoietic and 
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circulatory system of the zebrafish is complex and includes an adaptive immune 

system, both of which show high conservation to mammals.  

Several key techniques were developed in zebrafish to aid in understanding of a wide 

range of biological and clinical processes, including development of the circulatory 

system.  The high fecundity of zebrafish and relative ease of generating genomic 

modifications within the germ line, either in a non-targeted fashion using ENU, 

insertional mutagenesis, or gene trap approaches or in a targeted fashion via 

CRISPR/Cas9 genome engineering technology, makes zebrafish a highly tractable 

genetic system and one of the most useful vertebrate models. Like Drosophila, 

zebrafish has been used extensively in large-scale forward genetic screens, which 

have contributed a vast body of knowledge and afforded powerful insights into gene 

function during embryonic development176. The extensive studies of mutant 

zebrafish lines have provided us with key tools for investigating biochemical 

pathways involved in the regulation of disrupted processes.  

Reverse genetic techniques are today predominantly employed to generate transgenic 

lines that express a gene of interest or mutant variant, often in combination with a 

fluorescent reporter or in a tissue-specific manner, using either classical or BAC-

mediated transgenesis177.  Genome editing approaches, particularly efficient in 

zebrafish, not only allow targeted gene interruption via non-homologous-end joining 

(NHEJ) repair, following CRISPR/Cas9-induced double stranded DNA breaks, but 

also enable precise mutational analysis, introduction of fluorescent protein, or 

targeted insertion of protein tags using homology directed repair (HDR) 

mechanisms178-180. Such approaches, yielding a large number of useful transgenic 

lines, targeting, tagging or modifying genes of interest or non-coding regulatory 

elements, offer great potential for deciphering in vivo molecular functions, while also 

permitting observation of cellular populations as they migrate or develop in vivo. 
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Transient ectopic expression of a gene of interest can be achieved through injection 

of mRNA encoding the gene into a single cell-staged zebrafish embryo.  As the 

embryo develops the mRNA is taken up by the cells and translated resulting in 

ubiquitous ectopic expression.  Conversely, endogenous gene expression can be 

specifically and transiently knocked-down in embryos through the use of 

morpholinos.  Morpholinos are synthetic DNA analogues, which have standard 

DNA bases, bound not by deoxyribose, but with morpholino rings and as such 

represent foreign entity to the cells and are thus not recognised or degraded by 

cellular proteins181. These single stranded DNA oligomers bind to single stranded 

RNA in the cell and can disrupt gene function by either preventing the initiation of 

translation (when bound within the context of Kozak/first ATG) or alter the correct 

splicing of the pre-mRNA transcript in the nucleus (when targeted to important 

splice acceptor/donor sites) and hence lead to the generation of nonsense mutations 

or frame shifts.   Historically this method has been widely used due to its relative 

ease and reproducibility, with many morpholinos recapitulating mutant phenotypes, 

but also significant number yielding off target effects and non-specific results. 

The zebrafish has been used to model many human diseases (reviewed by Huiting et 

al., North et al. and Cutler et al. 182-184) and their ability to absorb drugs from their tank 

water makes them excellent candidates for larger scale chemical screens.  A number 

of molecules identified through such highðthroughput screens in zebrafish are 

currently used in the clinic to treat human conditions185,186. 

 Zebrafish model of haemangiogenesis.  

As in mammals, zebrafish primitive and definitive waves of haematopoiesis also 

occur in different embryological locations.  Zebrafish primitive haematopoiesis 

occurs within the embryo proper, in the lateral plate mesoderm instead of the extra-
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embryonic yolk sac in amniotes (avian and mammalian models). The primitive wave 

of haematopoiesis in zebrafish involves the generation of erythrocytes and some 

primitive myeloid cells such as macrophages.  The haemangiogenic lateral plate 

mesoderm arises as a pair of bilateral stripes of angioblasts shortly after gastrulation, 

which can be identified by the expression of key haematopoietic and vascular 

markers including scl 187. Unlike in mammals, the development of primitive wave 

myeloid and erythroid lineages are spatially distinct, and take place in the anterior and 

posterior lateral mesoderm within the zebrafish embryo, respectively187,188.  This 

affords us a significant advantage for investigating the molecular signalling pathways 

contributing to each of these lineages. Progenitors for myeloid and erythroid lineages 

share a significant portion of regulatory network interactions, as confirmed by the 

common expression of key haematopoietic factors such as scl, etv2 and lmo2189. 

However distinct regulatory networks exist for each lineage as demonstrated by the 

zebrafish spadetail mutant which displays loss of the primitive erythroid compartment 

despite normal myelopoiesis in the anterior lateral plate mesoderm (ALM)44.   

A transient wave of haematopoiesis follows the primitive wave and occurs in the 

posterior blood island (PBI).  During this stage the first common haematopoietic 

progenitor arises, characterised by capacity to produce multiple blood cell types190.  

Despite the drop in gata1 expression in the Intermediate Cell Mass (ICM), this key 

erythroid factor is maintained in the PBI, indicating a spatial shift in the site of 

erythropoiesis191.  The common haematopoietic progenitor detected in the PBI at 

~36hpf gives rise to both myeloid and erythroid lineages. However these progenitor 

cells lack self-renewal properties, and thus diminish in number as development 

progresses190. Shortly after the emergence of erythro-myeloid progenitors, the PBI 

undergoes massive remodelling to become the caudal haematopoietic tissue (CHT). 
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Definitive haematopoiesis generates HSCs capable of generating all blood lineages 

and of self-renewal, thus maintaining haematopoiesis throughout the adult life of the 

animal. In mammals definitive haematopoiesis originates in the aortaðgonadð

mesonephros (AGM) region, specifically within the ventral wall of the dorsal aorta 

DA, before moving to the foetal liver and onto the bone marrow. In zebrafish the 

origin of the definitive wave is in the equivalent location, within the ventral wall of 

the dorsal aorta (DA).  HSCs then spread throughout the CHT, before migrating to 

the kidney, which remains the site of haematopoiesis throughout the life of the 

animal, in a similar fashion to bone marrow in mammals192,193. 

Runx1 gene, used as a marker of definitive haematopoiesis, is a key transcriptional 

regulator expressed in HSCs and required for the definitive wave of hematopoiesis194.  

Runx1 expression commences shortly after the initiation of circulation, and is 

restricted to HSCs and endothelial cells of the ventral wall of the DA.  As with the 

haemangioblasts, the close proximity of these endothelial and haematopoietic cells, 

as well as their resembling expression patterns have led several groups to propose 

the existence of a common progenitor for both of these lineages, called hemogenic 

endothelium (HE).  This concept has been supported by single cell imaging studies 

in mice, which show that individual hemogenic endothelial cells can develop into 

haematopoietic cells195,196.  Imaging of developing zebrafish observed that at ~24hpf 

expression of scl, gata1 and gata2 begins to reduce in the ICM and genes such as 

runx1, c-myb and scl start to be expressed within the AGM44,192,197. Use of antibodies 

against CD41, an integrin (cell surface marker) expressed on the surface of HSCs and 

absent from the endothelial cells of the DA, has permitted studies of HSC migration 

following their emergence from the ventral wall of the DA. In zebrafish, CD41 

reporter lines have shown that HSCs move to the CHT, developing thymus and 

colonize the kidney by 2-3 dpf197. By 6dpf the kidney becomes the key site of 
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haematopoiesis for all blood lineages as blood development diminishes in the 

CHT197.  Expression of e1-globin and gata1 in the CHT at 3.5dpf indicates the 

initiation of definitive erythropoiesis, which gradually moves to the kidney by 

5dpf198,199. Switching between embryonic globins and adult globins that contribute to 

the haemoglobin tetramer, a process conserved within higher vertebrates, occurs 

after 15dpf. 

The initiation of l-plastin expression in the CHT indicates the initiation of definitive 

myelopoiesis at 3dpf, but this process moves to the kidney by 4dpf, which remains 

the site of HSC development into all blood lineages throughout adulthood199. 

Lymphopoiesis is responsible for generating the cells required for adaptive 

immunity, and signalling pathways involved in this process have been conserved 

between zebrafish and mammals. T and B cells are produced and require RAG 

mediated recombination to generate mature antigen receptors.  Common lymphoid 

progenitors arise from HSCs in the kidney, and while B-cell progenitors remain there 

to maturity, the T-cell progenitors migrate to the thymus to complete maturation200.  

Innate and adaptive immune development is temporally distinct in zebrafish, with 

the mature T-lymphocytes only arising in the thymic epithelia at 7dpf200.  Similarly to 

in mammals, zebrafish thrombocytes are capable of mediating clot formation in 

response to injury. The first thrombocytes to form are in the CHT at 2dpf, but later 

in development are also formed in the kidney201. 

 Developmental origins of the scl+ population 

scl knockdown in zebrafish ablates primitive and definitive haematopoietic cell 

lineages and causes disruption of angiogenic patterning202.  Ectopic expression causes 

expansion of haemangioblast population and subsequently, the enlargement of 
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erythropoietic compartment, leading to malformation of the circulatory system of 

the fish18,203. 

Davidson et al. 2003 detail the initiation of scl expression in zebrafish and show it 

onsets at 2-somite stage (2ss) in putative HSC and angioblasts187. In 4ss zebrafish 

embryos, scl is expressed as two bilateral stripes both in the anterior and posterior 

lateral mesoderm (ALM and PLM)203. scl expression in these domains is accompanied 

by the expression of other key haemangiogenic factors suck as flk1, lmo2 and gata2189. 

As in other vertebrates, such expression data was used to support the existence of 

the common vascular and haematopoietic precursor, the haemangioblast, in 

zebrafish as well.  During development, from the 14-18ss, the PLM stripes of scl 

expression extend anteriorly and posteriorly. By 20ss all scl-expressing PLM cells 

migrate medially and converge at the midline and by 20ss to form the main primitive 

erythroid tissue of the embryo, the Intermediate Cell Mass (ICM)198, which still 

expresses scl. Further evidence suggesting existence of haemangioblasts comes from 

fate-mapping experiments of single cells in the ventral mesoderm of zebrafish 

embryos, which showed that individual cells can give rise to both haematopoietic and 

vascular cells in the ICM204. Other vascular and haematopoietic markers are co-

expressed with scl by the cells in the ICM.  

Erythroid markers such as gata1 are expressed in the PLM as early as the 4-5ss.  

These gata1+ cells develop into the first circulating erythrocytes44,188.  This strongly 

suggests that haematopoietic lineage fates may be specified as early as 4ss, but they 

have proved highly challenging to investigate or describe due to their inherent 

transient nature and small cell number. 

At ~24hpf circulation commences and around 300 pro-erythroblasts from the ICM 

enter circulation and continue erythroid maturation and proliferation.  Transcription 

factors such as runx1 and fli1a have been observed to reduce their expression levels, 
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indicating the cessation of primitive erythropoiesis at this time (24hpf).  These 

primitive wave erythroid cells provide the complete oxygen transport function for 

the embryo, during the first 4 days of zebrafish development. 

Angioblasts of the anterior lateral plate mesoderm (ALM) are reported to display a 

similar expression profile as their posterior counterparts, but lack gata1 expression191.  

Instead pu.1/spi1b, a myeloid specific transcription factor, is detected in scl+ ALM 

cells, as early as at 3ss205.  As development progresses these cells disperse across the 

yolk and migrate rostrally, to ultimately differentiate into granulocytes and 

macrophages191. Molecular studies have identified two myeloid populations within 

the anterior scl+ population191. l-plastin is an actin binding protein specifically 

expressed by all myeloid cells191. A subset of l-plastin+ cells also express mpo, a 

peroxidase specifically transcribed in granulocytes. Macrophages and monocytes are 

identified as l-plastin+/ mpo- cells of the ALM, while l-plastin+/ mpo+ cells are defined as 

granulocytic precursors191. Innate immunity develops rapidly in zebrafish, as these 

primitive macrophages have being reported as active as early as 26hpf, and while 

their full distribution through the embryo is established by 28hpf206,207. 

Macrophages are the most functionally and spatially diverse cells of the 

haematopoietic system and play key roles in immunity, repair, homeostasis and 

development208-210.  In mice the macrophage lineage originates from the yolk sac and 

foetal liver210-212.   All macrophage subtypes have been shown to express Cell 

Stimulating Factor 1 Receptor (CSF1R), knock out of CSF1R causes severe depletion 

of macrophages in many tissues including loss of microglia (macrophages of the 

brain) and Langerhans cells213-215.   However loss of Spi1b in mice has been shown to 

result in the complete loss of all macrophage lineages (plus causes depletion of B-

cells)216, suggesting that Spi1b functions earlier in haematopoietic lineage 

development than CSF1R. 
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Both spi1b and gata1 are expressed in the ICM, where they counter-regulate each 

other, producing a balance between primitive erythropoiesis and myelopoiesis in the 

posterior of the embryo217,218. Any disruption of either transcription factor results in 

up-regulation of one lineage with concurrent restriction of the other. 

 Zebrafish scl isoforms  

Multiple isoforms of Scl have been detected in both murine and human culture 

systems, indicating functional diversity68,103,108,219-221.  Zebrafish embryos express two 

isoforms of scl that differ due to an N-terminal truncation, arising from a secondary 

transcriptional start site222.  The originally described gene is scl-ŭ, with its 

transcription starting at the first transcriptional start site and produces a full-length 

protein.  Transcription from a second alternative promoter site situated in the middle 

of the exon 2 of the scl locus produces scl-Ȃ transcripts that upon translation produce 

a truncated protein that lacks the first 118 N-terminal amino acids. The expression 

patterns of the two isoforms overlap, with the scl-Ȃ (truncated) isoform expressed 

first at 1-2ss, encompassing the ALM and PLM and later being detected in the 

ventral wall of the DA, where it is co-expressed with c-myb, indicating that scl-Ȃ 

characterises definitive HSCs.  scl-ŭ expression begins at 4ss in a subset of scl-Ȃ 

expressing cells within the posterior region of the ALM and in the majority of the 

PLM.  By 26hpf expression of scl-ŭ was undetectable in the ventral wall of the DA222. 

The two isoforms have been shown to be functionally redundant for the initiation of 

primitive haematopoiesis, however the isoforms differ in their contribution to 

primitive erythropoiesis. Scl isoform-specific morpholino knockdown experiments 

revealed that following scl-Ȃ knockdown red blood cells were lost by 3 dpf222. 

Knockdown of scl-ŭ isoform also resulted in anaemia, however erythroid cells were 

normal up to 3 dpf, but then have significantly decreased in numbers by 5 dpf.  This 
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indicated that both isoforms were crucial for erythroid maturation but required at 

different stages.  

scl-Ȃ was also shown to be essential for definitive haematopoiesis, as in 30hpf scl-Ȃ 

morphants, runx1 and c-myb expression was lost in the ventral wall of the DA222.  

Zhen et al. have demonstrated that scl-Ȃ marks the hemogenic endothelium (HE), 

while scl-ŭ expression onsets only as HSCs emerge from the DA wall223.  In runx1 

knockdowns, endothelial to HSC transition (EHT) is defective and cells attempting 

to make this transition undergo apoptosis224.  Specific knockdown of scl-Ȃ resulted in 

HE cells failing to form and a subset of cells in the ventral wall of the DA were 

observed to undergo apoptosis before any morphological changes associated with 

EHT were observed223.  In scl-ŭ morphants, EHT occurred normally but c-myb 

expression dropped dramatically between 2.5-3 dpf.  This was discovered to be due 

to apoptosis of HSCs a few hours after undergoing EHT, suggesting a role for scl-ŭ 

in the maintenance of HSCs.  The role of both scl isoforms in definitive 

haematopoiesis was demonstrated to be downstream of etv2, however only scl-ŭ was 

capable of rescuing both angioblast and HSC defects in etv2 morphants225.  The 

expression of scl isoforms was also shown to be downstream of VEGF-signalling 

during definitive haematopoiesis in zebrafish, though the use of a VEGFR inhibitor, 

SU5416, which in mice specifically inhibits Flk-1/KDR activity226.  Overexpression 

of either of the isoforms can partially rescue runx1 expression in VEGF signalling-

deficient embryos225.  

Protein stability was also noted to be significantly different between the two 

isoforms, with scl-Ȃ undergoing rapid degradation at the protein level rather than at 

the RNA level222. 
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 Overview  

In this project I have investigated the dynamic nature of early haematopoietic and 

vascular progenitors in zebrafish, identified through their expression of the blood 

and vascular regulator, scl. 

The initial aims of the project were to describe how the posterior erythrogenic 

population develops during primitive haematopoiesis and to identify early differences 

between the anterior and posterior primitive haematopoietic progenitor populations. 

Previous studies have identified scl expression specifically within early haematopoietic 

progenitor populations, thus scl was used as a molecular marker for the populations 

of interest for this project. 

To identify any changes in early haematopoietic progenitor activity, it is necessary to 

compare different biological contexts, which I have isolated from early stages of 

development in zebrafish embryos. I have focussed on the earliest stages of scl 

expression (10 and 20ss) and performed both spatial and temporal comparisons 

(anterior and posterior embryonic regions), to investigate how scl regulatory circuitry 

varies with embryonic development. I have generated a tagged transgenic scl reporter 

line in zebrafish and characterised its expression pattern throughout early 

development. This line spikes the endogenous Scl protein population with a tagged 

transgenic Scl protein, permitting isolation of the tagged proteins plus bound DNA 

and protein partners in future studies.  In addition, a fluorescent reporter is also 

expressed, which labels the scl+ cells in vivo and enables specific cell isolation through 

fluorescent activated cell sorting (FACS).  

Temporal comparisons have been performed using the posterior scl+ population, 

which has been previously been determined as the main site of erythropoiesis.  In 

this investigation I have described the transcriptional and chromatin accessibility 
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changes genome-wide, associated with the scl population progressing from 

haemangiogenic precursors to maturing primitive erythroid cells. 

Figure 1-6 Schematic of haematopoietic development in the zebrafish highlighting 

the contexts of investigation in this project. 

 

I have performed spatial comparisons between the two distinct scl + populations in 

the same embryo (anterior and posterior) at the 10ss of zebrafish embryogenesis.  As 

previously mentioned, in zebrafish myelopoiesis and erythropoiesis occur in distinct 

embryonic locations correlating the anterior and posterior scl-expressing cells.  I 

investigated whether the profiles of these early populations had already become 

distinct at the 10ss and to what extent these scl-expressing cells had progressed down 

their respective lineages. 
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Profiles of the 10ss anterior scl+ population revealed significant diversity in associated 

biological functions.  By applying the profiling techniques used to compare the early 

progenitor populations at single cell resolution, I was able to investigate the early 

cellular diversity in the anterior scl + populations.  I used in vivo confocal microscopy 

and single cell RNA sequencing to determine the heterogeneity of this population 

and to gather the necessary data to describe ensuing cell subpopulations.   

 

In summary this projectõs key aims were to 

A- Describe the development of primitive erythropoietic progenitors 

B- Investigate early spatial differences in primitive haematopoietic progenitor 

populations. 

C- Assess the cellular diversity of early anterior haematopoietic progenitors. 

Each of these aims would be performed within the context of the developing 

zebrafish embryo.  These investigations were planned to add true vertebrate in vivo 

knowledge of crucial developmental populations that have been previously only 

accessible through cell culture and primary culture modelling. 
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2. Materials and Methods 

 Molecular techniques 

Primer sequences are detailed in Table 2-2 and solution recipes are listed at the end 

of each sub-chapter. 

 BAC transgenesis 

Generation of scl BAC material. 

BAC zC104B7 (Chori211-104B7) was ordered from Chori BAC PAC facility, this 

contained chromosomal regions 22:16713150-22:16713954 plus a BAC backbone, 

which include a chloramphenicol resistance cassette.  Upon delivery of the zC104B7 

bacterial stub, a swab was plated on agar plates with chloramphenicol at 25 ug/ml 

and grown for 20 hours at 30°C. Single colonies were used to seed starter cultures 

containing 12.5 ug/ml chloramphenicol in LB-broth, which following 20 hours of 

growth at 30°C were used for DNA extraction. Bacteria were pelleted by 

centrifugation at 5000g at 4 for 20 minutes. Pellets were resuspended in 250ul buffer 

P1 from QiaPrep spin miniprep kit (Qiagen), 250ul buffer P2 was added and the mix 

was incubated at room temperature (RT) for 4 minutes.  250ul of precool buffer P3 

was added followed by 10-minute incubation on ice.  This lysate was cleared by 

centrifugation at 4°C at 16500g for 10 minutes. 750ul of isopropanol was added to 

the supernatant and then incubated on ice for a further 10 minutes. BAC DNA was 

pelleted by centrifugation at 16500g for 15 minutes, then washed with 70% ethanol.  

BAC DNA was finally resuspended in 50ul of nuclease free H2O and incubated at 

50°C for 30 minutes to aid full resuspension. 
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Cloning N -terminally tagged scl template vector for BAC 

transgenesis. 

To confirm the recombination of the insert into the BAC, I used a frt-kan-frt (fkf) 

cassette.  This is a kanamycin resistance cassette that would provide additional 

antibiotic selection for the insert, flanked by two frt sites.  Frt sites are recognized by 

flippase, which is employed at the final stage of BAC transgenesis to remove this 

antibiotic resistance from the BAC.  Removal of the kanamycin resistance cassette 

ensures that transgenesis does not result in addition antibiotic resistance within our 

zebrafish stocks. 

A pGEM-Teasy:citrine-fkf-sv40pA cassette was available in one of my host laboratories. 

This was linearized with SacII (NEB), bluntened with T4 polymerase then further 

digested with BsrGI (NEB) to generate two fragments- 3.1kb and 1.7kb. NCI:avi-tev-

flag-scl-2A-egfp was digested with NcoI, bluntened with T4 polymerase and then 

digested with BsrGI yielding two fragments at 7.5 and 1.8 kb.  The pGEM-Teasy 

vector (3.1kb) and N-terminally-tagged-scl (1.8kb) fragments were gel extracted and 

ligated together at a 5:1 insert to vector ratio with T4 ligase. The ligation mixes were 

electroporated into DH10B and bacteria expanded as before were used to produce 

pGEM-Teasy:avi-tev-flag-scl-2A-citrine-fkf-sv40pA plasmid DNA using a Qiagen 

miniprep kit. 

Cloning C-terminally tagged scl template vector for BAC 

transgenesis. 

NC1:avi-tev-flag-scl-flag-tev-avi-2A-egfp was digested with NcoI and pGEM-Teasy:citrine-

fkf-sv40pA was digested with SacII (NEB), both were then blunted with T4 

polymerase treatment. Each of the linearized constructs were then digested with 

BsrGI (NEB) then the 8kb pGEM-Teasy vector band and the scl-flag-tev-avi-2A 3kb 

band, were gel extracted. A T4 ligation was set up at a 3:1 ratio of insert to vector. 
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Transformation, bacterial colony amplification and DNA purification were carried 

out as previously described, to give pGEM-Teasy:scl-flag-tev-avi-2A-citrine-fkf-sv40pA 

DNA sample. 

Generation of electrocompetant SW105 cells 

SW105 cells were used for BAC transgenesis.  This strain contains a heat inducible 

recombinase and an arabinose inducible flippase, which were used to insert the tol2 

cassette and to flip out the kanamycin resistance cassette, respectively. 

100ml SW105 culture was grown to an optical density (OD) of 0.5 in LB broth with 

chloramphenicol at 12.5 ug/ml at 30°C.  The culture was divided in to two 50ml 

cultures. One culture is incubated at 42°C with agitation for 15 minutes- this 

activates expression of recombination genes and was referred to as òexperimentaló, 

while the other culture continues to be incubated at 30°C.  Both cultures were then 

incubated on ice for 5 minutes before centrifugation at 2000g for 15 minutes at 4°C.  

Supernatant was discarded, cells washed in ice cold H2O and centrifugation repeated. 

Again supernatant was discarded and pellets resuspended in ice cold 10% glycerol. 

After a further centrifugation the supernatant was fully removed and the pellet 

resuspended in 500ul GYT medium, and experimental and control SW105 50ul 

aliquots were stored at -80°C. 

Generation of recombination cassettes for BAC transgenesis. 

Recombination cassettes were amplified from their appropriate pGEM vectors using 

the PCR conditions below.  pGEM-Teasy:scl-flag-tev-avi-2A-citrine-fkf-sv40pA was 

amplified with primers Recomb_SA_F1 and Recomb_R1 or Recomb_Stop_F1 and 

Recomb_Stop_R1 to yield a 2nd exon insert or stop codon insert, respectively.  

pGEM-Teasy:avi-tev-flag-scl-2A-citrine-fkf-sv40pA was amplified with primers 

Recomb_AS_F1 and Recomb_R1 to produce a 2nd exon insert. 

0.3ul 500mM pGEM vector containing tagged Scl  
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1ul 10mM  Forward recombination primer (F1s) 

1ul 10mM  Reverse recombination primer (R1s) 

25ul 2x  PfuUltra II Hotstart mix 

22.7ul   H2O 

PCR program- repeat steps 2-4 x25 

1) 95°C for 5 minutes 

2) 95°C for 30 sec 

3) 60°C for 30 sec 

4) 72°C for  2:30 minutes 

5) 72°C  for 5 minutes 

6) 4°C on hold. 

The resulting PCR product was digested with DpnI (Roche) to remove plasmid 

DNA template, then gel extracted. 500ng of the resulting cassette was then 

electroporated into both experiment and control SW105 cells.  Following 

electroporation, cells were incubated for 4 hours in SOC medium at 32°C with 

agitation then pelleted by centrifugation at 2000g for 15 minutes.  Cells were then 

transferred to agar plates containing chloramphenicol at 12.5 ug/ml and kanamycin 

at 50ug/ml and incubated for 24 hours at 32°C. Individual colonies were picked and 

streaked on ampicillin only and chloramphenicol/kanamycin plates and incubated 

for 20 hours at 32°C.  Colonies that grew on chloramphenicol/kanamycin and not 

on ampicillin only contained successfully recombined BAC and did not contain the 

original pGEM-Teasy plasmid. A single colony was grown in 25ml LB broth with 12.5 

ug/ml chloramphenicol until it had reached an OD of 0.5. 25ul of 10% arabinose 

was added to the culture and incubated for a further two hours at 32°C to induce the 

expression of the flippase genes. An aliquot of the culture was plated on kanamycin 

only plates and incubated for 20 hours at 32°C. Individual colonies were picked and 



 2-39 

streaked on chloramphenicol/kanamycin plates and kanamycin only and incubated 

for 20 hours at 32°C.  Colonies that grew on kanamycin only and not on 

chloramphenicol/kanamycin contained the scl locus BAC that had successfully 

òflipped outó of the kanamycin cassette. Individual colonies were used to prepare 

experimental and control electrocompetant SW105 cells as described above. 

The tol2 cassette was amplified from the pCS2:tol2 vector as detailed below. 

1ul 5ug/ml  Tol2 vector 

1ul 10mM  ptarbac loxp 5õ primer  

1ul 10mM  ptarbac loxp 3õ primer 

25ul 2x  PfuUltra II Hotstart mix 

22ul   H2O 

PCR program- repeat steps 2-4 x30 

1) 95°C for 5 minutes 

2) 95°C for 30 sec 

3) 59.9°C for 30 sec 

4) 72°C for  2:30 minutes 

5) 72°C  for 7 minutes 

6) 4°C on hold. 

The PCR product was treated with DpnI overnight and the tol2 cassette was gel 

extracted.  The tol2 cassette was electroporated into experimental and control SW105 

cells produced from the zC104B7 recombination with tagged scl constructs following 

kanamycin flip out. Cells were incubated for 4 hours in SOC medium at 32°C with 

agitation then pelleted as before by centrifugation at 2000g for 15 minutes.  Cells 

were then transferred to agar plates containing chloramphenicol/ampicillin plates, 

which were then incubated for 24 hours at 32°C. Colonies that grew on 

chloramphenicol/ampicillin contained successfully recombined BAC, without a 
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kanamycin resistance cassette but with a tol2 cassette that would mediate integration 

into the zebrafish genome. mg quantities of the final BACS were produced using the 

PureLink HiPure Plasmid Midiprep Kit (Invitrogen). 

gDNA extraction  

F1 clutches of 50 embryos or greater were grown to the 18hpf, dechorionated and 

used for DNA extraction with PureLink Genomic DNA Mini Kit (LifeTech), 

following kit instructions. 

PCR screening 

Screening for transgene incorporation into the genome of F1 clutches was carried out 

using the following PCR conditions.  The results are shown in figure 2-1. 

0.3ul 10mM  Start_of_CitF or Genomic_F1 

0.3ul 10mM  Genomic_R2 

0.3ul 10mM  dNTP mix  

0.15ul   HotStart Taq Polymerase (NEB) 

1.5ul 10x  HotStart Taq Polymerase Buffer (NEB) 

1ul   Extracted gDNA 

11.45ul   H2O 

PCR program- repeat steps 2-4 x35 

1) 95°C for 5 minutes 

2) 95°C for 30 sec 

3) 55°C for 30 sec 

4) 72°C for  4 minutes 

5) 72°C  for 7 minutes 

6) 4°C on hold. 
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Figure 2-1 PCR screening for F0s with germline transmission of the scl-citrine 

transgene. 

 

STlowE 

1ml 5M NaCl 

1ml 1M Tris pH8.0 

20ul 0.5M EDTA 

97.98mls H2O 

 Fish protocols and husbandry 

mRNA Injections 

mRNA was injected into single-cell stage zebrafish embryos, using the Picospritzer II 

microinjector (Parker Instrumentation).  Embryos were incubated in E3 medium 

(Westerfield, 1993227) at 28.5°C until desired stage was reached. 
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DNA Injections  

DNA in plasmid form was injected at 150pg per embryo, at the single cell stage.  

BAC injection amount for sclBAC:scl-flag-tev-avi-2A-citrine-sv40pA was 100pg, with 

100pg of tol2 mRNA, per embryo. Injection volume varied but never exceeded 2nl. 

 

E3 medium 60x stock 

17.2g NaCl 

0.76g KCl 

2.9g  CaCl2.2H20 

4.9g MgSO4.7H2O 

 Expression analysis 

 Transcript detection 

Labelled probe production 

RNA was isolated from a clutch of 10ss wildtype embryos, using RNAqueous 

MicroKit (Ambion) following kit instructions, including DNAseI treatment. cDNA 

was produced using Superscript III (Invitrogen) and purified using cDNA filter 

cartridges (LifeTech). Resulting cDNA was used as template for PCR amplification, 

using the protocol detailed in the òPCR screeningó section above, using the 5õ and 3õ 

primers detailed in table 2-2 as appropriate.  The correct PCR product was gel 

extracted and 5ug used for in vitro transcription with the T7 RNA polymerase kit 

(Promega) and DIG RNA labelling kit (Sigma) following kit instructions.  The 

resulting RNA was treated with Turbo DNAse (LifeTech) for 15 minutes at 37°C 

before use. 
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In situ  hybridization 

Embryos were fixed for 1hr at RT in 4% PFA. Fix was washed out with PBS-T then 

embryos were dehydrated and rehydrated using a methanol: PBST gradient.  

Embryos are washed in PBS-T, permeabilized with 1%H2O2 for 10 minutes on ice, 

then brought to Hybe-50.  Labelled probes were applied to embryos in hybe-50 then 

incubated overnight at 65°C.  Embryos were washed in Hybe-50 at 65°C then in 

MABT at RT. Embryos were blocked with 20% sheep serum 2% Boehringer 

Blocking Reagent (BBR) (Sigma) for 1 hour at RT. Embryos were then incubated 

with anti-dig-AP antibodies 184 overnight at 4°C. Further MABT were carried out 

before developing colour using BN purple reagent (Sigma).  

RT-PCR analysis 

RNA was isolated using the RNAqueous MicroKit (Ambion) following kit 

instructions, including DNAseI treatment. 5ug of isolated RNA was used for reverse 

transcription using the reaction mixes detailed below. 

1ul 50uM oligodT primers 

5ug  isolated RNA 

1ul 10mM dNTP mix 

Up to 13ul with H2O 

This annealing mix was heated to 65°C for 5 minutes then incubated on ice for 

addition of the following, 

4ul 5x First strand synthesis buffer (Invitrogen) 

1ul  0.1M DTT 

1ul  RNAseOUT Recombinant RNase inhibitor (Invitrogen) 

1ul  Superscript III reverse transcriptase (Invitrogen). 
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This reverse transcription mix was accompanied by a negative control, prepared in 

the same manner except omitting the reverse transcriptase. Both reactions were 

incubated at 25°C for 5 minutes then at 50°C for 1 hour. 

cDNA produced was amplified using the PCR conditions detailed below.  100ng of 

pGEM:scl-flag-tev-avi-2A-citrine-fkf-sv40pA was used as a positive control and these 

PCR conditions would yield a comparative fragment to fully spliced transgenic 

mRNA. 

0.3ul 10mM  RT-PCR-Fwd 

0.3ul 10mM  Mid_Cit_R 

0.3ul 10mM  dNTP mix  

0.15ul   HotStart Taq Polymerase (NEB) 

1.5ul 10x  HotStart Taq Polymerase Buffer (NEB) 

1ul 100mM cDNA 

11.45ul   H2O 

PCR program- repeat steps 2-4 x35 

1) 95°C for 5 minutes 

2) 95°C for 30 sec 

3) 55°C for 30 sec 

4) 72°C for  2 minutes 

5) 72°C  for 5 minutes 

6) 4°C on hold. 

PCR products were then run out on a 1% agarose electrophoretic gel. 
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MABT (500mls) pH7.5 

50mls 1M  Maleic acid 

15mls 5M NaCl 

0.5ml 100% Tween-20 

Hybe-50 (500mls) 

250mls 100% Formamide 

32.5ml 20x SSC-DEPC treated 

5ml 0.5M EDTA 

5ml 20mg/ml tRNA 

1ml 100%  Tween-20 

25ml 10% CHAPS 

50mg  Heparin 

Bring up to 500ml with H2O 

KTBT (1l) 

50ml 1M Tris-HCl pH7.5 

30ml 5M NaCl 

10ml 1M KCl 

20ml 10% Tween-20 

90mls  H2O 

 Sample Preparation. 

Dissociation of Embryonic Samples 

Initial embryo number varied between 40 and 250 embryos, depending on clutch size 

and survival. Embryos were dechorionated, fluorescently sorted and then bisected as 

detailed in Figure 3-10. Embryo halves were dissociated by incubation with 

20mg/mg collagenase in trypsin solution for 9 minutes at 30°C.  Dissociation is 



 2-46 

halted by addition of Hankõs solution and remaining cell aggregates dissociated by 

gentle pipetting. Centrifugation at 500g for 15 minutes pelleted the cells and 

supernatant was discarded. The cell pellet was washed further in Hankõs solution, 

passed through a 40um cell strainer and centrifuged again.  The final cell pellet was 

resuspended in 200-400ul of Hankõs Solution. 

FACS 

FACS was carried out using a FACS AriaIII (BD Biosciences) within the in-house 

cell sorting facility, using a 100 micron nozzle with precision calibrated for purity.  

FACS enabled separation of cells based on their size, granularity and citrine 

fluorescence after calibration against WT cell samples.  

RNA isolation  

RNA extraction was carried out on samples containing a minimum of 5000 citrine+ 

FACS sorted cells, immediately after sorting using the RNAqueous MicroKit 

(Ambion) following kit instructions, including DNAseI treatment. 

RNA quantification  

RNA samples were quantified using a Bioanalyzer (Agilent) using the RNA 6000 

Pico reagents (Agilent). Samples were required to show clear peaks for the 5.8 and 

18s rRNAs and an RNA integrity number (RIN) of 7, to proceed with sequencing.  

5ng of each sample was sent off for sequencing sample preparations with a Kapa 

HIFI ready mix.  

ATAC  

Immediately following FACS citrine+ samples of 15000 cells or greater, were spun 

down at 500g for 5 min at 4°C and supernatant discarded.  Cells were washed once 

with ice cold PBS and then spun down again at 500g for 5 min at 4°C.  The cell 

pellet was resuspended in 50ul ATAC lysis buffer and then spun down at 500g for 

10min at 4°C and supernatant discarded.  For 10,000-50,000 cells the pellet was 
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resuspended in the following transposition mix and incubated at 37°C for 30 

minutes. 

10ul 2x TD Buffer (Illumina) 

1ul  Tn5 transposase (Illumina) 

9ul   H2O 

This reaction was purified using the PCR purification MinElute kit (Qiagen) 

following the kit instructions and eluting in 10ul elution buffer.  Transposed DNA 

was amplified using the following PCR reactions. 

20ul Transposition mix 

2.5ul Customized Nextera PCR Primer 1 universal AD2.1 (Illumina) 

2.5ul Customized Nextera PCR Primer (varied to allow sample pooling) (Illumina) 

25ul NEBNext High Fidelity 2x PCR master mix (NEB) 

PCR program- repeat steps 3-5 x11 

1) 72°C for 5 minutes 

2) 98°C for 30 sec 

3) 98°C for 10sec 

4) 63°C for 30 sec 

5) 72°C for  1 minute 

6) 4°C on hold. 

The resulting ATAC library was purified with the PCR Purification MinElute kit 

again and eluted with 20ul elution buffer.  Following this Ampure purification was 

carried out, with incubation of the library with 20ul of Agencourt Ampure beads 

(Beckman Coulter) at RT for 5 minutes. Using a magnetic stand beads were retained 

and supernatant removed, permitting washing of beads with 80% EtOH twice. DNA 

was eluted from the beads with 20ul 1mM Tris HCl pH8.0 and 1mM EDTA. 
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ATAC library quantification,  

ATAC libraries were analysed and quantified using the Tapestation machine with the 

D1000 High sensitivity and reagents (Agilent), following kit instructions. QBit 

fluorometric quantitation (ThermoFisher) was used to precisely measure the 

concentration of the ATAC library. 0.08pmoles of each ATAC library was used for 

high-throughput sequencing as detailed for RNA samples above. 

 

Hankõs Solution 

2.5ml 10x HBSS 

62.5mg  BSA 

0.25ml 1M HEPES pH8.0 

22.25ml  H2O 

ATAC Lysis Buffer 

10ul 1M Tris HCl pH7.5 

2ul 5M NaCl 

10ul 10% NP-40 

3ul 1M MgCl2 

975ul   H2O 

 Bioinformatic analysis. 

 Generation of scl specific transcriptomic data 

75bp paired-end reads were produced on a NextSeq Illumina platform with a 

NextSeqÊ 500 High Output Kit (150 cycles) (Illumina).  FastQC228 was used to 

check the quality of the reads.  This package identified over-represented sequences 

relating to the poly-A tail sequence, TruSeq adapter sequences and a sequencing 

primer.  To account for this reads were trimmed using Scythe (v0.994Beta)229. 
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Trimmed reads were mapped to the zv10 genome using STAR230.  Expression level 

was calculated as FPKM values, which accounts for transcript length and for the 

total sequencing depth of the sample231. Conversion to FPKM values permits 

meaningful comparison between samples.  DESeq used for differential expression 

analysis232 as this package took into account the replicates of samples thus could 

compare biological variation within replicates to variation between samples. 

Expression was defined as any gene showing expression above or including 2 

FPKM, this has previously been used as a cut-off for expression 2 in genome-wide 

population analyses233.  

 ATAC-Seq  

40bp paired-end reads were produced on a NextSeq Illumina platform with a 

NextSeqÊ 500 High Output Kit (150 cycles) (Illumina).  Read quality was assessed 

using FastQC228 and mapped to the zv10 genome using bowtie(v1.1.2)234. Duplicate 

reads caused by over-clustering and PCR represented 0.33% of mapped reads and 

were removed using PicardTools (v.1.83) MarkDuplicate235.  DeepTools (v.2.2.2.) 

was used to assess the quality of mapped reads236 and SamTools was used to process 

sam files237.  Bam files were converted to paired-end bed files using BedTools 

(v2.25.0) with the bam2bed-bedpe package238.  D. Gavriouckina carried out further 

mapping, filtering and peak calling. Buenrostro et al. determined that a 4 and 5 bp 

shift of mapping location yielded more accurate peaks for open chromatin 

location239. This group also identified a high percent of reads mapped to the 

mitochondrial genome239. Reads were mapped to the mitochondrial genome to 

identify the mitochondrial DNA contribution, which represented under 10% of 

reads following duplicate removal by PicardTools, and reads were adjusted by 4 and 

5 nucleotides. Peaks were called using the Corepeak package of MACS2 (v2.0.10)240.   
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The ATAC profiles of the replicates were merged and context-specific peaks 

identified using pybedtools241. Peaks overlapping the first exon of genes in danRer10 

were identified by Pybedtools and used to distinguish between promoter and non-

promoter peaks.  Non-promoter peaks were associated with the nearest expressed 

(FPKM Ó 2) genes using bedtools (v.2.25), closestBed function. 

In gene desert regions all ATAC peaks up to neighbouring genes must be considered 

as potentially relating to the central gene despite huge distances involved.  In gene 

dense regions the distance between neighbouring genes is smaller thus the relative 

expression dynamics of proximal genes is taken into account when associating open 

chromatin regions with a gene 

 Single Cell RNA Sequencing. 

10ss anterior citrine+ cells were isolated by bisection, cell dissociation and FACS as 

described previously. FACSAriaIII was set up to aliquot a single citrine+ cell into 

each well of a 96 well plate, wells H11 and H12 were intentionally left empty as 

negative controls. ERCCs are a set of unlabelled polyadenylated RNA controls 

commonly used in RNA-seq and were developed by the External RNA Controls 

Consortium (ERCC).  ERCCs were included to control for variation in RNA 

extraction efficiency and loss of material during preparation, and will permit 

comparison between experiments if repeated at a future date.  RNA extraction and 

library preparation was carried out by R. Williams using the Smart-seq2 protocol as 

described by Picelli et al.242. This technique permits high level multiplexing, and 

restricts sequencing to poly-adenylated RNA. Sequencing was carried out using a 

NextSeq 500/550 MID output kit (150 cycles) (Illumina) with 75 bp, paired end 

reads.  I carried out indexing to the zv10 genome and mapping of single cell 

transcription reads using STAR. D. Gavriouchkina carried out quality control and 
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filtering of data.  The SCATER program was used to assess quality of transcriptomic 

data from each sample through comparison of housekeeping and rRNA gene 

expression level, plus ERCC level243,244. SCATER determined that 11 cell samples 

should be discarded due to poor quality resulting from lack of depth of sequencing. 2 

further samples were eliminated from analysis due to a lack of ERCC spikes.  Single 

cell data has previously been filtered based on cytoplasmic contribution and number 

of genes associated with mapped reads mapped245. Filtering on cytoplasmic 

contribution would remove any samples that have preferentially amplified rRNAs or 

mitochondrial RNAs, thus not a true representation of the transcriptome.   

Table 2-1 Results of single cell quality control. Samples to be omitted. 

 

All of the single cell samples showed >85% of mapped genes related to cytoplasmic 

RNAs.  Islam et al. use a 5000 gene cut off245 for gene number associated with 

mapped reads, in my single cell experiment only 32 samples show an FPKM greater 

than 1 for at least 5000 reads, thus it was determined to lower this threshold to 3000 

Well Reason for removal

H11 Control well with no cell, less than 3000 mapped genes.

A11 Inadequate sequencing depth

A12 Inadequate sequencing depth

B9 Inadequate sequencing depth

B11 Inadequate sequencing depth

C5 Inadequate sequencing depth

H1 Inadequate sequencing depth

G4 Inadequate sequencing depth, less than 3000 mapped genes

H12 Control well with no cell, inadequate sequencing depth, no ERCCs

C12 Inadequate sequencing depth, less than 3000 mapped genes

G1 Inadequate sequencing depth, less than 3000 mapped genes

B12 Inadequate sequencing depth, less than 3000 mapped genes

A4 Less than 3000 mapped genes

D5 Less than 3000 mapped genes

E8 Less than 3000 mapped genes

E12 Less than 3000 mapped genes

F1 Less than 3000 mapped genes

F12 Less than 3000 mapped genes

G8 Less than 3000 mapped genes

G12 Less than 3000 mapped genes

A9 Less than 3000 mapped genes

H8 Less than 3000 mapped genes

F4 Less than 3000 mapped genes, no ERCCs
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genes. Upon application of this mapping cut-off, 16 samples were identified as failing 

to map to at least 3000 genes, of these 5 had previously been identified as failing 

SCATER quality control. Table 2-1 details the omitted samples and the reason for 

their removal from transcriptomic analysis.  

 Imaging techniques. 

Embryo clutches were screened and imaged on the MVX10 by Olympus.  Lightsheet 

microscopy was carried out on anaesthetized embryos in 1% low melt-point agarose 

with 4% Tricaine in E3 medium. A Zeiss Z1 Lightsheet was used with single photon 

excitation and dual signal capture to image embryos. 

Confocal imaging was carried out on a Zeiss confocal laser scanning microscope 780 

inverted. Multiphoton illumination was used for time-course imaging to achieve 

greater sample penetration, with non-descanned detectors to improve sensitivity.  Z-

stack and time course datasets underwent 3d-drift correction processing in Fiji image 

processing software and were then modelled using Imaris software.  Hyperspectral 

imaging was carried out with single photon excitation and collected emission datasets 

were processed using the HySP software developed by F. Cultrale.  10-12 embryos 

were imaged for each hyperspectral experiment. 

 

4M Tricaine stock (100mls) pH to 7.0 with 1M HCl. 

400g   Tricaine powder 

97.9ml  H2O 

2.1ml 1M Tris pH 9.0  
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 Primer table. 

 Table 2-2 Table of primers 

Primer Id. Sequence

ptarbac loxp 5' GCTGTCGGAATGGACGATA

ptarbac loxp 3' GCAAGTATTGACATGTCGTCGT 

Start_of_CitF gtccggcgagggcgagggcgatgcc

Genomic_F1 GATGTCCTCAGTGGAGTCACCGACATC

Genomic_R2 CATCAGATATTCCCTGGATGATCTTCTTC

Recomb_Stop_F1 caagaggactacaccattccagcctaccgctggacggaaatgcccagcggGATGGAAGTGACTACAAGGACGACG

Recomb_Stop_R1 atacgctagttgtcagcccgagaaattagtctgtcagtgtctccaatcagCCAGAAGTAGTGAGGAGGCTTT

Recomb_AS_F1 caacttgatttggataccactttgtacattttctgggatcgcgccgaaggATGGCTGGTGGCCTGAATGACATCTT

Recomb_SA_F1 caacttgatttggataccactttgtacattttctgggatcgcgccgaaggATGATGGAAAAACTGAAATCCGAGCA

Recomb_R1 ctcacctactttctgtgcctttaattgccatgagtataaagcggcgttacCCAGAAGTAGTGAGGAGGCTTT

Mid_Cit_R CCCTCGCCGGACACGCTGAACTTGTG

RT-PCR-Fwd GATTTAGGTGACACTATAGGGTGCAGACCACTGAGCTGTGCAGACCCCC

5' SP6 endogenous scl F GATTTAGGTGACACTATAGCGACCAGGACGACATGGTCGG

3' T7 endogenous scl R TAATACGACTCACTATAGGGAGTCCGGCTGACCTCCATACC

5'_SP6_gfi1aa GATTTAGGTGACACTATAGCGCACAGTTATCATCAGCCC

3'_T7_gfi1aa TAATACGACTCACTATAGGGCCCGTGCTGTGTTTCTTTGT

5'_SP6_slc9a3r1 GATTTAGGTGACACTATAGTTTCATCTCCACGGCGAGAA

3'_T7_slc9a3r1 TAATACGACTCACTATAGGGAGCCTGCTGAAGAGACATGT

5'_SP6_cd63 GATTTAGGTGACACTATAGAGGAGGAGCGAAATGTGTCA

3'_T7_cd63 TAATACGACTCACTATAGGGTGACAAAATGCAGGCCAACA

5'_SP6_klf17 GATTTAGGTGACACTATAGGCAGATGCGATGTTGCCTT

3'_T7_klf17 TAATACGACTCACTATAGGGGTGCCTCTTCATGTGCAGAG

5'_SP6_znfl2a GATTTAGGTGACACTATAGATGAGGGAAACACACACCGA

3'_T7_znfl2a TAATACGACTCACTATAGGGGTGTGAGGGAGTGTTTGCTG

5'_SP6_plk3 GATTTAGGTGACACTATAGTTGTTTCACCACAGCTCAGC

3'_T7_plk3 TAATACGACTCACTATAGGGTGGCCTCATTCACTCCCATT

5'_SP6_epcam GATTTAGGTGACACTATAGTGTGGCATTGGTTGATGTGG

3'_T7_epcam TAATACGACTCACTATAGGGACTGTACTGGGCCTTCTGTC

5'_SP6_cfl1l GATTTAGGTGACACTATAGGCCTCAGGTGTAGCGATCA

3'_T7_cfl1l TAATACGACTCACTATAGGGTCCCCTCCAAAGACGTTACA
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3. Generation and testing of transgenic fish lines 

 Generation of BAC transgenic fish lines 

 BAC selection.   

The scl transgenic lines generated for this project were designed to enable a range of 

biochemical investigations, some of which were beyond the scope of this project, but 

would make the lines useful for future investigations. I aimed to produce zebrafish 

lines that would express Avi-tagged (biotinylatable) Scl protein, together with a 

fluorescent reporter, at close-to-physiological levels and in the same cells as the 

endogenous scl.  

BACs (bacterial artificial chromosomes) are 50-200kb circular DNA molecules that 

can contain large genomic DNA regions within the context of a modified backbone, 

featuring a bacterial origin of replication and partitioning genes to enable stable 

maintenance.  Several zebrafish BAC libraries exist of varying insert sizes (100-

350kb), covering the majority of zebrafish genome.  

For the purpose of this study I used the zc104B7 BAC that contains a 190kb region 

of the zebrafish genome, with the scl gene located in the centre of this sequence and 

potentially contains many of the regulatory elements required for endogenous-like 

expression.  Four additional coding sequences are also included in this region (Figure 

3-1).  Genome alignments across vertebrate species show high conservation of the scl 

loci155. In Takifugu rubripes the scl locus is flanked by unrelated genes to those flanking 

the locus in the zebrafish and mouse genomes, suggesting that scl regulatory regions 

are contained within the genomic region between the two neighbouring genes166.  

Zebrafish scl knockdown can be rescued using a 10.4kb fragment that contains the scl 

locus of Takifugu rubripes, which further supports that this region contains all of sclõs 
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regulatory elements. Together this data suggests that this BAC will contain the 

majority of the regulatory regions that control the expression of the scl gene.  

Figure 3-1 Schematic of the zc104B7 locus and the intended structure of a C-

terminally tagged scl transgene 

The central location of scl within this BAC offers greater protection from the 

influences of the surrounding chromosomal architecture, once integrated into the 

genome.  As a result variation in expression levels between different experiments 

should be minimised and more accurately represent endogenous scl expression. 

Three other intact genes are included on this BAC; these are stx6, ier5 and pdkzlip1.  

  Construct structure 

The Scl protein has been previously tagged at both N- and C- terminal ends, in 

efforts to investigate its mode of action246,247.  The complete Scl protein structure has 

yet to be solved, thus it is difficult to predict the implications of adding extra 

domains, however small. bHLH DNA binding domain is encoded by the sequence 

within the exon 4 and situated 183 amino acids from N- and 87 amino acids from C-
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terminus of the full length protein. A study by Cai et al. indicated that the presence of 

C-terminal tags did not prevent protein complex formation required for mediating 

repression via interactions with Eto2246. C-terminal tagging of Scl has also been used 

to perform ChIP experiments in cell culture, indicating that the tags did not impair 

association of Scl protein with DNA and remained available for 

immunoprecipitation following the crosslinking of the cellular material247. Similarly, 

N-terminally-tagged Scl protein has been used to investigate this factorõs response to 

Notch signalling in culture175. There is currently no evidence in the literature 

suggesting that the inclusion of tag sequences at either end of the Scl protein would 

affect its functional activity. I generated two constructs tagging zebrafish Scl protein, 

one at the N- and the other at the C-terminus.  

The tag sequence combined several motifs - Avi tag, TeV site, FLAG tag and a linker 

sequence. In both the N- and the C-terminally tagged transgenes the linker sequence 

is directly adjacent to the scl coding sequence such that the unstructured linker 

peptide it encodes separates the potential functional domains within the Scl protein 

from the Avi-tag placed in the most distal position.   

When expressed in the same cells as the specific bacterial biotin ligase BirA, a single 

lysine residue within the Avi tag is efficiently biotinylated, yielding a tagged Scl 

protein that can be used in biochemical investigation of Scl molecular and cellular 

function, due to its high affinity association with streptavidin. Biotin-streptavidin 

interactions are one of the strongest non-covalent interactions in nature (Kd~10
-15

), 

permitting streptavidin-based affinity purification of Scl protein targets and their 

interacting entities (nucleic acids, proteins etc.) with exquisite stringency.  

The TeV site within the tag sequence encodes a short peptide specifically cleaved by 

the Tobacco Etch Virus protease.  This sequence is included so that biotinylated-Scl 

can be digested off streptavidin beads.  This specific elution following transcription 
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factor pull-down permits investigation of the protein binding partners or post-

translational modification, rapidly from an in vivo source and eliminates background 

in mass spectrometry experiments, coming from endogenously biotinylated proteins 

and the streptavidin itself. The FLAG tag allows confirmation of expression of 

exogenously tagged Scl protein, its subcellular localisation and pull-down (much less 

effectively than by biotin-ChIP), in the absence of biotinylation. Finally a linker 

sequence of unstructured peptide was included to minimise the effect of the 

presence of the tag on the function of Scl, and maximise its availability for pull-

down. 

After the scl coding sequences a 2A sequence encoding Thosea asigna virus peptide248 

was included followed by the YFP-variant, citrine, fluorescent reporter gene 

sequence. Transcription from this transgenic scl loci produces a single transcript 

containing tagged scl sequence, 2A sequences and then the citrine reporter sequence.  

As this transcript is translated the 2A peptide allows either a self-cleaving249 or 

ribosome-skipping mechanism250to occur, causing physical separation of Scl protein 

from the fluorescent reporter protein. 

 BAC transgenesis. 

To generate scl-tagged BACs, the donor cassette containing the tag sequence and 

reporter, followed by FRT site flanked kanamycin selection gene was recombined 

into the selected BAC backbone using lambda prophage homologous recombination 

system available in the SW105 bacterial background according to the previously 

published protocol251. I then used Tol2-mediated transgenesis to integrate 

recombineered BACs into zebrafish genome252,253 through co-injection of the BAC 

with tol2 transposase mRNA into single celled zebrafish embryos. The Tol2 system is 

an autonomous transposon originating from the medaka fish (Orizyas latipes) and has 
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been shown to be active in all tested vertebrates254-256. The 190kb tagged scl genomic 

loci, contained within the BAC was flanked by terminal inverted repeats (TIR), 

which have previously been identified as necessary and sufficient for transposition257.  

When the Tol2 transposase protein is produced in cells, Tol2 transposase recognises 

the TIR motifs and mediates a single integration of the sequence they flank into the 

genome, with very low sequence preference258-260.  

To pass the transgene onto the next generation the BAC must be integrated into the 

genomic DNA of a germ cell.  Germ cells are segregated early in embryogenesis, 

thus efficient transgenesis requires injection within 5 minutes of zebrafish spawning.  

Injection at the single cell stage maximises the chance that all future cells receive the 

BAC plus mRNA or protein for Tol2 transposase.  Due to differences in segregation 

of these factors between daughter cells, mosaicity of integration is seen in the F0 

generation.  Three different tagged scl BACs were injected, each displaying similar 

phenotypes and transient expression patterns. 

Approximately 60% of injected embryos died within the first 24 hours (see Figure 

3-3 section A), this is not seen upon BAC injection alone, suggesting that Tol2-

mediated integration can cause fatal genome disruption. This initial death rate was 

later used to monitor the quality of tol2 mRNA.  Of the surviving embryos a further 

75-79% died before reaching 5 days post fertilisation, most likely due to gross 

morphological abnormalities consistent with an scl overexpression phenotype.  The 

scl overexpression phenotype documented by Gering et al.17 includes increased 

number of scl+ cells in the ICM, cardiac oedema plus dorso-ventral axis deformations. 

Surviving embryos were entered into the system and grown to maturity- these 

embryos showed expression of the citrine reporter yet did not display any symptoms 

of the aforementioned scl overexpression phenotype. Post 5dpf survival to adulthood 

was 80- 90%.  Following sclBAC:scl-flag-tev-avi-2A-citrine-sv40pA and tol2 mRNA 
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injections, transient expression pattern of the citrine reporter from the sclBAC:scl-flag-

tev-avi-2A-citrine-sv40pA integrated into somatic cells, was consistent with endogenous 

scl expression, as pairs of bilateral stripes in the ALM and PLM, as previously 

reported17 (See Figure 3-2 and Figure 3-3). 

Figure 3-2 Endogenous scl expression patterns as determined by in situ 

hybridization. 

Ectopic expression was also visible in this F0 generation, this however has previously 

been reported following BAC transgenesis in zebrafish, results from transcription 

from the circular, non integrated BACs and is lost upon transmission to the F1 

generation (A. Kenyon- unpublished data). 

 

 

 

 

 

 

10ss scl

12ss scl

Posterior 

view

Anterior 

view

Lateral 

view

Early expression patterns from the endogenous scl locus. In situ hybridization was carried out 

on wild type embryos to detect endogenous scl transcripts at 10ss (A-C) and 12ss (D-F).  

A CB
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Figure 3-3 Initial results from injection of sclBAC:scl-flag-tev-avi-2A-citrine-sv40pA 

plus tol2 mRNA into F0 generation embryos.  

 

 Screening for germline transmission. 

Transmission to the F1 generation is essential for line generation.  Screening of the F0 

generation for germline transmission was carried out primarily by genomic PCR 

screening.  This molecular technique has the advantage of detecting the presence of 

the transgene in the genome, regardless of the expression level or the number of 

offspring carrying the transgene.  Multiple primer pairs were tested and those that 

generated the least non-specific products yet still amplified the positive control were 

used (See Figure 2-1).  

Following identification of putative founders by genomic screening, subsequent 

clutches from these fish were examined under fluorescent microscope to identify 

those F1 offspring that have inherited the BAC in their genome and were thus 

expressing the fluorescent reporter.  Embryos were dechorionated and assessed for 

citrine fluorescence at the 24hpf stage, when expression is seen to be maximal by in 
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situ hybridisation studies.  The observed scl driven citrine fluorescence is shown in 

figure 3-4.   

Figure 3-4 Fluorescent screening for sclBAC:scl-flag-tev-avi-2A-citrine-sv40pA 

transgenic F0s with germline transmission of transgene.  

  

Fluorescence from first generation embryos, produced 

from a cross between a wildtype and the SclBAC:S-

cl-FLAG-TeV-Avi-2A-Citrine founder. A-D & H) Maxi-

mum intensity projections from 8x lightsheet confocal 

experiments. A) Citrine signal from 14ss transgenic 

embryo, lateral view, anterior to top, dorsal to right. 

B-G)30hpf transgenic embryo, lateral view anterior to top, 

dorsal to right. H) 30hpf transgenic embryo ventral view, 

anterior to top. I-K) 5dpf transgenic embryo, dorsal view 

anterior to right. A, C, F, H & I) Citrine channel only, B, E& 

J) Brightfield, D, G & K) Merged.

A

C D

H

B

KI

J

E F G
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Expression matched previously seen endogenous scl expression patterns (See Figure 

3-2 and Figure 3-3) and showed greater intensity than that shown by the F0 

transients. Ectopic expression previously seen in the F0 generation was no longer 

present.  Positive embryos were recorded and grown to 5dpf, at which point they 

were entered into the aquatics system and grown to maturity. No obvious mutant or 

scl overexpression phenotype was visible and embryos showed 100% survival to 

maturity (60 dpf).   

Outcrosses of the F1 generation gave proper Mendelian ratios (50% citrine+ embryos 

when assessed between 16-22ss), suggesting a single site of BAC integration in the 

founder. 

The Tol2 mechanism of transposition is based on recognition of a target site 

sequence ((C/G)TTATAA(G/C) ), which occurs roughly 350,000 times in the 

zebrafish genome.  Each transposition event occurs independently and results in 

duplication of the target sequence following successful transposition258.  Multiple 

tol2-mediated BAC integrations within a single transgenic line have not been 

observed to date (unpublished data).  Despite the target sequence being retained its 

frequency within the genome makes multiple BAC insertions at the same site highly 

improbable. 

 Confirmation of transgene expression in vivo. 

RNA was extracted from 50 citrine+ 20ss sclBAC:scl-FLAG-TeV-Avi-2A-Citrine 

embryos and used to produce cDNA by reverse transcription.  Reverse 

transcription- PCR was then carried out to probe for the presence of the transgenic 

transcripts within the total RNA of these cells.  Figure 3-5 shows the results of this 

analysis, with amplification of a product matching in size to the positive control.  

This analysis confirms expression of the scl coding regions within the same transcript 
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as the citrine reporter sequence, in RNA isolated from transgenic embryos.  Figure 

3-5 also demonstrates that this transgenic transcript undergoes the same splicing 

events as the endogenous scl transcripts, to yield a final mature transcript.   

Figure 3-5 Electrophoretic gel image of RT-PCR products, probing for transgenic 

transcripts. 

 

These screening approaches confirm that the F1 generation carry a copy of the scl 

transgene at the level of DNA, RNA and protein (as concluded from citrine protein 

fluorescence). This transgene exists in addition to the endogenous scl gene and its 

products, thus represents an overexpression when compared to wild-type embryos. 

 Characterization of transgenic fish line. 

 Characterisation of transgene expression in vivo. 

Citrine expression was readily observable and showed great similarity with previously 

published reports and my own in situ experiments, of scl expression patterns17. 

Endogenous scl transcript can be detected as early as the 2ss, however a delay of 

~1hr for translation and protein folding can be expected, this correlates to an 

increase in 3ss/hr. 

The posterior citrine+ positive populations extended towards the anterior and 

expression of citrine was observed in the anterior of the embryo as two stripes. 

These pairs of scl populations were imaged over development to follow the citrine 

Positive !  Negative !  

+ - - + 
H2O 

+ 

control RT 
RT-PCR-Fwd Mid_Cit_R

A) Electrophoretic gel image of the PCR products 

using the primer pair indicated in B, on cDNA 

produced from single embryos.  Embryos from a cross 

between the positive SclBAC:Scl-FLAG-TeV 

-Avi-2A-Citrine, were fluorescently sorted and RNA 

extracted at the 20ss.  B) Primer pair chosen to 

confirm transgene expression and correct splicing.

A B



 3-10 

expression pattern and correlate this with known scl expression patterns and 

functions. 

Figure 3-6 Time series showing citrine expression in the posterior of the 10-16ss 

sclBAC:scl-flag-tev-avi-2A-citrine-sv40pA transgenic F1 embryo 

 

Comparison between figure 3-6, figure 3-7 and figure 3-2 show that the citrine 

reporter closely copies the endogenous expression pattern in the posterior of the 

embryo during early haematopoiesis.   

Citrine expression in the posterior of a Tg(Scl-

BAC:Scl-FLAG-TeV-Avi-2A-citrine) embryo as 

it developes between 10 and 16ss over a 3 hour 

window. A-E) Each panel is roughly 1 somite 

later in development from the previous.  Dorsal 

view of posterior, anterior to top. 

D

E

A B

C
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Figure 3-7 shows how as development progresses the posterior bilateral stripes 

migrate to the midline, coalesce and for the intermediate cell mass (ICM). This has 

previously been published by Zhang and Rodaway198, further supporting that use of 

the scl BAC drives transgene expression in a fashion that closely mimics endogenous 

scl expression. 

Figure 3-7 Time series showing citrine expression in the posterior of a 16-20ss 

sclBAC:scl-flag-tev-avi-2A-citrine-sv40pA F1 embryo. 

Anterior expression of scl was identified and followed through the development of 

the heart field and the initial stages of cranial vascularisation. Figure 3-8 shows the 

movement of citrine positive cells out of the lateral plate mesoderm, into the heart 

field and over the yolk sac.  Strings of citrine+ cells extend into the far anterior of the 

embryo forming the initial blood vessels around the developing eyes. 

Citrine expression in the posterior of a Tg(SclBAC:Scl-FLAG-TeV 

-Avi-2A-citrine) embryo as it developes between 16 and 20ss over a 

2 hour window. A-G) Each panel is roughly 1 somite later in 

development from the previous.  Dorsal view of posterior, anterior 

to top. 

D E F

A B C

G



 3-12 

Figure 3-8 Time series showing scl driven citrine expression in the anterior of a 14-

22ss sclBAC:scl-flag-tev-avi-2A-citrine-sv40pA transgenic F1 embryo. 

 

Scl contributes to neural development and as evident by the restriction of scl:citrine 

expression to the hindbrain by day 5 (panels I-K figure 3-4). Neural expression of 

citrine is first observed at 22hpf in the dorsal root ganglion and increases in intensity 

over days 2-4 of development while haematopoietic and vascular expression 

decreases. No neural expression of citrine is observed in either the anterior or 

posterior before the 22ss as evident in figure 3-6 and figure 3-8. 

Characterisation of this transgenic line suggests that despite the presence of a third 

allele of scl in the form of the transgene, citrine expressing cells arise and behave in a 
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fashion previously reported for endogenous scl expressing populations. No cardiac 

oedema, axis deformation or expansion of the ICM was observed in any of the F1 

generation embryos or F2 generation embryos produced from F1 in-crosses (data not 

shown). Together this suggests that the over abundance of scl coding sequences, is 

moderated by down regulation at the transcriptional or protein degradation level, or 

that the increase in Scl protein activity is tolerated by the regulatory networks active 

within these studied populations. As previously discussed, transcription from the scl 

locus is known to be subject to an auto-regulatory loop 139,162-165 (see section 1.2.5). 

Such a regulatory kernel may result in decreased transcription occurring at each of 

the alleles in the transgenic, compared to wild-type, yet maintain total scl transcript 

levels to match the endogenous situation. 

 Preliminary biological sample collection and optimisation 

 Choice of time points 

Here I propose to investigate regulatory landscape of scl-expressing cells in 2 

different spatial developmental contexts (anterior and posterior, corresponding 

roughly to myeloid and erythroid programmes, respectively) and at two different 

time points (early progenitor and later differentiation stage). Ideally this project 

would investigate the scl activity of the first cells expressing this master regulator, 

however these are very few in number and technically difficult to collect. Currently 

collection of a sufficient number of scl+ cells at the 3ss would be unfeasible for 

biotin-ChIP and ATAC investigation. The added difficulty resides with the fact that 

fluorescent reporters, produced in scl-positive cells, that were used for cell isolation 

have a distinct maturation/folding time before they can be detected by FACS. I also 

used FACS analysis to assess the number of scl+ cells present and collectable by flow 

cytometry at early time points, figure 3-9. I chose the 10-somite stage (ss) as my early 
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time point, as the greater cell number would make sample collection swifter and thus 

more developmentally accurate, even if the population were not the earliest scl 

population to arise. 

Figure 3-9 Preliminary FACS isolation of citrine+ populations  

Circulation in the zebrafish commences between 24 and 30hpf, thus it is necessary 

for the later stage investigation into the myeloid and erythroid networks to occur 

before these populations become mixed.  As development progresses the scl+ 

population also becomes more complex and diverse as these cells develop down 

different haematopoietic lineages.  The results of any population study such as an 

anterior transcriptome would therefore be a result of a highly diverse population and 

thus less informative for regulatory network analysis.   

Sample 1* 2 3 4

Number of  embryos dissociated 201 67 113 100

Number or citrine positive cells 10504 1569 7743 6607

% citrine positive cells out of total cell number 0.2 0.4 0.4 0.4

% survival 44 63 45.2 51.4

Total cell number 23873 2490 17131 12854

Number of  citrine positive cells/ half  embryo 119 37 152 129

Number of  citrine positive cells isolated/ half  embryo 52 23 69 66

Sample 1* 2 3 4

Number of  embryos dissociated ~100 67 113 100

Number or citrine positive cells 15063 6233 22480 7521

% citrine positive cells out of total cell number 0.9 0.9 1 0.4

% survival 38.2 55 48.3 39.8

Total cell number 39432 11333 46542 18897

Number of  citrine positive cells/ half  embryo ~400 169 412 189

Number of  citrine positive cells isolated/ half  embryo ~150 93 199 75

Details of  the citrine+ population size and effeciency of isolation by FACS during 

early haemangioblast development. A) Cell numbers for 8 and 10ss whole embryo 

(i.e. without bisection) samples.  B) Cell numbers for 10ss anterior samples following 

embryo bisection at the 8-9ss.  C) Cell numbers for 10ss posterior samples following 

embryo bisection at the 8-9ss. Sample 1* included in tables B & C was produced by 

bisection and dissociation of 201 embryos, 201 anteriors or 201 posteriors. During 

the posterior run the system encounted an error and the sort had to be halted roughly 

halfway through.

B Anterior cells

C Posterior cells

Developmental stage of sample 8ss 10ss- 1 10ss- 2 10ss- 3

Number of  embryos dissociated 68 196 40 174

Number or citrine positive cells 10793 85407 10213 60074

% citrine positive cells out of total cell number 0.5 0.7 0.6 0.7

% survival 23.5 48.9 24.1 36.7

Total cell number 45928 174656 42378 163689

Number of  citrine positive cells/ embryo 675 891 1059 941

Number of  citrine positive cells isolated/ embryo 159 436 255 345

A Intact and entire embryos
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The role of scl in neural development would add further complexity and noise to any 

study into the early haemangiogenic roles of scl, if these neural cells cannot be 

removed from the studied population. 22ss is the onset of citrine expression in the 

dorsal root ganglion, the first neural cells observed to express scl. Thus, by choosing 

20ss as my later time point of analysis I removed any neural component of sclõs 

activity from my analysis of this factorõs contribution to a haemangiogenic program.  

In addition this stage of development avoids combining anterior and posterior 

originating scl+ populations due to the initiation of circulation. At 20ss the scl+ 

population has dramatically increased in cell number (figure 3-9) and the cell 

morphology of transgene expressing cells suggests that these cells have further 

developed down vascular, myeloid or erythroid lineages since the 10ss. Thus the 20ss 

populations should be suitable representations of later stages of primitive 

haemangiogenesis while minimising the complications of cellular diversity. 

Embryos will be bisected to separate the early haematopoietic scl + populations of the 

anterior and the posterior at both the 10 and the 20ss.  FACS permits the isolation of 

citrine+ cells from these samples in numbers sufficient to perform genome wide 

profiling of transcripts and areas of open chromatin (see figure 3-10).  This rapid 

isolation process combined with protocols adapted for small cell numbers allows the 

investigation of dynamic haematopoietic and vascular activity, directly from an in vivo 

source.  Physical isolation of the scl+ populations has enabled me to describe these 

developmentally important populations and compare myeloid progenitor profiles to 

those of erythroid progenitors. 
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Figure 3-10 Schematic detailing the collection of spatially separated scl-expressing 

populations from zebrafish embryos. 

 

  Chapter 3 summary. 

Towards my aim of investigating the role of early haematopoietic and vascular 

progenitors marked by the expression of scl, I have generated a zebrafish line that 

expresses transgenic scl tagged with avi and flag tags and a citrine reporter gene.   

To test the effect of the presence of a tag on the termini of the Scl protein, I cloned 

N- and C ðterminally tagged scl constructs and assessed their transient expression 

and activity in vivo.  I assessed expression systems for their ability to accurately mimic 

endogenous scl expression and I chose to use a bacterial artificial chromosome 

containing 190kb of the zebrafish scl loci, to drive transgenic scl expression for this 

project.  I used Tol2 mediated integration to successfully introduce the transgenic scl 

loci into the zebrafish genome.  Zebrafish were identified that carried the transgene 

in their germ cells and positive F1 generation embryos were used to characterise and 

form the transgenic line. Expression of a citrine reporter under the control of scl 

regulatory regions was observed to copy the expression patterns of endogenous scl.  
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This tight overlap of expression enabled the terms citrine+ and scl+ cells to be used 

interchangeably, when referring to this transgenic line. I used live embryo imaging to 

follow the developing scl populations from the 4ss to 22ss, and observed significant 

migration of the population in the anterior of the embryo.  FACS analysis was 

employed to assess citrine+ cell number per embryo and also for the anterior and the 

posterior of the embryo separately.  In review of my live embryo imaging, FACS 

analysis and published literature, I chose to collect embryonic samples at the 10 and 

20ss.  These time points permitted the comparison of the initiation of primitive 

haematopoiesis and the development of distinct lineages, from an in vivo setting.  

Through bisection of the embryos, a comparison of the anterior versus the posterior 

scl expressing populations was also possible.  This spatial comparison allowed the 

diversity of the two scl populations to be investigated and for the description of 

myelopoietic and erythropoietic cell profiles separately, due to their distinct spatial 

origins in the zebrafish embryo. 
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4. Investigating early transcriptional variation within in vivo scl+ populations. 

 Introduction 

Spatially distinct scl+ populations develop into blood and vasculature as 

embryogenesis progresses, each contributing to a different extent to a variety of 

lineages.  Although ALM and PLM scl+ populations share the expression of scl, the 

question is raised whether the scl-transcriptional profile varies with cellular context.  

This is particularly pertinent question given that Scl, similar to many key 

developmental factors, displays a range of different biological roles.  

I have developed approaches to purify and collect samples of scl+ cells for a range of 

embryonic contexts, on a scale required for genome-wide analysis. Using RNA 

sequencing of early cell populations I have addressed how they differ and whether at 

10ss spatially distinct scl expressing populations are still at the common progenitor 

stage or have already begun to diverge. I investigated the difference between early scl+ 

contexts of interest using differential expression analysis of poly-A selected RNA for 

each context. Differential expression analysis was used to describe the factors 

expressed in each of the early scl+ populations studied here and compare their 

transcriptomes to investigate spatial and temporal differences.   

To focus on scl cell specific transcriptomes the sample collection process was 

repeated, except that this time citrine negative (therefore transgenic scl -) cells were 

collected from each of the studied contexts. These citrine negative cell samples were 

then processed for RNA-seq, to provide control background transcriptomes for each 

of the studied scl contexts.  I hypothesise that these anterior or posterior, 10 or 20ss 

scl - cells have similar housekeeping and general developmental gene expression as the 

scl+ cells from the same cellular context.  Thus through comparison of 

transcriptomes for citrine positive and citrine negative cells from the same 
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embryological origin, cell type specific differences between these key early contexts 

will be more identifiable. 

 Overall expression levels of scl+ contexts. 

In these datasets a wide range of expression levels between different genes are 

visible; this variation arises from the detected level of transcription from each gene 

combined with the percentage of each population that is expressing the gene.  As a 

result in population data such as this a low level of sequenced transcripts for a given 

gene could either be a result of widespread low expression, or high expression in a 

limited number of cells.   

Transcripts of greater length will have more reads mapping to them than shorter 

transcripts if present in the same molar concentration.  Fragments per kilobase 

mapped (FPKM) was used at the metric of expression level for all analyses 

performed, this measure accounts for the length of transcripts, allowing meaningful 

comparison of expression level between genes of different size. 

I have collected and analysed by RNA-seq a minimum of 2 samples for each 

developmental context analysed (10ss anterior, 10ss posterior, 20ss anterior, 20ss 

posterior). Biological variation was minimal between replicates, despite batch and 

sample size differences as shown in figure 4-1.  PCA analysis of the top 500 

expressed genes from my RNA-seq results suggests that all four contexts have 

distinct profiles, even at the 10ss. 

In my analysis of each early scl+ population genes displaying FPKM values greater 

than 2 were considered as expressed. This has previously been used in similar 

analyses as an expression cut-off value261.  
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Figure 4-1 Scatter plots of replicates and PCA analysis of early scl expressing cells. 

 

50 FPKM was chosen as a cut-off for highly expressed genes as in each sample this 

represented approximately the top 10% of expressed genes. An expression level cut-

off was used to distinguish between highly expressed genes and lowly expressed 



 4-21 

genes, to identify which level of gene expression contributed most significantly to 

specific cellular identity. 

Figure 4-2 Bar chart showing the overall number of genes expressed in each scl+ 

context. 

 

All four scl+ contexts show similar numbers of genes with detectable transcripts, 

expressed genes and highly expressed genes (figure 4-2).  This suggests that all four 

contexts are similarly biologically active and diverse.  Although the 10ss contexts are 

the progenitors of their 20ss counterparts, the size of the transcriptomes are 

comparable suggesting that developmental differences arise from a different 

selection of genes being expressed rather than the additional onset of transcription at 

a significant number of genes.  
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 Uses and limitations of gene ontology analysis 

Gene ontology (GO) is the association of a given gene with a specific biological or 

molecular function.  This can be used to assess potential biological or molecular 

trends when investigating a large gene sets, such as those identified as over or under 

expressed in certain conditions.  The accuracy of this preliminary investigation is 

entirely reliant on the accuracy of the gene annotation database.  One such database, 

ZFIN, contains gene information including ontology relating to known zebrafish 

genes.  I have used the analysis tool, PANTHER (protein annotation through 

evolutionary relationship), to analyse this database to identify significant enrichment 

of biological terms within a provided gene list 262. 

The PANTHER tool identifies over or under representation of certain protein 

classes by comparing the percentage of genes associated with each protein class for 

the entire genome and the percentage produced from the provided gene set.  This 

tool also provides a p-value of significance for the over or under representation of a 

particular gene class occurring randomly.  

It is important to note that the GO classification system has several disadvantages: 

first it is based on a database of current published data and knowledge of protein 

classes and biological functions.  As a result differences in nomenclature do not 

necessarily relate to differences in biological function.  Second, a single factor can be 

annotated with multiple classes or functions, given that proteins can have multiple 

functions and contribute to a variety of biological processes in nature. However 

upon classification, each of these GO terms would be presented as equally valid, 

though potentially erroneously from differences between the context of interest and 

the context that was studied for the annotation. Additionally GO terms do not 

distinguish between direct and related functions. A common result of this is that a 

single factor may be annotated as contributing to processes A, B, C & D- this factor 
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may act distinctly in each of these processes or be a key factor to process A, which is 

required for processes B, C & D.  It is especially important to be wary of drawing 

conclusions from genes associated with key developmental decisions, as these may 

be indirectly necessary for a range of downstream biological functions.  Additionally 

this approach fails to consider expression level detail, thus all expressed factors are 

equally weighted in these assessments. 

This analysis tool enables large gene sets to be initially probed on a multi-gene level 

and is a useful approach to identify or validate major biological differences.  

However due to major caveats as detailed above, this approach requires further gene 

or population specific studies to validate any biological conclusions drawn.  In this 

project GO enrichment analysis has been used to suggest key biological features of 

each context. 

 Spatial variation in expression at the 10ss. 

Mining of these transcriptional datasets for relevant haematopoietic and vascular 

features is hampered by expression of general factors, which are unrelated to the 

identity of the cell as part of an scl+ population. Through comparison of two scl+ 

transcriptomes it is possible to identify genes that are only differentially expressed.  

Ubiquitous and housekeeping genes are likely to be expressed at similar levels across 

different populations, thus we can remove many of these using this approach.  

However factors that are crucial to early haematopoietic development and expressed 

at similar levels both scl+ contexts, will also be removed by this analysis. This 

approach is useful for identifying different programs active in different scl+ 

populations and the potential factors that contribute to these different activities, but 

it does not resolve whether these are associated with the presence of scl or an 

underlying biological difference.  In this initial analysis I have compared the 
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transcriptomes of the anterior and posterior scl+ 10ss contexts.  Figure 4-3 shows the 

spread and significance of differentially expressed genes between these two 

populations. 

Figure 4-3 Volcano plot showing the distribution of differentially expressed genes in 

10ss scl+ cells. 

 

Later in this chapter I use comparative analysis between scl+ and scl - populations to 

address the specific transcriptional differences between haematopoietic progenitors 

and the neighbouring cells from within the same biological context (See chapter 

section 4.5). 

 Validation of RNA-seq datasets 

To validate that RNA-seq datasets accurately represent in vivo expression patterns for 

these early haematopoietic populations I have used whole mount in situ hybridization 

to detect transcript localisation within early zebrafish embryos.  DESeq was used to 

compare expression levels with replicates, between the 10ss anterior and the 10ss 

posterior scl+ populations.  Target genes for this validation were picked from the 

most differentially (and significantly) expressed genes showing expression levels of at 

Volcano plot of  the genes expressed in 

the 10ss scl+ populations.  Genes that 

showed enrichment in the 10ss posteri-

or (thus depleted in the 10ss anterior) 

are shown in yellow, while genes 

enriched in the 10ss anterior (depleted 

in the 10ss posterior) are in blue. Genes 

expressed at 2 FPKM or greater in both 

the 10ss anterior and posterior scl+ 

samples yet failed to show a significant-

ly different exprression level between 

the populations are shown in black and 

are described as  òcommonly 

expressedó.
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least 100 FPKM in one of the two contexts.  Many of the most differently expressed 

genes are factors that have previously been highly studied in relation to their role in 

haematopoiesis and vascular development, and their expression pattern in zebrafish 

has been published for these embryonic stages.  Figure 4-4 shows the expression 

patterns of 8 genes that satisfied these selection criteria in 10ss embryos. 

Figure 4-4 Flat mounted 10ss embryos following in situ hybridization for a range of 

differentially expressed genes identified from RNA-seq datasets produced in this 

project. 

  

For every gene investigated by in situ hybridization I found an expression pattern at 

the 10ss that matched the RNA-seq datasets, for both scl+ and scl - contexts.  The 

embryonic location of the scl+ populations profiled by RNA-seq is shown in figure 3-

2.  It is important to note that my RNA-seq datasets only detail expression levels 

within the scl+ population for each context, while this embryological technique can 
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describe expression patterns through out the embryo.  Multi-colour in situ 

hybridisation techniques would resolve the degree of overlap between each of these 

probed factors and the scl+ populations isolated for RNA-seq. Unfortunately 

standard in situ techniques cannot provide the cellular resolution that is required to 

confirm co-expression with in a single cell.  In chapter 6 I detail a range of 

approaches used to further investigate overlapping expression patterns and potential 

sub-scl+ context diversity. 

 Anterior enriched genes 

DESeq2 analysis was carried out to compare the transcriptomic datasets for the early 

(10ss) scl+ anterior and posterior populations. 754 genes were identified as 

significantly enriched in the anterior. Significant fold enrichment varied from 2.5-

240x over expression in the posterior at the 10ss.  Top over-represented biological 

processes were determined using the PANTHER database, revealing that 93 terms 

were significantly over-represented.  Unlike in the temporal comparison of the 

posterior the majority of these top enriched terms relate to tissue-specific biological 

functions, including kidney, neural and eye development (figure 4-5).  No 

haematopoietic or vascular processes are found among the significantly over-

represented biological processes despite the expression of key haemangiogenic 

factors including scl in both of the populations. These results highlight that 

comparison between scl+ populations can identify differences regardless of whether 

these are specific to the scl program or a result of underlying differences, which can 

swamp the analysis 
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Figure 4-5 GO enrichment analysis of genes enriched in the 10ss anterior scl+ 

population compared to the 10ss posterior scl+ population. 

 

The top featuring protein class was transcription factors at 11.5%, while 8.5% of 

proteins were signalling molecules. The genes annotated as transcription factors 

relate to 141 over-represented biological GO processes including nervous system 

development and cardiac muscle cell differentiation. The genes annotated as 

signalling molecules correlate with 57 significantly over-represented biological 

processes, which include Wnt signalling (canonical and non-canonical) and axon 

guidance.  Although these gene lists may contain interesting novel factors involved in 

anterior haematopoietic and vascular development, these will be difficult to identify 

from the large number of genes included that are involved in other anterior cell 

processes. 

The lack of significant over-representation of haematopoietic or vascular GO terms 

in the 10ss anterior enriched gene list could be a result of a variety of biological 

situations. 

All major biological functions identified as statistically over-represented by genes significantly 

enriched in the 10ss anterior scl+ samples when compared to 10ss posterior scl+ samples.  

Major biological GO terms showing over-representation in the 

10ss anterior scl+ population
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¶ The 10ss anterior scl+ population may show enriched haematopoietic and 

vascular expression compared to its neighbouring scl - cells.  The majority of 

these factors may be expressed at higher levels in the 10ss posterior scl+ 

population, thus upon comparison to the posterior rather than neighbouring 

scl ð cells, the 10ss anterior appears to be depleted in the very factors that are 

key to its cellular activity. 

¶ The 10ss anterior scl+ population may be highly diverse and still in the 

process of specification, thus shows expression of factors involved in the 

cellular processes of neighbouring scl ð cell types.  Later in development these 

genes are down regulated in scl+ cells and become restricted to their specific 

subpopulations. This range of genes expressed in the 10ss anterior relating to 

a large number of biological processes, reduces the significance of genes 

being specifically expressed in the 10ss anterior population. 

 Posterior enriched genes 

744 genes are significantly enriched in the 10ss posterior (thus depleted in the 10ss 

anterior). From this posterior enriched gene list 71 biological GO terms are 

significantly enriched.  The top two major terms that are over-represented are for 

oxygen transport and primitive haematopoiesis, suggesting that the posterior is 

already adopting the erythroid fate (figure 4-6). This is very different to the anterior 

enriched gene list, which showed no significant haematopoietic process over-

representation.  The 33 genes that contribute to these biological terms are highly 

expressed with a mean FPKM over 140. Table 4-1 details the expression level and 

enrichment of these erythroid factors enriched in the posterior in this 10ss spatial 

transcriptome comparison.  Other over-represented biological functions relate to 

transcription and general regulation of gene expression. The top enriched molecular 
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GO functions are also strongly erythroid including oxygen transporters, oxygen 

binding and iron ion binding.  

Figure 4-6 Biological and protein class analysis of genes enriched in the 10ss 

posterior scl expressing population. 

 

Protein class analysis shows that 11.6% of the genes enriched in the posterior scl+ 

population are annotated as transcription factors and that 5.4% are signalling 

molecules. Top over-represented biological GO terms for the 10ss posterior 

enriched transcription factor class include òprimitive hemopoiesisó (associated with 

enriched 10ss posterior etv5a, gfi1aa, gata1a and cebpŬ expression) and the vascular 

development.   

Biological GO terms over-represented by genes enriched in 

the 10ss posterior scl+ population

All major biological GO terms identified as over-represented in the 10ss posterior 

population based on annotations of  genes identified as statistically enriched in the 10ss 

posterior scl+ population, upon comparison to the 10ss anterior scl+ population.
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Table 4-1 Erythroid factors enriched in the 10ss posterior scl expressing population. 

 

For genes annotated as signalling molecules over-represented biological processes 

relate to general developmental processes such as limb development and 

dorsal/ventral patterning.  

This spatial comparison of scl populations indicates the posterior 10ss scl 

transcriptome is already strongly enriched for erythroid factors while the 10ss 

anterior population shows no significant over-representation of any haematopoietic 

related GO term.   

Gene Name Descript ion
10ss Ant. 

Mean FPKM

10ss Post. 

Mean FPKM

log2 

FoldChange
p-value

hbae1 hemoglobin, alpha embryonic 1 0.93 19.47 -3.4697 6.13E-08

gfi1aa growth factor independent 1A transcription repressor a 148.74 1861.89 -3.4001 4.65E-15

gata1a GATA binding protein 1a 50.29 634.37 -3.3634 6.15E-13

hbae3 hemoglobin alpha embryonic-3 33.60 407.10 -3.2744 3.51E-12

hbbe1.1 hemoglobin beta embryonic-1.1 16.51 216.93 -3.2663 6.39E-10

hbz hemoglobin zeta 0.45 8.70 -3.2107 1.69E-06

csrnp1a cysteine-serine-rich nuclear protein 1a 2.35 34.02 -3.1757 2.78E-08

hbbe3 hemoglobin beta embryonic-3 30.11 348.91 -3.1224 1.54E-09

hbae1 hemoglobin, alpha embryonic 1 13.44 132.99 -2.7685 2.95E-06

mb myoglobin 0.68 7.97 -2.7400 2.20E-05

hbbe2 hemoglobin beta embryonic-2 4.63 43.52 -2.4164 0.000464013

wnt16 wingless-type MMTV integration site family, member 16 0.36 3.72 -2.3010 0.001885645

mta3 metastasis associated 1 family, member 3 8.36 45.97 -2.2492 2.69E-06

hbae1 hemoglobin, alpha embryonic 1 0.86 7.54 -2.2056 0.002087583

flvcr1 feline leukemia virus subgroup C cellular receptor 1 4.43 21.13 -2.0646 1.22E-05

hbbe1.2 hemoglobin beta embryonic-1.2 0.48 5.89 -2.0542 0.008482521

epb41b erythrocyte membrane protein band 4.1b 1.30 7.42 -1.8827 0.005080177

hbbe1.1 hemoglobin beta embryonic-1.1 8.76 44.15 -1.8575 0.004529907

slc4a1a solute carrier family 4 (anion exchanger), member 1a 0.49 2.32 -1.6862 0.01238688

tbx16 T-box 16 3.68 14.48 -1.6300 0.004668324

fech ferrochelatase 7.27 25.91 -1.5010 0.013413892

HBZ zgc:163057 2.96 12.24 -1.4951 0.029360255

etv5a ets variant 5a 9.49 28.57 -1.4538 0.001603395

pms2 PMS1 homolog 2, mismatch repair system component 4.29 13.18 -1.4060 0.004378818

cebpa CCAAT/enhancer binding protein (C/EBP), alpha 107.65 300.95 -1.3700 0.001766542

alas2 aminolevulinate, delta-, synthase 2 10.79 34.11 -1.3647 0.013860034

myb v-myb avian myeloblastosis viral oncogene homolog 52.87 141.33 -1.3021 0.002925659

slc25a37 solute carrier family 25 (mitochondrial iron transporter) 5.69 15.25 -1.1924 0.042964406

smox spermine oxidase 10.43 25.62 -1.1776 0.009596979

cdx4 caudal type homeobox 4 40.14 96.74 -1.0939 0.025151866

gata2a GATA binding protein 2a 11.94 25.33 -0.9993 0.019734823

piezo1 piezo-type mechanosensitive ion channel component 1 7.18 15.39 -0.9954 0.029586497

cdca7a cell division cycle associated 7a 72.29 152.12 -0.9863 0.015035026

Table of erythroid factors identified through biological gene ontology analysis of genes 

enriched  in the 10ss posterior scl + population upon comparison to expression in the 10ss anteri-

or scl + population. Factors are in order of  fold depletion in the 10ss anterior compared to the 

expression level in the 10ss posterior, thus are negative log2 values.  This gene list is biologically 

equivalent to genes enriched in the 10ss posterior.
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 Common expressed genes in the 10ss spatial scl+ comparison 

As with the temporal comparison of the posterior genes, genes with FPKM values 

greater than 2 in both the 10ss scl+ populations (anterior and posterior) without 

significant (p>0.05) difference in expression level between the two contexts, were 

considered commonly expressed. 8991 genes for this spatial comparison were 

commonly expressed and annotated with 310 over-represented biological GO terms 

showing significant difference to that expected if genes were picked at random: 259 

were enriched and 51 were depleted.   

All but 6 of these biological terms were for ubiquitous housekeeping processes or 

general development (figure 4-7). The tissue-specific categories relate to retina 

development and myeloid cell differentiation.  This over-representation could 

suggest that at the 10ss the myeloid fate is favoured by both the anterior and 

posterior scl+ populations, however the common expression of factors annotated 

with a role in retina development casts doubt on the validity of such a conclusion.  

8.5% of commonly expressed posterior factors were classed as transcription factors 

by the PANTHER database. The commonly expressed transcription factors relate to 

a variety of ubiquitous biological processes plus brain and sensory organ 

development.  

3.2% of enriched genes were annotated as signalling molecules, these related to key 

signal transduction pathways, rhombomere formation and vascular development. 

Non-canonical Wnt, SMAD and BMP signalling pathways were enriched, as were 

negative regulators of Ras signalling and the Jak/STAT cascade. 
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Figure 4-7 Biological gene ontology and protein class analysis of genes expressed at 

the 10ss in both the anterior and posterior scl expressing populations. 

 

  

Biological functions and protein class analysis of  genes commonly expressed in the 

10ss anterior scl+ samples and 10ss posterior scl+ samples. Genes were deemed to be 

commonly expressed if  they showed an FPKM level of at least 2 in both 10ss scl+ 

populations, plus showed an insignificant fold change between the two 10ss 

populations based on variation between replicates.  A) Bar chart of  all major biological 

GO terms identified as over-represented in the annotations of commonly expressed 

10ss genes. B)  Bar chart showing the major biological tissue specific GO terms 

identified as over-represented in the gene list from commonly expressed 10ss genes 

annotated as òtranscription factorsó.  

Biological GO terms over-represented in genes commonly 

expressed in the 10ss scl+ populations

Tissue speci c biological GO terms over-represented in genes 

commonly expressed in the 10ss scl+ populations and annotated as 

transcription factors
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 Temporal transcriptome variation in the posterior- 10ss vs. 20ss 

 10ss enrichment in scl+ posterior comparison 

Following DESeq2 analysis comparing the transcriptomic datasets for the scl+ 

posterior 10 and 20ss samples, 471 genes were identified as significantly enriched in 

the 10ss posterior. The spread and significance of differential expression is shown in 

figure 4-8. Significant fold enrichment varied from 1.9- 25.7 fold over expression in 

the 20ss posterior.  

Figure 4-8 Distribution of differentially expressed genes in scl+ posterior cells. 

 

Top enriched biological processes were determined using the PANTHER database, 

revealing that 67 terms were over-represented in the 10ss posterior compared to the 

20ss posterior, all of which relate to ubiquitous processes apart from 9 (see figure 4-

9). 

Of these 9 none are directly haematopoietic or vascular, suggesting that all cell type 

specific biological processes active in the 10ss posterior transcriptome are 

maintained in the 20ss posterior cells. The expression of the genes that contribute to 

these terms are reduced in the 20ss posterior (data not shown) suggesting that the 

Volcano plot of  the genes expressed in 

the posterior scl+ populations.  Genes 

that showed enrichment in the 10ss 

posterior (thus depleted in the 20ss 

posterior) are shown in yellow, while 

genes enriched in the 20ss posterior 

(depleted in the 10ss posterior) are in 

green. Genes expressed at 2 FPKM or 

greater in both the 10 and 20ss posteri-

or scl+ samples yet failed to show a 

significantly different exprression level 

between the populations are shown in 

black and are described as  òcommonly 

expressedó.
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posterior scl+ population has become more specialised in function, as it develops 

from the 10 to 20ss. 

Figure 4-9 Biological gene ontology analysis genes enriched in the 20ss posterior scl+ 

population 

 

Protein class analysis annotates 11.6% of the 10ss enriched genes in this posterior 

comparison, as transcription factors and 6.5% are annotated as signalling molecules. 

The genes annotated as transcription factors relate to 107 biological GO processes 

including development of the kidneys, nervous system and myeloid cell 

differentiation.  Expression of the majority of genes annotated with these processes 

has dropped in the 20ss scl+ posterior possibly because the scl+ population has 

become further specified.  

Genes for transcription factors enriched in the early posterior annotated with a role 

in myeloid cell differentiation are also over-represented suggesting that the 

Major tissue specific biological terms identified by gene ontology analysis, as 

over-represented by genes enriched  in the 10ss posterior scl+ samples upon comparison 

to 20ss posterior scl+ samples. 



 4-35 

development of the myeloid lineage has either dramatically reduced or migrated to 

the anterior by the 20ss.  However as seen in section 4.5.5 genes associated with 

myeloid cell differentiation are specifically enriched in the 20ss posterior scl+ 

population (over scl - cells), suggesting that this process remains active but at a lower 

level than in the 10ss scl+ posterior population.  The genes annotated as signalling 

molecules correlate with 82 enriched biological processes, which include regulation 

of signal transduction, eye development and myeloid cell development. This 

correlates with the population retaining haematopoietic potential apart from the 

myeloid lineage, as the posterior scl+ cells develop, however it is important to 

remember that this analysis is entirely based on the accuracy of each geneõs 

annotation. 

In conclusion 10ss enriched factors in the posterior comparison of scl+ cellsõ 

transcriptomes are annotated with non-haemangiogenic functions. This suggests all 

haematopoietic functions expressed at the 10ss are retained to the 20ss in the 

posterior of the zebrafish embryo. However upon focussing solely on transcription 

factor genes enriched in the 10ss posterior significant over-representation was 

observed for several biological functions including myeloid differentiation. 

 20ss enrichment in scl+ posterior comparison 

In this temporal comparison of the posterior scl+ cells 1564 genes are significantly 

enriched in the 20ss posterior (thus depleted in the 10ss posterior). A greater number 

of genes are enriched in the 20ss sample than in the 10ss transcriptome, which may 

be due to the increasing complexity and heterogeneity of the population. 

From the 20ss enriched gene list only 92 biological GO terms are significantly over-

represented, these are shown in figure 4-10.   
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Figure 4-10 Biological gene ontology analysis genes enriched in the 20ss posterior 

scl+ population. 

 

The most significantly enriched biological process associated with these 20ss 

enriched factors is oxygen transport. Unlike in the anterior temporal comparisons, 

this magnitude of over-representation in biological function is much greater and 

relates to 25 genes expressed with a mean FPKM of over 1200. Similarly the top 

enriched molecular GO functions are oxygen transport, oxygen binding and iron ion 

binding. This analysis suggests that progression of the posterior scl+ population from 

the 10ss to 20ss involves a dramatic shift towards a strongly erythroid profile, 

without any notable divergence or range of function. Table 4-2 details the expression 

level and enrichment of these oxygen transport factors enriched in the 20ss scl+ 

posterior population compared to the 10ss posterior population. 

 

 

 

 

Bar chart showing the overrepresentation of  major biological GO terms upon gene ontology analysis 

of  genes enriched in the 20ss posterior scl+ samples when compared to 10ss posterior scl+ samples 

(equivalent to genes depleted in the 10ss posterior upon comparison to the 20ss posterior). Sub-cate-

gories were omitted thus this represents the total significantly overrepresented functions for this 

collection of genes. Of note the top three overrepresented terms relate to erythroid processes.
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Table 4-2 Genes associated with the GO term oxygen transport enriched in the 20ss 

posterior scl+ population 

 

Protein class analysis shows that 4.6% of the genes enriched in the 20ss scl+ posterior 

population (in this temporal comparison) are annotated as transcription factors and 

that 2.3% are signalling molecules. Top protein classes instead include hydrolases, 

transferases and transporters, supporting previous reports that by 20ss the erythroid 

population has been differentiated and gains functionality. Transcriptional regulation, 

rather than a tissue-specific function, was the most commonly over-represented 

biological GO terms relating to the transcription factor class.  Notably, no over-

represented terms relating to tissue-specific processes or regulation of a 

developmental process were identified from the 20ss posterior enriched transcription 

factor list.  

Gene Name Descript ion
10ss Post. 

Mean FPKM

20ss Post. 

Mean FPKM

log2 

FoldChange
pvalue

hbbe1.1 hemoglobin beta embryonic-1.1 44.15 2417.19 -5.590697375 1.54E-46

hbbe1.2 hemoglobin beta embryonic-1.2 5.89 211.58 -4.890837669 3.77E-28

hbbe3 hemoglobin beta embryonic-3 348.91 8086.59 -4.454357537 8.83E-33

hbbe2 hemoglobin beta embryonic-2 43.52 1078.15 -4.436969149 2.13E-23

hbae1 hemoglobin, alpha embryonic 1 19.47 431.08 -4.374632586 1.10E-31

hbae1 hemoglobin, alpha embryonic 1 132.99 2678.09 -4.234442923 2.63E-26

hbae3 hemoglobin alpha embryonic-3 407.10 7583.52 -4.172158985 3.71E-33

HBZ zgc:163057 12.24 215.73 -3.952978035 5.36E-17

hmbsb hydroxymethylbilane synthase, b 16.42 262.62 -3.893263409 5.56E-20

hbz hemoglobin zeta 8.70 123.01 -3.709571876 2.07E-18

hbbe1.1 hemoglobin beta embryonic-1.1 216.93 2911.75 -3.682892629 4.91E-21

urod uroporphyrinogen decarboxylase 161.98 1958.75 -3.57508809 4.86E-22

alas2 aminolevulinate, delta-, synthase 2 34.11 352.61 -3.221007282 1.04E-10

hbae1 hemoglobin, alpha embryonic 1 7.54 63.21 -2.958728432 1.20E-10

hmox1a heme oxygenase 1a 4.29 25.45 -2.441015132 1.12E-06

uros uroporphyrinogen III synthase 15.01 76.89 -2.379187583 1.68E-09

cpox coproporphyrinogen oxidase 216.83 1010.97 -2.27233994 3.21E-11

fech ferrochelatase 25.91 122.42 -2.243091816 9.64E-07

hmbsa hydroxymethylbilane synthase a 104.51 440.51 -2.12380162 1.78E-09

iba57 IBA57 homolog, iron-sulfur cluster assembly 17.20 52.31 -1.675982817 9.03E-06

snx3 sorting nexin 3 13.66 37.67 -1.515227165 0.000112343

atpif1b ATPase inhibitory factor 1b 46.07 123.56 -1.513920269 9.62E-05

bdh2 3-hydroxybutyrate dehydrogenase, type 2 3.41 7.03 -1.088473712 0.048504856

blvra biliverdin reductase A 72.48 127.73 -0.951309948 0.023301985

Table of factors associated with erythroid biological GO terms, identified as enriched genes in 

the 20ss posterior scl + population following transcriptome comparison with samples for the scl+ 

10ss posterior. Biological GO analysis was carried out on the total enriched gene list regardless 

of  protein class or molecular functionality.   Factors are in order of  fold depletion in the 10ss 

posterior compared to the expression level in the 20ss posterior, thus are negative log2 values.  

This gene list is biologically equivalent to genes enriched in the 20ss posterior. Gene name and 

description provided by the Ensemble biomart database.
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 Common factors from the scl+ posterior comparison 

Genes with FPKM values greater than 2 in both the 10ss and 20ss scl+ posterior cells 

without significant (p>0.05) difference in expression level between the two contexts, 

were considered commonly expressed. 7656 genes for this posterior comparison 

were commonly expressed and annotated with 253 biological GO terms. All but 3 of 

these terms were for ubiquitous housekeeping processes or general development. 

The 3 tissue-specific categories were all haematopoietic or vascular processes, as 

detailed in figure 4-11. The commonly expressed genes that contribute to the over-

representation of these haematopoietic or vascular processes indicates that despite 

the erythroid fate becoming strongly favoured as the population develops, the 

expression of certain general haematopoietic factors and vascular genes was 

maintained. 

9.9% of commonly expressed posterior factors were classed as transcription factors 

by the PANTHER database. Interestingly the commonly expressed transcription 

factors relate to a variety of biological processes including otic vesicle development, 

myeloid and leukocyte differentiation in addition to ubiquitous processes such as 

circadian rhythm. 3.5% of enriched genes were annotated as signalling molecules, 

these related to both key signal transduction pathways and haemangiogenic 

signalling.  Non-canonical Wnt signalling and pathways involving SMAD proteins 

were enriched as were negative regulators of Ras signalling. This correlates with 

previous studies that show that Wnt signalling is important to the erythroid fate, but 

without validation within these developmental contexts, this is only a correlation263-

265. 

 

 

 



 4-39 

Figure 4-11 Protein class and gene ontology analysis of genes commonly expressed in 

the 10 and 20ss posterior scl+ populations. 

  

 

Over-represented biological GO terms for genes commonly expressed 

in the scl+ posterior between the 10 and 20ss.

Biological functions and protein class analysis of genes commonly expressed in posterior scl+ populations 

at the 10 and 20ss.  These genes displayed statistically insignificant diferrences between their expression 

level in the 10ss posterior scl+ samples when compared to 20ss posterior scl+ samples. Commonly 

expressed genes were also required to be expressed at a minimum of  2 FPKM in both posterior popula-

tions.  A) Bar chart of  all major biological GO terms identified as over-represented in the commonly 

expressed posterior genes. B)  Bar chart showing the major biological tissue specific GO terms identified 

as over-represented in the transcription factor class of commonly expressed posterior genes.  

A

Over-represented tissue speci c biological GO terms for genes commonly expressed in the 

scl+ posterior between the 10 and 20ss associated with the transcription factor protein class.

B

Over-represented biological GO terms for genes commonly expressed 

in the scl+ posterior between the 10 and 20ss.

Biological functions and protein class analysis of genes commonly expressed in posterior scl+ populations 

at the 10 and 20ss.  These genes displayed statistically insignificant diferrences between their expression 

level in the 10ss posterior scl+ samples when compared to 20ss posterior scl+ samples. Commonly 

expressed genes were also required to be expressed at a minimum of  2 FPKM in both posterior popula-

tions.  A) Bar chart of  all major biological GO terms identified as over-represented in the commonly 

expressed posterior genes. B)  Bar chart showing the major biological tissue specific GO terms identified 

as over-represented in the transcription factor class of commonly expressed posterior genes.  

A

Over-represented tissue speci c biological GO terms for genes commonly expressed in the 

scl+ posterior between the 10 and 20ss associated with the transcription factor protein class.

B

Over-represented biological GO terms for genes commonly expressed 

in the scl+ posterior between the 10 and 20ss.

Biological functions and protein class analysis of genes commonly expressed in posterior scl+ populations 

at the 10 and 20ss.  These genes displayed statistically insignificant diferrences between their expression 

level in the 10ss posterior scl+ samples when compared to 20ss posterior scl+ samples. Commonly 

expressed genes were also required to be expressed at a minimum of  2 FPKM in both posterior popula-

tions.  A) Bar chart of  all major biological GO terms identified as over-represented in the commonly 

expressed posterior genes. B)  Bar chart showing the major biological tissue specific GO terms identified 

as over-represented in the transcription factor class of commonly expressed posterior genes.  

A

Over-represented tissue speci c biological GO terms for genes commonly expressed in the 

scl+ posterior between the 10 and 20ss associated with the transcription factor protein class.

B

Over-represented biological GO terms for genes commonly expressed 

in the scl+ posterior between the 10 and 20ss.

Biological functions and protein class analysis of genes commonly expressed in posterior scl+ populations 

at the 10 and 20ss.  These genes displayed statistically insignificant diferrences between their expression 

level in the 10ss posterior scl+ samples when compared to 20ss posterior scl+ samples. Commonly 

expressed genes were also required to be expressed at a minimum of  2 FPKM in both posterior popula-

tions.  A) Bar chart of  all major biological GO terms identified as over-represented in the commonly 

expressed posterior genes. B)  Bar chart showing the major biological tissue specific GO terms identified 

as over-represented in the transcription factor class of commonly expressed posterior genes.  

A

Over-represented tissue speci c biological GO terms for genes commonly expressed in the 

scl+ posterior between the 10 and 20ss associated with the transcription factor protein class.

B
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 Common scl+ cell factors 

8691 genes were reproducibly expressed in all contexts with a minimal FPKM of 2; 

their distribution between the four scl+ contexts is shown in figure 4-12. This gene 

list included factors that showed varied expression levels between the different 

contexts. 

Figure 4-12 Venn diagram showing the distribution of genes expressed in all four 

early scl+ contexts. 

 
Biological process enrichment analysis showed that 332 GO terms common to these 

four scl populations were over-represented and 30 terms were underrepresented in 

this common gene list. 7 of the over-represented processes were for tissue-specific 

functions, falling into two major biological GO terms, retina development and blood 

vessel morphogenesis as detailed in Figure 4-13. 47 ubiquitous major biological GO 

terms were also over-represented- RNA processing and ATP synthesis processes 

accounted for the top over-represented ubiquitous biological GO terms. 

10ss

 Anterior

20ss

Anterior

20ss

Posterior
10ss

Posterior

8691

Venn diagram showing the distri-

bution of genes expressed over 2 

FPKM between 4 early scl express-

ing populations. Overlapping 

segments represent the number of 

genes co-expressed by both popu-

lations.  At the centre in bold 8691 

genes were identified as being 

expressed in all four scl+ popula-

tions, not necessarily at the same 

level in each.
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 Figure 4-13 Biological gene ontology analysis of genes expressed by all four scl+ 

populations studied. 

Within the depleted GO terms 5 were for tissue-specific processes such as sensory 

perception, synaptic transmission and immune responses, which indicates that these 

biological function are commonly absent and potentially specifically repressed within 

scl expressing cells.  Depletion within this common list could also be interpreted that 

these processes are enriched within certain scl+-subpopulations, while being 

completely absent in others, thus would fail to be included in this òexpressed-in-alló 

analysis.  

Upon protein class analysis of these commonly expressed proteins, transcription 

factors account for 9.1% of the genes and 3.5% are annotated as signalling 

molecules.  Over-represented tissue-specific biological processes for the common 

expressed genes classed as transcription factors included granulocyte differentiation, 

primitive haematopoiesis and blood vessel morphogenesis (genes listed in table 4-3). 

 

Bar chart of  tissue specific major biological GO terms identified as 

expressed at 2 FPKM or greater levels, in all four early scl+ contexts 

investigated. Negative log2 fold overrepresentation levels describe GO 

terms that are underrepresented by these expressed-in-all factors.
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Table 4-3 Genes associated with a molecular GO term of transcription factor and a 

biological GO term of haematopoiesis expressed by all four scl+ populations studied. 

 

Table of haematopoietic and vascular transcription factors identified through protein class analysis of genes expressed 

at 2 FPKM or greater, in all four early scl + populations. Biological GO term analysis was carried out on expressed-in-all 

genes, to identifiy factors associated with haematopoietic and vascular processes.  Protein class analysis was then 

carried out on the resulting gene list, to isolate a expressed-in-all total transcription factor list.  

Gene Name Descript ion
10ss Ant. 

Mean FPKM

10ss Post. 

Mean FPKM

20ss Ant. 

Mean FPKM

20ss Post. 

Mean FPKM

ajuba ajuba LIM protein 15.90 18.17 29.07 17.31

bcl6a B-cell CLL/lymphoma 6a (zinc finger protein 51) 8.71 10.34 19.95 11.78

bcl6ab B-cell CLL/lymphoma 6a, genome duplicate b 16.92 10.93 32.57 15.56

brf1a BRF1, RNA polymerase III t ranscription initiation factor a 3.31 3.71 3.90 2.02

brf1b BRF1, RNA polymerase III t ranscription initiation factor b 11.12 8.15 9.35 9.20

cdx4 caudal type homeobox 4 40.14 96.74 4.88 26.79

cebpa CCAAT/enhancer binding protein (C/EBP), alpha 107.65 300.95 208.21 168.40

crip2 cysteine-rich protein 2 32.78 26.92 325.02 110.04

dpf3 D4, zinc and double PHD fingers, family 3 5.85 2.18 6.73 3.79

e2f7 E2F transcription factor 7 5.19 8.13 11.06 10.46

e2f8 E2F transcription factor 8 7.64 12.99 9.31 14.54

ell elongation factor RNA polymerase II 14.91 14.56 15.98 12.81

erg v-ets avian erythroblastosis virus E26 oncogene homolog 10.69 10.36 86.16 16.02

etv2 ets variant 2 1535.57 788.51 1384.75 598.63

etv5a ets variant 5a 9.49 28.57 33.20 18.12

fev FEV (ETS oncogene family) 4.42 5.18 3.73 3.40

fli1a Fli-1 proto-oncogene, ETS transcription factor a 151.39 304.34 459.33 281.84

fli1b Fli-1 proto-oncogene, ETS transcription factor b 65.15 43.94 222.47 69.70

fosab v-fos FBJ murine osteosarcoma viral oncogene homolog Ab 1437.93 1182.45 1003.04 873.22

foxc1a forkhead box C1a 6.50 2.85 14.80 2.32

foxj1b forkhead box J1b 3.62 6.76 2.11 13.64

foxo3b forkhead box O3b 2.29 2.95 6.09 4.00

gata1a GATA binding protein 1a 50.29 634.37 50.12 470.48

gata2a GATA binding protein 2a 11.94 25.33 31.02 14.70

gata3 GATA binding protein 3 33.34 28.45 23.78 15.91

gata5 GATA binding protein 5 146.72 9.41 28.95 2.25

gfi1aa growth factor independent 1A transcription repressor a 148.74 1861.89 90.34 793.09

hey2 hes-related family bHLH transcription factor with YRPW motif  2 100.58 78.62 164.85 69.28

ikzf1 IKA ROS family zinc finger 1 (Ikaros) 13.70 11.77 71.73 106.80

kdm4ab lysine (K)-specific demethylase 4A, genome duplicate b 5.89 7.45 8.18 6.88

lmo2 LIM domain only 2 (rhombotin-like 1) 3278.00 3763.49 1312.93 1438.30

mafba v-maf  avian musculoaponeurotic fibrosarcoma oncogene Ba 6.84 5.73 13.07 4.74

med14 mediator complex subunit 14 5.25 8.80 8.20 8.05

meox1 mesenchyme homeobox 1 31.39 24.71 33.37 9.39

mgaa MGA, MAX dimerization protein a 11.05 13.12 4.68 5.11

myb v-myb avian myeloblastosis viral oncogene homolog 52.87 141.33 70.02 165.47

ncor1 nuclear receptor corepressor 1 41.81 24.20 17.33 11.88

ncor2 nuclear receptor corepressor 2 14.93 11.65 22.29 11.77

nfil3 nuclear factor, interleukin 3 regulated 22.29 11.32 34.36 11.38

nr2f2 nuclear receptor subfamily 2, group F, member 2 4.23 2.96 15.13 6.12

osr1 odd-skipped related transciption factor 1 6.55 26.09 2.59 5.69

pdcd2 programmed cell death 2 19.88 20.41 16.00 34.32

prox1b prospero homeobox 1b 6.66 16.38 10.37 6.52

rarab retinoic acid receptor, alpha b 11.00 7.22 6.24 4.19

rbpja recombination signal binding protein for Ig kappa J region a 8.61 12.75 12.03 7.52

rbpjb recombination signal binding protein for Ig kappa J region b 6.89 6.89 11.20 6.33

sbds Shwachman-Bodian-Diamond syndrome 22.72 24.11 16.08 23.43

smad5 SMAD family member 5 83.31 103.78 127.93 75.49

smad6a SMAD family member 6a 10.29 3.85 8.20 2.40

smad9 SMAD family member 9 18.24 7.94 7.60 4.50

smyd3 SET and MYND domain containing 3 9.57 6.10 9.22 16.43

sox18 SRY (sex determining region Y)-box 18 9.97 13.52 115.65 34.92

sox7 SRY (sex determining region Y)-box 7 479.79 386.91 730.47 309.74

spi1b Spi-1 proto-oncogene b 478.85 65.53 201.04 31.29

spry2 sprouty RTK signaling antagonist 2 8.48 21.10 33.97 25.18

spry4 sprouty homolog 4 (Drosophila) 51.40 65.37 73.22 42.41

supt6h SPT6 homolog, histone chaperone 22.42 22.80 23.26 19.04

yap1 Yes-associated protein 1 25.54 13.78 38.39 8.58
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Tissue-specific biological processes relating to the signalling molecule class of 

commonly expressed proteins include negative regulation of axon extension, 

vasculogenesis and angiogenesis. 

Figure 4-14 Scatter plot of genes with the same expression level across all four early 

scl+ contexts.  

 

I have also generated a list of genes that are similarly expressed in each of the scl+ 

populations, these are a subset of the previous analysis- not only are these genes 

expressed (FPKM>2) in all four contexts but at a similar level of expression in all 

four contexts.  Genes were included in the list if they showed non-significant 

differential expression following DESeq2 analysis for the anterior, posterior and 10ss 

comparisons, plus showed expression levels of FPKM>2 in all contexts.  

5344 genes met these criteria and represented 204 biological GO terms.  Figure 4-14 

shows that the majority of these genes show expression under 1000 FPKM in each 

context.  Only one major biological tissue-specific term was over-represented (other 

over-represented biological GO terms related to ubiquitous housekeeping processes 

or general development). 78 genes (detailed in Table 4-4) with a mean expression 

level of over 150 FPKM were associated with the over-represented tissue-specific 

process, haematopoiesis. 

2
0
ss

 P
o
st

e
ri

o
r 

m
e
a
n
 F

P
K

M

10
ss

 P
os

te
rio

r m
ea

n F
PKM

3-dimensional scatter plot 

describing the distribution of 

genes classed as commonly 

expressed.  Commonly 

expressed genes had to show 

an expression of 2 FPKM or 

greater in each of the four 

early scl+ samples, plus the 

variation between contexts 

had to be insignificant when 

compared to the biological 

variation within duplicates.  

The red line indicates the path 

of  equal expression in the 

three contexts compared here.

10ss Anterior mean FPKM



 4-44 

Table 4-4 Haematopoietic genes showing common expression levels across the four 

early scl expressing populations studied. 

 

The genes shown in table 4-4 include several factors that show ubiquitous activity, 

such as the genes for ribosomal proteins and hdac1.  These factors are erroneously 

Gene Name Descript ion
10ss Ant. 

Mean FPKM

10ss Post. 

Mean FPKM

10ss Ant. 

Mean FPKM

20ss Post. 

Mean FPKM

rpl19 ribosomal protein L19 1981.84 2246.24 2440.86 3482.23

etv2 ets variant 2 1535.57 788.51 1384.75 598.63

fosab v-fos FBJ murine osteosarcoma viral oncogene homolog Ab 1437.93 1182.45 1003.04 873.22

rplp1 ribosomal protein, large, P1 1359.89 1461.90 1846.93 2349.08

rps7 ribosomal protein S7 1336.61 1358.00 1228.76 1623.16

rps27.1 ribosomal protein S27, isoform 1 1059.86 1106.44 1187.86 1484.69

rpl35 ribosomal protein L35 827.82 752.01 617.95 766.26

rps14 ribosomal protein S14 597.40 644.89 714.99 873.37

rpl11 ribosomal protein L11 453.58 480.25 524.88 596.85

rpl27 ribosomal protein L27 450.65 432.34 487.95 580.05

rps19 ribosomal protein S19 436.28 418.55 468.50 589.76

rpl22 ribosomal protein L22 406.21 347.77 392.72 475.81

rps29 ribosomal protein S29 341.17 362.30 390.02 483.80

hdac1 histone deacetylase 1 330.71 367.55 263.17 273.59

hsp70l heat shock cognate 70-kd protein, like 324.03 206.62 184.03 117.65

ube2ib ubiquitin-conjugating enzyme E2Ib 247.14 226.54 174.08 188.50

rpl35a ribosomal protein L35a 175.60 196.02 255.02 313.08

wdr43 WD repeat domain 43 165.67 234.17 108.07 236.01

atpif1a ATPase inhibitory factor 1a 127.84 111.20 127.00 145.26

sae1 SUMO1 activating enzyme subunit 1 117.80 115.65 69.23 75.45

rps24 ribosomal protein S24 95.25 93.69 85.81 105.76

ddx18 DEAD (Asp-Glu-Ala-Asp) box polypeptide 18 93.88 135.32 75.56 168.20

smad5 SMAD family member 5 83.31 103.78 127.93 75.49

ak2 adenylate kinase 2 67.74 107.61 106.56 139.38

snrnp70 small nuclear ribonucleoprotein 70 (U1) 63.40 55.77 43.64 33.93

rcor1 REST corepressor 1 61.36 39.38 49.73 27.48

cxcl12b chemokine (C-X-C motif) ligand 12b (stromal cell-derived factor 1) 57.07 52.56 51.38 24.02

hspa9 heat shock protein 9 54.34 90.83 64.35 125.10

spry4 sprouty homolog 4 (Drosophila) 51.40 65.37 73.22 42.41

cdc73 cell division cycle 73, Paf1/RNA polymerase II complex component, homolog (S. cerevisiae) 45.78 50.13 37.91 45.92

ube2ia ubiquitin-conjugating enzyme E2Ia 44.38 42.39 30.61 38.04

brd2a bromodomain containing 2a 44.21 60.02 43.45 45.31

brd3a bromodomain containing 3a 42.50 55.05 38.18 39.03

ptenb phosphatase and tensin homolog B 40.99 30.42 61.99 24.90

cbfb core-binding factor, beta subunit 33.82 21.20 49.49 15.83

cpsf1 cleavage and polyadenylation specific factor 1 29.27 40.69 36.57 47.09

jagn1b jagunal homolog 1b 28.00 31.37 26.37 33.56

taf3 TAF3 RNA polymerase II, TATA box binding protein (TBP)-associated facto 26.18 32.19 25.53 24.38

yap1 Yes-associated protein 1 25.54 13.78 38.39 8.58

sart3 squamous cell carcinoma antigen recognized by T cells 3 24.23 30.15 21.36 22.51

acvr1l activin A receptor, type I like 23.71 24.02 20.40 17.32

sbds Shwachman-Bodian-Diamond syndrome 22.72 24.11 16.08 23.43

kras v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 22.71 24.55 19.15 15.32

nfil3 nuclear factor, interleukin 3 regulated 22.29 11.32 34.36 11.38

pdcd2 programmed cell death 2 19.88 20.41 16.00 34.32

slc48a1b solute carrier family 48 (heme transporter), member 1b 17.51 11.77 9.46 7.07

dhx8 DEAH (Asp-Glu-Ala-His) box polypeptide 8 17.48 26.31 20.40 24.36

sec23b Sec23 homolog B, COPII coat complex component 17.06 17.33 25.04 18.85

melk maternal embryonic leucine zipper kinase 16.27 13.93 8.59 15.42

aggf1 angiogenic factor with G patch and FHA domains 1 15.70 17.21 12.49 16.42

ncor2 nuclear receptor corepressor 2 14.93 11.65 22.29 11.77

ptena phosphatase and tensin homolog A 12.36 11.67 20.08 14.28

gna13b guanine nucleotide binding protein (G protein), alpha 13b 11.87 16.52 21.73 14.30

brd4 bromodomain containing 4 11.76 13.37 17.88 11.01

cxxc1b CXXC finger protein 1b 11.40 8.31 8.91 11.78

brf1b BRF1, RNA polymerase III t ranscription initiation factor b 11.12 8.15 9.35 9.20

pttg1ipb pituitary tumor-transforming 1 interacting protein b 9.48 6.61 9.64 4.11

adnp2b ADNP homeobox 2b 9.25 11.33 14.96 11.53

tert telomerase reverse transcriptase 8.44 8.02 11.82 10.27

sfxn4 sideroflexin 4 8.44 5.55 8.30 7.11

pak4 p21 protein (Cdc42/Rac)-activated kinase 4 7.91 12.53 8.26 11.21

adnp2a ADNP homeobox 2a 7.68 8.04 8.46 6.47

mlh1 mutL homolog 1, colon cancer, nonpolyposis type 2 (E. coli) 7.63 8.35 6.04 7.74

wasla Wiskott-Aldrich syndrome-like a 7.37 8.39 5.50 3.14

adnpb activity-dependent neuroprotector homeobox b 6.59 5.30 5.48 4.24

pdzk1ip1 PDZK1 interacting protein 1 6.45 4.89 3.80 3.14

vhl von Hippel-Lindau tumor suppressor 6.42 6.57 11.86 8.96

clpxa caseinolytic mitochondrial matrix peptidase chaperone subunit a 6.35 8.29 10.64 7.59

tet3 tet methylcytosine dioxygenase 3 6.32 4.04 12.74 5.01

casp3a caspase 3, apoptosis-related cysteine peptidase a 6.26 6.66 6.35 5.90

abcc5 ATP-binding cassette, sub-family C (CFTR/MRP), member 5 5.64 4.63 10.38 4.53

fev FEV (ETS oncogene family) 4.42 5.18 3.73 3.40

slc25a38b solute carrier family 25, member 38b 4.33 5.00 3.11 8.38

waslb Wiskott-Aldrich syndrome-like b 3.76 5.26 4.21 3.84

mfn2 mitofusin 2 3.69 5.88 3.98 5.37

brf1a BRF1, RNA polymerase III t ranscription initiation factor a 3.31 3.71 3.90 2.02

bmp4 bone morphogenetic protein 4 3.18 3.15 2.29 5.55

sh2b3 SH2B adaptor protein 3 2.73 3.98 3.85 2.84

Table of haematopoietic genes identified as commonly expressed in all four early scl+ populations. List is in 

order of expression level in the 10ss anterior.
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included due to inaccurate annotation in the zfin database- for instance hdac1 is 

annotated with 17 different tissue-specific functions, only one of which is 

haematopoietic. This example highlights the major issue with the gene ontology 

enrichment analysis, however this approach remains the most appropriate to 

summarise genome-wide transcriptomic variation. 

9.8% of these commonly expressed factors were classed as transcription factors by 

PANTHER database and 2.5% as signalling molecules. The biological processes 

relating to these transcription factors were for ubiquitous processes including 

regulation of the cell-cycle kinases, chromatin remodelling and steroid signalling.  

The signalling molecule class showed enriched biological GO terms for apoptotic 

processes and negative regulation of Ras signalling.  

 Enriched scl+ expression profiles compared to scl- neighbouring cells. 

The previous comparative transcriptomic analysis of these scl-expressing populations 

showed some differentially expressed gene were associated with haematopoietic 

biological GO categories, however a large number of general developmental genes 

accounted for many of the differentially expressed factors.  These semi-ubiquitous 

and often highly expressed genes made investigating scl cell specific transcriptomic 

features challenging as their great number swamped any analysis.  

In zebrafish primitive erythropoiesis occurs primarily in the posterior of the embryo, 

thus it was expected that this scl+ population at the 20ss would be strongly 

erythrogenic.  Gene ontology analysis of genes classed as expressed in this context 

identified 279 significantly over-represented biological terms. Only 12 of these 279 

biological terms relate to haematopoietic or blood vessel development. This 

demonstrates how ubiquitous processes can swamp enrichment analyses to a degree 

that impairs resolution of true biological function.  
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Here I describe my findings when investigating the features of enriched scl+ 

transcriptomes compared to context appropriate scl ð  transcriptomes. Genes that are 

significantly enriched in scl+ cells can be identified and their biological function 

investigated.  Historically it has been necessary to take a one gene at a time approach, 

and has made significant advances in our understanding of the emergence of the 

haematopoietic and vascular system.  With the advent of genome-wide approaches 

such as those employed in this project I have begun to tackle this problem in a true 

in vivo setting on a systems basis.  Thus the enriched genes lists are likely to not only 

include previously studied haemangiogenic factors but also novel proteins that may 

play key roles in this process.   

In this analysis I am focussing on the factors that are enriched in scl+ cells, but not on 

the depleted genes.  While the enriched factors are specifically enriched in scl+ cells 

versus all other developing cell types within the anterior or posterior of the fish, the 

same logic cannot be applied to depleted genes.  Though this differential expression 

analysis, genes that are specifically depleted in scl+ cells will not be resolved from 

genes that are specifically expressed in another cell type from the same context.  

Thus although scl expression has previously been shown to lead to down-regulation 

of the expression of specific targets, and it is known that the haemangioblast and Scl-

core-complexes can represses other cell fates102,138,266, depleted factors identified in 

this analysis would be difficult to interpret.  

 Differential expression between scl+ and neighbouring scl- contexts 

DESeq2 was used to assess the significance of difference in expression of genes 

between citrine positive (scl+ cells) and citrine negative (scl - cells) cells, taking into 

account biological variation.  Genes were classed as differentially expressed if the 

fold change between positive and negative samples for each context was greater than 
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expression differences between replicates, with a confidence of p<0.05.  Factors 

enriched in scl+ samples were also subjected to an expression cut-off of FPKM > 2 in 

the positive samples, in order to focus the analysis on genes that are definitely 

expressed within the cells of interest.  The FPKM > 2 cut-off in scl+ samples was also 

applied to the depleted gene lists to refine the list down to factors that were 

expressed in scl+ cells but at a significantly lower level than in surrounding cells.  

Without this cut-off genes that are not expressed at this developmental stage, would 

associate with very large fold change values due to minute differences in background 

read levels, and swamp further analysis. 

Figure 4-15 Distribution of differentially expressed genes over the four early scl + 

contexts 

 

As the scl+ population develops from 10ss to the 20ss the number of differentially 

expressed genes increases, indicating that each population is becoming more 

differentiated from its neighbouring cell types and expressing more cell specific 

factors instead of a limited number of general developmental genes (figure 4-15).  
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The 10ss anterior scl+ population has the least number of significantly differentially 

expressed genes. An interpretation of this would be that this population is, on a 

transcriptome level, the closest to surrounding tissues and thus may represent a 

developmentally earlier stage of the scl+ population. The 10ss posterior scl+ 

population is known to arise earlier in development and displays almost double the 

number of differentially expressed genes, supporting this theory. 

 10ss Anterior 

Upon carrying out DESeq2 analysis of the 10ss scl+ anterior samples compared to the 

10ss anterior citrine negative cell samples 2096 genes were identified as being 

differentially expressed. 

10ss anterior enriched genes over negative controls 

Biological GO term analysis was carried out using the PANTHER database. 1346 

genes showed enrichment within our scl+ samples from the 10ss anterior of the 

zebrafish embryo.  

This list was annotated with 56 different biological GO terms and included 291 

unclassified genes enriched in this dataset.  The term òunclassifiedó is used to label 

any gene that lacks a biological GO term classification, thus this category will include 

genes that have been identified but their biological function is unknown, novel genes 

and previously studied genes that lack representation in the GO database.  As a 

result òunclassifiedó genes lists are an excellent starting point to investigate novel 

factors however such lists must be thoroughly checked against the literature.  

11 over-represented biological GO terms related to tissue-specific processes, all of 

which were haematopoietic or vascular functions. The top over-represented 

biological GO terms are shown in Figure 4-16.  Other enriched GO terms were for 

Rho signalling, small GTPase mediated signalling and vesicle mediated transport.   
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Figure 4-16 Over-represented tissue-specific gene ontology terms for genes enriched 

in the 10ss anterior scl expressing population. 

Rho signalling has been previously shown to contribute to proliferation and motility 

of multiple haematopoietic lineages267,268.  Together this suggests that many of the 

genes specifically enriched in scl+ cells of the anterior population contribute to 

biological processes related to a haemangiogenic profile. 

Rho signalling 

Of the 17 genes annotated as being directly involved in Rho signal transduction, 11 

show guanidine nucleotide exchange factor (GEF) activity. Figure 4-17 shows the 

identity of these Rho signalling proteins and their expression and enrichment level in 

the 10ss anterior scl+ expressing population. A schematic of Rho signalling is also 

included indicating how the enrichment of GEFs would promote activation of Rho 

signalling cascades.  Rho signalling has previously been shown to play crucial roles in 

regulating hematopoietic stem and progenitor cell (HSC/P) motility, survival and 
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proliferation. The haematopoietic roles of Rho GTPases Rac1 and Rac2 have been 

studied through the generation of knockout mice lines. Rac1 has been shown to be 

involved in HSC/P migration into the bone marrow269 and following knockdown, 

the number of circulating HSC/P in mice embryos at E10.5, is dramatically 

reduced270.  HSC/Ps from Rac2 deficient mice display a proapoptotic phenotype269 

plus Yang et al. have identified a role for this GTPase in regulating HSC/P 

adhesion271. The expression of these factors specifically within scl+ cells at the 10ss 

indicates that Rho signalling may be important for the cellular identity of this 

population and may contribute to earlier stages of haematopoietic development than 

previously studied. 

Figure 4-17 Rho signalling enriched in the 10ss anterior scl expressing population. 
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Embryonic haematopoiesis  

The second most over-represented biological GO term for factors enriched in scl+ 

cells of the 10ss anterior, was embryonic haematopoiesis, with 12 genes contributing 

directly to this. Table 4-5 shows the expression and enrichment of these factors, 

which includes lmo2 and gata1a, whose protein products have been proposed to form 

a key multi-protein DNA binding complex with Scl to mediate haemangiogenic gene 

regulation120,272,273.  Many of these factors have been previously shown to have 

complex roles that can vary dramatically between different contexts. As a result it is 

difficult to draw any specific lineage conclusions from their enrichment, except that 

their presence strongly supports that this population has haematopoietic and vascular 

potential. 

Table 4-5 Embryonic haematopoietic genes enriched in the 10ss anterior scl 

expressing population. 

 

ETV2 (a.k.a. etsrp) is a member of the ETS family of transcription factors, which 

play redundant roles in vasculature and myeloid development20,40-43. The etv2 is the 

first ETS family member to be expressed within the zebrafish embryo and shows 

strong expression in the anterior lateral plate mesoderm even at 1ss20. scl, spi1b and flk 

expression in the ALM is lost following etv2 morpholino knockdown20 and results in 

severe myeloid deficiencies41 and complete loss of circulation42 46. 

Table of  embryonic haematopoietic factors identified through biological gene ontology analysis of  

genes enriched  in the 10ss anterior scl + population upon comparison to expression in the 10ss 

anterior scl - population. Factors are in order of fold enrichment.

Gene Name Description Mean FPKM log2FoldChange p-value

lmo2 LIM domain only 2 (rhombotin-like 1) 3278.00 6.080 1.03E-23

tal1 T-cell acute lymphocytic leukemia 1 537.22 5.168 1.2801E-19

etv2 ets variant 2 1535.57 4.781 7.48E-24

alas2 aminolevulinate, delta-, synthase 2 10.79 3.749 1.35E-06

sptb spectrin, beta, erythrocytic 13.17 3.658 8.07E-08

gfi1aa growth factor independent 1A transcription repressor a 148.74 3.174 1.77E-09

tbx20 T-box 20 21.48 3.034 3.42E-05

tmem88a transmembrane protein 88 a 87.84 2.655 4.01E-05

erg v-ets avian erythroblastosis virus E26 oncogene homolog 10.69 2.612 0.00118299

cebpa CCAAT/enhancer binding protein (C/EBP), alpha 107.65 2.452 3.35E-05

myct1a myc target 1a 4.91 2.450 0.02290766

eaf1 ELL associated factor 1 33.31 2.163 0.00132767

gata1a GATA binding protein 1a 50.29 2.088 0.00123165
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Lmo2 forms heterodimers with the Scl protein56,125 and acts in synergy with Scl to 

mediate blood vessel and erythroid development, and also to mediate severe T-

ALL123,125,130. 

Gfi1aa is a member of the highly conserved family of Snail zinc finger proteins that 

act to repress transcription of target genes through the recruitment of histone 

modifying proteins274.  This transcription factor has been show to promote the 

erythroid lineage and repress the myeloid fate, mediated through regulation of gata1 

and spi1b expression levels respectively275. 

The gene sptb (a.k.a. riesling) was identified after mutation resulted in reduced blood 

cell counts in zebrafish embryos276. Liao et al. describe Sptb as a cytoskeletal protein 

that is expressed in erythroid cells and is required for terminal erythroid 

differentiation277. 

Myeloid cell differentiation 

The anterior of the zebrafish embryo has been known to be the main embryonic 

origin of the myeloid lineage278-280. This enrichment analysis of scl+ cells within the 

10ss anterior correlates with this conclusion as it identifies the myeloid cell 

differentiation GO term as over-represented by 3.37 fold.  20 genes are annotated as 

contributing directly to this process from this enriched gene list as detailed in table 4-

6.  Factors showing particularly high enrichment compared to neighbouring tissues 

include lmo2, etv2, sptb, gfi1aa in addition to spi1b, gata5, alas2 and gfi1ab.  

Spi1b (a.k.a. pu.1) is a key transcription factor regulating the myeloid and lymphoid 

lineages191,281-283, and has been shown to be capable of partial rescue of the myeloid 

lineage in the cloche mutant i.e. in the absence of scl expression205. Spi1b and GATA1 

have been shown to cross-regulate each other forming a fate decision kernel within 

the regulatory network of haematopoietic development205.  Expression of spi1b at this 
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magnitude strongly suggests that this scl+ population has the potential to contribute 

to myeloid lineages. 

Table 4-6 Genes annotated with the GO term myeloid cell differentiation enriched in 

the 10ss anterior scl expressing population. 

 

GATA proteins are transcription factors that bind the DNA sequence 

(A/T)GATA(A/G). GATA factors 4, 5 and 6 contribute to the myeloid lineage and 

are essential for the formation of anterior haemangioblasts284.  These factors have 

also been shown to contribute to cardiac and endothelial development285,286 and 

migration of cardiac precursors into the developing heart field284,287,288. The gata1 gene 

is observed to be expressed in developing erythroid cells, while gata2 is expressed 

earlier in the lateral plate mesoderm and later in HSC and progenitors289 Enforced 

expression of gata2 has been shown to partially compensate for a loss in GATA1 

function, thus contributing to erythroid development82.  Functional GATA2 is 

required for the expression of runx1 within the endothelium290 and thus is essential 

for endothelial-to-haematopoietic transition (EHT)224,291. 

Table of  myeloipoietic factors identified through biological gene ontology analysis of  genes 

enriched  in the 10ss anterior scl + population upon comparison to expression in the 10ss anteri-

or scl - population. Factors are in order of fold enrichment.

Gene Name Descript ion Mean FPKM log2FoldChange p-value

spi1b Spi-1 proto-oncogene b 478.85 6.379 1.92E-34

lmo2 LIM domain only 2 (rhombotin-like 1) 3278.00 6.080 1.03E-23

tal1 T-cell acute lymphocytic leukemia 1 537.22 5.168 1.2801E-19

etv2 ets variant 2 1535.57 4.781 7.48E-24

gata5 GATA binding protein 5 146.72 4.308 3.71E-14

gfi1ab growth factor independent 1A transcription repressor b 112.13 4.080 4.25E-08

alas2 aminolevulinate, delta-, synthase 2 10.79 3.749 1.35E-06

sptb spectrin, beta, erythrocytic 13.17 3.658 8.07E-08

gfi1aa growth factor independent 1A transcription repressor a 148.74 3.174 1.77E-09

casp8 caspase 8, apoptosis-related cysteine peptidase 12.59 2.973 0.00014378

tmem88a transmembrane protein 88 a 87.84 2.655 4.01E-05

slc25a38a solute carrier family 25, member 38a 6.57 2.586 0.01068619

smad9 SMAD family member 9 18.24 2.574 0.00015831

irf8 interferon regulatory factor 8 15.65 2.451 0.00247817

gata1a GATA binding protein 1a 50.29 2.088 0.00123165

rasa3 RAS p21 protein activator 3 14.02 1.785 0.00536395

sec23b Sec23 homolog B, COPII coat complex component 17.06 1.743 0.0029278

slc25a38b solute carrier family 25, member 38b 4.33 1.633 0.04705176

ncor1 nuclear receptor corepressor 1 41.81 1.624 0.00334737

kif1b kinesin family member 1B 4.75 1.391 0.0289401

ptenb phosphatase and tensin homolog B 40.99 1.008 0.04857451
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The alas2 gene was identified through screening as the gene mutated in òsauternesó 

mutant zebrafish line, which displays anaemia as a result of defective haemoglobin 

synthesis292.  The gene encodes an enzyme required for the initial step of haem 

biosynthesis and is specifically expressed in early erythroid cells293.  The published 

data suggests that this is in fact a key erythroid gene rather than contributing to a 

myeloid fate as GO analysis has annotated it, in the PANTHER database.  This 

highlights the dependency of GO enrichment analysis on the accuracy of the 

annotations.  It is also interesting to note that key genes for both myeloid (spi1b) and 

erythroid (alas2) lineages are co-expressed and specifically enriched within a single 

early scl+ population.  This may represent a progenitor population co-expressing 

factors of opposing lineages or cellular heterogeneity within the population. 

Angiogenesis 

Angiogenic terms were also identified as an over-represented biological GO process, 

with 25 genes within this 10ss anterior scl+ gene list contributing directly to this term 

(table 4-7).  The over-representation of angiogenic terms rather than vasculogenic 

terms could be due to the considerable overlap of genes contributing to these two 

processes and poor annotation. Angiogenesis requires pre-existing vasculature from 

which new vessels can be formed.  If angiogenesis is truly enriched within the 10ss 

anterior scl+ population vessels must have formed by this stage- however no vessels 

are visible within the embryo at this stage.  Conversely the majority of the factors 

included in this list contribute to a range of vascular developmental roles, and for 

some such as etv2 also contribute to haematopoietic development.  

Cdh5 (a.k.a. VE-cadherin) is a cell surface molecule expressed through vasculogenic, 

angiogenic angioblasts and endocardium development294 that controls cell-cell 

adhesion295. Expression of cdh5 is commonly used as a marker of endothelial 

cells11,296-298. 
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Plekhg5a (a.k.a. syx-a) is a Rho A GEF required in zebrafish and mice for angiogenic 

sprouting299, and has been shown to be expressed throughout the vascular system. 

Rho signalling through Plkhg5a is necessary for the formation of the intersegmental 

vessels of the zebrafish tail300. 

Fli1 is a member of the ETS transcription factor family and an early marker of 

vasculogenesis44 initially being expressed in posterior haemangioblasts before 

becoming restricted to endothelial cells301. Loss of function studies have shown that 

fli1 cooperates with erg to potentially promote Cdh5 activity20. Erg is also enriched in 

the 10ss anterior scl+ cells- this is another member of the ETS family and expressed 

blood, endothelial and pharyngeal arches45,302. Both have been shown to be required 

for angiogenesis, with morpholino-mediated knockdown resulting in haemorrhage in 

the head in both zebrafish and mice20,303. Erg has been shown to directly bind to the 

cdh5 promoter in human cells, to promote expression in endothelial cells304. 

Table 4-7 Genes annotated with the GO term angiogenesis enriched in the 10ss 

anterior scl expressing population  

 

Table of angiogenic factors identified through biological gene ontology analysis of genes enriched  in the 

10ss anterior scl + population upon comparison to expression in the 10ss anterior scl - population. Factors 

are in order of fold enrichment.

Gene Name Description Mean FPKM log2FoldChange p-value

cdh5 cadherin 5 48.95 7.104 4.30E-29

kdr kinase insert domain receptor (a type III receptor tyrosine kinase) 23.14 6.193 4.27E-19

tal1 T-cell acute lymphocytic leukemia 1 537.22 5.168 1.28E-19

plekhg5a pleckstrin homology domain containing, family G member 5a 26.55 5.135 1.22E-17

etv2 ets variant 2 1535.57 4.781 7.48E-24

arhgef9b Cdc42 guanine nucleotide exchange factor (GEF) 9b 7.16 4.644 2.17E-08

hspa12b heat shock protein 12B 5.63 4.092 1.06E-05

flt1 fms-related tyrosine kinase 1 6.41 4.071 2.57E-07

fli1a Fli-1 proto-oncogene, ETS transcription factor a 151.39 4.022 1.12E-10

nrp1b neuropilin 1b 35.84 3.673 1.94E-11

fn1a fibronectin 1a 168.73 3.019 4.17E-09

ramp2 receptor (G protein-coupled) activity modifying protein 2 38.99 2.737 8.38E-06

dll4 delta-like 4 (Drosophila) 14.13 2.694 0.00017359

erg v-ets avian erythroblastosis virus E26 oncogene homolog 10.69 2.612 0.00118299

arhgef7b Rho guanine nucleotide exchange factor (GEF) 7b 36.44 2.486 3.50E-06

mcamb melanoma cell adhesion molecule b 19.93 2.419 0.00039005

itga5 integrin, alpha 5 (fibronectin receptor, alpha polypeptide) 45.88 2.134 3.35E-05

cds2 CDP-diacylglycerol synthase (phosphatidate cytidylyltransferase) 2 41.99 2.065 0.00046752

sat1b spermidine/spermine N1-acetyltransferase 1b 12.91 1.911 0.01933028

cdc42 cell division cycle 42 131.66 1.835 8.48E-05

itgav integrin, alpha V 5.98 1.834 0.0168433

fmnl3 formin-like 3 20.14 1.520 0.00475832

amotl2a angiomotin like 2a 48.00 1.489 0.00233987

hapln1b hyaluronan and proteoglycan link protein 1b 23.10 1.456 0.00615165

shc1 SHC (Src homology 2 domain containing) transforming protein 1 15.80 1.294 0.02521639

unc5b unc-5 netrin receptor B 11.78 1.231 0.02602951
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In the 10ss anterior scl+ population I have identified enrichment of kdr (VEGFR-2) 

and flt1(VEGFR-1) transcripts, compared to their expression in surrounding tissues.  

kdr is the first of the VEGFRs to be expressed in zebrafish and is expressed in the 

developing vasculature, in a pattern indistinguishable from key endothelial factor, 

Kdrl(VEGFR-4)33,305. Morpholino knockdown of kdr alone did not affect 

vasculogenesis or angiogenesis, but in combination with kdrl morpholino resulted in 

dramatic vascular defects suggesting a co-operative role for these two receptors in 

the proliferation and morphogenesis of embryonic vasculature305,306. The flt1 

(VEGFR-1) gene is expressed strongly in the developing vasculature and 

cardiomyocytes307. Knockdown of flt1 results in vascular defects including dorsal 

aorta and posterior cardinal vein malformation308 plus defects in arterial branching307. 

Loss of flt1 also causes ventricular contractility to be lost by 72 hpf, indicating that 

this receptor is required for the maintenance of the heart beat308. 

Arhgef9b is also a GEF, specifically acting on the Rho GTPase Cdc42 to activate its 

signalling activity.  Unlike the other factors included in this angiogenic gene list, 

arhgef9b has been specifically associated with angiogenesis, rather than a broader 

endothelial developmental role. Sprouting angiogenesis is stimulated via arhgef9a and 

cdc42, in response to BMP signals309. 

Conclusions 

10ss anterior genes specifically enriched in scl expressing cells are annotated with a 

limited list of statistically over-represented biologically related GO terms.  These 

notably include embryonic haematopoiesis, myelopoiesis and angiogenesis plus the 

Rho signalling pathway, which has previously been shown to be involved in the 

regulation of the aforementioned processes. The enriched factors include genes 

shown to be key regulators and signalling molecules in previous studies using in situ 

techniques, morpholino and over-expression assays in zebrafish, mice and cell 
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culture models. My RNA-seq analysis of this early scl+ population has confirmed the 

co-expression of these factors within a single cell population, in vivo while also 

describing the full transcriptome of this population including previously unknown 

factors. 

Top enriched gene lists for the 10ss anterior, compared to negative 

controls 

In the top 50 enriched genes in the 10ss anterior, 33 genes show some expression in 

the scl ð sample whereas 17 fail to have any control transcripts mapping to them thus 

can result in misleadingly high enrichment values. Of these 33, 17 genes (detailed in 

table 4-8) have been previously shown to contribute to haematopoietic or vascular 

development.  

Table 4-8 Top enriched genes in the 10ss anterior scl expressing population. 

 

The remaining top enriched factors include robo2, an axon guidance receptor, plus 15 

genes that have not been studied in relation to haematopoietic development, of 

Gene Name
Descript ion

Mean FPKM

log2 

FoldChange
p-value Novel?

cdh5 cadherin 5 48.95 7.104 4.30E-29

map4k2 mitogen-activated protein kinase kinase kinase kinase 2 14.06 6.934 3.10E-14

ncam3 neural cell adhesion molecule 3 25.15 6.775 1.72E-15NOVEL

VAV3 si:ch73-383g2.1 21.89 6.759 2.00E-16

hyal2a hyaluronoglucosaminidase 2a 43.92 6.707 2.93E-17

spi1b Spi-1 proto-oncogene b 478.85 6.379 1.92E-34

si:dkey-37g12.1 si:dkey-37g12.1 6.44 6.343 7.64E-12NOVEL

kdr kinase insert domain receptor (a type III r eceptor tyrosine kinase) 23.14 6.193 4.27E-19

kdrl kinase insert domain receptor like 53.84 6.190 4.47E-22

calcrla calcitonin receptor-like a 45.90 6.169 3.99E-18

lmo2 LIM domain only 2 (rhombotin-like 1) 3278.00 6.080 1.03E-23

fgd5a FYVE, RhoGEF and PH domain containing 5a 18.29 6.062 1.77E-19

esama endothelial cell adhesion molecule a 81.39 5.982 1.24E-21

grapa GRB2-related adaptor protein a 31.72 5.828 8.32E-12

rpz4 rapunzel 4 10.89 5.728 3.20E-09NOVEL

tpd52l1 tumor protein D52-like 1 31.77 5.687 1.33E-15

fli1b Fli-1 proto-oncogene, ETS transcription factor b 65.15 5.512 6.59E-20

CSGALNACT1 chondroitin sulfate N-acetylgalactosaminyltransferase 1 4.77 5.505 1.50E-09

tie1 tyrosine kinase with immunoglobulin-like and EGF-like domains 1 41.59 5.486 2.78E-16

sox7 SRY (sex determining region Y)-box 7 479.79 5.478 5.42E-28

egfl7 EGF-like-domain, multiple 7 484.45 5.474 1.18E-26

tmem26a transmembrane protein 26a 29.55 5.473 3.68E-12NOVEL

cx45.6 connexin 45.6 8.92 5.428 6.15E-08

rnd1 Rho family GTPase 1 41.12 5.360 3.47E-18

gata4 GATA binding protein 4 25.36 5.233 2.80E-10

robo2 roundabout, axon guidance receptor, homolog 2 (Drosophila) 38.16 5.200 5.30E-08

tal1 T-cell acute lymphocytic leukemia 1 537.22 5.168 1.28E-19

ikzf1 IKAROS family zinc finger 1 (Ikaros) 13.70 5.158 2.18E-08

spns2 spinster homolog 2 (Drosophila) 24.40 5.144 4.34E-14

plekhg5a pleckstrin homology domain containing, family G 26.55 5.135 1.22E-17

iqgap2 IQ motif  containing GTPase activating protein 2 19.54 4.928 8.85E-14NOVEL

klhl4 kelch-like family member 4 56.98 4.899 1.73E-13NOVEL

lhx1b LIM homeobox 1b 23.87 4.876 5.48E-09

Table of the top enriched genes in the 10ss anterior scl + population upon comparison to expres-

sion in the 10ss anterior scl - population. Factors are in order of  fold enrichment. Novel genes 

have not been previously reported in the literature. 
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which 11 lack any functional testing.  It is surprising that such strongly enriched 

factors in a key developmental population of a popular model organism remain to be 

investigated.  This is especially exciting as 17 of the 22 studied genes in this list play 

important roles related to haemangiogenesis. 

Molecular function and protein class analysis of 10ss anterior 

enriched genes over negative controls 

Molecular function analysis correlated with biological function analysis revealed that 

the top significantly over-represented molecular function for the genes enriched in 

the 10ss anterior scl+ cells is an involvement in Rho signalling.  This includes factors 

showing Guanyl-nucleotide exchange, GTPase activator and GTP binding functions.  

Motor activity was also a highly over-represented molecular function for this gene 

list, which could suggest that this scl+ population maybe particularly motile in 

comparison to its neighbouring cell types in the 10ss anterior.  High motility 

specifically of this population is visible in time-lapse studies (Figure 3-9). 

Protein class analysis of 10ss anterior enriched genes over negative 

controls 

6.6 and 6.5% of genes were annotated as signalling molecules or transcription 

factors, respectively, when protein class analysis was carried out on the 10ss scl+ 

anterior enriched gene list using the PANTHER database.  Upon biological GO 

term analysis of the transcription factors, the top over-represented terms are similar 

to those of the entire gene list, including vasculogenesis and myeloid cell 

development.  

The GO term vasculogenesis, which is the developmental predecessor of 

angiogenesis, was annotated with 5 key transcription factors specifically enriched in 

this scl+ context and have been previously studied to great extents through their 

contribution to vasculogenesis and angiogenesis.  These are the angiogenic genes 
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sox18, sox7, tbx20 and hey2, plus the vasculogenic gene etv2.  The genes sox18 and 

sox7 have been shown to be functionally redundant but together play a crucial role in 

establishing the correct arteriovenous identity of developing endothelial cells310.  

tbx20 (previously known as hrT) is expressed within the anterior lateral plate 

mesoderm in cells also expressing gata4311. Functional tbx20 is required for correct 

cardiovascular development and disruption of this gene abrogates circulation in the 

developing zebrafish embryo312.  hey2 (a.k.a. gridlock) is required for full circulation 

and is expressed in the lateral plate mesoderm before the formation of blood 

vessels313. The Hey2 protein acts downstream of Notch signalling to regulate the 

arteriovenous fate decision, favouring the formation of arterial vessles314.  

10ss anterior depleted genes compared to negative controls  

Analysis of the PANTHER database determined 144 biological terms to be 

significantly depleted in the scl+ cells compared to their citrine- expressing neighbours 

of the 10ss anterior.  These biological functions related to both ubiquitous and 

tissue-specific processes. Ribosome biogenesis was dramatically depleted, as were 

other processes that contribute to protein translation and ATP synthesis. 

Interestingly regulation of DNA-templated transcription was also included in 

depleted biological processes. Upon analysis of the functions of these genes alone, 

the PANTHER database mostly annotated these as tissue-specific transcription 

factors contributing to brain and sensory organ development and thus contribute to 

both the ubiquitous GO term of regulation of transcription and towards tissue-

specific activities.  Depleted tissue-specific terms included diencephalon and 

hindbrain development, sensory organ morphogenesis and eye-development.  This 

correlates with the current knowledge of the role of scl expressing cells not 

contributing to the development of these tissues, at this early stage.  From my earlier 

comparative analysis of the 10ss scl+ anterior versus posterior transcriptomes, 
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anterior enriched gene list included brain and eye development factors, this 10ss 

anterior scl+ enrichment analysis revealed that this is residual expression that is 

significantly lower than in surrounding tissues. 

 10ss Posterior  

DESeq2 analysis of the citrine+ (scl expressing) samples, and the citrine negative 

samples, for the 10ss posterior identified 3805 genes showing significantly different 

expression between the scl+ population and its posterior neighbouring cells.   

As previously, annotation from the PANTHER database was used to assess the 

over-representation of biological GO terms associated with factors contained within 

enriched and depleted gene lists.   

Figure 4-18 Over-represented tissue-specific gene ontology terms for genes enriched 

in the 10ss posterior scl expressing population. 
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10ss posterior enriched genes over negative controls 

2342 genes showed significant enrichment in the 10ss scl+ cells of the posterior 

compared to surrounding non-scl expressing cells.  These enriched genes related to 

77 over-represented biological GO categories and included 536 unclassified genes- 

the most significantly over-represented biological GO terms are detailed in figure 4-

18. 14 over-represented biological GO terms related to tissue-specific processes- all 

were haematopoietic or vascular functions. 

Oxygen transport 

9 globin genes plus myoglobin were significantly enriched in the scl+ cells of the 10ss 

posterior. This included the subunits for embryonic haemoglobin alpha, beta  and 

zeta proteins. Haemoglobin zeta, a form of haemoglobin alpha that is, in humans, 

produced in the yolk sac early in embryogenesis315. The enriched expression of these 

haemoglobin genes (listed in table 4-9) indicates that even at the 10ss the posterior 

scl+ population has not only acquired an erythroid profile but also differentiated 

down this lineage to a point where functional oxygen transporter factors are 

produced at significant levels. 

Table 4-9 Genes annotated with the GO term oxygen transport enriched in the 10ss 

posterior scl expressing population 

 

 

 

 

 

 

 

 

 

Gene Name Description Mean fpkm log2FoldChange p-value

HBZ hemoglobin zeta 12.24 7.0112 3.43E-12

hbae0 hemoglobin, alpha embryonic 1 132.99 4.9951 3.94E-27

hbbe2 hemoglobin beta embryonic-2 43.52 4.6407 6.17E-14

hbbe1.1 hemoglobin beta embryonic-1.1 216.93 4.4097 8.73E-29

hbbe3 hemoglobin beta embryonic-3 348.91 4.2972 6.66E-30

hbz hemoglobin zeta 8.70 4.2817 4.30E-10

hbae1 hemoglobin, alpha embryonic 1 7.54 3.8685 1.79E-06

hbae3 hemoglobin alpha embryonic-3 407.10 3.8285 6.29E-34

hbbe1.2 hemoglobin beta embryonic-1.2 5.89 3.7114 9.87E-05

hbbe1.1 hemoglobin beta embryonic-1.1 44.15 2.7979 2.27E-08

mb myoglobin 7.97 1.9136 0.000945036

hbae1 hemoglobin, alpha embryonic 1 19.47 1.8940 0.000246411

Table of factors involved in oxygen transport, identified through biological gene 

ontology analysis of genes enriched  in the 10ss posterior scl + population upon 

comparison to expression in the 10ss posterior scl - population. Factors are in order of  

fold enrichment.
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Erythroid development 

In addition to the expression of the haemoglobin genes, the biological GO term 

erythroid development was also over-represented in the 10ss posterior scl expressing 

cells.  This could suggest that the erythroid compartment at the 10ss is continuing to 

expand with this scl expressing population possibly containing erythroid progenitors 

at different stages of maturation. Genes contributing to this GO term are detailed in 

Table 4-10 and includes gata1a, lmo2 and sptb which were enriched over 50 fold in the 

posterior scl+ cells at the 10ss.  Other enriched genes included slc25a37 and fech. 

Table 4-10 Genes annotated with the GO term erythroid development enriched in the 

10ss posterior scl expressing population. 

 

Slc25a37 is a mitochondrial iron transporter that was initially identified in zebrafish 

when itõs gene became mutated caused blood cells to be lost during the first 4 days 

of development276. This transporter was suggested to be involved in maintaining the 

proliferation or avoidance of apoptosis during erythroid development as an absence 

of slc25a37 causes a block at the proerythroblast stage316. 

fech (a.k.a. dracula) was identified as a gene that upon mutation caused erythroid cells 

to be highly photosensitive and lyse upon normal exposure to light317. The fech gene 

encodes ferrochetalase, the final enzyme in the haem biosynthetic pathway, and is 

expressed in the posterior lateral plate mesoderm eventually becoming restricted to 

circulating erythrocytes318. 

Table of factors involved in erythroid development, identified through biological gene ontology analysis 

of  genes enriched  in the 10ss posterior scl + population upon comparison to expression in the 10ss 

posterior scl - population. Factors are in order of  fold enrichment.

Gene Name Description Mean fpkm log2FoldChange p-value

gata1a GATA binding protein 1a 634.37 7.610 1.84E-116

tal1 T-cell acute lymphocytic leukemia 1 627.24 6.699 3.87E-45

lmo2 LIM domain only 2 (rhombotin-like 1) 3763.49 6.369 1.22E-52

sptb spectrin, beta, erythrocytic 17.79 6.095 4.16E-08

spi1b Spi-1 proto-oncogene b 65.53 5.572 2.48E-40

alas2 aminolevulinate, delta-, synthase 2 34.11 5.233 2.16E-18

slc25a37 solute carrier family 25, member 37 15.25 3.151 2.15E-09

fech ferrochelatase 25.91 2.749 7.38E-07

tmod2 tropomodulin 2 38.27 2.555 1.66E-06

sec23b Sec23 homolog B, COPII coat complex component 17.33 1.324 0.00061073

gata2a GATA binding protein 2a 25.33 1.024 0.0019461

kmt2a lysine (K)-specific methyltransferase 2A 8.16 0.782 0.03976353
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Ras protein signalling 

The Ras family of signalling molecules are central to growth regulatory signalling 

both within and outside of haematopoietic development and act downstream of 

tyrosine kinases such as the VEGFR family.  Active Ras stimulates Raf proteins and 

MAPK kinase cascades, which transduce the signal into the cytoplasm and nucleus 

of the cell from Rasõ location at the cell membrane. Key haematopoietic targets of 

MAPK cascade signalling include the GATA family proteins- both GATA1 and 2 

are phosphorylated by MAPK signalling319,320.  One of the enriched factors that 

contribute to Ras signalling in the 10ss scl+ posterior population is vav, which is 

downstream of Ras, and can stimulate Rho signal transduction. In humans vav 

expression is restricted to haematopoietic cells321 and there is evidence that Vav 

proteins are required for myeloid maturation322. 

Blood vessel morphogenesis  

Unlike in the 10ss anterior scl expressing population where angiogenesis and 

vasculogenesis were over-represented terms, the 10ss posterior, enriched factors 

include genes annotated with the GO term blood vessel morphogenesis.  This 

difference is difficult to interpret as many factors involved in vascular development, 

as already noted, are inaccurately annotated and are arbitrarily associated with a range 

of vascular processes. If blood vessel morphogenesis truly is particularly active in this 

context it would suggest that the posterior blood vessels are undergoing significant 

physical rearrangement. This correlates with the scl expression in the complete trunk 

vascular system as it forms (Figures 3- 7, 8 and 9) and with previously published 

data323. Genes contributing to this biological process are listed in table 4-11 and 

include the key genes fli1(a & b), kdr and sox7 plus ecscr, npr1b and hspa12b.  
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Table 4-11 Genes annotated as involved in blood vessel morphogenesis enriched in 

the 10ss posterior scl expressing population. 

 

Ecscr, endothelial cell specific chemotaxis receptor was originally identified 

bioinformatically as an endothelium enriched factor324. This receptor has been shown 

to be required for correct migration of posterior angioblasts to the midline as part of 

the formation of the ICM325. VEGF signalling has been proposed to regulate this 

Table of factors involved in blood vessel morphogenesis, identified through biological gene 

ontology analysis of  genes enriched  in the 10ss posterior scl + population upon comparison to 

expression in the 10ss posterior scl - population. Factors are in order of fold enrichment.

Gene Name Descript ion Mean fpkm log2FoldChange p-value

ecscr endothelial cell surface expressed chemotaxis and apoptosis regulator 6.48 8.553 1.00E-20

kdr kinase insert domain receptor (a type III receptor tyrosine kinase) 16.80 7.017 3.95E-41

fli1b Fli-1 proto-oncogene, ETS transcription factor b 43.94 6.896 4.47E-68

lmo2 LIM domain only 2 (rhombotin-like 1) 3763.49 6.369 1.22E-52

fli1a Fli-1 proto-oncogene, ETS transcription factor a 304.34 6.321 1.02E-66

sox7 SRY (sex determining region Y)-box 7 386.91 6.189 1.36E-64

nrp1b neuropilin 1b 38.29 5.870 9.66E-61

cdh5 cadherin 5 19.64 5.691 2.41E-20

plekhg5a pleckstrin homology domain containing, family G member 5a 12.20 5.489 1.39E-30

arhgef9b Cdc42 guanine nucleotide exchange factor (GEF) 9b 9.76 5.318 1.25E-13

flt1 fms-related tyrosine kinase 1 3.38 5.258 2.01E-16

etv2 ets variant 2 788.51 5.081 1.51E-41

hspa12b heat shock protein 12B 3.81 4.833 1.14E-09

sox18 SRY (sex determining region Y)-box 18 13.52 4.181 3.60E-15

mcamb melanoma cell adhesion molecule b 49.77 3.675 3.09E-17

colec12 collectin sub-family member 12 43.73 2.823 1.52E-15

ramp2 receptor (G protein-coupled) activity modifying protein 2 45.70 2.624 3.01E-13

lama4 laminin, alpha 4 6.42 2.224 3.50E-07

hey2 hes-related family bHLH transcription factor with YRPW motif  2 78.62 2.137 6.08E-08

dll4 delta-like 4 (Drosophila) 9.22 1.977 0.001626

snx5 sorting nexin 5 56.42 1.943 6.45E-07

rab13 RAB13, member RAS oncogene family 48.66 1.920 1.14E-06

mb myoglobin 7.97 1.914 0.000945

itga5 integrin, alpha 5 (fibronectin receptor, alpha polypeptide) 81.27 1.860 6.02E-07

fmnl3 formin-like 3 13.90 1.819 3.42E-08

acvrl1 activin A receptor type II-like 1 3.20 1.775 0.017373

arhgef7b Rho guanine nucleotide exchange factor (GEF) 7b 36.30 1.640 1.62E-07

gdf6a growth differentiation factor 6a 24.27 1.625 1.22E-05

pld1a phospholipase D1a 2.85 1.464 0.021071

gng2 guanine nucleotide binding protein (G protein), gamma 2 36.64 1.431 0.000219

itgav integrin, alpha V 6.51 1.345 0.002185

ell elongation factor RNA polymerase II 14.56 1.342 0.000325

cds2 CDP-diacylglycerol synthase (phosphatidate cytidylyltransferase) 2 34.26 1.306 0.000328

shc1 SHC (Src homology 2 domain containing) transforming protein 1 18.55 1.246 0.000231

amotl2a angiomotin like 2a 56.03 1.242 0.000374

bmpr2a bone morphogenetic protein receptor, type II a (serine/t hreonine kinase)2.09 1.197 0.033565

amot angiomotin 2.22 1.098 0.048437

gata2a GATA binding protein 2a 25.33 1.024 0.001946

msna moesin a 154.76 1.013 0.000424

pik3c2a phosphatidylinositol-4-phosphate 3-kinase, catalytic subunit type 2 alpha5.46 0.994 0.04574

rbpja recombination signal binding protein for immunoglobulin kappa J region a12.75 0.780 0.026701

rab11a RAB11a, member RAS oncogene family 42.33 0.769 0.014109

cdc42 cell division cycle 42 111.96 0.763 0.009771

kif11 kinesin family member 11 53.63 0.750 0.048651
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migration. In culture Ecscr proteins were shown to colocalise and potentiate 

signalling through Kdr325. 

Nrp1b is a co-receptor for VEGFR and the two share an expression pattern through 

the developing vasculature of the zebrafish326. Upon knockdown of this co-receptor 

blood vessel patterning was disrupted and crucial arteriovenous connections failed to 

be formed326.  

Hspa12b is a member of the heat shock 70 family that is highly restricted to 

endothelial cells, especially at active sites of vessel sprouting327.  Hu et al. used 

morpholinos to show that hspa12b is required for proper vascular system formation 

and that this could be due to modulation of the phosphorylation state of the anti-

apoptotic protein Akt327. 

Molecular function of 10ss posterior enriched genes over negative 

controls 

The top over-represented molecular function calculated using the PANTHER 

database was oxygen transport, which correlated with biological function analysis 

described above. Histone methyl-transferase activity was also a highly over-

represented molecular GO term for the enriched genes of the 10ss posterior scl+ 

population.  

Histone lysine methylation is involved in a range of transcriptional outcomes, and is 

sensitive to the specific histone type, the lysine position and the number of methyl 

groups added.  Table 4-12 details the significantly enriched genes that are annotated 

as histone lysine methyltransferases. H3K4 trimethylases of the kmt2 family feature 

strongly in this enriched gene list, along with H3K36 methylases and Dot1l, the only 

known H3K79 methylase. The Kmt2 protein family, including the human MLL and 

drosophila Trithorax proteins, deposit the H3K4me3 mark, which is associated with 

euchromatin and active transcription328,329. Ktm2d knockdown causes widespread 
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defects including cardiac malformation330 H3K36me is found in the gene body of 

actively transcribed genes and is deposited in association with transcriptional 

elongation331.  Similarly H3K79me is associated with transcriptional activation332-334. 

Table 4-12 Genes annotated as histone lysine-methyl-transferases enriched in the 

10ss posterior scl expressing population. 

 

Protein class analysis of 10ss posterior enriched genes over negative 

controls 

8.3% of genes were annotated as transcription factors and 4.2% as signalling 

molecules, when protein class analysis was carried out on the 10ss scl+ posterior 

enriched gene list.  Biological GO term analysis of the transcription factors, 

Table of  histone-lysine-methyl-transferases, identified through biological gene ontology 

analysis of genes enriched  in the 10ss posterior scl + population upon comparison to 

expression in the 10ss posterior scl - population. Factors are in order of fold enrichment.

Gene 

Name
Descript ion

Mean 

fpkm

log2 

FoldChange
p-value Function

kmt2d
lysine (K)-specific 

methyltransferase 2D
9.82 1.707 1.54E-05 H3K4 trimethylation

suv420h2
suppressor of  variegation 4-

20 homolog 2
17.30 1.601 3.69E-05 H3K20 trimethylation

ash1l
ash1 (absent, small, or 

homeotic)-like
8.82 1.590 1.19E-04 H3K4 trimethylation

dot1l
DOT1-like histone H3K79 

methyltransferase
7.19 1.552 1.09E-04 H3 K36 methylation

setd2 SET domain containing 2 18.50 1.518 1.37E-04 H3K4 trimethylation

kmt2cb
lysine (K)-specific 

methyltransferase 2Cb
9.96 1.345 5.17E-04 H3K4 trimethylation

nsd1a
nuclear receptor binding 

SET domain protein 1a
20.01 1.310 1.19E-05 H3 K36 methylation

kmt2bb
lysine (K)-specific 

methyltransferase 2Bb
9.30 1.277 9.32E-04 H3K4 trimethylation

kmt2ca
lysine (K)-specific 

methyltransferase 2Ca
2.83 1.208 6.99E-03 H3K4 trimethylation

kmt2ba
lysine (K)-specific 

methyltransferase 2Ba
10.65 1.180 8.82E-04 H3K4 trimethylation

setdb1a SET domain, bifurcated 1a 34.61 1.124 4.93E-04 H3K4 trimethylation

whsc1l1
Wolf-Hirschhorn syndrome 

candidate 1-like 1
13.08 0.841 7.88E-03 H3 K36 methylation

kmt2a
lysine (K)-specific 

methyltransferase 2A
8.16 0.782 3.98E-02 H3K4 trimethylation

men1
multiple endocrine 

neoplasia I
32.91 0.750 2.29E-02 Scaffold protein

whsc1
Wolf-Hirschhorn syndrome 

candidate 1
29.66 0.673 2.62E-02 H3 K36 methylation



 4-67 

produced similar top over-represented terms to those of the entire gene list, 

including vasculogenesis and artery development, however erythroid development is 

absent while neutrophil differentiation is the top over-represented term. In the 

zebrafish genome a total of 13 genes are associated with the term neutrophil 

differentiation, within this enriched gene list four of these genes are featured.  These 

four genes are etv2, spi1b, gata1a and ncor1.  The first three of these factors have 

previously been discussed and shown to be key haematopoietic factors contributing 

to multiple lineages. This suggestion of neutrophil differentiation may be a result of 

poor data base annotation, as it is not supported by enriched expression of specific 

neutrophil markers such as cxcr4.  

Ncor1 is a widely expressed co-repressor identified in anterior-posterior brain 

patterning through repressing RA signalling335. Knock out of ncor1 revealed that it 

contributed to neutrophil development, and could be rescued through ectopic 

scl/lmo2 expression336.  In conclusion this highlights one of the key issues with GO 

analysis, that the annotation are based and limited by the current published literature 

contained within its databases. Thus a master regulator of a process contributes as 

much to a GO term as a factor that has been shown to give a mild indirect effect to 

the process. 

Top enriched gene lists for the 10ss posterior, compared to negative 

controls 

39 of the top 50 enriched genes in the scl+ expressing cells of the 10ss posterior, are 

associated with mapped transcripts in the scl - sample, thus can be used to calculate 

meaningful enrichment values. 19 of these top enriched genes have been shown to 

contribute to haematopoietic or vascular development as detailed in table 4-13.  A 

further 4 of the top enriched genes have been previously identified as enriched in 

blood or endothelial cell types.  The remaining 16 top enriched factors include two 
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signalling molecules, a chloride channel and 13 genes whose contribution to 

haematopoietic development has not been assessed (9 lack any functional testing).  

This is especially exciting as the majority of genes in this list (19 of the 30 studied 

genes) have been previously demonstrated to play important roles related to 

haemangiogenesis.  

10ss posterior depleted genes compared to negative controls 

210 biological GO terms were determined to associate with the 1463 significantly 

depleted genes in the scl+ cells of the 10ss posterior compared to their non-scl 

expressing neighbours.  This included both ubiquitous and tissue-specific processes. 

The top over-represented term for these depleted factors was mesenchyme 

morphogenesis, confirming the differentiation of this posterior scl+ population 

strongly away from certain non-haemangiogenic lineages.  Similarly to the 10ss 

anterior scl+ populations, ribosome biogenesis was dramatically depleted, along with 

protein translation and ATP synthesis. Negative regulation of neurogenesis was also 

an over-represented term for the genes depleted in the 10ss posterior scl+ population.  

This absence of repression for the neural fate was an interesting observation- if this 

is not an artefact of poor annotation this could be the result of differentiation of the 

scl+ population to a stage that is no longer competent of switching to a neural fate, 

thus repression is no longer necessary. 

Another possibility is that in other posterior cell types, at the 10ss, are actively 

repressing the neural fate resulting in the apparent depletion of these factors in scl+ 

cells. In a similar manner, biological GO terms relating to brain, muscle and somite 

development were also observed to be depleted in the 10ss posterior scl+ population.  

Genes annotated with immune and cardiac development GO terms were also 

identified as significantly depleted in the 10ss posterior scl+ population, despite 

several of the key cardiac and myeloid terms being over-represented in the enriched 
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genes of the 10ss anterior scl+ population (Figure 4-16).  This further suggests that at 

the 10ss the anterior and posterior scl+ populations have already acquired different 

developmental fates. 

Table 4-13 Top enriched genes in the 10ss posterior scl expressing population. 

 

Conclusions 

The 10ss posterior scl expressing population shows specific enrichment of genes 

correlating strongly with erythroid development and function in addition to blood 

vessel morphogenesis.  This correlates with previously suggested roles for the 

Table of the top 50 enriched factors of  the 10ss posterior scl + population upon 

comparison to expression in the 10ss posterior scl - population.   Factors are in order of 

fold enrichment.

Gene Name Descript ion
Mean 

fpkm

log2 

FoldChange
p-value Novel?

grapa GRB2-related adaptor protein a 32.86 9.582 1.42E-28

agtr2 angiotensin II receptor, type 2 21.27 8.977 1.06E-22

ecscr endothelial cell surface expressed chemotaxis and apoptosis regulator 6.48 8.553 1.00E-20

morc3b MORC family CW-type zinc finger 3b 471.48 7.985 2.24E-138

VAV3 Vav3 7.96 7.621 3.40E-17

gata1a GATA binding protein 1a 634.37 7.610 1.84E-116

si:ch73-248e21.5 Novel 4.22 7.370 7.61E-14NOVEL

fgd5a FYVE, RhoGEF and PH domain containing 5a 14.91 7.256 3.04E-40

gfi1aa growth factor independent 1A transcription repressor a 1861.89 7.253 5.30E-70

adcyap1r1b adenylate cyclase activating polypeptide 1b (pituitary) receptor type I 16.49 7.184 6.04E-37

rps6ka3b ribosomal protein S6 kinase, polypeptide 3b 24.27 7.129 1.63E-72NOVEL

dnase1l3l deoxyribonuclease I-like 3, like 7.91 7.084 1.57E-12

clic2 chloride intracellular channel 2 45.05 7.071 6.63E-31

kdr kinase insert domain receptor (a type III r eceptor tyrosine kinase) 16.80 7.017 3.95E-41

HBZ hemoglobin zeta 12.24 7.011 3.43E-12

arhgap27 Rho GTPase activating protein 27 2.05 6.997 3.59E-12

cx45.6 connexin 45.6 12.49 6.986 3.06E-26

tie1 tyrosine kinase with immunoglobulin-like and EGF-like domains 1 21.86 6.926 2.90E-32

fli1b Fli-1 proto-oncogene, ETS transcription factor b 43.94 6.896 4.47E-68

flt4 fms-related tyrosine kinase 4 36.26 6.868 1.44E-75

PAQR9 progestin and adipoQ receptor family member IX 6.94 6.749 3.87E-11NOVEL

exoc3l2b exocyst complex component 3-like 2b 2.37 6.717 3.49E-17

stab2 stabilin 2 23.52 6.699 1.36E-30

tal1 T-cell acute lymphocytic leukemia 1 627.24 6.699 3.87E-45

ACER2 alkaline ceramidase 2 29.75 6.697 1.60E-21NOVEL

si:dkey-183p4.9 Novel 9.66 6.675 7.05E-11NOVEL

si:ch73-315i10.1 Novel 3.73 6.572 1.80E-10NOVEL

esama endothelial cell adhesion molecule a 41.08 6.529 1.35E-45

htf1fb 5-hydroxytryptamine (serotonin) receptor 1Fb 8.35 6.428 1.70E-11NOVEL

lmo2 LIM domain only 2 (rhombotin-like 1) 3763.49 6.369 1.22E-52

fli1a Fli-1 proto-oncogene, ETS transcription factor a 304.34 6.321 1.02E-66

klf17 Kruppel-like factor 17 1134.43 6.297 3.40E-107

si:ch211-14k19.8 Novel 8.70 6.204 1.06E-22NOVEL

she Src homology 2 domain containing E 37.46 6.203 1.58E-40

scarf1 scavenger receptor class F, member 1 22.52 6.195 1.26E-46

sox7 SRY (sex determining region Y)-box 7 386.91 6.189 1.36E-64

exoc3l1 exocyst complex component 3-like 1 32.35 6.161 2.81E-40

sptb spectrin, beta, erythrocytic 17.79 6.095 4.16E-08

isl1l islet1, like 3.01 5.977 9.54E-10

aqp8a.1 aquaporin 8a, tandem duplicate 1 29.64 5.923 9.88E-30

AL929291.1 Novel 3.83 5.917 2.94E-08NOVEL

si:dkey-261j4.3 Novel 40.54 5.886 1.63E-34NOVEL

nrp1b neuropilin 1b 38.29 5.870 9.66E-61

tns2a tensin 2a 13.45 5.866 2.02E-34

btk Bruton agammaglobulinemia tyrosine kinase 62.90 5.842 1.02E-58

rell2 RELT-like 2 7.12 5.823 2.03E-13NOVEL

tcf21 transcription factor 21 11.84 5.807 6.54E-13

tfr1a transferrin receptor 1a 27.97 5.792 1.14E-19

drl draculin 74.71 5.787 1.28E-50

si:dkey-207j16.5 Novel 4.68 5.754 1.86E-08NOVEL
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posterior lateral mesoderm angioblasts.  Ras signalling has been highly studied in 

haematopoiesis using transformed culture models with a range of conclusions that 

are highly cell line specific.  Biological GO analysis of this transcriptomic data also 

highlighted Ras signalling as an over-represented process indicating that the Ras 

pathway could potentially mediate these developmental processes.  

The enriched factors for erythroid and blood vessel remodelling have been identified 

in previous studies confirming the validity of the RNA-seq technique to probe these 

early developmental populations. However GO enrichment analysis struggles with 

annotation especially for vascular functions and can give different over-

representation results based on genes that are associated with a range of vascular 

functions.  As with the 10ss anterior scl+ population, the significantly enriched gene 

list includes not only previously studied proteins but novel factors too. 

 20ss Anterior 

Figure 4-19 Over-represented tissue-specific gene ontology terms for genes enriched 

in the 20ss anterior scl expressing population. 

Overrepresented major tissue specific biological GO terms identified from analysis of  genes 

enriched  in the 20ss anterior scl + population upon comparison to expression in the 

20ss anterior scl - population. This excludes ubiquitous processes.  
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10601 genes showing significantly different expression were identified through 

DESeq2 analysis of the RNA-seq results for the 20ss anterior scl+ versus scl - 

populations. This significant increase in the number of differentially expressed genes 

could mean that these populations become more divergent and differentiated with 

development to the 20ss. 

20ss anterior enriched genes over negative controls 

4274 genes were significantly enriched in the 20ss anterior scl+ cells compared to 

surrounding scl - expressing cells.  141 over-represented biological GO terms were 

associated with these enriched genes and 896 unclassified genes were identified. 18 

tissue-specific processes were among the over-represented biological GO termsð as 

with the 10ss enriched analyses, all were haematopoietic or vascular functions, many 

of which were maintained from the 10ss populations (See figure 4-19). 

Gas transport  

14 genes contributed to the over-represented GO term gas transport- 12 globin 

genes plus carbonic anhydrase and aquaporin1a were significantly enriched in the scl+ 

cells of the 20ss anterior (table 4-14). The enriched globin genes included subunits 

for embryonic haemoglobin alpha, beta & zeta proteins plus their different isoforms 

and subunits.   

Aquaporin1a has two homologues in zebrafish, both of which are enriched the 20ss 

anterior scl+ cells, and expressed through the developing vasculature and 

erythrocytes337,338.  This transporter is capable of both water and gas transport, 

showing CO2 and NH3 permeability337 and is downstream of etv2 and gata1 

signalling338. Overexpression of aqp1 in erythroleukemic cell culture was shown to 

promote erythroid differentiation, including haemoglobin expression339,340. Carbonic 

anhydrase expression has been shown to increase during zebrafish development341 
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with expression in haematopoietic and vascular cells and lie downstream of the cloche 

mutation342. 

Table 4-14 Genes annotated with the GO term oxygen transport enriched in the 20ss 

anterior scl expressing population. 

 
The enriched 10ss posterior scl+ population also identified oxygen transport as an 

over-represented biological GO term. The expression levels of the haemoglobin 

genes hbbe1, hbbe2, hbbe3, hbae1 and hbae3, are significantly greater in the 20ss anterior 

than in the 10ss posterior, despite erythroid development mainly occurring in the 

posterior of zebrafish embryos.  This finding indicates that the embryonic location in 

which erythroid development occurs, has expanded anteriorly and that this 

expression is strong by the 20ss.  It would be interesting to identify the location or 

trace the movement of these anterior erythroid cells to confirm the spreading of the 

posterior erythroid population or identify de novo erythroid sites of anterior 

development.  

Erythrocyte differentiation  

The biological GO term erythroid differentiation was also over-represented in the 

20ss posterior scl expressing cells. This GO term was associated with 23 enriched 

Gene Name Description
Mean 

fpkm

log2 

FoldChange
p-value

aqp1a.2 aquaporin 1a (Colton blood group), tandem duplicate 2 15.30 9.396 9.14E-17

hbae1 hemoglobin, alpha embryonic 1 33.52 8.739 1.12E-20

HBZ zgc:163057 23.28 7.335 7.71E-23

hbbe2 hemoglobin beta embryonic-2 75.68 6.461 3.93E-42

hbbe1.1 hemoglobin beta embryonic-1.1 199.46 6.083 3.10E-43

hbae0 hemoglobin, alpha embryonic 1 286.75 6.069 5.65E-15

hbz hemoglobin zeta 7.38 5.808 7.98E-18

hbbe3 hemoglobin beta embryonic-3 658.27 5.721 2.26E-50

hbae3 hemoglobin alpha embryonic-3 676.62 5.468 4.35E-14

aqp1a.1 aquaporin 1a (Colton blood group), tandem duplicate 1 243.70 5.058 1.57E-53

hbbe1.2 hemoglobin beta embryonic-1.2 13.92 5.016 3.70E-16

hbbe1.1 hemoglobin beta embryonic-1.1 202.31 4.215 6.19E-29

hbae1 hemoglobin, alpha embryonic 1 4.66 4.037 8.26E-09

cahz carbonic anhydrase 45.08 3.453 3.70E-04

Table of oxygen transporter molecules identified by biological GO analysis of genes  

enriched in the 20ss anterior scl + population upon comparison to expression in the 

20ss anterior scl - population. Factors are in order of  fold enrichment.

Gene
name
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genes, which are detailed in Table 4-15, these included gata1a, gata2a, lmo2 and alas2.  

Other enriched genes included slc4a1a and epb41b.  

Slc4a1a is a solute carrier protein that upon mutation results in the sudden loss of 

circulating cells after the first 3 days of zebrafish development276.  This solute carrier 

is also an erythrocyte specific cytoskeletal protein that is required for mitosis of 

erythroid cells343. The loss of erythroid cells in slc4a1a mutants was shown to be a 

result of apoptosis of erythroid cells that had failed to complete mitosis and 

cytokinesis343. Epb41b mutation produced a similar phenotype as observed for 

slc4a1a knockdown- phenotypically normal onset of circulation followed by sudden 

severe anaemia at ~3dpf276,344.  The Epb41b protein is required to anchor the 

cytoskeleton of erythroid cells to the plasma membrane, upon mutation membrane 

defects are observed along with increased osmotic fragility345.  

Table 4-15 Genes annotated with the GO term erythroid differentiationenriched in 

the 20ss anterior scl expressing population. 

 

Table of factors involved in erythroid differentiation, identified through biological gene 

ontology analysis of genes enriched in the 20ss anterior scl + population upon comparison 

to expression in the 20ss anterior scl - population. Factors are in order of fold enrichment.

Gene 

Name
Description

Mean 

FPKM

log2 Fold 

Change
p-value

tal1 T-cell acute lymphocytic leukemia 1 883.64 9.084 0.0E+00

spi1b Spi-1 proto-oncogene b 201.04 8.781 2.2E-302

lmo2 LIM domain only 2 (rhombotin-like 1) 1312.93 8.611 0.0E+00

gata1a GATA binding protein 1a 50.12 8.167 6.3E-13

slc4a1a solute carrier family 4, member 1a 21.01 6.775 1.6E-67

sptb spectrin, beta, erythrocytic 26.77 6.502 4.4E-16

alas2 aminolevulinate, delta-, synthase 2 38.25 6.308 1.5E-14

gfi1aa growth factor independent 1A transcription repressor a 90.34 5.298 2.4E-08

epb41b erythrocyte membrane protein band 4.1b 8.34 5.078 1.7E-06

slc25a37 solute carrier family 25, member 37 18.83 3.355 7.9E-04

rasa3 RAS p21 protein activator 3 48.82 3.159 1.5E-31

numb numb homolog (Drosophila) 9.46 2.933 6.1E-30

gata2a GATA binding protein 2a 31.02 2.318 5.4E-15

tmod2 tropomodulin 2 38.28 2.218 2.3E-31

fech ferrochelatase 15.89 2.195 1.5E-08

slc25a38a solute carrier family 25, member 38a 3.79 1.865 1.3E-02

stat5a signal transducer and activator of  transcription 5a 6.30 1.463 5.0E-07

vhl von Hippel-Lindau tumor suppressor 11.86 1.400 1.9E-06

sec23b Sec23 homolog B, COPII coat complex component 25.04 1.135 9.1E-12

jak2b Janus kinase 2b 7.01 0.607 5.0E-03

tert telomerase reverse transcriptase 11.82 0.560 2.5E-02

adnp2a ADNP homeobox 2a 8.46 0.530 4.2E-02

adnp2b ADNP homeobox 2b 14.96 0.473 7.6E-03

atpif1b ATPase inhibitory factor 1b 77.03 0.356 4.6E-02
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The enrichment of these genes suggests that by the 20ss primitive erythroid cells 

have developed, initiated high levels of haem synthesis and begun to proliferate in 

preparation for the initiation of circulation, even in the anterior scl+ population, 

which only minimally contributes to the erythroid pool. 

Embryonic haematopoiesis  

The GO term for embryonic haematopoiesis is over-represented in the enriched 

gene list for the 20ss anterior scl+ population and contains key haematopoietic factors 

as listed in table 4-16. 

Table 4-16 Genes annotated with the GO term embryonic haematopoiesis enriched 

in the 20ss anterior scl expressing population. 

 

These include general haematopoietic transcription factors etv2 and lmo2, plus key 

erythroid and vascular factors, which have previously been discussed. In addition to 

Table of factors involved in embryonic haematopoiesis, identified through biological 

gene ontology analysis of genes enriched in the 20ss anterior scl + population upon com-

parison to expression in the 20ss anterior scl - population. Factors are in order of  fold 

enrichment.

Gene 

Name
Descript ion

Mean 

FPKM

log2 Fold 

Change
p-value

etv2 ets variant 2 1384.75 9.289 0.0E+00

tal1 T-cell acute lymphocytic leukemia 1 883.64 9.084 0.0E+00

lmo2 LIM domain only 2 (rhombotin-like 1) 1312.93 8.611 0.0E+00

erg v-ets avian erythroblastosis virus E26 oncogene homolog 86.16 8.257 2.2E-158

gata1a GATA binding protein 1a 50.12 8.167 6.3E-13

myct1a myc target 1a 10.78 7.930 8.2E-25

csf3r colony stimulating factor 3 receptor (granulocyte) 8.61 7.117 7.3E-34

slc4a1a solute carrier family 4, member 1a 21.01 6.775 1.6E-67

sptb spectrin, beta, erythrocytic 26.77 6.502 4.4E-16

alas2 aminolevulinate, delta-, synthase 2 38.25 6.308 1.5E-14

cebpa CCAAT/enhancer binding protein (C/EBP), alpha 208.21 5.702 1.5E-126

tll1 tolloid-like 1 5.12 5.675 2.3E-41

tmem88a transmembrane protein 88 a 331.78 5.671 1.8E-115

gfi1aa growth factor independent 1A transcription repressor a 90.34 5.298 2.4E-08

epb41b erythrocyte membrane protein band 4.1b 8.34 5.078 1.7E-06

irak3 interleukin-1 receptor-associated kinase 3 4.70 5.031 4.2E-24

snrkb SNF related kinase b 15.12 4.198 4.2E-38

csrnp1a cysteine-serine-rich nuclear protein 1a 15.23 4.139 8.3E-15

slc25a37 solute carrier family 25, member 37 18.83 3.355 7.9E-04

numb numb homolog (Drosophila) 9.46 2.933 6.1E-30

tbx20 T-box 20 5.90 2.375 6.2E-12

gata2a GATA binding protein 2a 31.02 2.318 5.4E-15

socs1a suppressor of  cytokine signaling 1a 4.07 1.583 1.4E-03

dhx8 DEAH (Asp-Glu-Ala-His) box polypeptide 8 20.40 0.663 2.7E-03

prkcbb protein kinase C, beta b 4.81 0.581 2.5E-02

mta3 metastasis associated 1 family, member 3 44.61 0.531 5.3E-03

acvr1l activin A receptor, type I like 20.40 0.384 1.8E-02
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these myct1a, csf3r and c/ebpŬ genes are also specifically enriched in the scl+ population 

of the 20ss anterior. Myct1a is a putative myc target gene that has been shown to play 

a role in HSC fate decisions due to morpholino knockdown causing both myeloid 

and erythroid defects346. Csf3r is a granulocyte colony stimulating factor that is 

required for the development of anterior myeloid cells during primitive 

haematopoiesis, plus initiates emergency haematopoiesis in response to bacterial 

infection280. Knockdown of this factor dramatically reduced runx1 expression347 and 

signalling through the granulocyte colony stimulating pathway is required for HSPC 

development and proliferation348.   

C/ebpŬ is a transcription factor that is highly conserved among vertebrates and 

binds the DNA sequence CCAAT349.  Studied in other models has shown that 

C/ebpŬ acts as a key granulocyte differentiation factor349-351.  In zebrafish c/ebpŬ is 

expressed in a pattern matching scl, suggesting that these transcription factors may 

inter-regulate352. In other model systems c/ebpŬ was shown to favour the myeloid fate 

by repressing primitive erythropoiesis352.  

The biological GO term embryonic haematopoiesis was also over-represented in the 

10ss anterior.  As this anterior scl+ population has progressed from the 10 to 20ss- a 

greater number of embryonic haematopoiesis associated factors are enriched 

potentially as a result in an increase in complexity of this scl+ population.  

Comparison of these enriched genes shows the maintained expression and 

enrichment in the scl+ population of vascular factors (tbx20 and erg), general 

haematopoietic regulators (etv2 and lmo2) plus key erythroid genes (gata1, gfi1aa, sptb 

and alas1).  The continued enriched expression of these factors within the anterior 

scl+ population suggests that this population maintains features of three key 

haemangiogenic lineages.  By the 20ss these lineages are divided between distinct scl+ 

sub-populations that I will describe in the next chapter.  This raises the question of 
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whether these lineages are already distinct at the 10ss or that these factors are co-

expressed within individual cells that later diverge into separate subpopulations.  

Myeloid cell differentiation  

The myeloid lineage has been shown to initially arise from the anterior lateral plate 

mesoderm, before granulocytes and macrophages disperse through the embryo, 

eventually residing in the kidney and circulating blood.  The analysis of the scl+ 

population at the 10ss indicated a myeloid profile in agreement with these previous 

studies.  Biological GO term over-representation analysis of the 20ss anterior scl+ 

enriched gene list determined the myeloid cell differentiation term as over-

represented by 2.83 fold.  42 genes contributed directly to this process from the 

enriched gene list, these are recorded in table 4-17.  etv2, lmo2, gata5 and spi1b showed 

particularly high enrichment over expression levels in neighbouring tissues however 

their expression level was significantly reduced in comparison to the 10ss anterior scl+ 

population.  This suggested that these key myeloid factors were highly specifically 

expressed within this anterior scl+ population during development, yet at lower levels 

or in a smaller percent of this scl+ population at the 20ss. Biologically this could mean 

that the 20ss scl+ population is diverting from the myeloid lineage or that the Citrine+ 

cells of the 20ss anterior represent a collection of scl+ sub-populations, of which at 

least one expressed myeloid factors.   

Consistent with the latter, c/ebpŬ (key granulocyte differentiation factor) expression 

was seen to double between the 10ss and 20ss anterior scl+ samples, suggesting the 

continued and progressive development of the myeloid lineage within the scl+ 

population. 
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Table 4-17 Genes annotated with the GO term myeloid differentiation enriched in the 

20ss anterior scl expressing population. 

 

Endothelial cell migration 

12 enriched genes correlated with the biological GO term endothelial cell migration, 

which only has 20 zebrafish genes assigned to it. This strong over-representation is a 

Table of myeloid factors, expressed and enriched in the 20ss anterior scl + population upon 

comparison to expression in the 20ss anterior scl - population. Factors are in order of  fold 

enrichment.

Gene 

Name
Descript ion

Mean 

FPKM

log2 Fold 

Change
p-value

etv2 ets variant 2 1384.75 9.289 0.0E+00

tal1 T-cell acute lymphocytic leukemia 1 883.64 9.084 0.0E+00

spi1b Spi-1 proto-oncogene b 201.04 8.781 2.2E-302

lmo2 LIM domain only 2 (rhombotin-like 1) 1312.93 8.611 0.0E+00

gata1a GATA binding protein 1a 50.12 8.167 6.3E-13

csf3r colony stimulating factor 3 receptor (granulocyte) 8.61 7.117 7.3E-34

slc4a1a solute carrier family 4, member 1a 21.01 6.775 1.6E-67

sptb spectrin, beta, erythrocytic 26.77 6.502 4.4E-16

alas2 aminolevulinate, delta-, synthase 2 38.25 6.308 1.5E-14

irf8 interferon regulatory factor 8 20.21 6.295 1.4E-72

tmem88a transmembrane protein 88 a 331.78 5.671 1.8E-115

gfi1aa growth factor independent 1A transcription repressor a 90.34 5.298 2.4E-08

epb41b erythrocyte membrane protein band 4.1b 8.34 5.078 1.7E-06

slc25a37 solute carrier family 25, member 37 18.83 3.355 7.9E-04

gata5 GATA binding protein 5 28.95 3.248 2.4E-43

casp8 caspase 8, apoptosis-related cysteine peptidase 6.95 3.236 3.9E-25

rasa3 RAS p21 protein activator 3 48.82 3.159 1.5E-31

gfi1ab growth factor independent 1A transcription repressor b 29.19 3.124 9.8E-30

numb numb homolog (Drosophila) 9.46 2.933 6.1E-30

gata2a GATA binding protein 2a 31.02 2.318 5.4E-15

tmod2 tropomodulin 2 38.28 2.218 2.3E-31

fech ferrochelatase 15.89 2.195 1.5E-08

kif1b kinesin family member 1B 9.53 2.061 2.9E-31

slc25a38asolute carrier family 25, member 38a 3.79 1.865 1.3E-02

plcg1 phospholipase C, gamma 1 45.58 1.789 1.7E-22

stat5a signal transducer and activator of  transcription 5a 6.30 1.463 5.0E-07

vhl von Hippel-Lindau tumor suppressor 11.86 1.400 1.9E-06

akap10 A kinase (PRKA) anchor protein 10 8.86 1.305 8.3E-06

smad9 SMAD family member 9 7.60 1.234 1.9E-07

sec23b Sec23 homolog B, COPII coat complex component 25.04 1.135 9.1E-12

ptenb phosphatase and tensin homolog B 61.99 1.128 7.2E-14

npc1 Niemann-Pick disease, type C1 18.25 0.970 4.2E-09

ncor2 nuclear receptor corepressor 2 22.29 0.925 1.0E-08

jagn1b jagunal homolog 1b 26.37 0.649 8.6E-04

jak2b Janus kinase 2b 7.01 0.607 5.0E-03

brf1b BRF1, RNA polymerase III t ranscription initiation factor b 9.35 0.599 2.6E-02

ncor1 nuclear receptor corepressor 1 17.33 0.562 6.4E-04

tert telomerase reverse transcriptase 11.82 0.560 2.5E-02

adnp2a ADNP homeobox 2a 8.46 0.530 4.2E-02

wasla Wiskott-Aldrich syndrome-like a 5.50 0.492 4.9E-02

adnp2b ADNP homeobox 2b 14.96 0.473 7.6E-03

brd2a bromodomain containing 2a 43.45 0.390 8.3E-03

atpif1b ATPase inhibitory factor 1b 77.03 0.356 4.6E-02
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result of small gene list size, and the fact that it is populated by factors annotated 

with multiple vascular functions.  However the suggestion that scl+ angioblasts of the 

anterior undergo significant movement as the key vessels of the cranial vasculature 

are formed is supported by time-lapse imaging (Figure 3-9).  These enriched genes 

are listed in Table 4-18 and include plekhg5a, fn1a, dll4 and itga5. 

Table 4-18 Genes annotated with the GO term endothelial cell migration enriched in 

the 20ss anterior scl expressing population. 

 

fn1a was identified through a mutation that caused two hearts to form in zebrafish353. 

The fn1a gene encodes fibronectin and was shown to be required for correct 

migration of myocardial precursors to the midline of the embryo354.  Chiu et al. 

demonstrated that fn1a was required for endothelial migration and tissue invasion 

processes, and that this process required itgŬ5 (Integrin-Ŭ5)355, as knockdown of 

either fn1a or itgŬ5 produced the same defects in angiogenic sprouting.  In vivo 

imaging and specific knockdown models would be required to conclude which of 

these developmental processes fn1a was contributing to in the 20ss anterior scl+ 

population. 

Delta-like 4 is a Notch signalling ligand that is required for regulating endothelial cell 

migration and proliferation, thus counteracting VEGF signalling, to limit 

Table of factors involved in endothelial cell migration, identified through biological 

gene ontology analysis of genes enriched in the 20ss anterior scl + population upon 

comparison to expression in the 20ss anterior scl - population. Factors are in order of  

fold enrichment.

Gene 

Name
Description Mean fpkm

log2 

FoldChange
p-value

plekhg5a pleckstrin homology domain containing, family G (with RhoGef  domain) member 5a 33.03 4.896 3.69E-165

fn1a fibronectin 1a 92.18 4.031 1.19E-107

dll4 delta-like 4 (Drosophila) 84.20 4.030 4.77E-81

itga5 integrin, alpha 5 (fibronectin receptor, alpha polypeptide) 83.72 3.977 1.29E-38

cxcr4a chemokine (C-X-C motif) receptor 4a 44.05 2.987 2.52E-27

vegfc vascular endothelial growth factor c 14.61 2.422 3.38E-26

rab13 RAB13, member RAS oncogene family 41.48 1.572 1.67E-08

amot angiomotin 7.58 1.394 3.88E-12

hspg2 heparan sulfate proteoglycan 2 13.76 1.374 1.20E-18

efnb2a ephrin-B2a 40.39 1.293 1.12E-17

robo4 roundabout, axon guidance receptor, homolog 4 (Drosophila) 35.60 0.669 2.37E-05

cxcl12b chemokine (C-X-C motif) ligand 12b (stromal cell-derived factor 1) 51.38 0.509 4.68E-03
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vascularisation356. Complete loss of dll4 results in major arterial defects357 despite 

artery differentiation being unaffected in dll4 deficiency358. 

Angiogenesis  

Concurrent with continued and significant development of the circulatory system, 

angiogenic terms were also over-represented biological GO process. Over double the 

number of genes contributed to this term in the 20ss anterior scl+ population than at 

the 10ss, as detailed in table 4-19.  Enriched expression was maintained of all 10ss 

anterior angiogenic factors, all of which showed an increase in expression with the 

exception of etv2 and fn1a. Top enriched angiogenic factors in the 20ss scl+ anterior 

population show over 100 fold enrichment compared to neighbouring citrine- cells, 

which suggests high specificity and restriction of the vascular fate to the scl+ 

population.  Together this data described a population that is highly active in 

vascular development and has considerably increased capacity for blood vessel 

formation compared to the same population at the 10ss. This enriched gene list also 

included genes that contribute to cardiac development through their role in 

regulating migration of myocardiocytes or endocardial cells into the developing heart 

field294,307,355.  The enriched expression of factors that contribute to the formation of 

the heart, in the absence of cardiac markers such as hand2 and myl7141,359, could 

suggest that this 20ss anterior scl+ population is indirectly involved in cardiac 

development.  This would suggest that within the endothelial compartment of the 

20ss anterior scl+ population, distinct subpopulations may exist which participate in 

either cranial vasculature or the developing heart. 
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Table 4-19 Genes annotated with the GO term angiogenic factors enriched in the 

20ss anterior scl expressing population. 

 

  

 

Table of  factors involved in angiogenesis, identified through biological gene ontology analysis of 

genes enriched in the 20ss anterior scl + population upon comparison to expression in the 20ss 

anterior scl - population. Factors are in order of  fold enrichment.

Gene Name Descript ion
Mean 

FPKM

log2 Fold 

Change
p-value

etv2 ets variant 2 1384.75 9.289 0.0E+00

cdh5 cadherin 5 116.26 9.134 0.0E+00

kdr kinase insert domain receptor 38.59 9.131 1.2E-157

tal1 T-cell acute lymphocytic leukemia 1 883.64 9.084 0.0E+00

erg v-ets avian erythroblastosis virus E26 oncogene homolog 86.16 8.257 2.2E-158

arhgef9b Cdc42 guanine nucleotide exchange factor (GEF) 9b 33.38 7.684 3.2E-150

flt1 fms-related tyrosine kinase 1 19.24 7.668 1.8E-144

si:ch73-334d15.2si:ch73-334d15.2 25.04 7.083 7.0E-53

fli1a Fli-1 proto-oncogene, ETS transcription factor a 459.33 5.846 4.1E-276

hlx1 H2.0-like homeo box 1 (Drosophila) 62.44 5.586 1.4E-137

mcamb melanoma cell adhesion molecule b 55.30 5.561 7.0E-187

nrp1b neuropilin 1b 64.28 5.367 4.9E-194

dab2 Dab, mitogen-responsive phosphoprotein, homolog 2 18.88 4.965 4.1E-82

plekhg5a pleckstrin homology domain containing, family G member 5a 33.03 4.896 3.7E-165

hspa12b heat shock protein 12B 26.78 4.894 1.4E-113

ramp2 receptor (G protein-coupled) activity modifying protein 2 111.04 4.399 6.0E-63

fn1a fibronectin 1a 92.18 4.031 1.2E-107

dll4 delta-like 4 (Drosophila) 84.20 4.030 4.8E-81

itga5 integrin, alpha 5 (fibronectin receptor, alpha polypeptide) 83.72 3.977 1.3E-38

hapln1b hyaluronan and proteoglycan link protein 1b 17.65 3.822 2.4E-54

lgals2a lectin, galactoside-binding, soluble, 2a 15.06 3.780 3.5E-12

arhgef7b Rho guanine nucleotide exchange factor (GEF) 7b 98.29 3.643 6.9E-105

fmnl3 formin-like 3 41.20 3.592 3.7E-105

cxcr4a chemokine (C-X-C motif) receptor 4a 44.05 2.987 2.5E-27

vegfc vascular endothelial growth factor c 14.61 2.422 3.4E-26

lpar2a lysophosphatidic acid receptor 2a 37.76 2.354 1.3E-24

cdc42 cell division cycle 42 194.64 1.902 1.0E-32

nrp2b neuropilin 2b 51.56 1.879 3.0E-22

fermt2 fermitin family member 2 59.01 1.844 2.7E-30

git1 G protein-coupled receptor kinase interacting ArfGAP 1 18.08 1.818 8.8E-25

plcg1 phospholipase C, gamma 1 45.58 1.789 1.7E-22

cds2 CDP-diacylglycerol synthase 2 50.03 1.744 2.9E-19

rab5c RAB5C, member RAS oncogene family 70.64 1.707 1.6E-13

shc1 SHC transforming protein 1 22.45 1.673 2.6E-21

pld1a phospholipase D1a 6.34 1.652 1.8E-11

pik3c2a phosphatidylinositol-4-phosphate 3-kinase, subunit type 2 alpha 8.16 1.594 1.4E-12

rab13 RAB13, member RAS oncogene family 41.48 1.572 1.7E-08

gng2 guanine nucleotide binding protein (G protein), gamma 2 85.62 1.560 5.9E-21

bmpr2a bone morphogenetic protein receptor, type II a 5.11 1.553 7.1E-10

amotl2a angiomotin like 2a 52.67 1.516 1.3E-18

sat1b spermidine/spermine N1-acetyltransferase 1b 14.66 1.427 1.6E-05

amot angiomotin 7.58 1.394 3.9E-12

hspg2 heparan sulfate proteoglycan 2 13.76 1.374 1.2E-18

efnb2a ephrin-B2a 40.39 1.293 1.1E-17

gna13b guanine nucleotide binding protein (G protein), alpha 13b 21.73 1.251 1.4E-05

sdc2 syndecan 2 27.56 1.196 2.2E-09

hdac6 histone deacetylase 6 7.92 1.179 5.6E-07

rab11a RAB11a, member RAS oncogene family 51.57 1.143 5.6E-13

hexb hexosaminidase B (beta polypeptide) 35.74 0.881 7.2E-05

tnnt2a troponin T type 2a (cardiac) 21.52 0.782 1.4E-03

lpar6a lysophosphatidic acid receptor 6a 9.32 0.757 8.9E-03

robo4 roundabout, axon guidance receptor, homolog 4 (Drosophila) 35.60 0.669 2.4E-05

ppp1cab protein phosphatase 1, catalytic subunit, alpha isozyme b 117.47 0.514 4.8E-04

cxcl12b chemokine (C-X-C motif) ligand 12b 51.38 0.509 4.7E-03

wnk1a WNK lysine deficient protein kinase 1a 10.44 0.497 3.6E-02

rbpja recombination signal binding protein for Ig kappa J region a 12.03 0.455 2.1E-02
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Molecular function of 20ss anterior enriched genes over negative 

controls 

Oxygen transport was the top over-represented molecular function calculated using 

the PANTHER database annotations for the 20ss anterior scl+ population, which 

correlated with the gain of erythroid features to the profile of this anterior 

population. Rho signalling was also a highly over-represented molecular GO term, 

and included factors showing guanyl-nucleotide exchange, GTPase activator and 

GTP binding functions.  This could denote the continued use of Rho signalling in 

the regulation of anterior haemangiogenic fates from the 10ss to the 20ss. 

Protein class analysis of 20ss anterior enriched genes over negative 

controls 

7.4% of enriched genes in the 20ss anterior scl+ samples were annotated by the 

PANTHER database as transcription factors, with 5.5% of genes labelled as 

signalling molecules.  Biological GO term analysis of the transcription factors, 

showed high over-representation for myeloid differentiation and its regulation, blood 

vessel development and morphogenesis plus erythrocyte development.  

Top enriched genes in the 20ss anterior, compared to negative 

controls 

46 of the top 50 enriched genes had mapped transcripts in the scl - sample, for the 

20ss anterior allowing enrichment values to be calculated. 24 of these top enriched 

genes, listed in table 4-20, have published experimental data describing their 

haematopoietic or vascular roles. A further 11 highly enriched genes are known to be 

expressed within the developing circulatory system of zebrafish or have 

haemangiogenic roles reported from other models.  

The entire remaining top enriched factors (11) for the 20ss scl+ anterior population 

are novel i.e. any biological or molecular function is predicted from structure, plus 
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there is no published literature available on the gene. These functionally unstudied 

and novel genes would be of interest to investigate further, for their potential roles in 

development of the circulatory system.   

Table 4-20 Top enriched genes in the 20ss anterior scl expressing population. 

20ss anterior depleted genes compared to negative controls 

2167 significantly depleted genes in 20ss anterior scl+ cells were associated with 223 

over-represented biological GO terms.  Depleted tissue-specific processes related to 

eye and brain development. 

The top over-represented depleted biological GO term was microtubule anchoring, 

which was over-represented by 12.8 fold in the depleted gene list.  The appearance 

Gene Name Descript ion
Mean 

FPKM

log2 

FoldChange
p-value Novel?

lmo2 LIM domain only 2 (rhombotin-like 1) 1312.93 8.611 0

sox7 SRY (sex determining region Y)-box 7 730.47 8.026 0

etv2 ets variant 2 1384.75 9.289 0

tal1 T-cell acute lymphocytic leukemia 1 883.64 9.084 0

clec14a C-type lectin domain family 14, member A 393.02 9.216 4.82E-239

kdrl kinase insert domain receptor like 185.31 8.288 2.98E-234

spi1b Spi-1 proto-oncogene b 201.04 8.781 2.23E-302

fli1b Fli-1 proto-oncogene, ETS transcription factor b 222.47 8.946 0

dre-mir-142a dre-mir-142a 119.29 7.857 8.92E-20NOVEL

mmp13a matrix metallopeptidase 13a 143.54 8.771 2.13E-108

flt4 fms-related tyrosine kinase 4 85.28 8.130 8.55E-248

erg v-ets avian erythroblastosis virus E26 oncogene homolog 86.16 8.257 2.16E-158

rasip1 Ras interacting protein 1 137.54 8.959 5.17E-296

slc29a1b solute carrier family 29 (equilibrative nucleoside transporter), member 1b 106.65 8.723 9.11E-170

clic2 chloride intracellular channel 2 88.71 8.380 1.72E-108

scarf1 scavenger receptor class F, member 1 103.74 8.740 9.95E-280

tie1 tyrosine kinase with immunoglobulin-like and EGF-like domains 1 146.15 9.327 3.25E-306

ncam3 neural cell adhesion molecule 3 93.73 8.740 5.95E-151

cdh5 cadherin 5 116.26 9.134 0

lygl2 lysozyme g-like 2 78.10 8.438 5.07E-74NOVEL

ikzf1 IKAROS family zinc finger 1 (Ikaros) 71.73 8.671 1.27E-122

tnfaip2b tumor necrosis factor, alpha-induced protein 2b 78.70 9.161 1.46E-146NOVEL

il6r interleukin 6 receptor 32.42 8.315 4.78E-130

gata1a GATA binding protein 1a 50.12 8.167 6.26E-13

kdr kinase insert domain receptor (a type III r eceptor tyrosine kinase) 38.59 9.131 1.19E-157

myo1f myosin IF 26.12 8.544 9.47E-105

pik3r5 phosphoinositide-3-kinase, regulatory subunit 5 16.95 7.963 1.75E-60

itgb2 integrin, beta 2 17.18 8.079 5.31E-58

lpar5a lysophosphatidic acid receptor 5a 30.36 9.057 3.56E-51NOVEL

hbae1 hemoglobin, alpha embryonic 1 33.52 8.739 1.12E-20

ecscr endothelial cell surface expressed chemotaxis and apoptosis regulator 28.72 9.410 1.05E-92

si:dkey-261j4.3 si:dkey-261j4.3 13.25 8.060 1.58E-29NOVEL

cmklr1 chemokine-like receptor 1 18.75 8.441 7.85E-29NOVEL

ccr12b.2 chemokine (C-C motif) receptor 12b, tandem duplicate 2 12.20 8.057 6.38E-26

slc22a7b.1 solute carrier family 22, member 7b, tandem duplicate 1 29.73 9.532 1.28E-48

coro2bb coronin, actin binding protein, 2Bb 18.32 8.897 3.10E-33NOVEL

inpp5d inositol polyphosphate-5-phosphatase D 7.56 7.899 3.91E-48

myct1a myc target 1a 10.78 7.930 8.21E-25

agtr1b angiotensin II receptor, type 1b 15.78 8.647 3.31E-33

si:ch73-208g10.1si:ch73-208g10.1 10.40 8.503 7.25E-70

si:dkey-119g10.4si:dkey-119g10.4 19.33 8.292 2.28E-16NOVEL

slc22a7b.2 solute carrier family 22, member 7b, tandem duplicate 2 5.28 7.965 9.16E-27NOVEL

myct1b myc target 1b 26.19 9.301 6.14E-24

si:ch73-90p23.1si:ch73-90p23.1 10.29 8.096 6.97E-15NOVEL

fgd5b FYVE, RhoGEF and PH domain containing 5b 5.41 7.885 4.33E-21NOVEL

fermt3b fermitin family member 3b 8.44 9.083 2.24E-30

Table of the top enriched genes in the 20ss anterior scl + population upon comparison to expres-

sion in the 20ss anterior scl - population. Factors are in order of  fold enrichment. Novel genes 

have not been previously reported in the literature. 
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of this term could suggest that the scl+ cells are one of the most mobile populations 

of the 20ss anterior.  This correlates with the enriched functions of this population in 

vascular formation and mediating cardiac migration.  Genes correlating with ATP 

synthesis were also over-represented in the list of depleted genes, which could 

possibly be interpreted as the scl+ cells are less metabolically active than other tissues 

in the developing anterior of the zebrafish.   

 20ss Posterior 

5947 genes significantly differentially expressed genes were identified through 

DESeq2 analysis of the citrine+ and citrine- transcriptomes of the 20ss posterior.  As 

previously annotations from the PANTHER database were used to assess these 

genes for biological and molecular functions that showed over-representation 

compared to a randomised background (figure 4-20).   

Figure 4-20 Over-represented tissue-specific gene ontology terms for genes enriched 

in the 20ss posterior scl expressing population. 

 

 

 

 

 

 

 

 

 

 

 

 

Overrepresented major tissue specific biological GO terms identified from analysis of  genes 

enriched  in the 20ss posterior scl + population upon comparison to expression in 

the 20ss posterior scl - population. This excludes ubiquitous processes.  All tissue 

specific biological GO terms related to blood or vascular development.
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20ss posterior enriched genes over negative control  

4395 genes were significantly enriched in 20ss posterior scl+ cells in comparison to scl- 

cells of the 20ss posterior.  These enriched genes related to 167 over-represented 

biological GO categories and included 886 unclassified genes. 18 tissue-specific 

biological GO terms were over-represented- all of which were haematopoietic or 

vascular processes. Transcription, translation and tRNA synthesis were also highly 

over-represented biological processes, which could mean that the scl+ cells of the 

20ss are producing proteins at a significantly greater rate than surrounding cells of 

the posterior.  In combination with the over-representation of genes involved in 

tetrapyrrole biosynthesis, which is the haem production pathway, this enrichment in 

protein synthesis genes suggests that at this stage the posterior scl+ population 

produces large amounts of haem. 

Oxygen transport 

Oxygen transport is the top biological GO term for the 20ss posterior scl+ 

population, over-represented by 5.37 fold, correlating with the erythroid lineage 

being strongly favoured and restricted to the scl+ population. 

12 genes contributed to the term oxygen transportð these were six embryonic 

haemoglobin subunits, their isoforms and myoglobin. Compared to the 20ss anterior 

and the 10ss posterior, these haemoglobin genes are expressed at dramatically 

increased levels as detailed in table 4-21.  The exceptionally high haemoglobin 

expression in scl+ cells and subsequent translation may account for some of the over-

representation of biological processes involved with protein production.   In 

comparison to the 20ss anterior and 10ss posterior, expression levels of the 

haemoglobin genes confirm that the main erythroid compartment mainly develops in 

the posterior of zebrafish embryos and dramatically increases in oxygen transport 

function between the 10 and 20ss.  
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Table 4-21 Genes annotated with the GO term oxygen transporter enriched in the 

20ss posterior scl expressing population. 

 

DNA replication 

DNA replication is required for proliferation of nearly all eukaryotic cell types.  

Unlike in mammals, zebrafish erythrocytes are nucleated360, thus over-representation 

of biological GO terms relating to DNA replication can be interpreted as an 

indicator of significant proliferation, including that of the erythroid lineage.  In light 

of the high enrichment of erythroid and haemoglobin genes, I suggest that the 

erythroid compartment of this posterior scl+ population may undergo rapid 

proliferation at this stage, potentially in preparation for the commencement of 

circulation.  

Embryonic haematopoiesis 

embryonic haematopoiesis was another over-represented biological GO term for the 

factors significantly enriched in the 20ss posterior scl+ population and are listed in 

Table 4-22.  These enriched genes are mostly shared with the enriched 20ss anterior 

haematopoietic factors (many of which have previously been discussed). This 

includes lmo2 and etv2, which are involved in the development of multiple 

haemangiogenic lineages.  lmo2 expression is slightly greater in the posterior at the 

Gene 

Name
Descript ion

Mean 

FPKM

log2 

FoldChange
p-value

hbbe2 hemoglobin beta embryonic-2 1078.15 6.4255 1.88E-95

HBZ hemoglobin zeta 215.73 6.2758 9.61E-100

hbz hemoglobin zeta 123.01 5.9058 1.93E-51

hbbe1.2 hemoglobin beta embryonic-1.2 211.58 5.6805 3.50E-45

hbae1 hemoglobin, alpha embryonic 1 2678.09 4.9574 3.48E-67

hbae3 hemoglobin alpha embryonic-3 7583.52 4.7771 4.84E-76

hbbe3 hemoglobin beta embryonic-3 8086.59 4.6618 2.12E-80

hbae1 hemoglobin, alpha embryonic 1 63.21 4.5813 4.25E-29

hbbe1.1 hemoglobin beta embryonic-1.1 2417.19 4.3936 9.80E-40

hbbe1.1 hemoglobin beta embryonic-1.1 2911.75 3.9544 8.25E-41

hbae1 hemoglobin, alpha embryonic 1 431.08 3.6517 3.75E-30

mb myoglobin 5.85 2.0385 3.68E-06

Table of oxygen transporter proteins, identified through biological gene 

ontology analysis of genes enriched in the 20ss posterior scl + population 

upon comparison to expression in the 20ss posterior scl - population. Factors 

are in order of fold enrichment.
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20ss, however etv2 is significantly decreased compared to the 20ss anterior. This 

reduction may signify the differentiation of this scl+ population away from common 

progenitors into an erythroid population that employs different ETS-family 

members to complex with Scl and other key transcription factors.  Differentiation of 

this population into a more specifically erythroid population is also suggested by the 

increase in expression of key erythroid factors, and reduction of vasculogenic 

expression (erg), in comparison to the 20ss anterior scl+ cells.  

Table 4-22 Genes annotated with the GO term embryonic haematopoiesis enriched 

in the 20ss posterior scl expressing population. 

 

Erythroid differentiation 

In the 10ss posterior scl+ enriched over negatives gene list erythroid development was 

a highly over-represented term for the enriched genes. Many of these factors 

annotated as associated with erythroid development at the 10ss are also included in 

the erythroid differentiation list of genes enriched within the 20ss posterior scl+ 

Table of  factors involved in embryonic haematopoiesis, identified through biological gene 

ontology analysis of genes enriched in the 20ss posterior scl + population upon comparison to 

expression in the 20ss posterior scl - population. Factors are in order of fold enrichment.

Gene 

Name
Description

Mean 

FPKM

log2 

FoldChange
p-value

gfi1aa growth factor independent 1A transcription repressor a 793.09 9.640 1.64E-301

gata1a GATA binding protein 1a 470.48 7.569 3.96E-115

lmo2 LIM domain only 2 (rhombotin-like 1) 1438.30 7.053 1.65E-191

etv2 ets variant 2 598.63 6.528 2.98E-156

epb41b erythrocyte membrane protein band 4.1b 75.65 6.336 3.54E-171

tal1 T-cell acute lymphocytic leukemia 1 598.22 6.221 4.15E-145

myct1a myc target 1a 10.54 6.059 7.05E-25

alas2 aminolevulinate, delta-, synthase 2 352.61 6.013 1.26E-98

sptb spectrin, beta, erythrocytic 122.65 5.915 8.82E-174

slc25a37 solute carrier family 25, member 37 109.27 5.833 4.14E-102

slc4a1a solute carrier family 4, member 1a (Diego blood group) 234.69 5.793 4.25E-11

erg v-ets avian erythroblastosis virus E26 oncogene homolog 16.02 5.715 4.42E-45

csrnp1a cysteine-serine-rich nuclear protein 1a 119.09 5.191 3.89E-82

cebpa CCAAT/enhancer binding protein (C/EBP), alpha 168.40 4.414 2.33E-94

trim2a tripartite motif  containing 2a 4.39 3.813 3.85E-16

tmem88a transmembrane protein 88 a 73.47 3.731 8.32E-51

irak3 interleukin-1 receptor-associated kinase 3 4.42 3.688 2.02E-08

socs1a suppressor of  cytokine signaling 1a 4.87 2.812 5.81E-05

tll1 tolloid-like 1 2.10 2.397 6.94E-09

tspo translocator protein 112.80 2.390 1.76E-24

snrkb SNF related kinase b 4.74 1.922 7.10E-06

gata2a GATA binding protein 2a 14.70 1.469 1.37E-07

dhx8 DEAH (Asp-Glu-Ala-His) box polypeptide 8 24.36 1.259 6.24E-07
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population (see tables 4-10 and 4-23).  However these common genes show a 

decrease in expression level and are accompanied by the increased enrichment of 

other erythroid factors such as gfi1aa, slc4a1a and epb41b.  This shift in enriched genes 

could be the result of early factors required to specify the lineage being replaced by 

factors that contribute later to erythroid functionality, as the population develops 

from 10ss to 20ss. However both lists contain several haematopoietic factors 

associated with a range of activities, not limited to the erythroid fate.   

Table 4-23 Genes annotated with the GO term erythroid differentiation enriched in 

the 20ss posterior scl expressing population. 

 

Blood vessel morphogenesis  

Blood vessel morphogenesis was an over-represented biological GO term for both 

the 10 and 20ss posterior scl+ populations.  The number of genes associated with this 

term in the 20ss is greater and includes additional factors such as e2f7, e3f8, and sars 

(table 4-24). The transcription factor genes e2f7 and e2f8 are capable of binding and 

promoting expression of VEGF during sprouting angiogenesis to stimulate and 

guide blood vessel development361.  

Gene 

Name
Descript ion

Mean 

FPKM

log2 

FoldChange
p-value

gfi1aa growth factor independent 1A transcription repressor a 793.09 9.640 1.64E-301

gata1a GATA binding protein 1a 470.48 7.569 3.96E-115

spi1b Spi-1 proto-oncogene b 31.29 7.180 2.01E-65

lmo2 LIM domain only 2 (rhombotin-like 1) 1438.30 7.053 1.65E-191

epb41b erythrocyte membrane protein band 4.1b 75.65 6.336 3.54E-171

alas2 aminolevulinate, delta-, synthase 2 352.61 6.013 1.26E-98

sptb spectrin, beta, erythrocytic 122.65 5.915 8.82E-174

slc25a37 solute carrier family 25 (mitochondrial iron transporter), member 37 109.27 5.833 4.14E-102

slc4a1a solute carrier family 4 (anion exchanger), member 1a (Diego blood group) 234.69 5.793 4.25E-11

fech ferrochelatase 122.42 5.151 2.34E-79

tspo translocator protein 112.80 2.390 1.76E-24

slc25a38bsolute carrier family 25, member 38b 8.38 1.768 1.92E-11

tmod2 tropomodulin 2 25.59 1.698 7.63E-11

maea macrophage erythroblast attacher 29.23 1.609 1.80E-11

pdcd2 programmed cell death 2 34.32 1.590 7.10E-08

rasa3 RAS p21 protein activator 3 11.62 1.585 8.75E-09

gata2a GATA binding protein 2a 14.70 1.469 1.37E-07

snx3 sorting nexin 3 37.67 1.272 1.15E-05

melk maternal embryonic leucine zipper kinase 15.42 1.115 1.09E-04

vhl von Hippel-Lindau tumor suppressor 8.96 0.867 1.97E-02

jak2b Janus kinase 2b 8.74 0.855 1.69E-03

tert telomerase reverse transcriptase 10.27 0.765 2.68E-03

cdc73 cell division cycle 73, Paf1/RNA polymerase II complex component, homolog (S. cerevisiae) 45.92 0.748 6.93E-04

atpif1b ATPase inhibitory factor 1b 123.56 0.493 2.98E-02

Table of factors involved in erythroid differentiation, identified through biological gene ontolo-

gy analysis of genes enriched in the 20ss posterior scl + population upon comparison to expres-

sion in the 20ss posterior scl - population. Factors are in order of fold enrichment.
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Table 4-24 Genes annotated with the GO term blood vessel morphogenesis enriched 

in the 20ss posterior scl expressing population. 

 

Gene Name Descript ion
Mean 

FPKM

log2 

FoldChange
p-value

fli1b Fli-1 proto-oncogene, ETS transcription factor b 69.70 7.071 1.75E-131

lmo2 LIM domain only 2 (rhombotin-like 1) 1438.30 7.053 1.65E-191

ecscr endothelial cell surface expressed chemotaxis and apoptosis regulator 15.21 6.994 1.94E-71

sox7 SRY (sex determining region Y)-box 7 309.74 6.937 8.54E-165

etv2 ets variant 2 598.63 6.528 2.98E-156

cdh5 cadherin 5 37.40 6.461 1.45E-158

kdr kinase insert domain receptor (a type III r eceptor tyrosine kinase) 9.93 6.162 1.17E-08

fli1a Fli-1 proto-oncogene, ETS transcription factor a 281.84 5.937 4.61E-118

erg v-ets avian erythroblastosis virus E26 oncogene homolog 16.02 5.715 4.42E-45

flt1 fms-related tyrosine kinase 1 (vascular endothelial growth factorr receptor) 3.15 5.137 1.30E-24

si:ch73-334d15.2si:ch73-334d15.2 5.85 5.047 8.03E-15

arhgef9b Cdc42 guanine nucleotide exchange factor (GEF) 9b 12.24 5.042 4.37E-63

sox18 SRY (sex determining region Y)-box 18 34.92 5.014 2.58E-49

hspa12b heat shock protein 12B 10.28 4.495 3.58E-39

dab2 Dab, mitogen-responsive phosphoprotein, homolog 2 (Drosophila) 29.52 4.435 3.64E-43

hapln1b hyaluronan and proteoglycan link protein 1b 12.24 4.112 1.93E-35

snx5 sorting nexin 5 178.64 3.327 1.10E-37

plekhg5a pleckstrin homology domain containing, family G (with RhoGef  domain) member 5a 9.11 3.316 3.71E-32

mcamb melanoma cell adhesion molecule b 45.53 3.293 1.08E-33

nrp1b neuropilin 1b 17.47 2.845 7.96E-21

ramp2 receptor (G protein-coupled) activity modifying protein 2 43.39 2.794 3.88E-28

dll4 delta-like 4 (Drosophila) 23.21 2.350 4.90E-14

mb myoglobin 5.85 2.039 3.68E-06

msna moesin a 219.33 2.015 1.05E-21

fmnl3 formin-like 3 16.99 2.008 5.69E-19

itga5 integrin, alpha 5 (fibronectin receptor, alpha polypeptide) 41.05 1.996 1.70E-17

e2f8 E2F transcription factor 8 14.54 1.991 1.57E-15

hey2 hes-related family bHLH transcription factor with YRPW motif  2 69.28 1.915 3.61E-17

rab5c RAB5C, member RAS oncogene family 67.77 1.631 3.53E-10

arhgef7b Rho guanine nucleotide exchange factor (GEF) 7b 26.06 1.604 1.54E-12

gdf6a growth differentiation factor 6a 30.98 1.599 2.84E-10

lpar2a lysophosphatidic acid receptor 2a 24.64 1.482 1.85E-07

gata2a GATA binding protein 2a 14.70 1.469 1.37E-07

wdr43 WD repeat domain 43 236.01 1.439 1.42E-09

sat1b spermidine/spermine N1-acetyltransferase 1b 8.17 1.290 5.89E-04

sars seryl-tRNA synthetase 74.81 1.073 3.35E-06

sh3gl3b SH3-domain GRB2-like 3b 7.37 1.066 7.57E-04

smad5 SMAD family member 5 75.49 1.059 6.99E-06

cdc42 cell division cycle 42 121.62 1.056 1.66E-06

aggf1 angiogenic factor with G patch and FHA domains 1 16.42 0.994 5.68E-05

colec12 collectin sub-family member 12 27.58 0.977 6.57E-05

rab11a RAB11a, member RAS oncogene family 43.01 0.972 9.84E-06

vegfc vascular endothelial growth factor c 5.60 0.945 4.79E-03

ell elongation factor RNA polymerase II 12.81 0.914 1.34E-04

gna13b guanine nucleotide binding protein (G protein), alpha 13b 14.30 0.904 3.60E-03

e2f7 E2F transcription factor 7 10.46 0.887 7.79E-03

ppp4ca protein phosphatase 4, catalytic subunit a 16.43 0.823 1.45E-03

ppp1cab protein phosphatase 1, catalytic subunit, alpha isozyme b 114.90 0.794 1.80E-04

eif3i eukaryotic translation initiation factor 3, subunit I 195.08 0.754 2.93E-04

gng2 guanine nucleotide binding protein (G protein), gamma 2 45.63 0.723 3.43E-03

rtn4a reticulon 4a 106.69 0.713 3.67E-03

stk25b serine/t hreonine kinase 25b 28.84 0.701 2.20E-02

lama4 laminin, alpha 4 10.88 0.684 4.25E-03

shc1 SHC (Src homology 2 domain containing) transforming protein 1 15.63 0.678 6.51E-03

pik3c2a phosphatidylinositol-4-phosphate 3-kinase, catalytic subunit type 2 alpha 3.92 0.657 2.25E-02

kif11 kinesin family member 11 42.60 0.567 1.14E-02

cds2 CDP-diacylglycerol synthase (phosphatidate cytidylyltransferase) 2 26.99 0.561 1.57E-02

gnb2l1 guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1 1824.71 0.481 1.79E-02

Table of factors involved in blood vessel morphogenesis, identified through biological 

gene ontology analysis of genes enriched in the 20ss posterior scl + population upon 

comparison to expression in the 20ss posterior scl - population. Factors are in order of  

fold enrichment.
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sars is a tRNA synthetase that has been investigated for its role in angiogenic 

sprouting362 following the identification of multiple mutants that showed defective 

blood vessel organisation and related to the sars gene. 

Most of the commonly expressed factors show a decrease in expression as this 

population develops from the 10 to 20ss.  This decrease in expression of early 

expressed factors and increase in genes associated with vessel sprouting and tissue 

infiltration could suggest that by 20ss the posterior scl+ population has formed the 

endothelial cells of the main vessels and the remaining vascular function relates to 

capillary sprouting and addition to existing vessels. 

Molecular function of 20ss posterior enriched genes over negative 

controls 

As in the 10ss posterior scl+ population oxygen transport was the top over-

represented molecular function following analysis using the PANTHER database. 

Also similarly to the 10ss posterior, histone methyl-transferase activity was also a 

highly over-represented molecular GO term for the enriched genes of the 10ss 

posterior scl+ population. However at the 10ss this term was specifically histone 

lysine methylation, at the 20ss both lysine and arginine histone methylases were 

featured in this over-represented group.  Table 4-25 details the significantly enriched 

genes that are annotated as histone methyltransferases of the posterior at the 20ss. 

The histone arginine methyltransferases enriched in the 20ss posterior scl+ cells, 

include transcriptionally activating orthologues of prmt1 and carm1 and 

transcriptionally repressive prmt5 and 7.  The enriched expression of this histone 

modifying enzymes within the developing erythroid compartment suggests that, in 

comparison to surrounding tissues, epigenetic regulation of transcription is more 

prominent in posterior scl expressing populations. 
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Table 4-25 Histone methyl transferase genes enriched in the 20ss posterior scl 

expressing population. 

 

Protein class analysis of 20ss posterior enriched genes over negative 

controls 

Transcription factors represented 7.5% of enriched genes in the 20ss posterior scl+ 

cells as annotated by the PANTHER database and 2.9% of genes were labelled as 

signalling molecules.  Highly over-represented biological GO term for the 

transcription factor list included primitive haematopoiesis, myeloid cell 

differentiation and blood vessel morphogenesis.  Surprisingly no erythroid related 

terms were indicated as being significantly over-represented.  GO analysis of the 

total enriched genes clearly shows that this population has a strongly erythroid 

profile.  However genes annotated with a primitive haematopoiesis biological term 

include key erythroid factors (gata1, gata2 and gfi1a). This absence of erythroid terms 

is also observed in the 10ss posterior enriched transcription factor analyses. The lack 

of erythroid GO classes for enriched transcription factors in both of these strongly 

Gene 

Name
Descript ion

Mean 

FPKM

log2 

FoldChange
p-value

suv39h1b suppressor of variegation 3-9 homolog 1b 48.38 2.422 4.71E-25

men1 multiple endocrine neoplasia I 57.21 2.055 1.27E-17

setdb1a SET domain, bifurcated 1a 41.09 2.047 3.44E-17

suv420h2 suppressor of variegation 4-20 homolog 2 (Drosophila) 16.76 1.683 3.07E-11

prmt7 protein arginine methyltransferase 7 61.29 1.675 2.34E-08

prmt3 protein arginine methyltransferase 3 44.80 1.548 1.69E-10

prdm9 PR domain containing 9 13.38 1.451 1.57E-08

setd2 SET domain containing 2 8.73 1.045 6.40E-05

prmt1 protein arginine methyltransferase 1 798.73 1.009 1.10E-06

dnmt1 DNA (cytosine-5-)-methyltransferase 1 31.23 0.911 1.26E-04

carm1 coactivator-associated arginine methyltransferase 1 112.53 0.909 3.11E-04

nsd1a nuclear receptor binding SET domain protein 1a 14.72 0.902 1.67E-04

kmt2ca lysine (K)-specific methyltransferase 2Ca 3.33 0.900 7.92E-04

prmt5 protein arginine methyltransferase 5 73.19 0.899 3.10E-04

suv420h1 suppressor of variegation 4-20 homolog 1 (Drosophila) 25.97 0.856 1.22E-03

kmt2d lysine (K)-specific methyltransferase 2D 4.69 0.838 2.95E-03

kmt2ba lysine (K)-specific methyltransferase 2Ba 5.58 0.815 5.45E-03

dot1l DOT1-like histone H3K79 methyltransferase 5.80 0.803 5.17E-03

kmt2cb lysine (K)-specific methyltransferase 2Cb 6.34 0.692 1.60E-02

whsc1 Wolf-Hirschhorn syndrome candidate 1 21.47 0.592 1.31E-02

ash2l ash2 (absent, small, or homeotic)-like (Drosophila) 56.22 0.542 2.08E-02

Table of histone methyl-transferase genes enriched in the 20ss posterior scl + population upon 

comparison to expression in the 20ss posterior scl - population. Factors are in order of fold 

enrichment.
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erythroid cell types suggested that this is an artefact of annotation rather than a 

biological feature.  

Top enriched gene in the 20ss posterior, compared to negative 

controls 

All but one of the top 50 enriched genes can be used to calculate rational enrichment 

values, as they had mapped transcripts in the scl - sample, and are listed in table 4-26.  

19 of these top enriched genes have been previously shown to contribute to 

haematopoietic or vascular development, 10 genes have published expression within 

the developing circulatory system of zebrafish or seen to be involved in 

haemangiogenic processes in other models. 18 factors highly enriched in the 20ss scl+ 

posterior population were identified as novel.  

20ss posterior depleted genes compared to negative controls 

163 biological terms were determined by analysis using the PANTHER database 

annotations to be significantly depleted in the scl+ cells of the 20ss posterior 

compared to their scl - neighbours. Genes for neuron migration were highly over-

represented in the depleted gene list.  Interestingly blood vessel development also 

appeared as a biological GO term that was over-represented in the depleted genes of 

the 20ss posterior scl+ population. Wnt and Notch signalling pathways were also 

featured in these GO terms reduced in scl+ cells. These signalling cascades are crucial 

for earlier stages of haematopoietic development 241,356,363,364, though depletion of their 

factors in 20ss posterior scl+ cells could suggest that these signalling pathways are no 

longer required as erythroid development proceeds.  Muscle, kidney, somite, brain 

and eye development biological GO terms were also observed to be depleted in the 

scl+ cells of the 20ss posterior.  
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Table 4-26 Top enriched genes in the 20ss posterior scl expressing population  


