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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 andwaspudgenitors.
Sclproteinis required for the development of all blood lineages in zebrafish, while in mice
Scl knockout results in prenatal fataldies to complete absence of early haematopoiesis.
The highly dynamic nature and small cell numhaninoitive haematopoietic progenitors

have to date hindered in deptlvivetudies of this developmentally crucial population.

Using genomwide profiling ofsctexpressing progenitors in zebrafistaveshown that

early primitive haematopoietic prograsnat the anterior and posterior of the embryos, are
distinct at the level dfoth transcriptional and chromatin landscapdsave identified
characteristic anterior and posterior transcriptional signatures and associatedigutative
regulatory modulesprrelating with divergent biological functions in these populations.

In particular,| have characterige the cellular heterogeneity, identifying spatially and
transcriptionally distinct sgplopulations within the anterimntexpressing ceils vivd have
identified regulatory programmes underlying development of anterior vascular and
haematopoietic progenitoasd identifiedh cellsubpopulation cexpressing key regulators

of both lineages, possibly accounting for the developmental plasticityheviiigtem.

Here, clexpressindiaematopoietic progenitpopulationswere profiledat unparalleled
temporal and spatial resolutiobtainingfull genomewide description of early vertebrate
primitive haematopoiesisvivoThis workprovidescomprehensive framewdid analysis

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

elements involved in thisogess.
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1. Introduction

1.1. Thehaematopoietic angscular system in vertebrates

1.1.1. Embryonic origins of the circulatory system.

The drculatory systens the firstsystemto arise andunction in the developing
vertebrge embryo, with high conservati@trossvertebate taxa  Circulation
permits efficienexchangef nutriens and waste products while also providing

rapid communication system between distant tsswes| asnmunedefences.

Historically, he avianmodels weraised in the investigation of early vertebra
developmentChickembryos are relatively large, readily available and could easily be
manipulated during earlyevelopmentof key tissues such as the blood and
vasculatureThus many of the key findingencerningzascular and haematopoietic
development were originally made in the chick or quail.

In gastrulationthe three germ layers: ectoderm, mesoderm and endoderm are first
formed inthe earlyembryg as shown in figurell During the earliest stages of
mesoderm formation, this germ layer consists of highly migratory fithitablast
celld? The extraambryonic yolk sac isrfieed from mesodermal cells that rapidly
migrate out from the midline, between the ectoderm and endoderm céfl layers
The extreembryonic coelom advances and laterally splits the mesodermal
population, forming the splanchnopleuric and somatmplengsoderm. 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 durirajevertebr
development are the blood island$roximity 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 formationby Wolpert and Tickle, 2010
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bouirs tHreyolk antlitkeectotiem thatis expasddo the exitaembryonic ewvironment. This

schemalichoving a dranserseseciionof the gastulading-aianembryo wasdeiidifity phibliside
in fiPrinGipffet of dexeldpipelp’Ehy Wolpdit et A¢.

These clusters of haemangitg cellgcells capable of forming haematopoietic and

vascular cellgjevelop from the splanchnopleuric mesoderm suggesting repressive
signalling arises from the ectoderhnile positive vasculogenic sigaalanatérom

the endoden. As a result of thesgradients 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, whildhé mesodermatlts on tle periphery of the blood islarfdem

the angioblast populatiofendothelial precursots) Hence he close spatial
proximity of these two cell types led to the proposition of the existence of a
common blood and vascular progenhitbinecells at thisite of the potersl origins

of theblood and vasculineagesvas callethe haemangioblashough at this stage
Murray was unable to conclude whether this referred to a mixed populatien or a bi
potent progenitor populatibh Grafting studies in the mouse embryo suggested

that vascular and haematopoietic lineages arise imagjyen€lonal analysis of
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differentiated mouse embryonic stem cells identifi@dtacblony forming cell (BL

CFC), a single cell that could be differentiateditroto give rise to either
haematopoietior endothelial lineagés However this study represented a forced
differentiation rather than observation ofaturally occurring event, thus may not
even occuin vivand 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 representlien me@sodermal progenitor
rather than a more restricteegpbiential haemangioblash the primitive streak of

the mouse embryo, rare-BIEC like cells were identified, however their isolation
and subsequent culture only gave rise to haematop@atie'sitt

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 vivoor whether two distinct populations exist spatially
intermirgled®'®. In an attempt to resolve ishtransgenic 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'lin&dges
authors discusdthese results as counteracting the idea of the haemangioblast, with
mixed clones originating from a-gesstrulation precursor or a late stage endothelial

to haematopoietic transition.

Supporting thexaéstence oh haemangioblaist vertebrates 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 amdcular numbers, however this is often
accompanied by expansion of other fates and does not mimic endogenous

development®. This has been further supported by fluorescent labelling of single
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cells and cell tracing studies withinz#erafish, which identified cells capable of

contributing to both haematopoietic and vascular, but not other mesoderthal fates

Figure 1-2- Schematic of vertebratevasculogenesis modified from Risau and
Flamme, 199%.
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The embryonic origins of the haematopoietic system and whether this involves
transition through haemangioblastill remainsunclea®. Knowledge of these key
developmental processes is essential for infproellular reprogramming and

regenerative clinical approache3he main obstacle to tackling this question has
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been our inability to study these progenitorsivogiven theirrelatively small
numbers within the embryos, combined withfailereto fully recapitulate the
developmenin 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 aorta(as detailed in figure2). As with the haematopoietic lineage,
theorigins of angioblasts in the embryo proper &laeeben controversialDue to

the inherently dynamic and motile nature of mesodermal cells, tracimggrbef
mesodermal populations can be challenging, at the earliest stages of development.
The intra and extraambryonic vessels connect shortly after the formation of the
second somite and cephalic mesodermal angioblasts stream intovihe riectis

begin formation of the cranial vasculature.

Two distinct yet interconnected biological processes form blood. vessally
vasculogenesis occhysaggregation of angioblasesulting in theenovdéormation

of a vessel at the location of theregat®. Angiogenesisccurs sbsequently to
vasculogessisandthis processonsists of sprouting or splitting off exiting vessels

in response to signals from neighbouring t&sues

. Primitive andefinitive haematopoiesis

In all vertebratehraematopoietic development occurs in two key waedtive

and definitive. Primitive haematopesis provides an initial cietory gstem for
embryonic development. This supersededby the definitive wav of
haematopoiesisvhich produces self renewing haematopoietic stem cells (HSC)
capable of developing into all matmaematopoieticell type¥ In vertebrées
primitive and definitive haematopoi¢si®es place in different embryonic location

Although these locations vabgtween differenwvertebrée species molecular
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sigratures and many of theegultory pathways involved in haematopoietic

development are highly conserved across the vertekaate

. Moleculamplayers involved imematopoietiand vasculatevelopment

A keysignalling pathway regulating the formation of vasculatmredisted by
Vascular Endothelial Growth Factor (VEGF) receptors and ligamdsex@ression

of VEGF ligand alone in the avian embryeads to ectopic vasculogergsis
VEGFR2 (VEGF receptor 2jvas identified as one of the first molecular markers
expressed irangioblasts in both mice and quwith its expression becoming
restricted to endothelial cells as development pro¢ff@sbagure 13 detailsthe
evolution of the VEGHR family in vertebrates used by Bussman et al to clarify the
roles of these proteins in zebrdfish

Complete disruption afegdr vegiVEGF receptorspenesn mice is lethal early in
development due to the crucial role of these factors in vasculogenesis and later in
angiogenesis® VEGF signalling has been shown to act upstream of Notch
signalling and downstream of Sonic hedgehog activity in arterial lineage®signalling
VEGEF signalling also increases masgpermeability Engermaret alshowed that
under normal conditions endothelial cells rarely undergo proliferaterit tissue,
however during development endotheliad iidly proliferate in correlation with

the expression of VEGF and VEGFRS

ETS family of proteinglay crucial yet overlapping roles in blo@$sel
development and myeloid lineage formAtityh This transcription factor family
bind to the sequence (C/A)GGA(A/Tefriewed by Sharrocksat?) andincludes

etv2, ergnd flil genes Knockdown of etsfamily genesresults in defects
myelopoiesisyasculogenesis and angiogenesiggesting these molecules are

involved in all three developmental proced§es For instanceetv2knockdown
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causesdramatic reduction ircell numbers of macrophages, neutrophils and
heterophillic granulocyteésas development progressesthose mutantsETV2
proteinplays a critical role in the formation of vasculature as knochkidosauses
complete loss of circulatf@rMoreoveretvandfoxcladoubleknockdownresults in
loss of thanajority of developing vasculattire

Figure 1-3- Vertebrate VEGFR classes, adapted from Bussmarat a/ 20077
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VEGFR verterbrate families, based on rooted neighbour-joining tree in
Bussman et al **. Highlighted is the zebrafish kdtl gene, used in chapter 7 for

in vivo imaging,

Some of the earliest markers that have been used to probe angioblast development
are ell adhesiorfactors such as VEadherin CDH5), platelet endothelial cell
adhesion molecullPECAM1) and cluster of differentiation in a cell surface
glycoproteincd34®*., Cdh5 has beeshown to play a crucial role in mediating

VEGF signalling required for sprouting angiogéf@siad for controlling blood
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vessel permeabifityMorpholino knockdowim zebrafish identified an angiogenic
independent role focdh5in cardiac developmernts depletion resed in low
cardiac output due to poor endocardial cell adfesion

Rbtn2,a factor identified through its contribanito T-cell Acute Lymphoblastic
Leukaemial-ALL, also known as Lm®2 plays cruciatoles in vascular and
haematopoietic development. Lmo2 is a-tuhly domain proteirthat cannot
directly bind DNA**® and reqires association with other proteins, su@teas cell
like protein,Scl(also known as-Gell Acute Lymphocyticeukaemid, Tall) to
stabilize & association to DNA Similar toscl Imo2is expressed ideveloping

blood and vasculature cells of vertebral emtfjos

The Scl/Tall protein.

1.2.1.

Discovery of a kdgukemidactor.

CL (Stem Cell eukemiayvas first discovered agenenvolved in a chromosomal
translocation associated with the occurrehites stemceltlike acutdymphoblastic
leukemia (ALL) presenting botha myeloid and lymphoid differentiation
phenotyp&®. Leukemic cellrom a 16year old patienshowed an early-Gell
phenotype, dafed asbeing CD2/ CD7" and CD3/ CD4/CD8. Whentypical
chemotherapeutic treatmerfailed to be effective in this patieatlenosine
deami nase i n h-debxycoformysinyeres adnitistereds as 2hasre
previously shown tiveatleukemiagrowthby blocking nucleotide syntheddring

t he first déexyagfsoronfy cP b t rleukemimeelis t
dramatically changed morphol@rgyn early flymphoidlike todisplayig myeloid
morphological featuresit the same timaheexpression of CD7, marker eérly
T-lymphocyteswas lost, resultinig leukemiccells displaying classical stéke

feature®.
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Kurtzbergetals howed that a similar o0stem celll
in vitrawv it -Heoxgrcdformycin treatntsof primary patient leukemic calésulting

in cells differentiating down a range of linéageBuring this conversion, the
genomes of the leukemic cells were monitored and showed a chromosomal
translocation occurring between chromosome-3p3hd thelCR /U locus on
chromosome 14911

The SCLgere has hence been identified and mappddineanchromosome by

analysig this translocatiomand through independent efforts séveral groupfs’
Aberrantrecombinase activity was suggested to be responsible for this chromosomal
rearrangemenas squences found in proximity to the hurB&i gene show high
similarity to specific DNA sequences flankingT®R i/ U locus*®’ It hasthus

been suggested thaese motifs are used by recombination enzymes to correctly
identify and aange segments of DNA for functional TCR gene assembly. These
putative recombinase signal sequences occur multiple times through tif&Chuman
locusbut are not conserved in mfftd The rearrangement of the TCR locus occurs

at a stage afevelopment wheBCL.is highly expressed in haematopoietic ttreis

the SCLlocus is likely to be contained in hypomethylated chrématin Thnés 0 o p €
chromatin state results in exposed DNA and thereforebm@grmssive to
erroneous recombinase activity at thislsitlis initial FALL case, the inta8CL

coding regionwas relocated into the TCR locus, resulting inappropriate
expression of thSCL protein under the control of TCR regulatory eleniénts
Consequentligigh SCL expression is observed in leukeméells and undetectable

in normal Fcell§*"#,

A second mechanism €L erroneousegulation was identified in leukemic cells of
other TFcell leukemipatient®. Deletion of a ~90ak region of chromosome 1,

placed theSCL coding region under the regulatory elements of a ubiquitously
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expressed gene nan@d (SCL InterruptingLocus}®’’ Further analysis shedv
that this deletion event frequently occurs-@elTleukemia patients and is strongly
correlated with delen of at least one of tHECRU genes. This strong correlation
is indicative of eole for £L in the process aj locus deletion or commitment to

the TCRu/ Afatg®’®

1.2.2. Scl in different biological contexts

Following the identification oC&0 s r oeALlg expernimefE were carried out to
determine the biological functiamd mechanisrof action for this genender

normal, noroncogenic conditions.

Combined with its keyole in leukema, the expression ofcli n oearl yo
haematopoietic tissues suggested Bhatnfay act as a key regulator of early
haematopoietic fate decisféis”? Moreover,dvels ofScImRNA were observed to
significantly increase when murine erythroleukemia (MEL) cells were induced to
differentiatein vitr®, suggesting secondrole in eythroid developmenrfor this
potential transcription factor.

GATA proteins are transcription factors that bind the DNA sequence
(A/IT)GATA(A/G). GATAL was identified in zebrafish following study blbadless
mutation. In this mutation line HSC, myeloid and lymphoid lineages were unaffected
yet circulating erythobicells were Id$2 In mice GATAL has been shown to be
required in the differentiation of erythroid progenitor cells beyond the
proerythroblast stajeThe promoter oSCLwas shown to harbour GATA binding

sites, that could be bound by a key erythroid factor, GATA1

Further supporting an early haematopoieti¢ sorexpression d8CL in K562

cells mduced spontaneous erythroid differenti&tf®rExpression of a dominant

negative form o8CL in MEL blocked erytloid maturatioff. SCL has beeshown

19



to act bothduring erythroid specification and maturatiaibeitthrough distinct
mechanismandwith different requirements 8CL expression levéls

Two groups independentgneratedsc! null mice,and showed thegie of sever
anaemia by Ei%’ with embryos displaying phenotype similar to deficiémcies
GATA1%% or Lmo2* gene products A deficiency in myelopoiesis was also
described through investigating the haematopoietic potentigtiofcells upon
injection into mice blastocysts. Despite these cells contributing to a range of cell
types,Scinull cells were unalbiie contribute to haematopoietic lineages, indicating
that Scl may act at the level of a mgstthroid progenitét Supporting this earlier
developmental roleGatd and Spil transcripts were absent frofal 7= cell$.
Further differentiatiomssays using mutéasii”- cellsin vitroand in chimerienice
identified a crucial role for Swboteinin the development of all haematopoietic
lineagesncluding lymphoid linead®8 During early thymocyte developmest|
normally becomes silenced +n€ell$?

In addition to expression within haematopoietic tiSaegas als@xpressead the
develomg vasculature, including in the embryonic yolk sac, haaliesn Sct

null miceindicated tha¢ndothelial development was not abiatedTo investigate
Sclfunctions beyond haematopoietic developmentStheouse knockout was
rescued specifically in haematopoietic cells by expresSaumdér the regulatory
region ofgata®™. I n o0rescueddéd6 embryos anmd analy
'~ embryonic stem cells, endothelial cells were shown to be correctly,specified
angiogenic remodelling was severely disruptetiancklls cald not contribute to
major vessefs However upon rescu@nder the control o& Scl3 @nhancer that
directed expression 8tlopen reading frame (OR#) HSCs and endothelitfin
both haematapietic and angiogenic defects wesolvelr. Studies in avian

systems confirm thatt cells, which ariskom the splanchnopleuric mesoderm,
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acquireendothelial markers and functimnangiogene$is Morpholino mediated
knockdown in zebrafishlsa determinedhat <l played a crucial role in the
formation of the dorsal aorta and major trunk vé&sse®onserved regulatory
functions forxlin both haematopoietic and vascular fates indicatedl thightact

in the controveral common precursothe haemangioblasthe existence of a
common progenitor is also supported by the evidencethf@riocheebrafish
mutantlineg whichdisplays deficih both haematopoietic and vascular lineaggs

is characterised bycamplete dss of the endocardidin In clochmutants,scl
expression is almost completely lost, however ectopic expression of scl can partially
rescue the haematopoietic and vascular defects, indicasoliegbatownstream of
clocfe

Timelapse microscopy determined thathie zebrafishembryo,the @&ls of the
developing endocardium expressnd originate from thenterior lateral mesoderm
(ALM)*"1° Thesecellsareinitiallypart ofanterior celpopulationproposed tajive

rise toearly myeloid progenitotsjt then rapidly migrate into the developing heart
field. Inscimutant®, where bHLH domaiof the Sl proteinhas beewlisrupted
these endocardial precursors form but fail to migrate into the heart field, leading to
major cardiac defetts

Sl is also required to repress the cardiomyogenic programten Upon Sl
knockdownendothelial cells of the yolk sawve beeshownto ectopicallyexpress
cardiac markers and spontaneoimsiy beating cardiomyocytésllowing in vitro
culturé®

In several key vertebrate modeldhias been shown to legpressed within neural
tisse’>731%3% displayindpighly conserved patterancompassinigalamus midbrain
and hindbrait?**°! Hindbrai spinal cord expressiois driven by regulatory

modulesdistnct to those controllingnidbrainscl expressionin mouse, zebrafish

1-11



1.2.3.

and chicken modéls Theregulatoryegion thatontrolled SCL expressioin the
midbrain contained two binding sites for GATA transcription f&¢tokutation
of these binding sites erythroidcell lineshas previouslyindicated thaGATAl
binding was required for full activifythe SCL promotet®®'? AlthoughGATAL1 is
not expressenh the midbrainGATA2 andGATA3 are andheir pattern®verlap
with SCLin neural cell®*!! Disruption oftheseGATA bindingsites completely
ablated neurdCL expressioras welf’ indicating that despite differegllular
contexts similar regulatory kernels may funemmhbe raisedto directdistinct
developmeratl processes

Bone homeostasis is the balance of bone formation and reabsorpizednisd
odeoblasts and osteoclastspectivelyOsteoclast development from HSCs has
been shown to be und&CL regulationand similar factors tthose controlling
myelopoiesisre also involved™ In vitro SCL null embryonic stem cellal fto
develop into osteoclasts

It is possil@ that similar regulatory interactiagroundscl in each of these
biological contexts, with tissspgecific factors tuning Sokdiated activitipwards

tissuespecific targets.

Sclbinding partners and complex formation

Whenthe SCL genewas identifiedthe resulting predicted protein showed high
homology to previously described basic-tuglpchelix proteins, such as 1lylMyc
and MyoD* Murreetal showed thain addition tgpermitting direct DNAbinding

of these related proteirtbe heliloop-helix domainmay also contribute to the
formation of protein complexXé&sThe high homologyf SCL proteinwith factors
known to be involved in key developmental fate decisions, sutigagsSet also

played a crucial developmental r@ed prompted further investigatioespite
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84% conervation in sequence at the bHLH domain and overlapping expiression
vivpLykl was unable to rescs®knockout™.

As with other bHLH family members, Scl wiaswnto form heterodimers with
members of another family of bHLH proteiggyroteins including E2A, E47 and
E1211%118 E-proteins which are ubiquitously expresssdpciate with Sahd extend

its downstream target pool by permitting it, when in such complexes|, to &

box DNA motifs (CAGATGY'**® Direct DNA interactionsin this caseare
formed by the &isic domain on both Scl and its associaf@dteirt'®. The crystal
dructure of Scl:E47 interaction domains indicdiat the formation ofsuch
heterodimers would be thermodynamically more favourable that the formation of Scl
or E47 homodimet¥.

Scl and LmoZ2irectly interadn vivoandwere found associatén T-ALL cell lines

and erythroid cellsLmo2knockout mice die at E10.5 due to severe anaemia arising
from a block in erythroid maturati§nndicating that, along with Scl, this protein is
essential for proper erythroid developm®&®06 of childhood-ALL patientswith
ectopic expression of eitt®glor Lmo2 show ceoverexpression of botiene¥* 22
suggesting a possible-aperative role. These two transcription factors act
synergistically to strongly promote tumourigenesis in transgenic mice, causing drastic
and early onsef T-cell leukemia that is significantly more severe thamoi&only
control$® Lmo2 has been shown to contribute to angiogenesis, but not
vasculogenesi&ctopicscexpressioin zebrafish embryassulted in expansion of
Imo2expression throught the mesoderth This expansion of endogendom?2
expressiomas masured byn sittanalysids greatly increased uponimection ofscl

and Imo2 mRNAs, and is alsoaccompaniedby increasedexpression of
haemangiogenic factors along the full length of the anterior/ posteri@espge

overexpression dfmoZandscl erythrpoiesis was only expanded to the pronephric
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mesoderm, in a fashion that overlappedgethExpressiofi Structural studies of

the Scl potein:DNA complex revealed that upon Lmo2 binding to Scl:E47
heterodimerghe protein complex is stabilized, but hydrogen bonds with DNA are
lost, thus reducinigs association with DNA binding motffs

In Xenopu$Scloverexpression experimerdgsulted irexpasionof the cellular field

of primitive haematopoiesisvith a significantly greateeffect achieveduipon
combined overexpssion of Sl, Lmo2 and GATA1 mRNAs than with
overexpression @iy of these factors a#*. Sclthe E2A protein E47, and Lmo2
form a multproteirnDNA-binding complex in erythroid cells, along with GATAL
and Ldb¥* This conplex was termed thdScl pentamrei ¢ compl exdé and
directy associate/ith E-boxGATA consensusiotifs- a DNA sequence commonly
found in the promoters of erythroid géfe$’ In early mesdermal development
GATAL is absenthus GATAZ2 which is expressed at this titveess been proposed

to interact with Scl containing complexes and has been tshdimectly interact

with Lmo2%. This is supported by the partial rescue of hapwiatic defects in
GATAL null miceby ectopic expression@ATA2'%8

Lécuyeret al have showrthat Scl mukprotein complexes bind and enhance
expression of thekit promoterin vivid’. 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 géiféd

Point mutation analysis identified key residiiles the bHLH domairssentigbr
haematopoieticfunction of Scl protein including residues requirefbr
heterodimerization and specifically for Lmo2 assoéiatidhutation of these key
residueshasemphasid the requirement for Scl to form functional compléxes

orderto mediate transcriptional regulafibn
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Surprisinglythe direct DNA binding actty of Scl was found to be dispensable for
Scl functiorin vitraandin vivid***! Following disruption of the bHLH region of Scl
DNA binding ability was ablategetbHLH domainlackingvariants were able to
rescue erythroid specificatiorsgt ES cells Similarly such DNA binding domain
lackingSclvariant mMRNAs als@scueerythoid and vascular fates in zebraflskhe
mutant>**33which normally laclssfunction Togetherthese studies suggest that
other proteins complexed with Scl can mediate direct DNA interactions

Isolation and characterisation of -Bohtaining protein complex@s erythroid
culturesalso identified ceepressors ETO2 and Gfilb Sslinteraction partnefs
Thuscomplex formation could not only determine Scl targets bth@lsature of

regulatoryunction exerted upon a bound target.

1.2.4. Diversemolecular functionsf Sclin vivo

Evidence from different cellular systems indicateththatechanism o$cl action
varies between different cellular cont&@ttsough the formation of complexes Scl
can mediate a rangesdffiects on a variety of target loci. Scl has been shown to
recruit a variety aegulatonactivities to target gene loci and has bexgoped to
influence the activity of other transcription factors through modulating the
availability of common binding partners.

A rangeof Scltarget loci has been identified through analysienmingewide
binding profiles of Scanalysedithin a numbeof differentcellular environments

by ChIRSeq (Chromatin Immunoprecipitation followed by deep seqyehting’

For example, in primary erythroid ¢&ldmost commonly binds in proximity to
GATA motifs to promote expression of downstream targets. Yet t#AL4-T
derived celine Scl binds most frequently neanx motifs and mainly results in

target gene repressitn
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Several studies support a sequestration model, theorised to contribute to Scl
mediated leukemogenesise model proposed thatT-ALL cellswhichectopically
express bothmo2 and Sgcl pentameric complexes continue to form, eventually
depleting therée pools of other complex members such as-ghet&ins, whilat

the same timeeducing the affinity Scl shows for specific DNA binding*?8ites
(detailed in figure-4). E-protein homodimers are essential farell maturation,

thus in condions ofLmoZandScloverexpression, maturation promoting complexes
are removed and replaced with complexes more commonly associated with early
haematopoies$ts®®*3° Sequestration of-froteins by Salontaining complexes has
alsobeen reported to contribute to leukemogenesis through preventing apoptotic
signalling, which is in part mediated kyréein homodimet¥. Scl sequestration

of E-proteins has also been proposed to have important indirect afieictding

with Scl opposes -protein interaction with bHLH factors involved in the
development of other cell typs This theory is supportdy in vivastudies that
describe cardiogenic activity in wdadd haematopoietic tissues, followHg
knockdowrf2141142 Developmental regulation through sequestration of other key
factors wouldthus permit similar regulatory circuitry to be engaoin varied
biological contexts,ei duringvascular, blood and neural development. Lineage
specific repression would result from the unavailabilitypoft&ns to associate

with tissuespecific bHLH factors such as MyoD aaliroD.

O 0 N etdl lisal transgenic mice to investigateeffext of Scl interactions with the
E-proteins E47 and HEB in leukemogenddmn inducedSclexpression, mice

with reduced E4@r HEB levels showed dramatic disease acceleatipared to
wildtypes. Eprotein target genes were repressed witteptessor mSin3A
occupying enhancers that in wild tgve normallybound by Eprotein/p300

complexeandpromote expressigh
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Figure 1-4- Model of Scl protein @mplex interactions with DNA in different cellular
contexts, by El Omariet al 201320
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Scl has been observed to mediate both transcriptional activation and repression upon
binding to regulatory reg®mofa target genén the case ofkit Scl binding results

in opposing activities and is dependant on the cellular context. Transcrikiton of

was promoted by Scl activity in haematopoietic progenitor lines, yet repressed by
binding of Setontaining complexes in primary erythroid'teéfts ETO2-Gfilb-

Scl complexes identified in erythroid cells repress targetxgeessionn vitro
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However, a erythroid maturation progresdbese complexes dissociate, relieving
repression of terminal erythroid maturation genes while simultaneously releasing Scl
from repressivprotein compleas, allowing it to associate tifedent partners and

form activating complexés

SCLcomplexes can associate withbiloadlyexpressed transcriptionataivator

p300 inhumanMEL cell$*> p300 and CREBinding protein (CBP) are closely
related protesithatassociate with transcription factiorsncrease the transcription

of their downstream target<BP and p30act by recruitng basidranscriptional
machiner”**° relaxingchromatin structure at the target loci through thiginsic

histone acetyltransferase activity bgrrecruiment of histone modifie*® to
transcription factor complexe§his p30BCL complexwas shown t@ssociate

with E-box motifs and promote expression of proximal genes during stimulated
erythroid differentiatidff. Converselyn the same cell lif®CL proteinassociates

with transcriptional emepressor, mSin3A, whideads to the recruitment of
HDAC1 to SCLtargets: HDACI1 catalyses the removalagktyl groups from
histone tails, which promotes chromatin condensation and diminishes transcription
locally®2 In MEL cells thisSCl-mediated recruitment of HDAC activity caused
transcriptional repression, which was retudaring stimulated erythroid
maturatiorr?,

SCLcandirectlyinteract with LSD1, histone3 lysine4 demethylase that catalyses
promoterand enhancdrypomethylation and represses transcripfiolownstream

targes. The direct nature of this interactiodicateghat SCLcan direct regulatory
activity to target SGQeones c'&R@nediat@db s en c ¢
recruitment of LSD1 blocks erythroid differentiation through repressing expression

of SCLtarget genes required fomaral differentiatiof’
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The scale of this opposifgL moleculatactivity was demonstrated iwALL cell
culture. Upon knockdown &CL, an array of direGCLtargets were observed to
show either an increase or decregasxpression, which culminated in the loss of

leukemogenicitsf.

1.2.5. Regulation of Selctivity

Transcriptional Regulation

Thecomparisorof genomic context within tf8zlocusacros$ different vertelate
speciedhas allowed identhtionof putative Salegulatory elemenésnon-coding

highly conserveregion¥®. In all five species the downstreamules 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 locusvere also likely to be consetv&d®**5%¢ Multiple sequence
alignments identified areas of highly conserved sequence outside of the coding
regions, i ncl udi ng -codmg exdm @and BpstkédidReentst h e  f |
(figure 15). The analysis of putative regulatory elements identfieglongrange
comparative sequence analysis and phylogeneficifitioy binding sitesnotifs

for GATA, SKN1 and YY1 transcription factosgthin these highly conserved
regions>> Subgroups of -ALL patients have been identified that display
overexpression of specific haematopoietic genes, suailasybnkx31, ergand

ets] suggesting regulatory interactions between these™fattorsSandaet al

confirmed Scl binding in proximity to these dg&heSequences forliox, GATA,

Runx and ETS binding sites weverrepresenteth proximity to the identified Scl

binding sité$’. An autoregulatory loop involving Scl, GATA3 and Rwas
identified with binding and occupancy

regulatory regiot8'?% Conservation of key regulatory elements at the Scl locus
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through five vertebtas, suggests simitagulatory circuitry may surrosclacross

vertebrate taxa.

Figure 1-5- Synteny of the Scl locus across five vertebral species, by Gottgens/
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It has previously been shown that the Scl flanking sequences from the closely related

speciesTakitigu rubripese sufficient to recapitulaBelexpression in zebrafish

following genetic ablatiSh

An element with novel regulatory function was identified in promirity e

of

enhancers in embryonic stem cell*fihe$his motif carried actiemhancehistone

marks but failed to promote expression in transgenic mice.

This wastif

Scl

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

or constructive complex formation between the two regulatory et€ments
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In human haematopoietic cell lines, histone and transcription factor ChlP has been
used to describe the regulatory regions withinS@le locus. This identified
enhancerswhich when testedn reporter assaysuggestedboth positive and
negative influensenSCL expression levél% Combination of powerful techniques
such as theskas allowed describif®CL regulatory landscape at a previously
unprecedentedesolution andhasbegin to offer an insightto the gene regulatory
control of this essential factétowever such techniques have been limited by their
requirement for substantial input material wece feasible only in culturevitro
systems.

Transcript Degradation

The 30UTR regianncgn&ainsy segliences that upon transcription would
likely form stem loop structures, which can provide binding sites febiRdNAg
proteing®7

T-ALL has previously been reldtto disruption of normal microRNA (miRNA)
network$™>*"?and a recent study has revealed that miRbidiated silem of Scl

may occur during normal-cEll developmetlit miRNA recognition sitewere
identified i n BCLéeanriptd arkd theirfdisriptiom paravided
leukemic advantages. Qegpression of miRNAs predicted to bind to these sites
causedCL knockdown in cell culturfé A recent study has identified a number of
mMiRNAs, potentially targetigL transcript thatwer founddownregulated in T

ALL patient samples, suggesting their absence could account, at least in part, for
ectopic activation of SCL in the this subgroup-AET patients’®

Post Translational Regulation

The Scl protein has been shown to undergetpaostiational modification, in the
form of phosphorylatidff. The antiapoptotic and prproliferative protein kinase,

Akt, phosphorylates Scl at Thr90. This phosphorylation causeérawli&ict
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mediated repressia@t a target gene required for erythroid cytosketétorgl is

subject to ubiquitination at itst€minus, which tags the it for proteasome
mediateddegradation in response to Notch sign&tin@hosphorylation at serine

172is required for association between Scl and the histone modifiét. [B3lis
mediated by PKland PKA i nhibitors have been shit

with LSD1 reulting in a deepression of Scl target géties

3. The zebrafish model.

1.3.1. Zebrafishgeneratievelopment

Zebrafish Danio refias a highly desirable model for the study of haematopoietic
development in vertebrates Embryos are externally fertilizedevelop
independently of the moth@ndarethusavailable for manipulation and observation
stating from a singlecell stage. A single female zebrafish can produce several
hundred eggs a week, lending statistical significance readily to any study carried out
in thismodel The generation time for zebrafish is comparaltat@fmice, with

animéds reachingeproductivematurity within 28 months, making intergenerational
studiedeasibleEarly development occurs at a faster rateinh@her animals such

as mice, which significantly increases the feasibility of lineage tracing studies and
obsevation of developmental morphological changes in real time. Zebrafish
embryos are optically transparent pengittiorinvasive observatioand high
resolution imagingf internal developmental process@siese fish are relatively

smal] making animal ¢dity costsfor zebrafishmore economicahan for other
modelorganismsuch as mice, fregr qualil.

Invertebree models such asDrosophjlavhich have greatly contributed to our
understanding of key early developmental procéssesa complex circulatory

system and show major immune system differebeshaematopoietic and
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circulatory system of the zebrafish is complex and ineln@emptive immun
systemboth of whichshow high conservation to mammals.

Several key techniepwere developed rebrafish t@id inunderstandingf a wide
range of biological and clinical processes, including development of the circulatory
system. The high fecundity of zebrafish and relative ease of gegenainig
modificationswithin the germ ling either in a nottargeted fashion usirfgNU,
insertional mutagenesis, gene trap approaches in a targeted fashiovia
CRISPRCas9 genome engineering technglaggkes zebrafish highly tractable
genetic systerand one of the mostiseful veebrate modelsLike Drosophjla
zebrafish has bearsedextensivelyn largescaleforward genetic screemnghich
have contributed a vast body of knowledgeatiactiedpowerful insights into gene
function during embryonic developméntThe extensive dlies of mutant
zebrafishlines have provided us with key tools for investigating biochemical
pathways involved in thegulation of disruptquocesses.

Reverse genetic technigaestoday predominandynployed to generate transgenic
lines that express a gene of inteveshutant varianpften in combination with a
fluorescent reporter or in a tisspecific manneusing either classical or BAC
mediated transgenéSis Genome editing approachgmrticularly efficient in
zebrafish, not only allow targeted gene interruption viaameologousend joining
(NHEJ) repair, following RISPRCas3induced double stranded DNA breaks, but
also enableprecisemutational analysistroduction of fluorescent proteioy
targeted insertion oprotein tags using homology directed repair (HDR)
mechanism&*% Suchapproaches, yielding a large number of usahsdgenic
lines targeting, tagging or modifying genes of interest ecoddmy regulatory
elementspffer great potential for decipheringivamolecular functions, waialso

permitting observation of cellular populations as they migrate or devalop
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1.3.2.

Transienectopic expression of a gene of interest can be achieved through injection
of mMRNA encoding the gene into a singlestajledzebrafish embryo. As the
embryo develops the mRNA is taken up by the cells and translated resulting in
ubiquitous ectopic expressioiConverselyendogenous gene expression can be
specifically andtransiently knockeddown 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
represenforeign entity to the cells and are thus not recognised or degraded by
cellular protei®. Thesesingle strandeBNA oligomers bind to single stranded
RNA in the cell and catisruptgene function yeitherpreventing thénitiation of
translation{when bound within the context of Kozak/first AT@)alterthe correct
splicing ofthe premRNA transcriptin the nucleus (when targeted to important
splice acceptor/donor sites) and hdaad o the generation of nonsense tations

or frame shifts Historically this method has been widely used due to its relative
ease and reproducibilityith many morpholinos recapitulating mutant phenotypes
but also significant number yielding off targetesffand nospecific results

The zebrafish has been usedibdel many human diseases (reviewétlitinget

al, North et aland Cutleet al*®**'%) and their ability to absorb drugs from their tank
water makes thesxcellent candidates for larger scale chemical sdkemmsiber

of molecules identified through such 8igloughput screens in zebrafish are

currentlyused in the clinic to treat human conditf5t%

Zebrafish model of haemangiogenesis

As in mammalszebrafishprimitive and definitive waves of haematopo#@ss
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 san amniotesavianand mammalian modgl$he primitive wave

of haematopoiesis 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 dflastgichortly after gastrulation,
which can be identified by the expression of key haematopoietic and vascular
markersincludingscl®”. Unlike in mammalshe development of primitive wave
myeloid and erythroid lineages are spatially diastiddgke plade the anterior and
posteriorlateral mesterm withinthe zebrafish embryo, respectifel§? This

affords usa significant advantage for investigating the molecular signalling pathways
contributing to each of these lineages. Progenitors for myeloid and erythroid lineages
share a significapbrtion of regulatory networkteractionsasconfirmedby the
common expression of key haematopoietic factors susti, atvand ImoZ°.
However distict regulatory networks exist fack lineage as demonstrated by the
zebrafistspadetaniutantwhichdisplays loss of the primitive erythroid compartment
despite normal myelopoiesis in the anterior lateral plate megdaddift

A transientwave of haematopoiesis follows the primitive wave and occurs in the
posterior blood island (PBI)During this stage the first common haematopoietic
progenitor aris,characterised yapaity to produ@ multiple blood cell typ¥$

Despite he drop ingata expression in thmtermediate Cell Mad€M), this key
erythroid factor is maintained in the PBdicaing a spatial shift in the site of
erythropoiestd. The common haematopoietic progenitor detected in the PBI at
~36hpf gives rise to o myeloid and erythroid lineagdswever teseprogenitor

celb lack selfenewal propertiesnd thus diminish in number as development
progresse’€’. Shortly after the emergence of erythy@loid progenitors, the PBI

undergoemassive remodelling to become the caudal haematopoiet{€CHague
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Definitive haematopoiesis generates HSCs capable of generating all blood lineages
andof selfrenewalthusmaintaining haematopoiesis throughout the adult life of the
animal. In mammalsgefinitive haematopoiesis araes in theaort@gonad
mesonephroéAGM) region specificallyvithin the ventral wall of the dorsal aorta

DA, before moving to thimetalliver and onto the bone marrow. In zebrafish the
origin of the definitive wave istime equivalentocation,within theventral wall of

the dorsal aorthA). HSGsthen spread throught 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 nvaiiromammat&**%3

Runxlgene,used as a marker of definitive haematopoiesis, is a key transcriptional
regulator @pressed in H¥and regired for the definitive wawd hematopoiest.

Runx1 expression commences shortly after the initiation of circulation, and is
restricted to HS€and endothelial cells of the ventral wall oDthe As with the
haemagioblad, the close proximity of these endothelial and haematopoietic cells
as well as their resembling expression pattarated several groups foropo®

the existencef a common progenitor for both of these lineag@ked hemogenic
endothelium(HE). This concepthas been supported by single cell imaging studies
in mice, which show that individual hemogenic endothelial cells can develop into
haematopoietic céfs'*® Imaghng of developing zebrafish observed thaRahpf
expression ofcl,gatd and gata begins to reduce in the ICM and genes such as
runx1, orybandlstart to be expressed within the ABN°’Use of antibodies
agains€D41, an integrir{cell surface markexxpessed on the surface of 3@d

absent from the endothelial cells of the Respermited studesof HSC migration
following their emergence from the ventral wall of the IDAebrafish,CD41
reporter lines have shin that HSG move to the CHTdeveloping thymuand

colonize the kidneby 2-3 dpf®’. By 6dpf the kidnebecomes the key site of
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haematopoiesis for all blood lineages as blood development diminishes in the
CHT'. Expression oflglobimrand gatd in the CHT at 3.5dpf indicates the
initiation of definitive erythropoiesis, which gradually moves to the kidney by
5dpf81%? 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-plastirexpression in the CHT indicates the initiation of definitive
myelopoiesiat 3dpf, buthis processnoves to the kidney by 4dpf, which remains

the site of HSC development ialtblood lineages throughout adulth@dd
Lymphopoiesis is responsible for generating the cells required for adaptive
immunity, andsignallingpathwaysnvolved in lis process have been conserved
between zebrafish and mammals. T and B cells are produced and require RAG
mediated recombination ¢generatenature antigen reaors. Common lymphoid
progenitors arise from HS{D the kidneyandwhile B-cell progenitoreemainthere

to matuity, the T-cell progenitorsigrate to the thymus to complete matur&fion

Innate and adaptive immune development is temporally distretirafish, with

the maturél-lymphocytes only arising in the thymic epithelia a7 dpimilarly 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 devéopmentare alsdormedin the kidnei.

1.3.3. Developmental origins of th& population

<l knockdownin zebrafishablates primitive and definitive haematopoietic cell
lineages and causesugition of angiogenic giarning® Ectopic expression causes

expansion of haemangioblast population and subsequentgnlaigement of



erythrgoietic compartmenteading tomalformation of the circulatosystem of

the fishH®2%3

Davidsonetal 2003 detail the initiation stlexpressionni zebrafisrand show it
onsetsat 2-somite stage2¢s)in putative HSC and angiobl&&tén 4ss zebrafish
embryosglis expressedstwo bilateral stripesoth in the anterioand posterior
lateral mesoderm (ALBhdPLMY? stlexpressiom these domainis accompanied

by the expression of other key haemangiogenic factors fktklam2andgata?”

As in othervertebratg such expression data was used to support the existence of
the common vascular and haematopoietic precursor, the haemangioblast, in
zebrafishas well During developmentfrom the 1418ssthe PLM stripes oécl
expression extend tariorly and posteriorly. By 20sssakexpressing PLM cells
migrate medialgndconverge at the midline and2®gso form the main primitive
erythroid tissue of the embrythe Intermediate Cell Mass (IC¥)which still
expressescl Further evidencsuggesting existencehaiemangioblastomes from
fatemapping experiments of single cells in the ventral mesoderm oiklzebraf
embryos, which showed that individual calisgive rise to botteematopoietic and
vascular cells in the IEX Other vascular and haematopoietic markerscare
expressedith scbythecellsin the ICM

Erythroid markers such gmta are expressedh the PLM as early as thégsk.
Thesegatd' cells develop into the first circulating epdime$ '®® This strongly
suggests that haematopoietic lineage fates may be specified as early theylss, but
have proved highly challenginginwestigateor describe due to their inherent
transiennature and small cell number.

At ~24hpf circulation commences and around 30@mtbroblasts from the ICM
enter circulation and continue erythroid maturation and proliferatamscription

factors such asinxlandflilahave beewnbserved to redudkeir expression les|

1-2¢



indicating the cessation of primitive erythropoiesthisattime 24hp). These
primitive wave erythroid cells provide the complete oxygen transport function for
the embryoduringthe first 4 days of zebr&fidevelopment.

Angioblasts of the anterior lateral plate mesoderm (&levteported tadlisplay a

similar expression profile as their posterior counterparts, bgatiekpressior:
Insteadpu.1spilh a myeloid specific transcription faci®rdetectedn scl ALM

cells as early amt 3s$”. As development progresses thesedigflersecross the

yolk and migrate rostrallyo ultimately differentiate into granulocytes and
macrophagé¥. Molecularstudieshave identified two myeloid populations within

the anterior <<t populatio”®. |-plastinis an actin binding protein specifically
expressed bylainyeloid celt8. A subset ofl-plastin cells also expresspp a
peroxidase specificallpnscribed igranulocytes. Macrophages and monocytes are
identified a$-plastii mpocells of the ALMwhilel-plastiti mpo cells arelefined as
granulocytic precurséfs Innate immunitydevelopsrapidy in zebafish asthese
primitive macrophagdsvebeing reporteds activeas early as 26hpf, antile

their full distribution through the embiigaestablishealy 28hpf2°!

Macrophages are the most functionally and spatially diverse cells of the
haematopoietic system and play key roles in immapiair, homeostasis and
development®?® In mice the macrophage lineage originates from the yolk sac and
foetal liver®?'2  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 céft§™. However loss @pilhn micehas been shown to

result in the complete loss of all macrophage lineages (plus causes depietion of B
cells}'®, suggesting thaSpilb functions earlier in haematopoietic lineage

development than CSF1R.



1.3.4.

Both spilband gatd are expressed the ICM,where theycounterregulate each
other, producing a balance between pringtiyiaropoiesiandmyelopoiesis the
posterior of the embr§d#? Any disrugbn of either transcription factogsults in

up-regulation of one lineag@&h concurrent restriction of the other.

Zebrafishsclisoforms

Multiple isoforms ofSclhave been detected in both murine and human culture
systemsindicatingunctional diversif§/31%221  Zeprafishembryosexpress two
isoforms ofsckhat differ due to an frminal truncation, arisingfn a secondary
transcriptional start sit¢é The originallydescribedgene isschi, with its
transcription starting at the first transcriptional start site and produttésngth
proten. Transcription from aecondlternativpromoter sitesituatedn the middle

of theexon 2 of thesclocusproducescl transcripts that upon translation produce

a truncated protein thitcksthe first 118 N-terminalamino acidsThe expression
patterns of the two isoforms overlapth the sclA (truncated) isofornexpressed

first at £2ss encompassinthe ALM and PLM and latdreing detecteth the
ventral wall of the DAwhere it is cexpressed witlemyb indicatingthat sclia
characterisedefinitive HSCs <chu expressiorbeginsat 4ssin a subset ofciA
expressing celgithin the posterioregionof the ALM andn the majority of the
PLM. By 26hpf expression siti was undetectable in the ventral wall of th&DA

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 erythropoiesi Sclisoformspecific morpholino knockdown experiments
revealed that followingclA knockdownred blood cellsvere lost by 3 dff.
Knockdownof schi isoformalso resulted in anaemia, however erythroid cells were

normal up to 3 dptbutthenhavesignificantly decreased in nurslser5 dpf. This
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indicated that both isoforms were crucial for erythraigination but required at
different stages.

sclA was also shown to be essential for definitive haematopsiesiSOhpsclA
morphantsyunxland cmybexpression was lost in the ventral wall of thé?DA
Zhen etal havedemonstratedhat sclaA marks the hemogenic endotheli(HfE),

while ki expressiommnsets only adSG emerge fromhte DA waf??  In runx1
knockdowns, endotheli@ HSCtransition (EHT) is defective and cells attempting
to make this transitiaindergoapoptos?®t  Specific knockdown etlA resulted in

HE cells failing to form and a subset of cells in the ventral wall of the DA were
observed taindergoapoptoss before any morphological changes associated with
EHT were observett®> In <hi morphants, EHToccurrednormally butecmyb
expression dropped dramatically betweed @®. This was discovered to be due

to apoptosis of HSa few hours after undergoing EHT, suggesting a radgifor

in the maintenance of HSC The role of bothstl isoforms in definite
haematopoiesis was demonstrated to be downstrean2 lnbwever onlgcli was
capable of rescuing both angioblast and HSC defegt¢2inorphant&> The
expression ofclisoforms vasalsoshown to be downstreaai VEGFsignalling
duringdefinitive haematopoiesis in zebrafish, though the use of a VEGFR inhibitor,
SU5416, which in mice specifically inhibitsLIIOR activity’?*®. Overexpression

of eitherof the isoforms can partially rescuenxlexpression in VEGF signalling
deficient embryd%.

Protein stability was also noted to be significantly different between the two
isoforms, withsclA undergoing rapidegradation at therotein level rather than at

theRNA level??
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Overview

In this project Ihaveinvestigatd the dynamimature of early haematopoietic and
vascular progenitois zebrafishidentified through their expressiointhe blood

and vasculaegulatorscl

The initial aims of the project were to describe how the posterior erythrogenic
population develops during primitive haematopaiegitidentify early differees
between the anterior and posterior primitive haematopoietic progenitor populations.
Previous studies have identiBedxpression specifically within early haematopoietic
progenitor populations, theslwas used as a molecular marker for the pamslati

of interest for this project.

To identify any changesaarly haematopoietic progenaotivity, it is necessary to
compare different biological contextgich |haveisolatel from early stageof
development ireebrafish embryod have focussed on the earliest stagesl of
expression(10 and 20ssAnd performed both spatial and temporal comparisons
(anterior and posterior embryonic regiciasinvestigate homlregulatory circuitry

varies with embryonic developméihtave gnerated a tagged transgsaokeporter

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 thedaggteins plus bound DNA

and protein partners in future studies. In addition, a fluorescent reporter is also
expressed, which labels siaecellsin vivand enables specific cell isolation through
fluorescent activated cell sorting (FACS).

Temporalcomparisons have been performed using the posteripopulation,

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

this investigation | have described the transcriptional and chromatin accessibility

1-32



changes genomrdde, associated with thecl population progressing from
haemangiogenic precursors to maturing primitive erythroid cells.

Figure 1-6 Schematic of haematopoietic development in the zebrafish highlighting
the contexs of investigation in this project.
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| have performedpsitial comparisons between the two distihtipopulationsn

the same embryo (anterior and posteaitdh)e 10ss of zebrafish embryogenéss.
previously mentionedy zebrafishmyelopoiesis and erythropoiesis occur in distin
embryoniclocations correlating the anterior and posteci@xpressingells |
investigated whether the profiles of these early populations had already become
distinctat the 10sand to what extent éisesctexpressing cells had progressed down

their respective lineages.
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Profiles of the 10ss antersol population revealed significant diversity in associated
biological functionsBy applying the profiling techniques used to compare the early
progentor populations at single cell resolution, | was able to investigate the early
cellular diversity in the antersmf populations.| usedin viva@onfocal microscopy

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

and togather the necessary data to desenaging celubpopulations.

Il n summary this projectds key ai ms were

A- Describe the development of primitive erythropoietic progenitors

B- Investigate early spatial differences in prinfijegnatopoietic 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 adettleatan 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

2.1. Molecular techniques

Primer sequences are detailebainle2-2 and solution recipes are listed at the end

of each sulchapter.

2.1.1. BAC transgenesis

Generation ofsc/ BAC material.

BAC zC104B7 (Chori2llD4B7) was orderetbin Chori BAC PAC facility, this
contained chromosomal regions 22:1671223®713954 plus a BAC backbone,
which include ahloramphenicalesistance cassette. Upon delivery of the zC104B7
bacterial stub, a swab was plated on agar platehirdmpheicol at 25ug/ml

and grown for 20 hours at°80 Single colonies were used to seed starter cultures
containingl2.5ug/ml chloramphenicah LB-broth, which followin@0 hours of

growth at 30C were used for DNA extractiorBacteria were pelleted by
centrfugation at 5000g at 4 for 20 minutes. Pellets were resuspended in 250ul buffer
P1 from QiaPrep spin miniprep (@iagen), 250ul buffer P2 was added and the mix
was incubated at room temperature (RT) for 4 minutes. 250ul of precool buffer P3
was added fiowed bylO-minuteincubation on ice. This lysate was cleared by
centrifugation at°€ 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 centrifugatian 165009 for 15 minutes, then washed with 70% ethanol.
BAC DNA was finally resuspended in 50ul of nuclease fteartd incubated at

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

To confirm the recombination of the insert into the BAC, | udeskanfrt (fkf)

cassette. This is a kanamycin resistance cassette that would provide additional
antibiotic selection for the insert, flanked byfttgites. Frt sites areecognized 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 resistancarw
zebrafish stocks.

A pGEMTeasy:citHikésv40pAassette was available in one of my host laboratories.
This was linearized with Sacll (NEB), bluntened with T4 polymerase then further
digested with BsrGl (NEB) to generate two fragma8ritkb ad 1.7kb NCl:avitev
flagscRA-egfpvas digested with Ncol, bluntened with T4 polymerase and then
digested with BsrGl yielding two fragments at 7.5 and 1.8 kb. The T&aEM

vector 8.1kb) and Nerminallytaggeescl (1.8kb) fragments were gel extdaatel

ligated together at a 5:1 insert to vector ratio with T4 Tigieskgation mixes were
electroporated into DH108nd bacteria expanded as before were used to produce
pGEMTeassuHerlaget2A-citringkfsv40pA plasmid DNA using a Qiagen
miniprep Kit.

Cloning C-terminally tagged sc/ template vector for BAC
transgenesis.

NClavHevlagcHlagewavi2A-egfpvas digested with Ncol apdsEMTeasy:citrne
fkisv40pAwas digested with Sacll (NEB), both were then blunted with T4
polymerasdreatment. Each of the linearized constructs were then digested with
BsrGl (NEB) then the 8kb pGENIeasy vector band and tolagevavi2A 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, bastial colony amplification and DNA purification were carried

out as previously described, to g@&EEMTeassgHlagevavi2A-citringkf-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 takert the
cassette and ftip out the kanamycin resistance cassette, respectively.

100ml SW105 dure was grown to an optical density (OD) of 0.5 in LB broth with
chloramphenicoht 12.5ug/ml at 30C. The culture was divided in to two 50ml
cultures. One culture is incubated #C4ARith agitation for 15 minuteshis

activates expression of recombini on genes and was referr
while the other culture continues to be incubated®@t 3oth cultures were then
incubated on ice for 5 minutes before centrifugation at 2000g for 15 minies at 4
Supernatant was discarded, cefibedhin ice cold.O 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 expetainand control SW105 50ul
aliquots were stored-80°C.

Generation of recombination cassettes for BAC transgenesis.

Recombination cassettes were amplified from their appropriate pGEM vectors using
the PCR conditions below. pGEMTeasgilagewavi2A-citringkFsviOpA was

amplified with primers Recomb_SA F1 and Recomb_R1 or Recomb_Stop_F1 and
Recomb_Stop_R1 to yield & 8xon insert or stop codon insert, respectively.
pGEMTeasgviteflagscRA-citringkFsv40pA was  amplified  with primers
Recomb_AS F1 and Recomb_R1 to produteeach insert.

0.3ul 500mM pPpGEM vector containing tagged Scl



lul  10mM Forward recombination primer (F1s)

lul  10mM Reverse recombination primer (R1s)
25ul  2x PfuUltra 1l Hotstart mix
22.7ul H0

PCRprogram repeat stepsf x25

1) 95°C for 5 minutes

2) 95C for  30sec

3) 60PC for 30 sec

4) 72C for  2:30 minutes

5) 72C for 5 minutes

6) 4°C on hold.

The resulting PCR product was digested Bjthl (Roche) to remove plasmid
DNA template, then geéxtracted. 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 mediufiC ati32
agitation then pelleted by centrifugation at 2000t6foninutes. Cells were then
transferred to agar plates contaicimgramphenicat 12.5ug/ml and kanamycin

at 50ug/ml and incubated for 24 hours &C3Ihdividual colonies were picked and
streaked on ampicillin only addloramphenictdanamycin plas and incubated

for 20 hours at 3Z. Colonies that grew aloramphenictkanamycinand not

on ampicillin only contained successfully recombined BAC and did not contain the
originalpGEM Teasplasmid. A single colony was grown in 25ml LB broth wih 12
ug/ml chloramphenicalintil it had reached an OD of 0.5. 25ul of 10% arabinose
was added to the culture and incubated for a further two h8at€ #i induce the
expression of the flippase genes. An aliquot of the culture was plated on kanamycin

onlyplates anihcubated for 20 hours at°82 Individual colonies were picked and
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streaked orhloramphenictkanamycin plates and kanamycin only and incubated

for 20 hours at 3Z. Colonies that grew on kanamycin only and not on
chloramphenictitanamycin contained the<l locus BAC that had successfully
oflipped outo6 of the kanamycin cassett
experimental and control electrocompetant SW105 cells as described above.

The tol2 cassette was amplified fronptB82ol2vector as detailed below.

1ul  Sug/ml Tol2 vector

lul  10mM ptar baprimeroxp 50
lul  10mM ptar baprimeroxp 360
25ul  2x PfuUltra Il Hotstart mix

22ul H-0

PCR programrepeat steps£ x30

1) 95°C for 5 minutes

2) 95C for  30sec

3) 59.9C for  30sec

4) 72C for 2:30 minutes

5) 72C for 7 minutes

6) 4°C on hold.

The PCR product was treated with Dpnl overnight andotBeassette was gel
extracted. Thil2cassette was electroporated into experimental and control SW105
cells produced from tl®&£104B7 recombination with taggddonstructs following
kanamycin flip outCells were incubated for 4 hours in SOC mediunt@tvadth
agitation then pelleted as before by centrifugation at 2000g for 15 minutes. Cells
were then transferred to agatgdacontaininghloramphenictdmpicillin plates,

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

chloramphenicdmpicillin contained successfully recombined BAC, without a
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kanamycin resistance cassette but vitl2@assette thavtould mediate integration

into the zebrafish genonmeg quantities of the final BACS were produsedy the

Purelink HiPure Plasmid Midiprep Kit (Invitrogen).

gDNA extraction

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

used for DNA extraction withiPureLink Genomic DNA Mini Kit (LifeTech),

following kit instructions.

PCR screening

Screening for transgene incorporation into the genomelofdres was carried out

using the following PCR conditiori$e results are shown in figusg. 2

0.3ul 10mM
0.3ul 10mM
0.3ul 10mM
0.15ul

1.5ul 10x
1ul

11.45ul

Start_of CitF or Genomic_F1
Genomic_R2

dNTP mix

HotStart Taq Polymerase (NEB)
HotStart Taq Poiyerase Buffer (NEB)
Extracted gDNA

H20

PCR programrepeat steps4£ x35

1)  95C
2) 95C
3) 55C
4  72C
5) 72C

6) 4°C on hold.

for

for

for

for

for

5 minutes

30 sec

30 sec

4 minutes

7 minutes
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Figure 2-1 PCR screening for ks with germline transmission of the sckcitrine
transgene.
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Electrophoretic gel displaying the PCR screening products of DNA extracted from clutches of first genera-
tion ScIBAC:Scl-FLAG-TeV-Avi-2A-Citrine outcrosses to wildtype. The genomes of 16 clutches of 50 or
more 24 hpf embryos were screened with either Genomic_F1 & Genomic_R2 primers or Start_of_ CitF &
Genomic_R2 primers. The genomic primer amplification will amplify 150bp at the stopcodon of the
endogenous scl, thus providing a positive control for efficient genomic DNA extraction (blue arrow). The
cassette-specific primers will only amplify if the cassette has been inserted at the stop codon. Green arrows
indicate the expected position of amplified fragments if transgenesis into the zebrafish genome has been
successful and passed onto the next generation. The clutch of embryos from fish #4 produced the expect-
ed bands for both PCR screens.

STonE

Iml 5M  NaCl

Iml 1M  Tris pH8.0
20ul 0.5M EDTA

97.98ml$1.0

Fish protocols and husbandry

MRNA Injections
MRNA was injected into singlell stageebrafistembryos, using th&cospritzer Il
microinjector (Parker Instrumentationembryos were incubated in E3 medium

(Westerfield, 1993 at 28.5°Qintil degied stage was reached
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5

5
).

DNA Injections
DNA in plasmid form was injected at 150pg per embryo, at the single cell stage.
BAC injection amount fosiBAC:sellagevavi2A-Gtrinesr40pAwas 100pg, with

100pg otolZmRNA, per embryo. Injection volume varied but never exceeded 2nl.

E3 medium 60x stock

17.2g NaCl
0.76g KCI
2.9g CaCl.2H.0

499 MgSQ.7H.0

Expression analysis

2.3.1. Transcript detection

Labelled probe production

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

MicroKit (Ambion) following kit instructions, including DNAsel treatnedilA

was produced using Superscript Il (Invitrogen) and purified using cDNA filter
cartridges (LifeTech). fdting cDNA was used as template for PCR amplification,
using the protocol detailed in the O0OPCR
primers detailed in table22as appropriate. The correct PCR product was gel
extracted and 5ug used forvito 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 minute¥Cat 37

before use.
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/n situ hybridization

Embryos were fixed for 1hr at RT in 4% PFA. Fix was washed out withtR865
embryos were dehydrated and rehydrated using a methanol: PBST gradient.
Embryos are washéua PBST, permeabilized with %0, for 10 minutes on ice,
then brought to Hyk80. Labelled probes weapplied to embryos in hyh@then
incubated overnight at€ Embryos we washedn Hybe50 at 65C then in
MABT at RT.Embryoswere blocked witl20% sheep serum 2®oehringer
Blocking Reagent (BBR) (Sigma) for 1 hour at RT. Esnimst@ then incubated
with antidiggAP antibodies® overnight at 4C. Further MABT were carried out
before developing colour usiBY purple reageriigma).

RT-PCR analysis

RNA was isolated using the RNAqueous MicroKit (Ambion) following kit
instructions, including DNAsekatment. 5ug of isolated RNA was used for reverse
transcription using the reaction mixes detailed below.

lul  50uM oligodT primers

5ug isolated RNA

lul  10mM dNTP mix

Up to 13ul withHO

This annealing mix was heated t2C6fr 5 minutes then incubated on ice for
addition of the following,

4ul  5x First strand synthesis buffer (Invitrogen)

lul  0.1M DTT

1ul RNAseOUT Recombinant RNase inhibitor (Invitrogen)

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

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

incubated at 2& for 5 minutes then at 8Dfor 1 hour.

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

pGEM<Hlagevwavi2A-citrindkfsv40pAwas used as a positive control and these

PCR conditions would yield a comparative fragment to fully spliced transgenic

MRNA.

0.3ul 10mM
0.3ul 10mM
0.3ul 10mM
0.15ul

1.5ul 10x
lul  100mM
11.45ul

RT-PCRFwd

Mid_Cit_R

dNTP mix

HotStart Taq Polymerase (NEB)
HotStart Taq Poiyerase Buffer (NEB)
cDNA

H20

PCR programrepeat steps4£ x35

1)  95C
2) 95C
3) 55C
4)  72C
5) 72C

6) 4°C on hold.

for

for

for

for

for

5 minutes

30 sec

30 sec

2 minutes

5 minutes

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

50mls 1M Maleic acid
15mls 5M NacCl
0.5ml 100% Tweenr20

Hybe50 (500mls)

250mIsl00% Formamide
32.5mlI20x  SSCoepc treated
5ml  0.5M EDTA

5ml 20mg/ml tRNA

Iml  100% Tween20
25ml 10% CHAPS
50mg Heparin
Bring up to 500ml with 4
KTBT (1l

50ml 1M  TrisHCI pH7.5
30ml 5M  NaCl

10ml 1M  KCI

20ml 10% Tween20

90mls H.O

2.4. Sample Preparation.

Dissociation of Embryonic Samples

Initial embryo number varied between 40 and 250 embryos, depending on clutch size
and survivaEmbryos were dechorionated, fluorescently sorted and then bisected as
detailed inFigure 3-10. Embryo halves were dissociated by incubation with

20mg/mg collagenase in trypsin solution for 9 minutes°@t 3Dissociation is
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halted by addition of Hankds solution
gentle pipetting. éhtrifugation at 500g for 15 minutes pelleted the cells and
supernatant was discarded. The <cell pel
passed through a 40um cell strainer and centrifuged again. The final cell pellet was
resuspended in 2800uloHank ds Sol uti on.

FACS

FACS was carried out using a FACEIIl (BD Biosciences) within the-louse

cell sorting facility, using a 100 micron nozzle with precision calibrated for purity.
FACS enabled separation of cells based on their size, gramdardyrirze
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) followingit instructions, including DNAsel 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 integnitymber(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 FACStrine samples of 15000 cells or greater, were spun
down at 500g for 5 min 4tC and supernatant discarded. Cells were washed once
with ice cold PBS and then spun down again at 500g for 5 @ athke cell

pellet was resuspended in 50ul ATAC lysis buffer and thedospurat 500g for

10min at 4C and supernatant discardeBor 10,0060,000 cells the pellet was
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resuspended in the following transposition mix and incubatedCatfo8730
minutes.

10ul 2x TD Buffer (lllumina)

1ul Tn5 transposase (lllumina)

Aul H-0

This reaction was purified using the PCR purification MenkKitt (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 (lllumina)

2.5ul Customized Negta PCR Primer (varied to allow sample pooling) (lllumina)
25ul  NEBNext High Fidelity 2x PCR master mix (NEB)

PCR programrepeat steps3x11

1) 72C for 5 minutes

2) 98C for 30 sec

3) 98C for 10sec

4) 63C for  30sec

5) 72C 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
(Be&kman 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 HCI pH8.0 and 1mM EDTA.



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 ofiie ATAC library. 0.08pmoles of each ATAC library was used for

high-throughput sequencing as detailed for RNA samples above.

Hankds Solution

2.5ml 10x HBSS

62.5mg BSA
0.25mllIM  HEPES pH8.0
22.25ml H.0

ATAC Lysis Buffer

10ul 1M  Tris HCI pH7.5
2ul  5M  NaCl

10ul 10% NP-40

3ul 1M MgCI2

975ul H0O

2.5. Bioinformatic analysis.

2.5.1. Generation ofclspecific transcriptomic data

75bp pairegtnd reads were produced on a NextSeq lllumina platform with a
Next SeqE 500 Hi5¢ tycle§llumipa) tFastRE*twas usedo

check the quality of the reads. This package ideatiGedpresentedequences
relating to the polj tail sequence, TruSeq adapter sequences and a sequencing

primer. To account for this reads were trimmed uSaythe (0.994Bet&.
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2.5.2.

Trimmed reads were mapgedhe zv10 genome using STARExpression level

was calculated as FPKM values, which accounts for transcript length and for the
total sequencing depth of the saftbl€onversion to FPKM values permits
meaningful comparison between samplEsSeq used for differentiekpression
analysfé? 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 abwhediog i2

FPKM, this has previously been used as-@ffciar expression 2 in genomw&le

population analysés

ATAC-Seq

40bp pairegtnd reads were produced on a NextSeq lllumina platform with a
Next SeqE 500 Kibckcleiuninau ReadKuatity was assessed
using FastQ®® and mapped to the zv10 genome using bowtie(¥t.Da@plicate

reads caused by owvdugeringand PCRepresented 0.33% of mapped reads and
were removed usingicardTools(v.1.83) MarkDuplic&fé DeepTools \(.2.2.2.)

was used to assess the quality of mappe&tandsSamToolsas used to process

sam file¥”. Bam files were converted to pagad bed files usinBedTools
(v2.25.0) with the bam2bbddpe packatf D. Gavriouckina carried out further
mapping, filtering and peak calling. Buenrestebdetermined that a 4 and 5 bp
shift of mapping location yielded more accurate peaks for open chromatin
locatior’®. This group also identified a high percenteafls mapped to the
mitochondrial genori@ Reads were mapped to the mitochondrial genome to
identify the mitochondrial DNA contribution, which representedr utfobé of

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

5 nucleotides. Peaks were called usinQotiepeak package MACS2 ¢2.0.1GC
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The ATAC profiles of the replicates were merged and cepésxtic peaks
identified using pybedtotifs Peaks overlapping the first exon of genéanRer10

were identified bipybedtools andised to distinguish between promoter and non
promoter peaks. Nepromoter peaks were associated with the nearest expressed

( FPKM O 2) bedteois\e2s25),closesiBgd function.

In gene desert regions all ATAC peaks up to neighbouring genes counsidered

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 whemgsgmiat

chromatin regions with a gene

3. Single Cell RNA Sequencing.

10ss anterior citriheells were isolated by bisection, cell dissociation and FACS as
described previously. FACSArialll was set up to aliquot a singlé aztimgo

each well of a 96el plate, wells H11 and H12 were intentionally left empty as
negative control£ERCCs are a set of unlabelled polyadenylated RNA controls
commonly used in RN$eq and were developed by the External RNA Controls
Consortium (ERCC). ERCCs were included tmrtrol 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 thesfjgrtotocol as
described by Picelit at*2 This techniquepermits high level multiplexing, and
restricts sequencing to palyenylated RNA. Sequencing was carriedsomg &
NextSeq 500/550 MID output kit (150 cycl@byimina) with 75 bp, paired end
reads. | carried out indexing to the zvl0 genome and mappsimggle cell

transcription reads using STAR.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
expession level, plus ERCC |&jét! 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 m@ppeittering on cytoplasmic
contribution would remove any samples that have preferentially amplified rRNAs or
mitochondrial RNAs, thus not a true representation of the transcriptome.

Table 2-1Results of single cell quality control. Samples to be omitted.

Well Reason for removal

H11 Control well with no cell, less than 3000 mgpped genes
All Inadequate sequencing depth

Al12 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
c1 Inadeguate sequencing depth, less than 3000 magpped genes
G1 Inadequate sequencing depth, less than 3000 mapped genes
B12 Inadequate sequencing depth, less than 3000 mepped genes
A4 Less than 3000 mapped genes

D5 Less than 3000 mgpped genes

E8 Less than 3000 mgpped genes

E12 Less than 3000 mapped genes

F1 Less than 3000 mgpped genes

F12 Less than 3000 mgpped genes

G8 Less than 3000 mgpped genes

G12 Less than 3000 mapped genes

A9 Less than 3000 mgpped genes

H8 Less than 3000 mgpped genes

F4 Less than 3000 mapped genes no ERCCs

All of the single cell samples showed >85% of mapped genes related to cytoplasmic
RNAs. Islamet aluse a 5000 gene cut?*Bffor 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 determinedrtthiswiereshold to 3000
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genes. Upon application of this mappingfutl6 samples were identified as failing
to map to at least 3000 genes, of these 5 had previously been identified as failing
SCATER quality control.able 21 details the omitted samples and the reason for

their removal from transcriptomic analysis.
2.6. Imaging techniques.

Embryo clutches were screened and imaged on the MVRNIpus. Lghtsheet
microscopy was carried out on afnezed embryos in 1% low mplhint 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 @uia Zeiss confocal laser scanning microscope 780
inverted. Multiphoton illumination was used for ftm@se imaging to achieve
greater sample penetration, with-deacanned detectors to improve sensitivity. Z
stack and time course datasets undenaatrifBcorrection 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 desddby F. Cultrale. 1@ embryos

were imaged for each hyperspectral experiment.

4M Tricaine stock (100mls) pH to 7.0 with 1M HCI.

4009 Tricaine powder
97.9ml H20

2.1ml 1M  Tris pH9.0
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Primer table.

Table 2-2 Table of primers

Primer Id. Sequence

ptarbacdxp 5' GCTGTCGGAATGGACGATA

ptarbacdxp 3' GCAAGTATTGACATGTCGTCGT

Stat_of CitF gtc@omag gaagnmatgec

Genomic_F1 GATGTCCTCAGTGGAGTCACCGACATC
Genomic_R2 CATCAGATATTCCCTGGATGATCTTCTTC

Recomb_Stop_F1
Recomb_Stop_R1
Recomb_AS _F1
Recomb_SA F1

Recomb_R1
Mid_Cit R
RT-PCR-mvd

5' SP6 endgnous scl F
3' T7 endgenous scl R

5' SP6_dfilaa
3'_T7_dfilaa

5' SP6_slc9a3rl

3' T7 slc9a3rl
5'_SP6_cd63
3'_T7_cd63
5'_SP6_kIf17
3'_T7_klIf17
5' SP6_zi2a
3'_T7_zil2a
5' SP6_plk3
3 _T7_plk3

5' SP6epcam
3'_T7 epcam
5' SP6_ftll

3 _T7_¢I1l

ca@aggactacaccattccagcctacggatggaaatgcccaggGATGGAAGTGACTACAAGGACGACG
atacgctagttgtcaggegaaattagtctgtcagtgtctccaatcaGBAGTAGTGAGGAGGCTTT
caactjatttggataccactttgtacatttngatcgcgogaaggATGGCTGGTGGCCTGAATGACATCTT
caactjattiggataccactttgtacattttpigatcgcgogaaggATGATGGAAAAACTGAAATCCCGAGCA
ctcacctactttctgtgcctitaatiggeatataaaggcgttacCBGAAGTAGTGAGGAGGCTTT
CCCTCGCCG@ACACGCTGAACTTGTG
GATTTAGGTGACACTATAGGGTGCAGACCACTGAGCTGTGCAGACCCCC
GATTTAGGTGACACTATAGCGACCAGGACGACATGGTCGG
TAATACGACTCACTATAGGGAGTCCGGCTCACCTCQATACC
GATTTAGGTGACACTATAGCGCACAGTTATCATCAGCCC
TAATACGACTCACTATAGGGCCCGTGCTGTGTTTCTTTGT
GATTTAGGTGACACTATAGTTTCATCTCCACGGCGAGAA
TAATACGACTCACTATAGGGAGCCTGCTGAAGAGACATGT
GATTTAGGTGACACTATAGAGGAGGAGCGAAATGTGTCA
TAATACGACTCACTATAGGGTGACAAAATGCAGGCCAACA
GATTTAGGTGACACTATAGGCAGATGCGATGTTGCCTT
TAATACGACTCACTATAGGGGTGCCTCTTATGTGCAGAG
GATTTAGGTGACACTATAGATGAGGGAAACACACACCGA
TAATACGACTCACTATAGGGGTGTGAGGGAGTGTTTGCTG
GATTTAGGTGACACTATAGTTGTTTCACCACAGCTCAGC
TAATACGACTCACTATAGGGTGGCCTCATTCACTCCAATT
GATTTAGGTGACACTATAGTGTGGCATTGGTTGATGTGG
TAATACGACTCACTATAGGGACTGTACTGGGCCTTCTGTC
GATTTAGGTGACACTATAGGCCTCAGGTGTAGCGATCA
TAATACGACTCACTATAGGGTCCCCTCCAAGACGTTACA
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3. Generation and testing of transgenic fish lines

3.1. Generation of BAC transgenic fish lines

3.1.1. BAC selection.

Thesckransgenic lines generated for this project were desigmabl® a range of
biochemical investigations, some of which were beyond the scope of this project, but
would make the lines useful for future investigaticimed to produceebrafish

lines that would express A&gged (biotinylatablefl $rotein, together with a
fluorescent reporter, at clasephysiological levels and in the same cells as the
endogenouscl

BACs (bacterial artificial chromosamsnare50-200kb circular DNA molecsléhat

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 wasgingizes(100

350kb), covering the majority of zebrafish genome.

For the purpose of this study | used the zc104B7 BAC that contains a 190kb region
of the zebrafish genome, with Hugene located in the centre of this sequamte
potentially contains many dfet regulatory elements required for endogédikeus
expression Four additional coding sequences are also included in thigHiggien (

3-1). Genome alignmentg@ass vertebrate specs®mw high conservation of thod

loci*>> In Takifigu rubriptee sclocus is flanked by unrelated genes to those flanking
the locus in the zebrafish and mouse genomes, suggessobetiidatory regions

are contained within the genomic region between the two neighbourit§ genes
Zebrafishscknockdown can be reszlusing a 10.4kb fragment that containscihe

locus ofTakitugu rubrip@gich further supports that this region contains allofl 6 s
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regulatory element$ogether his data suggests that this BAC will contain the

majority of the regulatory regionattbontrol the expression of gegene.

Figure 3-1 Schematic of the zcl104B7 locus and the intended stture of a G
terminally tagged sc/transgene

alpha Tss . ) C-terminal
TES e e f")ﬁ g transgenic tag
Exon 1 2 3 4
@ sviopa
FIAG Avi = 2A Citrine

Schematic of the BAC zc104B7 in hinear form. This BAC contams a 180kb
region of zebrafish chromosome 22 with the Sel gene centrally located.
Three other complete coding regions are contained within this BAC. A
C-terminal transgenic sequence was used to replace the stop codon of Scl.
This transgenic sequence encoded FLAG and Avi tags, plus a 2A cleavage
sequence and a citrine reporter cassette, followed by stop codons and and
SV40 pA sequence to ter minate transcription and translation.

The central location okl 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 accuratglyesent endogenosslexpression.

Three other intact genes are included oBtiisthese arstx6, ier5 and pdkzlipl

Construct structure

The Scl protein has been previously taggedth N- and G terminalends, in

efforts to investigate itsode @ actiort*®?*’ The complete Scl protein structure has
yet to besolved, thus its difficult to predict the implications of adding extra
domainshowever smalbHLH DNA binding domain is encoded by the sequence

within the exon 4 and situated 183 amino acids fraandN87 amino acids from C
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terminus of the full length protein. A studyClayetal indicatedhat the presence of
C-terminal tagsid not prevent protein complex formation required for mediating
repression via interactions with EtdZ-terminal taggingf Scl has also been used

to perform ChlP experiment# cell culture, indicating that the tags did not impair
association of Scl protein with DNA and remained available for
immunoprecipitation flowing the crosslinking of the cellular mat&rigimilarly
N-termirallytaggedsclproteinh as been used to investigat
Notch signallingin culturé™ 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. | generated constructs tagging zebrafish Scl protein,

one atheN- and the other ahe C-terminus.

The tag sequence combined several métiistag, TeV site, FLAG tag and a linker
sequence. In both the-lnd the @erminally tagged transgenes the linker sequence

is directly adjacent to tlselcoding sequence such that the unstructured linker
peptideit encodeseparatethe potentiafunctional domains within thel$rotein

from the Avitag placed in the most digposition.

When expressed in the same cells as the specific bacterial biotin ligase BirA, a single
lysine residue within the Avi tagefficiently biotinylated, yielding a tagged S

protein that can be used in biochemical investigatiSti ofolecudr and cellular

function, dueto its high affinity association wittirepawvidin. Biotin-streptavidin

interactios areone of the strongest naovalent interactions in nattqmj~10'15),
permitting streptavidirbased affinity purification &l protein targets and their
interacting eities (nucleic acids, proteats.) with exquisite stringency.

TheTeV sitewithin the tag sequenercodes a short peptisieecifically cleaved by
the Tobacco Etch Virus protease. This sequence is incluatlsotinylatedl
can be digested off streptavideads This specifielutionfollowingtranscription
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factor pulkdown permits investigation of the protein binding partners or post
translational modification, rapidly fromimwiveource and elimates background

IN mass spectrometry experiments, coming from endogenously biotinylated proteins
and the streptavidin itselfhe FLAG tag allows confirmation of expression of
exogenously tagg&d protein, its subcellular localisation anddowin (mucHess
effectively than by biot@hIP), 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 thesclcoding sequences2A sequence encodififposea asigias peptidi?

was included followed by théFP-variant, citring fluoresent reportergene
sequence. Transcription from this transgsciioci produces a single transcript
contaning taggedckequence, 2A sequences and then the citrine reporter sequence.
As this transcript is translated & peptideallowseither a selleaving® or
ribosomeskipping mechanistfio occur, causinghyscal separation ofcBprotein

from thefluorescenteporterprotein.

. BAC transgenesis.

To generatsctagged BACs, the donor cassette containing the tag sequence and
reporter, followed by FRT sitankedkanamycin selection gene was recombined
into the elected BAC backbone using lambda prophage homologous recombination
system available in the SW105 bacterial background according to the previously
published protod6™ | then used Toknediated transgenesis to integrate
recombineered BACs into zebrafish geA8f#hrough ceinjection of the BAC

with tol2transposasBNA into single cellecglzrafish embryo3he Tol2 system is

an autmomoustransposon originating from the medaka {siizyas latipesd has
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been shown to be active in all tested vertetif&feFhe 190kb taggestigenomic

loci, ontained within the BAC was flanked by terminal inverted repeats (TIR)
which have previously been identified as necessary and sufficient for trafféposition
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 sequepiaferencé®?®°.

To pass the transgene onte tiext 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 stagaximises 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 seeg in the F
generation. Three different taggetBACs were injected, each displaying similar
phenotypes and transient expression patterns.

Approximately 60% of injected embryos died within the first 24 (seeFsgure

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 qualityte2mRNA. Of the surviving embryos a further
7579% died before reaching 5 days post fertilisation, most likely due to gross
morphological abnormalities consistent witkcboverexpression phenotyp&he
scloverexpression phenotype documented by Getiral’ includes increased
number ofscicells in the ICM, cardiac oedema plus degatral axis deformations.
Surviving embryos were entered into the system and grown to mihesiy
embryos showed expression of the citrine reporter yet did not disgghay ptoyns

of the aforementionestbverexpression phenotypest 5dpf survival to adulthood

was 80 90%. FollowingIBAC:sélagevavi2A-citrinsv40pAand tol2 mRNA
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injections, transient expression pattern ofithee reporter from theclBAC:$dlag
tevavi2A-citrinsv40pAntegrated into somatic cells, was consistent with endogenous
sclexpressionas pairs of bilateral stripes in the ALM and PLM, as previously

reported’ (SeeFigure3-2 andFigure3-3).

Figure 3-2 Endogenous sc/ expression patterns as determined byin situ
hybridization.

Anterior La_teral Pos_terior
view VIeYV view
. 10ssscl
A B C
. | 12ssscl
D E E

Early expression pattey from theendognoussclocus In situthybridization \ascarried out
on wild type emlyos to detect endegoussctranscripts at 10ss (A-C) and 12ss (D-F).

Ectopic expression was also visible in ggeiireration, this however has previously
been reported following BAC transgenesis in zebrafish, results from transcription
from the circular, non tegrated BACs and is lost upon transmission to ithe F

generationX. Kenyon unpublished data).
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Figure 3-3 Initial results from injection of sc/BAC:sctlag-tev-avi-2ZA-citrine-sv40pA
plus fo/l2mRNA into Fo generation embryos.

A

Alive at 4hpf Alive at 24hpf Alive at 5dpf
Injection round 1 263 96 21
lujection round 2 233 95 20

Injection round 3 139 36 9

E F ' O G
A) Table detailing the survival of embryos following injection of 100pg ScIBAC:Scl-FLAG-Avi-2A-Cit-
rine and 100pg tol2 mRNA. Injections w ere carried out at the single cell stag e on wild type embryos. B,
D & F) Brghtfield C, E &G) Expression of dtrine reporter following SABAC:Scl-FLAG-Avi-2A-Citrine
and tol2 mRNA injections. B &C) Dorsal view of 12-14ss embryo, anterior to top left. D & E) lateral
view of 24 hpf embryo, anterior to left. F & G) Tail of 36 hpf embryo, dorsal to top.

3.1.4. Screening for germline transmission.

Transmission to the, Beneration is essential for line generation. Screeningof the F
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 gengmegardless of the expression level or the number of
offspring carrying the transgene. Multiple primer pairs were tested and those that
generated the least rgecific products yet still amplified the positive control were
used(See Figure-D).

Following identification of putative founders by genomic screening, subsequent
clutches from these fish were examined under fluorescent microscope to identify
those k offspring that have inherited the BAC in their genome and were thus
expressing the fluoresceaporter. Embryos were dechorionated and assessed for
citrine fluorescence at the 24hpf stage, when expression is seen to be maximal by
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situhybridisation studiesThe observedcldriven citrine fluorescence is shown in

figure 34.

Figure 3-4 Fluorescent screening for sc/BAC:sctilag-tev-avi-2ZA-citrine-sv40pA
transgenic ks with germline transmission of transgene.

A

Fluoresene from first gneration embyos produed

T from a cross bewveen awildtype ard the ScIBR\C:S

O e cl-ALAG-TeMtAvi-2A-Citrine founde A-D & H) Max-
mum inensity projedions from 8x lightstet confoal

N experimats A) Citrine signal from 14s transgnic

embro, lateal viey, arterior © top, dorsal ¢ right
\\\ / B-G)30hpf trarsgenic enbryo, lateal viewarterior to op,
= dorsalto right. H) 30hpf transgnic embryo ventral view,

anterior b top 1-K) 5dpf trarsgenic embwyo, dorsal view
anterior b right A, G F H &) Citrine ciamd only, B E&
J) Brightfield, DG & K) Merged.

.
= .
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Expression matched previously seen endogeadlupression patteriiSeerigure

32 and Figure ) and showed greater intensity than that shown byo.the F
transients Ectopic expression previously seen in ghgekeration 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 obviousmutant
scloverexpressiophenotype was visible and embryos showed 100% survival to
maturity (60 dpf).

Outcrosses of the, lgeneration gave proper Mendelian ratios (50% ‘carmi@yos

when assessed betwees?22$s), suggesting a sirgijie ofBAC 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 targetequence following successful transpdSttioMultiple
tol2zmediated BAC integrations within a single transgenic line have not been
observed taate (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 expressmowvivo

RNA was extractedrom 50 citriné 20ss dBACHFLAG-TeV-Avi-2A-Citrine
embryos and used to produce cDNA by reverse transcriptiBeverse
transcription PCRwas then carried out to probe for the presence of the transgenic
transcripts within the total RNA of these cdiligjure3-5 shows the results of this
analysis, with amplification of a product matching in size to the positive control.

This analysis confirms expression oktim®ding regions withilne same transcript
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as the citrine reporter sequence, in RNA isolated from transgenic erfilgwyaes.
35 also demonstrates that this transgenic transcript unddrgossme splicing

events as the endogeneabkanscripts, to yield a final mature transcript.

Figure 3-5 Electrophoretic gel image of RT-PCR products, probing for transgenic
transcripts.

A i i B
Posiive! Negative! + ] )
RT + _ + s _ H,0 control RT-PCR+wd Mid_Cit R

o P e Dlﬂ ]

Exon 1 2 3 4

A) Electrophoretiagel imag of the PCR product
using the primer pair indicatedin B, on cDNA
produced fronsingle emlyos Embryos froma cros
between the positve SclBAC:Scl-FLA-TeV|
-Avi-2A-Citring were fluorescentlysorted and RNA
extractedat the 20ss B) Primer pairchosen tq
confirm transgne expression and oeet splicing

Thesescreening approaches confirm that thgelReration carry a copy of e
transgene at the level of DNA, RNA and protein (as concluded from citrine protein
fluorescence). This transgene exists in addition to the endogEgews and its

products, thusepresents an overexpression when compared-tgpaldmbryos.

3.2. Characterization of transgenic fish line.

3.2.1. Characterisation of transgene expregsiono

Citrine expression was readily observable and showed great similarity with previously
published neorts and my owrnin situexperimentsof sclexpression patteriis
Endogenouscltranscript can be detected as early as the 2ss, however a delay of
~1hr for translation and protein folding can be expected, this correlaes t
increase in 3ss/hr.

The posterior citririe positive populations extended towards the anterior and
expression of citrine was observed in the anterior of the embryo as two stripes.

These pairs ddclpopulations were imaged over development to follow the citrine
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expression pattern and correlate this with knselexpression patterns and

functions.

Figure 3-6 Time series showing citrine expression in theposterior of the 1616ss
SCIBAC:.scHilag-tev-avi-2A-citrine-sv40pArransgenic i embryo

.
.

Citrine expression ihé poserior of a Tg(Sel
Comparison betwesdigure 36, figure 37 and figure 32 show that the citrine

BAC:Scl-FLA&-TeV-Avi-2A-citrine)embro as
it dewelopes betem 10 and 16&sover a 3 hour
windon. A-E) Eat panel is roughly ©mite
later in deglopment fromhe previous Dorsal
view of posterioy arterior to op.

reporter closely copies the endogenous expression pattern in the posterior of the

embryo during early haematopoiesis.
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Figure 37 shows how @ development progresses the posterior bilateral stripes
migrate to the midline, coalescd tor the intermediate cell mass (ICM). This has
previously been published by Zhang and Rotféviasther supporting that use of
theIBAC drives transgene expression in a fashion that closely nulmgenens
sckexpression.

Figure 3-7 Time series showing c/trine expression in the posterior ofa 1620ss
SCcIBAC.scHlag-tev-avi-2A-citrine-sv40pArF embryo.

Citrine expression in thostaior of a TQSGABAC:SEFLAG-TeV

-Avi-2A-citrine) erryo as it dedopes betvean 16 and 2@sover a

2 hour windev. A-G) Eat panel is roughly omite later in

B deelopment from th@revious Dorsal vier of poserior, anteior
to top.

Aterior expression k/vas identified and folved through the development of
the heart field and the initial stages of cranial vasculariSgtima.38 shows the
movement of citrine positive cells out of the lateral plate mesoderm, into the heart
field and over the yolk sac. Stringsitoihe cells extend into the far anterior of the

embryo forming the initial blood vessels around the developing eyes.
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Figure 3-8 Time series showingsc/driven citrine expression in the anterior ofa 14
22 scIBAC:scHiag-tev-avi-2A-citrine-sv40pAtransgenic i embryo.

J m Citrine expression in the anterior of a Tg(ScIBAC:Scl-FLAG-TeV-Avi-2A -citrine)
>T é embryo as it developes between 14 and 22ss over a 4 hour window. A-I) Each
) [-( panel 1s roughly 1 somite later in development from the previous. Dorsal view of
é( N anterior, antesior to top. J) Schematic of the dorsal view of the embryo, imaged

; ){1 area indicated by the red box.

Scl contributes to neural development and as evident by the restristioitrioé
expression to the hindbrain by day 5 (pareléidgure 34). Neural expression of

citrings first doserved at 22hpf in the dorsal root ganglion and increases in intensity
over days -2 of development while haematopoietic and vascular expression
decreases. No neural expressiortitnineis observed in either the anterior or
posterior before the 22sseaident irfigure 36 and figure-8.

Characterisation of this transgenic line suggests that despite the presence of a third

allele ofscin the form of the transgene, citrine expressing cells arise and behave in a
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fashion previously reported for endogersmlesxpressing populatiorido cardiac
oedema, axis deformation or expansion of the ICM was observed in any of the F
generation embrgmr F generation embryos produced fronmkerosses (data not
shown). Together this suggests that the over abundasweoding sequences, is
moderated by down regulation at the transcriptional or protein degradation level, or
that the increase #xd 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 aetulatory loop®*1%2¢* (see sectiot.2.5.

Such a regulatory kernel may result in decreased transcription occurring at each of
the alleles in the transgenic, compared tetypid yet maintain totatltranscript

levels to match the endogensitigation.

3.3. Preliminary biological sample collection and optimisation

3.3.1. Choice of time points

Here | propose to investigate regulatory landscapsekespressing cells in 2
different spatial developmental contexts (anterior and posterior, corresponding
roughHy to myeloid and erythroid programmes, respectively) and at two different
time points (early progenitor and later differentiation stdga)ly this project
would investigate theclactivity of the first cells expressing this master regulator,
howeverthese are very few in number and technically difficult to collect. Currently
collection of a sufficient number &6l cells at the 3ss would be unfeasible for
biotin-ChIP and ATAC investigation. The added difficulty resides with the fact that
fluorescenteporters, produced sepositive cells, that were used for cell isolation
have a distinct maturation/folding time before they can be detected by FACS. | also
used FACS analysis to assess the numbdroedls present and collectable by flow

cytometry at early time poinfigure 29. | chose the X6omite 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 ifptplation were not the earliest

population to arise.

Figure 3-9 Preliminary FACS isolation ofcitrine* populations

A Intact and entire embryos

Developmental stage of sample 8ss 1081 10s- 2 10ss 3
Numbe of embryos dissoated 68 196 40 174
Numbe or dtrine posiive cdlls 10793 85407 10213 60074
% dtrine positve cdls out of total &l numbe 0.5 0.7 0.6 0.7
% suwival 235 48.9 24.1 36.7
Total @&l numbe 45928 174656 42378 163689
Numbe of dtrine positve cells/ embryo 675 891 1059 941
Numbe of dtrine posiive cdlls isolagd/ embryo 159 436 255 345
B Anterior cells

Sample 1* 2 3 4
Numbe of embryos dissoated 201 67 113 100
Numbe or dtrine positve cells 10504 1569 7743 6607
% dtrine positve cdlls out of total &l numbe 0.2 0.4 0.4 0.4
% suwival 44 63 45.2 51.4
Total &l numbe 23873 2490 17131 12854
Numbe of dtrine positve cells/ half embryo 119 37 152 129
Numbe of dtrine posiive cells isolagd/ half embryo 52 23 69 66

C Posterior cells

Sample 1* 2 3 4
Numbe of embryos dissoated ~100 67 113 100
Numbe or dtrine positve cells 15063 6233 22480 7521
% dtrine positve cdls out of total &l numbe 0.9 0.9 1 0.4
% suwival 38.2 55 48.3 39.8
Total @l numbe 39432 11333 46542 18897
Numbe of dtrine positve cells/ half embryo ~400 169 412 189
Numbe of ditrine positve cells isolagd/ half embryo ~150 93 199 75

Detailsof the citrineg population sizand effeieny of isolation ly FACS during
earlyhaemangioblast delepmentA) Cell rumbers for 8&nd 10s whole enbryo
(i.e withoutbisectionsamplesB) Cellnumbers for 13sarterior samplkefollonving
embryo bisectioratthe 8-9ss C) Cellnumbes for 10s poserior samplefollowing
embro bisectioratthe 8-9ssSample 1* idaded in table B & C vas produed by
bisectionanddissociation oR01embros 201lanteiors or 201posteiors During
theposteriorrun thesystenencountedn eror and he sot had b be haltd roughly
halfwey through.
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 mixess development progresses tk
population also becomes more complex and diverse as these cells develop down
different haematopoietimeages. 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.
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The role ofxlin neural development would add furt@nplexity and noise to any
study into theearly haemangiogenic rolessufif these neural cells cannot be
removed from the studied population. 22ss is the onsgtimeExpression in the
dorsal root ganglion, the first neural cells observed to esglfEsss, by choosing

20ss as my later time point of analysis | remawedeural component et s
activity from my analysistofth i s domtrdodion to @lsaemangiogenprogram.

In addition this stage of development avawisbininganterior and posterior
originatingscl populations dueo the initiation of circulain. At 20ss thescl
population has dramatically increased in cell nurinipere (39) and the cell
morphology of transgene expressing cells suggests that these cells have further
developed down vascular, myeloid or erythroid lineages since the 1@%s.2Disss
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 haematgpbiptipulations of the
anteriorand the posterior at both the 10 and the 20ss. FACS permits the isolation of
citrine” cells from thessamples in numbers sufficient to perform genome wide
profiling of transcripts and areas of open chronjsdie figure-30) This rapid
isolation proess combined with protocols adapted for small cell numbers allows the
investigation of dynamic haematopoietic and vascular activity, directlyifremican
source. Physical isolation of #ité populations has enabled me to describe these
developmentlyl 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 separatedctexpressing
populations from zebrafish embryos.

Dissociated
Outcross

to WT

cells

Transgenic embryos are collected from crosses, incubated to the desired stage and dechon-
onated. Fluorescent embryos are sorted from non-fluorescent clutch-mates. Embryos are
bisected as indicated by the red dotted line to isolate ALM from the PLM or ICM . Cells in
each of these samples are dissociated and immediately FACS sorted, based on citrine fluo-
rescence.

-

3.4. Chapter 3 summary.

Towards my aim of investigating the role of early haematopoietic and vascular
progenitors marked by the expressioncbf have generated a zebrafish line that
expresses transgesitagged witlaviandflagags and aitrineeporter gene

To test the effect of the presence of a tag on the terntime $€lprotein | cloned

N- and Cadterminally taggesclconstructsand assessed their transient expression
and activityn vivo | assessed@ression systems for their ability to accurately mimic
endogenousclexpression antl chose to use bacterial artificial chromosome
containing 190kb of the zebrafsioci, to drive transgengrlexpressioffior this
project. | usedTol2 mediated integratidm successfully introduce the transgsaiic

loci into the zebrafish genome. bizdish were identified that carried the transgene
in their germ cells and positivegEneration embryos were used to characterise and
form the transgenic line. Expression of a citrine reporter under the comstbl of

regulatory regions was observedofoy the expression patterns of endogensals
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This tight overlap of expression enabled the teitnrse andsci cells to be used
interchangeably, when referring to this transgenic line. | used live embryo imaging to
follow the developingclpopulatims from the 4ss to 22ss, and observed significant
migration of the population in the anterior of the embryo. FACS analysis was
employed to assedfrinecell number per embryo and also for the anterior and the
posterior of the embryo separately. Inevevof my live embryo imaging, FACS
analysis and published literature, | 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 distinctdseligm ann vivosetting.

Through bisection of the embryos, a comparison of the anterior versus the posterior
sclexpressing populations was also possible. This spatial comparison allowed the
diversity of the twasclpopulations to be investigated dodthe description of
myelopoietic and erythropoietic cell profiles separately, due to their distinct spatial

origins in the zebrafish embryo.
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4. Investigating eartyanscriptionarariation withinn vivact populations.

4.1. Introduction
Satially distinctscl populations develop into blood and vasculature as

embryogenesis progressssch contributg to a different extent to avariety of
lineages. Although ALM and Pl9dl populations share the expressiosagbthe
guestion is raisaeghether thescltranscriptional profilearies with cellular context

This is particularlypertinent question given th&c| similar to many key
developmental factors, displays a range of diffeoérgicaloles.

| have developed approaches to puariky collect samples sificells br a range of
embryonic contexts, on a scale required for gewaaeanalysis. Using RNA
sequencing adarlycell populations | have addressed hy differ and whether at
10ssspatially distincicl expressingopulationsare still at the common progenitor
stage or have already begun to diveigeestigated the difference between séirly
contexts of interest using differential expression analysis-Afqaddcted RNA for

each context. Diffential expression analysis was used to describe the factors
expressed in each of the eady populations studied here and compare their
transcriptomes to investigate spatial and temporal differences.

To focus onsclcell specific transcriptomes the l@mcollection process was
repeated, except that this time citrine negative (therefore trascfjamis were
collected from each of the studied contexts. These citrine negative cell samples were
then processed for RNgeq, to provide control backgnal transcriptomes for each

of the studiedckontexts. hypothesiséhat these anterior or posterior, 10 or 20ss
sclcellshave similar housekeeping and general developmental gene expression as the
scl cells from the same cellular context. Thusugir 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 levelssof 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 inpopulation 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 tthdreshorter
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.

| have collected and analysed by RNé& a minimum of 2 samples for each
developmental context analysed (10ss anterior, 10ss posterior, 20ss anterior, 20ss
posterior). Biological variation was imal between replicates, despite batch and
sample size differences as showirigure 41. PCA analysis of the top 500
expressed genes from my R8EY results suggests that all four contexts have
distinct profiles, even at the 10ss.

In my analysis of each eaty population genes displaying FPKM values greater
than 2 were considered as expressed. This has previously been used in similar

analyses as an expressiomwffutalué®
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Figure 4-1 Scatter plots of replicates and PCA analysis of easlyexpressing cells.

A Reproducibility of the 10ss anterior B Reproducibility of the 10ss posterior
scl-expressing sample replicates scl-expressing sample replicates

10
I

T T T T
-5 5 10

Log10 (10ss Anterior- Sample 2 +0.01)
Log10 (10ss Posterior- Sample 2 +0.01)

0
-5 Q 5 10 .
LOg'IO <1OSS Anterior- Sample 1 +001) LDg'IO (1035 Posterior- Sal"ﬂple 1 +OO1)

C D
Reproducibility of the 20ss anterior Reproducibility of the 20ss posterior

scl-expressing sample replicates scl-expressing sample replicates
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I

5
1

0

-5
|

Log10 (20ss Anterior- Sample 2 +0.01)
Log10 (20ss Posterior- Sample 2 +0.01)

-5 o 5 10 -5 0 5 10
0g10 (20ss Anterior- Sample 1 +0.01) Log10 (20ss Posterior- Sample 1 +0.01)
E
10 4 I - Reproducibility i RNA-seq results from s/
PY expressing cell samples. A-D) Scatter plots
showmg the logl0 FPKM value for each
27 B gene, in each of the replicates. Black dots
o ® represent genes showing an FPKM below
g o0 - “expressed” threshold of 2 FPKM. Red dots
® represent genes categorised as “expressed”
20 | by having an FPKM greater than 2 A) 10ss
anterior B) 10ss posterior C) 20ss anteror
® D)20ss posterior. E) PCA analysis of the top
T _2'0 [‘) 2‘0 4‘0 50 expressed genes across the 10 and 20ss
[ 10ss Anterior 1 20ss Anterior 1 afiterior and posterior se/ expressing cell sam-
- oy POt g%(?:: patenerd  ples.
B 10ss Posterior 2 10ss Posterior 2

50 FPKM was choses a cubff 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
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genes, to identify which lewd#lgene expression contributed most significantly to
specific cellular identity.

Figure 4-2 Bar chart showing the overall number of genes expressed in east#
context.

1007

90%e

80%

Percentage of genes
il u highly expressed
(FPKM > 50)
i Percentage of genes
expressed (FPKM = 2)
50°
. Percentage of genes

with detectable

transcription

o

40%

Total i
o (s ngS i

" Zebrafish genome (Zv10)
208
100
0

10ss Anterior 10ss Posterior  20ss Anterior  20ss Posterior

o

Bar chart showing the percentage of genes detected as transcribed, expressed or highly
expressed in each of the four s+ contexts. The mean of the counts in each replicate for a
specific context had to be above 0 for a gene to be associated with “detectable transcription”, a
mean FPKM of 2 or greater was required to class a gene as expressed, or a mean FPKM of 50
or greater to be classed as “highly expressed”.

All four scl contexts show similar numbers of genes with detectable transcripts,
expressed genes and highly expressed(figmes42). This suggests that all four
contexs 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 gendé®ing expressed rather than the additional onset of transcription at

a significant number of genes.
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4.1.2. Uses and limitations of gene ontology analysis

Gene ontology (GO) is the association of a given gene with a specific biological or
molecularfunction. Ths 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 reant on the accuracy of the gene annotation database. One such database,
ZFIN, contains gene information including ontology relating to known zebrafish
genes. | have used the analysis tool, PANTHER (protein annotation through
evolutionary relationshifd, analysthis database to identify significant enrichment

of biological terms within a provided gené®fist

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 provids a pvalue 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 publishedrdhtenowledge of protein

classes and biological functions. As a result differences in homenclature do not
necessarily relate to differences in biological function. Second, a single factor can be
annotated with multiple classes or functions, givenrtitaing 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 adntestest 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 tidis§abtor
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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, ay these m
be indirectly necessary for a range of downstream biological furftidmisnally

this approach fails to consider expression level detail, thus all expressed factors are
equally weighted in these assessments.

This analysis tool enables large geadcsbe initially probed on a mugjéne 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 l#ological conclusions drawn. In this
project GO enrichment analysis has been used to suggest key biological features of

each context.

4.2. Spatial variation in expression at the 10ss.

Mining of these transcriptional datasets for relevant haematopoiet@seundr

features is hampered by expression of general factors, which are unrelated to the
identity of the cell as part of ad population. Through comparison of tad
transcriptomes it is possible to identify genes that are only differentiafigeekpr
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
a similar levels botlscl contexts, will also be removed by this analysis. This
approach is useful for identifying different programs active in diffaflent
populations and the potential factors that contribute to these different activities, but

it doesnot resolve whether these are associated with the preseuter @in

underlying biological differenceln this initial analysis | have compared the
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42.1.

transcriptomes of the anterior and postex¢bi0ss contexts. Figur&4hows the
spread and siditiance of differentially expressed genes between these two
populations.

Figure 4-3 Volcano plot showing the distribution of differentially expressed genes in
10sssct cells.

Volcano plot of genes expressed at
the 10ss in the anterior and posterior
Scl positive populations

Volcaro plot of the genesexpressed in
the 10s <t populations Gens that
shaved enrichment in the10s poséri
or (thus deleted in he 10s arerior)
are shovn in ‘ellov, while @gnes
enriched in the10s anteor (depleted
in the10s posteior) arein blue Genes
expressed at 2 FPM or greater in both
the 10s arerior aml posteior st
Ve samples ydailed b shav a signifiart-
ab . ly different expression lgd betveen
) the populations arshavn in bladk ard

° I are  describel as ommondy(
expres sed 6.
o

log2 Fold Change

-log10 p value

Later in this chapter | usengparative analysis betweghandscl populations to
address the specific transcriptional differences between haematopoietic progenitors
and the neighbouring cells from within the same biological context (See chapter

sectiord.5.

Validation of RNAseq datasets

To validate tht RNA-seq datasetxcurately represantviv@xpression patterns for

these early haematopoietic populations | have used wholemsiwnybridization

to detect transcripbcalisation within early zebrafish embry@sSeq was used to
compare expression levels with replicates, between the 10ss anterior and the 10ss
posteriorscl populations. Target genes for this validation were picked from the

most differentially (andgsiificantly) expressed genes showing expression levels of at
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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 vdacwevelopment, and their expression pattern in zebrafish
has been published for these embryonic stages. F@steows 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 RNAeq datasets produced in this

project.
Anterior Enrichment Posterior Enrichment Enriched in negatives

cd63 slc9a3rl klf17 znfl2a gfilaa plk3 epcam cflll

.................................................

33/33 /22 /30 +f 3434  NEY/27 T9/19
In sitn hybridization staining in 10ss embryos showing the endogenous expression patterns of genes identified as
differentially expressed between different s/ expressing populations and scl negative controls. Dorsal view of flat
mounted embryos anterior to top. A &B) Genes identified by RNA-seq to be enriched in anterior s¢/* cells com-
pared to s/ cells of the posterior at 10ss. C-F) Expression pattens of genes identified by RNA-seq to be enriched
in posterior s¢/* cells in comparison to anterior s¢/* cells at the 10ss. G & H) Expression patterns of genes identified
by RNA-seq as being enriched in all s¢/"populations in comparison to the s¢/” populations from the same embryonic
stage and location. The dashed line indicates approximate point of bissection.

For every gene investigatedrbgitthybridization | found an expression pattern at
the 10ss that matched the RBEY datasets, for bosigl and scl contexts. The
embryonic location of theel populations profiled by RN#eq is shown in figure 3

2. It is important to note that my RN#q datasets only detail expression levels

within thescl population for each context, while this embryological technique can
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42.2.

describe expression patterns through out the embryo. -colluii in situ
hybridisation techniques would resolve the degreerdmpbetween each of these
probed factors and thecl populations isolated for RN#eq. Unfortunately
standardn situechniques cannot provide the cellular resolution that is required to
confirm ceexpression with in a single cell. In chapter 6 Il geteange of
approaches used to further investigate overlapping expression patterns and potential

subscl contextdiversity.

Anterior enriched genes

DESeq?2 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. Toepepresented biological
processes were determined udiegPANTHER database, revealing that 93 terms
were significantly oveepresented. Unlike in the temporal comparison of the
posterior the majority of these top enriched terms relate tespesific biological
functions, including kidney, neural an& eevelopment(figure 45). No
haematopoietic or vascular processes are found among the significantly over
represented biological processes despite the expression of key haemangiogenic
factors includingsclin both of the populations. These results gighlihat
comparison betweeast] populations can identify differences regardless of whether
these are specific to theforogram 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 thelOss anteriorsct
population compared to the 10ss posteriagct population.

Major biological GO terms shawing over-representation in the
10ss anterioscl” population

Fold Overrepresentation
o
i

All major biological functiongdentifiedas satisically overrepresated by gene signifiartly
enrided in the 10ss anterigel samples wherompaed b 10s posteior st samples

The top featuring protein class was transcription factors at Whifé@.5% of

proteins wee signalling molecule§he genes annotated as transcription factors
relate to 141 oveepresented biological GO processes including nervous system
development and cardiac muscle cell differentiation. The genes annotated as
signallingmoleculescorrelate with 57 significantly oewepresented biological
processes, which include Wnt signalling (canonical arwhnmonical) and axon
guidance. Although these gene lists may contain interesting novel factors involved in
anterior haematopatic and vascular developmémsewill be difficult to identify

from the large number of genes included that are involved in other anterior cell
processes.

The lack of significant overpresentation of haematopoietic or vascular GO terms

in the 10ss anterior enriched gene list couldrbsult of a variety of biological

situations.

4-27



1 The 10ss anteriscl population may show enriched haematopoietic and
vascular expression compared to its neighbaaliogils. The majority of
these factors may be expressed at higher levels in thpost@ssrscl
population, thus upon comparison to the posterior rather than neighbouring
sct cells, the 10ss anterior appears to be depleted in the very factors that are
key to its cellular activity.

1 The 10ss anteriascl population may be highly dise and still in the
process of specification, thus shows expression of factors involved in the
cellular processes of neighbousidlcell types. Later in development these
genes are down regulatedgdihcells 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.

4.2.3. Posterior enriched genes

744 genes amggnificantly enriched in the 10ss posterior (thus depleted in the 10ss
anterior). From this posterior enriched gene list 71 biological GO terms are
significantly enrichedThe top two major terms that are exepresentedre for

oxygen transport angdrimitive haematopoiesisuggesting that the posterior is
already adopting the erythroid fdigure 46). This is very different to the anterior
enriched gene list, which showed no significant haematopoietic process over
representation. The 33 genedt ttontribute to these biological terms are highly
expressed with a mean FPKM over Téble 41 details the expression level and
enrichment of these erythroid factors enriched in the posterior in this 10ss spatial
transcriptome comparison. Other engpresented 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 sc/expressing population.

Biological GO terms over-represented ly genes enriched in
the 10ss posterioiscl population
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All major biological GO tams identifiedas werrepresentd in the 10ssposterio
populationbased omnnotation®f geneddentifiedas statistally enriced inthe 10s
posteriorscl population, upon comparison to the 10ss antscigropulation.

Protein class analysis shows that 11.6% of the genes enriched in thegabsterior

population are annotated as transcription factors and that 5.4Sigreéng

molecules Top ovewrepresented biological GO terms for the 10ss posterior

enriched transcrpt i on factor <c¢class include

opr i

enriched 10ss posterietvsagfilaagataland celdp expression) and the vascular

development.
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Table 4-1Erythroid factors enriched inthe 10ss posteriosc/expressing population.

hbad
dfilaa
gatala
hba&8
hbbel.1
hbz
csrnpla
hbbe3
hbad
mb
hbbe2
wntl6
mta3
hbad
flverl
hbbel.2
epb41lb
hbbel.1
slctala
tbx16
fech
HBZ
etvba
pms2
cebpa
alas2
myb
sl25a37
smo
cdx4
gata2a
piezol
cdca7a

Gene Name Description

hemoglobin, alphanebryonic 1

growth fador independent 1A transciption repressor a
GATA binding pro¢in 1a

hemoglobin alpharabryonic-3

hemoglobin b&a enbryonic1.1

hemoglobin z&a

cysteine-serinerich nudear proein 1a

hemoglobin b&a enbryonic-3

hemoglobin, alphanebryonic 1

myoglobin

hemoglobin b&a enbryonic-2

winglesstypeMMTYV integation sie family menbe 16
meashsis assated 1 familymenbe 3

hemoglobin, alphanebryonic 1

felineleukemia vius subgoup C @lular reeptor 1
hemoglobin bea enbryonic-1.2

erythrogte membraneprotein band 4.1b
hemoglobin b&a enbryonic-1.1

solue carier family4 @nion echangr), menbe la
T-box 16

ferrochdatase

zgc:163057

ets \ariant5a

PMS1 homolog 2, misnthtrepair sgtem componeit
CCAAT/enhaner binding pro¢in (C/EBP), alpha
aminoleulinak, ddta- synthas@

v-myb avian nyeloblasbsis viral onagene homolog
soluk carrier family25 fnitochondrial iron tanspoter)
spemineoxidase

caudal ype homebax 4

GATA binding pro¢in 2a

piezotype mechanosasitive ion dhanné componat 1
cdl division gcle assdated 7a

10s Ant. 10ssPost. log2
Mean FPKM Mean FPKM FoldChange

0.93 19.47  -3.4697
148.74 1861.89 -3.4001
50.29 634.37 -3.3634
33.60 407.10 -3.2744
16.51 216.93 -3.2663
0.45 8.70 -3.2107
2.35 34.02 -3.1757
30.11 34891 -31224
13.44 132.99 -2.7685
0.68 7.97 -2.7400
4.63 4352 -24164
0.36 3.72 -2.3010
8.36 4597  -2.2492
0.86 7.54  -2.2056
4.43 21.13 -2.0646
0.48 5.89 -20542
1.30 7.42  -1.8827
8.76 4415 -18575
0.49 2.32  -1.6862
3.68 14.48 -1.6300
7.27 2591 -1.5010
2.96 12.24 -14951
9.49 28.57 -1.4538
4.29 13.18 -1.4060
107.65 300.95 -1.3700
10.79 34.11 -1.3647
52.87 141.33 -1.3021
5.69 15.25 -1.1924
10.43 25.62 -1.1776
40.14 96.74 -1.0939
11.94 25.33  -0.9993
7.18 15.39 -0.99%4
72.29 152.12  -0.9863

p-value

6.13E08
4.65E15
6.15E13
3.51E12
6.39E10
1.69E06
2.78E08
1.54E09
2.95E06
2.20E05
0.00046401
0.001885644
2.69E06
0.00208758
1.22E05
0.008482521
0.005080171
0.004529901
0.01238684
0.004668324
0.01341389%
0.029360254
0.001603394
0.00437881
0.001766544
0.013860034
0.00292565
0.04296440¢
0.00959697
0.02515186¢
0.019734823
0.029586491
0.01503502

Table of erythroid factors identifiedhrough biologial gene ontology analysis ofgenes
enrided in thelOsgosteriorsct population upon compigon to exprssion inthe 10s antei-
or scl population. Bctors are in ordef fold depleton in the 10s anteior compaed to the
expression leV in thel0s posterigrthusare negtive log2 alues. This gene listis biologically
equvalent to gnes enrfeed in the 10ss posier

For genes annotated as signalling moleculesepvesented biological processes

relate to general developmental

dorsal/ventral patterning.

processes such as limb development and

This spatial comparison afcl populations indicates the posterior 18sé

transcriptome is already strongly enriched for erythroid factors while the 10ss

anterior population shows no significant -ogpresentation of any haematopoietic

related GO term.
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4.2.4, Common expressed genes in the 10ss sghtiamparison

As with the temporal comparison of the posterior ggrassvith FPKM values

greater than 2 in both the 1Gs3 populations(anterior and posteriowyithout
significant (p>0.05) differenae expression level between the two contexts, were
considered commonly expressed. 8991 genes for this spatial comparison were
commonly expressed and annotated with 31@em@&sented biological GO terms
showing significant differencetbat expected if gneswerepicked at randon259

were enriched and 51 were depleted.

All but 6 of these biological terms were for ubiquitous housekeeping processes or
general developmelffigure 47). The tissuespecific categories relate to retina
development and mpél cell differentiation. This owapresentation could
suggest that at the 10ss the myeloid fate is favoured by both the anterior and
posteriorscl populations, however the common expression of factors annotated
with a role in retina development cdstsht 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 phain and sensory organ
development.

3.2% of enriched genes were annotatsdyaalling moleculethese relatet key

signal transduction pathways, rhombomere formation and vascular development.
Non-canonical Wnt, SMAD and BMP signalling pathweyes @nriched, 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 posteriarc/expressing populations.

Biological GO terms over-represented in genes commonly
expressed in the 10sscl populations
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Biologicalfunctionsand protein clasanalysiof genescommonlyexpressedh the
10ssanteriorscl samplesand 10sposteriorscli samplesGeneswere deemedo be
commonly expressédfl theyshoved an FPKMlewel of at leas® in both 10ssci
populations plus sheed an insignificant fold ltang betveen the tw 10s
populations basesh variationbetweenreplicates A) Bar dait of all majomiologicd
GO temmsidentifiedas werrepresentedn the annotations ofcommonlyexpresse
10ssgenes B) Barchart shaving the majomiologicaltissuespecificGO termg
identifiedas werrepresentedn the genelist from commonlyexpressed0ssgene
annotated as oOtranscription factor
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4.3. Temporal transcriptome variation in the postetigss vs. 20ss

4.3.1. 10ss enrichment sti posterior compg&on

Following DESeq2 analysis comparing the transcriptomic datasets $ct the
posterior 10 and 20ss samples, 471 genes were identified as significantly enriched in
the 10ss posteriofhe spread and significance of differential expression is shown in
figure 48. Significant fold enrichment varied from 287 fold over expression in

the 20ss posterior.

Figure 4-8 Distribution of differentially expressed genes irsct posterior cells.

Volcano plot of genes expressed in
the 10ss and 20 ss posterior Scl positive populations

Volcaro plot of the genesexpresse in
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that shaved errichment in the 10s
poserior thus deleed in the 20s
.- poserior) ae shevn in \ellon, while
1 ) genes enrihed in the 20% posteior
) (depleted in the 10s posteior) are in
green. Gens exprssed at 2 FP or
- greater in bdt the10 and 2Gsposeri
; or <t sampls yé failed b shav a
significantlydifferent exprressionlewel
between thepopulations & shavn in
blak and ae desc i b e dommaanly
expres s ed 6.
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Top enriched biological processes were determined using the PANTHER database,
revealing that 67 terms were eegresented in the 10ss posterior compared to the
20ss posterior, all of which relate to ubiquitous processes apartdeenfidu(e-4

9).

Of thes 9 none are directly haematopoietic or vascular, suggestingehayadi

specific biological processeactive in the 10ss posterior transcriptome are
maintained in the 20ss posterior cells. The expression of the genes that contribute to

these termare reduced in the 20ss postdiiata not showrguggesting that the
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posteriorscl population has become more specialised in function, as it develops

from the 10 to 20ss.

Figure 4-9 Biological gene ontolog/ analysis genes enriched in the 20ss posteriset
population

Overrepresented tissue specific GO terms
associated with genes enriched in the 10ss posterior
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Major tissue specific biological tems identifiedby gene ontology analysis ag
overrepresentedly genesenridied inthe 10sposteriorscl samples upooomparisol
to 20ss posteriaci samples

Protein class analysis annotates 11.6% of the 10ss enriched genes in this posterior
comparison, as transcription factors and 6.5% are annotsitpthling molecules

The genesnnotated 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 20ssl posterior possibly because #u population has

become further specified.

Genes for transcription factors enriched in the early posterior annotated with a role

in myeloid cell differentiation are also -@gpresented suggesting that the
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4.3.2.

development fothe myeloid lineage has either dramatically reduced or migrated to
the anterior by the 20ss. However as seen in sé&ibgenes associated with
myeloid celldifferentiation are specifically enriched in the 20ss postérior
population (ovescl cells), suggesting that this process remains active but at a lower
level than in the 10s€1 posterior population. The genes annotatesbaalling
moleculesorrelate 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

myelod lineage, as the postersii cells develop, however it is important to

remember t hat this analysis is entirel
annotation.
In conclusion 10ss enriched factors in the posterior comparisstli ofe | | s &

transcriptome are annotated with nblaemangiogenic functions. This suggests all
haematopoietic functions expressed at the 10ss are retained to the 20ss in the
posterior of the zebrafish embritmwever upon focussing solely on transcription
factor genes enriched ihet 10ss posterior significant erepresentation was

observed for several biological functions including myeloid differentiation.

20ss enrichment 8Tl posterior comparison

In this temporal comparison of the postesdrcells 1564 genes are significantly
enriched in the 20ss posterior (thus depleted in the 10ss poAtgrigajer number

of genes are enriched in the 20ss sample than in the 10ss transcriptomeaywhich
be due to the increasing complexitgt heterogeitg of the population.

From the 20ss enriched gene list only 92 biological GO terms are significantly over

representedhese are shownfigure 410.
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Figure 4-10Biological gene ontology analysis genes eiched in the 20ss posterior

sct population.

Overrepresented biological GO terms for genes enriched in
the 20ss posterior
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collection ofgenesOf note the top threeverepresented tens relate to gthroid processes

Bar datt shovingthe overrepresentationf majorbiological GO tensupon gneontology analysis
of genesenridiedin the 20ssposteriorscl samplesvhencompared tdlOssposteriorscl samples
(equvalentto geneddepletedin thel0sposterior upon comparisaa the20sgposterior). Sub-cate
gories vere omittedthus this rpresentghe tota significantlyoverepresentedunctionsfor this

The most significantlyenriched biological process associated with these 20ss

enriched factors is oxygen transport. Unlike in the anterior temporal comparisons,

this magnitude of ovaepresentation ibiologcal 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 th@psst@opulation from

the 10ss to 20ss involves a dramatic shift towards a strongly erythroid profile,

without any notable divergence or range of fundtade 42 details the expression

level and enrichment of theseygen transpotfactors enricheth the 20ssscl

posterior population compared to the 10ss posterior population.
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Table 4-2 Genes associated with the GO terroxygen transportenriched in the 20ss
posterior sct population

Gene Name Description e gt AV paEL log2 pvalue
Mean FPKM Mean FPKM FoldChange

hbbel.1 hemoglobin b&a enbryonic-1.1 44,15 2417.19 -5.590697375 1.54E46
hbbel.2 hemoglobin béa enbryonic-1.2 5.89 211.58 -4.890837669 3.77E28
hbbes hemoglobin béa enbryonic-3 348.91 8086.59 -4.454357537 8.83E33
hbbe2 hemoglobin béa enbryonic2 43.52 1078.15 -4.436969149 2.13E23
hbad hemoglobin, alphamebryonic 1 19.47 431.08 -4.374632586 1.10E31
hbad hemoglobin, alphambryonic 1 132.99 2678.09 -4.234442923 2.63E26
hba& hemoglobin alpharabryonic-3 407.10 7583.52 -4.172158985 3.71E33
HBZ 791163057 12.24 215.73 -3.952978035 5.36E17
hmbsb hydroxymethylbilanesynthase b 16.42 262.62 -3.893263409 5.56E20
hbz hemoglobin z&a 8.70 123.01 -3.709571876 2.07E18
hbbel.1 hemoglobin bea enbryonic-1.1 216.93 2911.75 -3.682892629 491E21
urod uropomphyrinogen decarbokylase 161.98 1958.75 -3.57508809 4.86E22
alas2 aminoleulinak, ddta- synthas@ 34.11 352.61 -3.221007282 1.04E10
hbad hemoglobin, alphambryonic 1 7.54 63.21 -2.958728432 1.20E10
hmaxla heme oxygenasela 4.29 25.45 -2441015132 1.12E06
uros uropomphyrinogen 11l synthase 15.01 76.89 -2.379187583 1.68E09
cpox copropoiphyrinogen oxidase 216.83 1010.97 -2.27233994 3.21E11
fech ferrochdatase 25.91 122.42 -2.243091816 9.64E07
hmbsa hydroxymethyibilanesynthasea 104.51 440.51 -2.12380162 1.78E09
iba57 IBA57 homolog, irorsulfur duster assmbly 17.20 52.31 -1.675982817 9.03E06
sn3 sotting nedin 3 13.66 37.67 -1515227165 0.000112343
atpifib ATPaseinhibitory fador 1b 46.07 123.56 -1.513920269 9.62E05
bdh2 3-hydroxybutyrate dehydrogenase type 2 341 7.03 -1.088473712 0.048504856
bivra biliverdin reludaseA 72.48 127.73 -0.951309948  0.023301985
Table offactorsassociatedith erythroid biobgical GO éms identified as ariched gnes in
the20ssosteriorsct population follaingtranscrippmecompaison vith samplefor the sct
10sgposterior Biological GO analysiss/catied outon the ptal enribied gene listrecardless
of protein classr moleculafunctionality Fadorsarein orderof fold depleton in the 10s
posterior compared tiie expression l&lin the 20s posteior, thus ae negtive log2values.
This gene list is biologically egalient to gnes enribed in the20s posteior. Gene name and
description preided ly the Ensemble biomatatibase

Protein class analysis shows that 4.6% of the genes enriched irsthe@issior
population (in this temporal comparison) are annotated as transcription factors and
that 2.3% arasignalling molecule$op protein classes instead include hydrolases,
transferases and transporters, supporting previous reports that by 20ss the erythroid
population has been differentiated and gains functiohaigcriptional regulation

rather tha a tissuespecificfunction, was the most commonly owepresented
biological GO terms relating to the transcription factor class. Notakdyer
represented terms relating tssuespecific processes or regulation of a
developmental processre iéntified from the 20ss posterior enriched transcription

factor list.
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4.3.3. Common factors from thex! posterior comparison

Genes with FPKM values greater than 2 in both the 10ss ardl posserior 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 G@lidrats of

these terms were for ubiquitous housekeeping processes or general development.
The 3tissuespecificcategories were all haematopoietic or vascular processes, as
detailed irfigure 411 The commonly expressed gehas contribute to the over
represetation of these haematopoietic or vascular processes iritatatEspite

the erythroid fate becoming strongly favoured as the population develops, the
expression ofcertain general haematopoietic factors amdculargenes was
maintained.

9.9% of commuoly 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 leukocyt#fferentiation in addition to ubiquitous processes such as
circadian rhythm3.5% of enriched genes were annotatesigaalling molecules

these related to both key signal transduction pathways and haemangiogenic
signalling. Noifanonical Wnt signalling and pathwenyslving 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 erythydidt fate

without validation withinhese developmental contexts, this is only a corréfation

265
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Figure 4-11Protein class andgene ontology analysis of genesommonly expressed in
the 10 and 20sposterior scl populations.

A Over-represented biological GO tems for genes commonly exmssed
in the sct* posterior between the 10 and 20ss.
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4.4. Commonscl cell factors

8691 genes wereproduciblyexpressed in all contexts with a minimal FPKK of

their distribution between the fosel contexts is shown in figurel2 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 sct contexts.

20ss
Anterior
10ss

Anterior

Venn diagam showing the distri

bution of genesexpressedver 2
FPKM betveen 4 earlgcexpress
ing populations Overlapping
segmentsepresenthenumber of
genesco-expresseloly both popu
lations At thecentrein bold8691
genes were identifiedas being
expressedh all fourscl popula
tions not necessarilgt thesamg
lewvel in eak.

Biological procesnrichmenanalysis showed that 332 GO terms common to these
four sclpopulations were oveepresented and 3€rtns were underrepresented in
this common gendist 7 of the overepresented processes were for tisgeeific
functiors, falling into two major biological GO terms, retina development and blood
vessel morphogeneass detailed iRigure4-13 47 ubiquitous major biological GO
terms were also oveapresentedRNA processing and ATP synthesis processes

accounted for the top ovegpresentedbiquitous biological GO terms.
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Figure 4-13 Biological gene ontology analysis of genes expressed by all foset
populations studied.

Tissue specific biological GO terms associated with
genes expressed in all four s¢/ expressing contexts
studied.
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Bar chatt of tissuespecificmajor biological GO tens idenfied as
expressedt 2 FPKM or greaterlewels in all four ady scl contexts
investigited.Negative log2 fold werrepreserdtion levels describeGO
terms that are undespresentedythese expssed+i-all facors

Within the depleted GO terms 5 weretfssuespecificprocesses su@s sensory
perception, synaptic transmission and immune responses, which indicates that these
biological function are commoumlysentind potentially specifically repressed within
sckexpressing cells. Depletion within this common list could also pesiatethat

these processes are enriched within ces@isubpopulations, while being
completeha bsent in others, thus wou-indl Fail
analysis.

Upon protein class analysis of these commonly expressed proteiospticsm

factors account for 9.1% of the genes and 3.5% are annotated as signalling
molecules. Oveepresented tissepecific biological processes for the common
expressedenes classedtasnscription factors included granulocyte differentiation,

primitive haematopoiesis and blood vessel morphoggeess listed in table3}
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Table 4-3 Genesassociated with a molecular GO term dfranscription factor and a
biological GO term ofhaematopoiesisexpressed by all foursct populations studied.

s 10s Ant. 10s Post. 20ss Ant. 20ss Post.

Gene Name Description Mean FPKM Mean FPKM Mean FPKM Mean FPKM
ajuba ajuba LIMprotein 15.90 18.17 29.07 17.31
bd6a B-cell CLL/lymphoma 6a (zinc fger protein 51) 8.71 10.34 19.95 11.78
bd6ab B-cell CLL/lymphoma 6agenome dupliate b 16.92 10.93 32.57 15.56
brfla BRFL, RNA polyneraselll t ranscripion initiation fador a 3.31 3.71 3.90 2.02
brflb BRFL, RNA polyneraselll t ranscripion initiaion fator b 11.12 8.15 9.35 9.20
cdx4 caudal ypehomeobox 4 40.14 96.74 4.88 26.79
cebpa CCAAT/enhaner binding pratin (C/EBP), alpha 107.65 300.95 208.21 168.40
crip2 cysteinerich proten 2 32.78 26.92 325.02 110.04
dpf3 D4, zincand doubld®HD fingers family 3 5.85 2.18 6.73 3.79
e2f7 E2F transciption fador 7 5.19 8.13 11.06 10.46
€2f8 E2F transciption fador 8 7.64 12.99 9.31 14.54
el elongation facbr RNA polymerase Il 14.91 14.56 15.98 12.81
eg v-ets avian &ythroblasbsis vius E26 onogene homolog 10.69 10.36 86.16 16.02
etv2 etsvariant2 1535.57 788.51 1384.75 598.63
etvba etsvariant5a 9.49 28.57 33.20 18.12
fev FEV (ETS onogene family) 4.42 5.18 3.73 3.40
flila Fli-1 prob-oncagene, ETS tansciption fador a 151.39 304.34 459.33 281.84
flilb Fli-1 prob-oncagene, ETS tansciption fator b 65.15 43.94 222.47 69.70
fosab v-fos BBIJmurineoskosarcoma viral ongene homolog Ab 1437.93 1182.45 1003.04 873.22
foxcla forkhead ox Cla 6.50 2.85 14.80 2.32
foxjlb forkhead tox J1b 3.62 6.76 211 13.64
foxo3b forkhead ox O3b 2.29 2.95 6.09 4.00
gatla GATA binding proéin 1a 50.29 634.37 50.12 470.48
gata2a GATA binding proéin 2a 11.94 25.33 31.02 14.70
gata3 GATA binding proéin 3 33.34 28.45 23.78 15.91
gats GATA binding proéin 5 146.72 9.41 28.95 2.25
gfilaa growth fador independent 1A transciption repressor a 148.74 1861.89 90.34 793.09
hey2 hestelated familybHLH transciption fat¢or with YRPN moif 2 100.58 78.62 164.85 69.28
ikzfl IKA ROS family zinc figer 1 (Ikaros) 13.70 11.77 71.73 106.80
kdm4ab lysine(K)-speific demethylased4A, genomedupliateb 5.89 7.45 8.18 6.88
Imo2 LIM domain only2 thombotn-like 1) 3278.00 3763.49 1312.93 1438.30
mafba v-md avianmusaloaponeurat fibrosaroma onogene Ba 6.84 5.73 13.07 4.74
med14 mediabr complex subunitl4 5.25 8.80 8.20 8.05
meox1 mesenchyme homebox 1 31.39 24.71 33.37 9.39
mgaa MGA, MAX dimeizaion protein a 11.05 13.12 4.68 5.11
myb v-myb avianmyeloblasbsis viral onogene homolog 52.87 141.33 70.02 165.47
noorl nuclear reseptor corepressor 1 41.81 24.20 17.33 11.88
noor2 nuclear reseptor corepressor 2 14.93 11.65 22.29 11.77
nfil3 nuclear fator, interleukin 3 rgulatel 22.29 11.32 34.36 11.38
nr2f2 nuclear reseptor subfamily2, group F, menbe 2 4.23 2.96 15.13 6.12
osrl odd-skippel rdated transdption fador 1 6.55 26.09 2.59 5.69
pdcd2 programmel cell death 2 19.88 20.41 16.00 34.32
prox1b prospeo homeolox 1b 6.66 16.38 10.37 6.52
rarab retinoic add receptor, alpha b 11.00 7.22 6.24 4.19
rbpja recombinaton signal binding praitefor Ig kappa J ggon a 8.61 12.75 12.03 7.52
rbpjb recombinaton signal binding praitefor Ig kappa J ggon b 6.89 6.89 11.20 6.33
shds ShvachmanBodianBiamond spdrome 22.72 2411 16.08 23.43
smad5 SMAD familymembe 5 83.31 103.78 127.93 75.49
smad6a SMAD familymembe 6a 10.29 3.85 8.20 2.40
smad9 SMAD familymembe 9 18.24 7.94 7.60 4.50
smyd3 SET and MYND domainantaining 3 9.57 6.10 9.22 16.43
sox18 SRY (sex determining egion Y)box 18 9.97 13.52 115.65 34.92
sox7 RY (sex determining egion Y)box 7 479.79 386.91 730.47 309.74
spilb Spid prob-oncagene b 478.85 65.53 201.04 31.29
spry2 sprouy RTK signaling aragonist 2 8.48 21.10 33.97 25.18
spry4 sprouyy homolog 4 Prosophila) 51.40 65.37 73.22 42.41
supbh SPT6 homolog, hisinechapeone 22.42 22.80 23.26 19.04
yapl Yes-assom@ted protein 1 25.54 13.78 38.39 8.58
Table ofhaematopoietiand \ascular transcriph factors idetified through progin dass analysis génes expresse
at2 FPKM or greaterin all four earlgct populationsBiologial GO tem aralysis vas catied out on gpressed+i-all
genes to identifiyfactorsassociatesvith haematopoiét ard vaseilar processa  Protén class analysisas hen
caried out on the resultingge list, to isolat expresed-all btal ranscription factor list.
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Tissuespecific biological processes relating to the signalling molecule class of
commonly expressed proteins include negative regulation of axon extension,
vagulogenesis and angiogenesis.

Figure 4-14 Scatter plotof genes with the same expression level across all four early
sct contexts.
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| have also generated a list of genes that are similarly expressed in each of the
populations, these are a subset of the previous amadysisly 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 showeslgndicant
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 thaséeria and represented 204 biological GO teAgare 414

shows that the majority of these genes show expression under 1000 FPKM in each
context Only one major biologididsuespecifidermwas overepresente(bther
overrepresented biologicalD&ermsrelatedto ubiquitous housekeeping processes

or general developmgni8 genes (detailed Table 44) with a mean expression

level of over 156PKM were associated withetoverrepresentedissuespecific

processhaematopoiesis
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Table 4-4 Haematopoietic genes showing common expression levels across the four
early sc/expressing populations studied.

Gene Name Description 10s Ant. 10s Post. 10s Ant. 20ss Post.

Mean FPKM Mean FPKM Mean FPKM Mean FPKM
rpl19 ribosomal pragin L19 1981.84 2246.24 2440.86 3482.23
etv2 esvarnant2 1535.57 788.51 1384.75 598.63
fosab v-fos BJImurine oseosaroma viral onogene homolog Ab 1437.93 1182.45 1003.04 873.22
rplpl ribosomal pragin, lage, P1 1359.89 1461.90 1846.93 2349.08
rps7 ribosomal pragin S7 1336.61 1358.00 1228.76 1623.16
rps27.1 ribosomal pragin S27, isofom 1 1059.86 1106.44 1187.86 1484.69
rpl35 ribosomal pragin L35 827.82 752.01 617.95 766.26
rpsl4 ribosomal pragin S14 597.40 644.89 714.99 873.37
rplll ribosomal pragin L11 453.58 480.25 524.88 596.85
rpl27 ribosomal pragin L27 450.65 432.34 487.95 580.05
rps19 ribosomal pragin S19 436.28 418.55 468.50 589.76
rpl22 ribosomal pragin L22 406.21 347.77 392.72 475.81
rps29 ribosomal prasin S29 341.17 362.30 390.02 483.80
hdad hisbnedeactylase 1 330.71 367.55 263.17 273.59
hsp70l heatshak cognae 70kd proein, like 324.03 206.62 184.03 117.65
ube2ib ubiquiin-conjugating @zymeE2Ib 247.14 226.54 174.08 188.50
rpl35a ribosomal pragin L35a 175.60 196.02 255.02 313.08
wdr43 WD repeat domain 43 165.67 234.17 108.07 236.01
atpifla ATPaseinhibitory fador 1a 127.84 111.20 127.00 145.26
sad SUMOL1 advating @zymesubunitl 117.80 115.65 69.23 75.45
rps24 ribosomal praéin S24 95.25 93.69 85.81 105.76
ddx18 DEAD (AspGlu-Ala-Asp) box polypeptide 18 93.88 135.32 75.56 168.20
smad5 SMAD familymembe 5 83.31 103.78 127.93 75.49
ak2 adenylate kinase 2 67.74 107.61 106.56 139.38
srrnp70 smallnudear ribaucleoprotein 70 U1) 63.40 55.77 43.64 33.93
rcorl REST orepressor 1 61.36 39.38 49.73 27.48
cxcll2b chemokine(C-X-C moif) ligand 12bgtromal @l-derived fador 1) 57.07 52.56 51.38 24.02
hspa9 heatshak protein 9 54.34 90.83 64.35 125.10
spry4 sprouy homolog 4 Drosophila) 51.40 65.37 73.22 42.41
cdc73 cell division grcle 73,Paf1/RNA polymerasell complex componat, homolog § cerevisiag 45.78 50.13 37.91 45.92
ubeia ubiquiin-conjugating @zymeE2la 44.38 42.39 30.61 38.04
brd2a bromodomain entaining 2a 44.21 60.02 43.45 45.31
brd3a bromodomain entaining 3a 42.50 55.05 38.18 39.03
ptenb phosphaase andensin homolog B 40.99 30.42 61.99 24.90
cbfb core-binding fator, beta subunit 33.82 21.20 49.49 15.83
cpsfl cleavage and polgdenylaton speific fador 1 29.27 40.69 36.57 47.09
jagnlb jagunal homolog 1b 28.00 31.37 26.37 33.56
taf3 TAF3 RNA polynerasell, TATA box binding proéin (TBP)-assoiated fado 26.18 32.19 25.53 24.38
yapl Yesassomted protein 1 25.54 13.78 38.39 8.58
sat3 squamousa cardnoma arigien recognizecby T cells 3 24.23 30.15 21.36 22.51
aorll adivin A receptor, typel like 23.71 24.02 20.40 17.32
shds ShwvachmanBodianbiamond spdrome 22.72 2411 16.08 23.43
kras v-Ki-ras2 Kirseén ratsaroma vial onogene homolog 22.71 24.55 19.15 15.32
nfil3 nudear fador, interleukin 3 rgulaed 22.29 11.32 34.36 11.38
pdad2 programmel odll death 2 19.88 20.41 16.00 34.32
slc48alb solutecarrier family48 hemetranspoter), member 1b 17.51 11.77 9.46 7.07
dhx8 DEAH (AspGlu-AlaHis) box polyeptide 8 17.48 26.31 20.40 24.36
se&23b Se23 homolodB, COPII matcomplex component 17.06 17.33 25.04 18.85
mek matenal enbryonic leudne zippe kinase 16.27 13.93 8.59 15.42
aggfl angigenic fador with G path and FHA domains 1 15.70 17.21 12.49 16.42
ncor2 nudear receptor corepressor 2 14.93 11.65 22.29 11.77
ptena phosphatse andensin homolog A 12.36 11.67 20.08 14.28
gnal3b guanineudeotide binding proéin (G protein), alpha 13b 11.87 16.52 21.73 14.30
brd4 bromodomain entaining 4 11.76 13.37 17.88 11.01
cxxclb CXXC finger protein 1b 11.40 8.31 8.91 11.78
brflb BRFL, RNA polyneraselll t ransciption initiaon fador b 11.12 8.15 9.35 9.20
pttglipb pituitary tumar-transfaming 1 inerading pro€in b 9.48 6.61 9.64 4.11
adnp2b ADNP homedbox 2b 9.25 11.33 14.96 11.53
tert tedlomeasereversetransciptase 8.44 8.02 11.82 10.27
sfxn4 sideoflexin 4 8.44 5.55 8.30 711
pak4 p21 protin (Cdot2/Rag-adivated kinase 4 7.91 12.53 8.26 11.21
adnp2a ADNP homepbox 2a 7.68 8.04 8.46 6.47
mihl mutL homolog 1, elon @ner, nonpolyosis tpe 2 E. oli) 7.63 8.35 6.04 7.74
wasla Wiskott-Aldrich syndromelike a 7.37 8.39 5.50 3.14
adnpb adivity-dependent neuropptector homebox b 6.59 5.30 5.48 4.24
pdzklipl PDZK1 interading protin 1 6.45 4.89 3.80 3.14
vhi von Hippd-Lindau timor supprasor 6.42 6.57 11.86 8.96
clpxa casénolytic mitochondrial maix peptidasechap@one subunita 6.35 8.29 10.64 7.59
tet3 tet methylcytosinedioxygenase3 6.32 4.04 12.74 5.01
casp3a caspas8, apopbsisrelated cyskine peptidasea 6.26 6.66 6.35 5.90
abae5 ATP-binding @sstte, subfamilyC (CFTR/MRP), menbe 5 5.64 4.63 10.38 4.53
fev FEV (ETS onogene family) 4.42 5.18 3.73 3.40
slc25a38b  solutecarrier family25, menber 38b 4.33 5.00 3.11 8.38
waslb Wiskott-Aldrich syndromelike b 3.76 5.26 4.21 3.84
mfn2 mitofusin 2 3.69 5.88 3.98 5.37
brfla BRFL, RNA polyneraselll t ransciption initiaion fador a 3.31 3.71 3.90 2.02
bmp4 bonemorphogeneic proten 4 3.18 3.15 2.29 5.55
sh2b3 SH2B adatr protein 3 2i73 3.98 3.85 2.84
Table ofhaematopoieticemesdentifiedas commonly expresisia all four edy st populationsListis in
order of expression leVin the 10ss anterior

The genes shown in tablé 4nclude several factors that show ubiquitous activity,

such as the genes for ribosomal proteindhdadl These factors are erroneously
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included due to inaccurate annotation in the zfin datdbasastancehdacils

annotaeéd with 17 differenttissuespecific functions, only one of which is
haematopoieticThis example highlights the major issue with the gene ontology
enrichment analysis, however this approach remains the most appropriate to
summarise genoméde transcriptoic variation.

9.8% of these commonly expressed factors were classed as transcription factors by
PANTHER database and 2.5% signalling molecule$he biological processes
relating to these transcription factors were for ubiquitousegses including
regulation of the catlycle kinases, chromatin remodelling and steroid signalling.
The signalling moleculdass showed enriched biological GO terms for apoptotic

processes and negative regulation of Ras signalling.
1.5. Enrichedscl expression profiles comparedgtmeighbouring cells.

The previousomparativéranscriptomic analysis of thesexpressinggpulations
showedsome differentially expressed gene were associateldaevitatopoietic
biological GO categories, howeadarge number afeneral developmental genes
accounted fomany of the differentially expres$actors. Thessemiubiquitous

and often highly expressed genes made investigekieti 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 expectedhat thisscl population at the 20ss would be strongly
erythrogenic. Gene ontology analysis of genes classed as expressed in this context
identified 279 significanthverrepresentethiological terms. Only 12 of these 279
biological terms relate to haéwpaietic 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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4.5.1.

Here | describe my findings when investigating the features of enswhed
transcriptomes compared to context appros@téranscriptomes. Genes that are
significantly enriched iscl 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 gd@denapproaches

such as those employed in this project | have begun to tackle this problem in a true
in viveeting 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 | am focussing on the factors that arkezhimscl cells, but not on

the depleted genes. While the enriched factors are specifically enshesdisn

versus all other developing cell types within the anterior or posterior of the fish, the
same logic cannot be applied to depleted gé&hesgh this differential expression
analysis, genes that are specifically depleteticells will not be resolved from

genes that are specifically expressed in another cell type from the same context.
Thus althouglsclexpression has previously bslkeown to lead to dowregulation

of the expression of specific targets, and it is known that the haemangioblast and Scl
corecomplexes can represses other cellfdt&&€° depleted factors identified in

this analysis would be difficult to interpret.

Differential expression betwesth and neighbouringclcontexts

DESeq2 was used to assess the significance of difference in expression of genes
between citrine positivec{ cells) and citrine negatifgel cells)cells, taking into
account biological variation. Genes were clasgbffeasntially 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 irscl samples were also subjected to an expressgoff 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 FPKMutoff in scl samples was also
applied to the depleted gene lists to refine the list dovacttrs that were
expressed iscl cells but at a significantly lower level than in surrounding cells.
Without this cubff genes that are not expressed at this developmental stage, would
associate with very large fold change values due to minwdaadifen background

read levels, and swamp further analysis.

Figure 4-15 Distribution of differentially expressed genes over the four earlyc/ +
contexts
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Number of differentially expressed genes
compared to negative controls with p<0.05

As thescl 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 limit number of general developmental g@ingse 415)
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The 10ss anteri@cl population has the least number of significantly differentially
expressed genes. An interpretation of this would be that this populaiiom is
transcriptome level, the clsiséo surrounding tissues and thus may represent a
developmentally earlier stage of #u population. The 10ss posterieci
populationis known to arise earlier in development and displays almost double the

number of differentially expressed genpppsting this theory.

4.5.2. 10ss Anterior
Upon carrying out DESeq2 analysis of thestdesiterior samples compared to the

10ss anterior citrine negative cell samples 2096 genes were identified as being
differentially expressed.

10ss anterior eriched genes wer negative controls

Biological GO term analysis was carried out using the PANTHER database. 1346
genes showed enrichment within edrsamples from the 10ss anterior of the
zebrafish embryo.

This list was annotated with 56 different biological GOstamd included 291
unclassified genes enriched in this dat
any gene that lacks a biological GO term classification, thus this category will include
genes that have been identified but their biological fursctioknown, novel genes

and previously studied genes that lack representation in the GO database. As a
result ounclassifiedd genes | ists are
factors however such lists must be thoroughly checked agslitestature.

11 overrepresented biological GO terms relatetistuespecificorocessesall of

which were haematopoietic or vascular functions. The toprepresented
biological GO terms are shownFigure4-16. Other enriched GO terms were for

Rho sgnalling, small GTPase mediated signalling and vesicle mediated transport.
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Figure 4-16 Over-representedtissue-specific gene ontology terms for genes enriched
in the 10ss anteriosckxpressing population.

Major biological GO terms enriched in the 10ss anterior s¢/
expressing population

Fold overrepresentation

Overrepresented major biological GO terms identified from analysis of genes enriched in
the 10ss anterior s/ ¥ population upon comparison to expression in the 10ss antetior s¢/
population. This includes ubiquitous processes and cell-specific processes such as

haematopoiesis.

Rho signalling has been previously shown to contribute to proliferation and motility
of multiple haematopoietic linedt/@® Together thisuggestshat many of the
genesspecificallyenrichedin scl cells of the anterior population contribute to
biologcal processes relatecatbaemangiogenic profile.

Rho signalling

Of the 17 genes annotated as being directly involved in Rho signal transduction, 11
show guanidine nucleotide exchange factor (GEF) aéligitye4-17 shows the

identity of these Rho signalling proteins and their expression and enrichment level in
the 10ss anteri@cl expressing population. A schematic of Rho signalling is also
includedndicating 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. Thdaematopoietic roles of Rho GTPases Racl and Rac2 have been
studied through the generation of knockout mice lines. Racl has been shown to be
involved in HSC/P migration into the bone marfdand following knockdown,

the number of circulating HSC/P in mice embryos at E10.5, is dramatically
reducetl® HSC/Ps from Rac2 deficiemice display a proapoptotic phenoty’pe

plus Yanget al have identified a role for this GTPase in regulating HSC/P
achesiod™ The expression of these factors specifically withaells at the 10ss
indicates that Rho signalling may be impoftanthe cellular identity of this
population and may contributedarlier stages of haeoyatietic development than

previously studied.

Figure 4-17Rho signalling enriched in the 10ss anteriasc/expressing population.

A Ligand A) Schematic of Rho signal trans-
duction, typical of many small

b SRR |z| Receptor GTPase signalling molecules.
Guanyl-Exchange-Factors  (GEFs)

l promote the exchange of bound

GDP for GT and thus promote
active signalling. GTPase-Activat-
ing-Proteins (GAPs) promote the
hydrolysis of GTP thus retuming
Rho to an inactive signalling state.
B) Table of factors involved in Rho
signal transduction, identified

//.

through biological gene ontology
analysis of genes enriched in the
10ss anterior s/ ~ population upon

comparison to expression in the 10ss
anterior &/ ~population. Factors are
in order of fold enrichment.

B Motility Survival Cell cycle

Gene Name Descrption Mean FPEM  log2FoldChange p-value

fgdSa FYVE, RhoGEF and PH donuin containing 5a 18.29 6.062 1.77E-19
plekhg3a pleckstrin homology domain containing, family G (with RhoGef domain) member 5a 2655 5135 122E-17
arthgefb Cded2 guanine muclectide exchange factor (GEF) 9b 7.16 4.644 217E-08
prexl phosphatidrlinozitol-3.4 5-trizphosphate-dependent Rac exch factor 1 10.58 2.698 9.14E-06
ARHGEF15 sirdkey-58pl2.5 2870 2.679 3.60E-06
trich trio Rho guanine mucleotide exhange factor b 5.58 2394 0000232721
achgefs Rhio guanine aucleotide exchange factos (GEF) 5 266 2550 0021783864
arthgefTb Fho guanine nucleotide exchange factor (GEF) b 3644 2.486 3.30E-06
achgefla Rhio guanine muxleotide exchange factor (GEF) 1a 1535 2290 0000520526
ber breakpaint cluster region 479 2.017 0013518578
arhgefll Fho guanine mucleotide exchange factor (GEF) 10 6.11 1.759 00180118351
quo quattro 9.90 1.751 0004675133
wavd vav 2 guanine mucleotide exchange factor 8.20 1517 0041087369
arhgeflb Fho guanine nuleotide exchange factor (GEF) 1b 11.10 1.283 0021991225
tiamla T-cell Iymphoma invasion and metastasiz 1a 2451 1244 0012350319
arhgefl rho/rac guanine nuclectide exchange factor (GEF) 2 1591 1242 0035808129
akap12b A kinaze (PREA) anchor proten 12b 27299 1.089 0.03299897

4-5C



Embryonic haematopoiesis

The second most ovegpresented biological GO term for factors enrichedlin

cells of the 10ss anterior, was embryonic haematopoiesis, with 12 genes contributing
directly to thisTable 45 shows the expression and enrichment of these factors,
which includebnozandgatad, whose protein products have been proposed to form

a key multprotein DNA binding complex with Scl to mediate haemangiogenic gene
regulatiof®?’#?? 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 lineagaclusions 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 @nior sc/
expressing population.

Gene Name  Description Mean FPKM  log2FoldChange p-value
Imo2 LIM domain only2 fhomboin-like 1) 3278.00 6.080 1.03E23
tall T-cdll aate lymphogtic leukemia 1 537.22 5.168 1.2801Et9
etv2 etsvarant 2 1535.57 4.781 7.48E24
alas2 aminoleulinag, ddta- syithase? 10.79 3.749 1.35E06
spb spetrin, beg, eythrogftic 13.17 3.658 8.07E08
dfilaa growth fador independent 1A transcripibn repressor a 148.74 3.174 1.77E09
thx20 T-box 20 21.48 3.034 3.42E05
tmem88a transmembrangrotein 88 a 87.84 2.655 4.01E05
eg v-ets avian eythroblasbsis vius E26 onogene homolog 10.69 2.612 0.0011829
cebpa CCAAT/enhaner binding progéin (C/EBP), alpha 107.65 2.452 3.35E05
myctla myc target 1a 4.91 2.450 0.0229076
eafl ELL associad fador 1 33.31 2.163 0.0013276]
gaiala GATA binding proéin 1a 50.29 2.088 0.00123164
Tableof embronic haematopoietfactorsidenified through biologicaleneontology analysisf
genesenridied in the 10ssanteriorscl populdion uponcomparisorto expressioin the 10s|
anteriorsclpopulation. Bctors are in order dbld enritbhment.

ETV2 (a.k.a. etsrp) is a member of the ETS family of transcription factors, which
play redundant roles in vasculature and myeloid devel§ftiiefhe et2 is the

first ETS family member to be expressed within the zebrafish embryo and shows
strong expression in the anterior lateral plate mesoderm ev&nsatsisstandflk
expression in the ALM is lost followietyZ2norpholino knockdowfiand results in

severe myeloid deficientiesd complete &s of circulatict“®.
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Lmo2 forms heterodimers with the Scl prétéitand acts in synergy with Scl to
mediate blood vessel and erythroid development, and also to mediate- severe T
AL 123125130

Gfilaa 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 proteirf§. This transcription factor has been show to promote the
erythroid lineage and représs myeloid fate, mediated through regulatiqatafl
andspillexpression levels respectively

The geneptb(a.k.a. r&ing) was identifiegiter mutaton resuledin reduced blood

cell counts in zebrafish embA/b4d.iaoet aldescribe Spth as a cytoskeletal protein
that is expressed in erythroid cells and is required for terminal erythroid
differentiatio”’”.

Myeloid cell differentiation

The anterior of the zebrafish embryo has been known to be the main embryonic
origin of he myeloid linea§®&®. This enrichment analysis s€l cells within the

10ss anteriorcorrelates with this conclusion as it identiffess myeloid cell
differentiation GO term as overpresented by 3.37 fold. 20 genes are annotated as
contributing directly to this procdssm this enriched gene list as detail¢ahbie 4

6. Factors showing particularly high enrichmentpared taeighbouring tissues
includelmoetv2sptbgfila#n addition tespilb, g&taalasandgfilab.

Spilb (a.k.a. pu.l) is a kayscription factor regulating the myeloid and lymphoid
lineage$'%#2% and has been shown to be capable of partial rescue of the myeloid
lineage in thelochmutant i.e. in the absencesobxpressioff® Spilb and GATA1

have been shvn to crossegulate each other forming a fate decision kernel within

the regulatory network of haematopoietic developfneakpression afpillat this
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magnitude strongly suggests thatstiipopulation has the potential to contribute
to myeloid lineages.

Table 4-6 Genes annotated with the GO ternmyeloid cell differentiation enriched in
the 10ss anteriosc/expressing population.

Gene Name  Description Mean FPKM log2FoldChange p-value
spilb Spi-1 prod-onamgene b 478.85 6.379 1.92E34
Imo2 LIM domain only2 fhombotiniike 1) 3278.00 6.080 1.03E23
tall T-cell aaite lymphogtic leukemia 1 537.22 5.168 1.2801EL9
etv2 etsvariant 2 1535.57 4.781 7.48E24
gals GATA binding proéin 5 146.72 4.308 3.71E14
gfilab growth fador independent 1A transciption repressor b 112.13 4.080 4.25E08
alas2 aminoleulinag, ddta-, synthase? 10.79 3.749 1.35E06
sptb spetrin, bda, eythrogytic 13.17 3.658 8.07E08
dfilaa growth fador independent 1A transciption repressor a 148.74 3.174 1.77E09
casp8 caspase 8, apoptoséated g/steine peptidase 12.59 2.973 0.0001437
tmem88a transmembrangrotein 88 a 87.84 2.655 4.01E05
slc25a38a solut carrier family25, menbe 38a 6.57 2.586 0.0106861
smad9 SMAD familymembe 9 18.24 2.574 0.0001583
irf8 interferon regulatay fador 8 15.65 2.451 0.0024781
gaala GATA binding proéin 1a 50.29 2.088 0.0012316!
rasa3 RAS p21 pran adivator 3 14.02 1.785 0.0053639
se23b Se23 homolodB, CORI coatcomplex component 17.06 1.743 0.002927
slc25a38b solut carrier family25, menbe 38b 4.33 1.633 0.0470517
noorl nudear reseptor corepressor 1 41.81 1.624 0.0033473
kiflb kinesin familynember 1B 4.75 1.391 0.028940]
ptenb phosphatseand ensin homolog B 40.99 1.008 0.0485745
Tableof myeloipoietidactorsidentifiedthrough biologicalgeneontology aralysisof geneg
enrihed in thelOssanteriorsct populationrupon compason to &pression intte 10s arteri
or sctpopulation. Bctors are in order dbld enrichment.

GATA proteins are transcription factors that bind the DNA sequence
(A/IT)GATA(A/G). GATA factors 4, 5 and 6 contribute to the myeloid lineage and
are essential for the formation of anterior haemangithla3tisese factors have
also been shown to contribute to cardiac and endothelial develsgihant
migration of cardiac precursors into the developing heatt et The gatabhene

is observed to be expsed in developing erythroid cells, whdtads expressed
earlier in the lateral plate mesoderm and later in HSC and prééfehittmsed
expression ofjatazhas been shown to partially compensate for a loss in GATAL
function, thus contributing to erythroid developfenfunctional GATA2 is
required for the expressionrahxlwithin the endotheliutf? and thus is essential

for endotheliato-haematopoietic transition (EHy°!
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The das2genewas identified through screening as the gene mutakediiarnas

mutant zebrafish line, which displays anaemia as a result of defective haemoglobin
synthesf82 The gene encodes an enzymeined) for the initial step of haem
biosynthesis and is specifically expressed in early erythréid Téks 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 dafEiase.
highlights the dependency of G@riehment analysis on the accuracy of the
annotations. It is also interesting to note that key genes for both rspelpian(d
erythroid élasp lineages are -expressed and specifically enriched within a single
earlyscl population. This may repee$ a progenitor population -espressing
factors of opposing lineages or cellular heterogeneity within the population.
Angiogenesis

Angiogenic terms were also identified as ar@wessented biological GO process,

with 25 genes within this 10ss antexgbgene list contributing directly to this term
(table 47). The oveirepresentation of angiogenic terms rather than vasculogenic
terms could be due to the considerable overlap of genes contributing to these two
processeand poor annotatiomAngiogenss requires prexisting vasculature from

which new vessels can be formédangiogenesis truly enricheaithin the 10ss
anteriorscl population vessetaust have formed by this staljewever no vessels

are visible within the embryo at tsigage Converselghe majority of the factors
included in this list contribute to a range of vascular developmental roles, and for
some such advalso contribute to haematopoietic development.

Cdh5 (a.k.a. \Headherin) is a cell surface molecule ssgdethrough vasculogenic,
angiogenic angioblasts and endocardium develd{inteat controls cetell
adhesioff> Expression oftdh5is commonly used as a marker odoémelial

Ce"él,ZQQQS
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Plekhg5a (a.ksyxa) is a Rho A GEF required in zebrafish and mice for angiogenic
sprouting®™, and has been shown to be expressed throughout the vascular system.
Rho signalling through Plkhg5a is necessary for the formatienimdeteegmental
vessels of the zebrafish*tail

Flil is a member dhe ETS transcription factor family and an early marker of
vasculogenedisinitially being expressed in posterior haemangioblasts before
becoming restricted to endothelial €éllsoss of function studies have shown that
flil cooperates withrdo potentially promote Cdh5 actitityErg is also enriched in

the 10ss anteriacl cells this is another member of the ETS family exptessed
blood, endothelial and pharyngeal atthé8oth have been shown to be required
for angiogenesis, with morphohmediated knockdown resulting in haemorrhage in
the head in both zebrafish and Mii€é Erg has been shown to directly bind to the

cth5promoter in human cells, to promote expression in endothefi# cells

Table 4-7 Genes annotated with the GO termangiogenesisenriched in the 10ss
anterior sc/expressing population

Gene Name  Description Mean FPKM log2FoldChange p-value
cdh5 cadhein 5 48.95 7.104 4.30E-29
kdr kinasenset domain eceptor (a ypelll receptor tyrosinekinasg 23.14 6.193 4.27E-19
tall T-cdl acue lymphoagtic leukemia 1 537.22 5.168 1.28E-19
plekhg5a pleckstrin homolgy domain ontaining, familya membe 5a 26.55 5.135 1.22E-17
etv2 etsvariant2 1535.57 4.781 7.48E-24
arhgef9b Cdct2 guanineucleotide excharge fador (GEF) 9b 7.16 4.644 2.17E-08
hspal2b heatshak protein 12B 5.63 4.092 1.06E-05
flt1 fms+elated tyrosinekinasel 6.41 4071 2.57E-07
flila Fli-1 prob-onmgene, ETS transaption fador a 151.39 4.022 1.12E-10
nrplb neuropilin 1b 35.84 3.673 1.94E-11
fnla fibronectin 1a 168.73 3.019 4.17E-09
ramp2 receptor (G protean-coupled)adivity modifying proéin 2 38.99 2.737 8.38E-06
di4 ddtalike 4 (Drosophila) 14.13 2.694 0.00017359
erg v-etsavian eythroblasbsis vius E26 onoegene homolog 10.69 2.612 0.00118299
arhgef7b Rho guanineucletide excharge fador (GEF) 7b 36.44 2.486 3.50E-06
mcamb mdanoma €l adhsion moleuleb 19.93 2.419 0.00039004
itgab integrin, alpha Sfipronectin receptor, alpha polygptide) 45.88 2.134 3.35E-05
cds2 CDP-diaglglyerol synthasephosphatat cytidylyltransfease 2 41.99 2.065 0.00046757
saflb spemidingspermineN1-acayitransfeaselb 12.91 1.911 0.01933029
cdcA2 cell division gcle 42 131.66 1.835 8.48E-05
itgav integrin, alpha V 5.98 1.834 0.0168433
fmnI3 formindike 3 20.14 1.520 0.0047583%
amot2a angiomotin Ke 2a 48.00 1.489 0.002339871
haplnlb hyaluronan and pteoglycan link progéin 1b 23.10 1.456 0.00615164
shd SHC Srchomolayy 2 domain entaining) tansfaming proéin 1 15.80 1.294 0.02521639
undshb uncS5 nerin reeptor B 11.78 1.231 0.02602951
Table ofangiognicfactorsidentifiedthrough biologicalape ontolog aralysis of genes enriced in the
10ssanteriorscl population upon comparisda expressionin the 10s arterior scI- population Factors
are in order ofold enritiment.
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In the 10ss anteriacl population | have identified enrichmenkdf (VEGFR-2)
andfltl(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(VEGFR4y3*3%  Morpholino knockdown ofkdr alone did not affect
vasculogenesis or angiogenesis, but in combinatiddrtiorpholino resulted in
dramatic vscular defects suggesting @perative role for these two receptors in

the proliferation and morphogenesis of embryonic vasciitatbirghe fitl
(VEGFR-1) geneis expressed strongly in the developing vasculature and
cardiomyocyté¥. Knockdownof fltl results in vascular defects includingsal

aorta and posterior cardinal vein malform&tiplus defects in arterial brancfihg

Loss offltl also causes ventricular contractility to be lost by 72 hpf, indicatting th
this receptor is required for the maintenance of the hedtt beat

Arhgefob is also a GEF, specifically acting on the Rho GTPase Cdc42 to activate its
signalling activity. Unlike the other factors included iranii®genigene list,
arhgef9b has been specifically associated with angiogenesis, rath@motdwer a
endothelial developmental role. Sprouting angiogenesis is stimusaterefdand

cdc4an response to BMP sigiddls

Conclusions

10ss anterior genes specifically enrichedexpressing cells are annotated with a
limited list ofstatistically oveepresentedbiologically related GGernms. 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
shownto be key regulators and signalling molecules in previous studissitsing

technigues, morpholino and oeapression assays in zebrafish, mice and cell
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culture models. My RNgeq analysis of this eaty population has confirmed the
co-expressiorof these factors within a single cell populatorvivovhile also
describing the full transcriptome of this population including previously unknown
factors.

Top enriched gene listsfor the 10ss anterior, compared to negative
controls

In the top 50 enched genes in the 10ss anteB®rgenes show some expression in
the sct samplevheread 7 fail to have any control transcripts mapping to them thus
can result in misleadingly high enrichment values. $8f38)é.7 genes (detailed in
table 48) have been previously shown to contribute to haematopoietic or vascular
development.

Table 4-8 Top enriched genes in the 10ss anteric/expressing population.

L log2

Gene Name IDEEET Mean FPKM FoldC?lange e Nowe
cdh5 cadhein 5 48.95 7.104 4.30E29
map4k2 mitogen-adivated protin kinase kinadd@nasekinase2 14.06 6.934 3.10E14
ncam3 neural @l adheion moleule 3 25.15 6.775 1.72E15NOVEL
VAV3 si:h73383g2.1 21.89 6.759 2.00E16
hyal2a hyaluronogluosaminidasga 43.92 6.707 2.93E17
spilb Spid prob-oncogeneb 478.85 6.379 1.92E34
si:dley-37912.1 si:dley-37g12.1 6.44 6.343 7.64E12NOVEL
kdr kinasenset domain reeptor (a typelll r eceptor tyrosinekinasg 23.14 6.193 4.27E19
kdrl kinasenset domain reeptor like 53.84 6.190 447622
calala caldtonin receptor-like a 45.90 6.169 3.99E18
Imo2 LIM domain only2 fhomboin-like 1) 3278.00 6.080 1.03E23
fgd5a FYVE, RhoGEFand P domain ontaining 5a 18.29 6.062 1.77E19
esama endothdial @l adheion molealea 81.39 5.982 1.24E21
grapa GRB2felated adapor protein a 31.72 5.828 8.32E12
rpz4 rapunzée4 10.89 5.728 3.20E09NOVEL
tpd5211 tumor progin D524ike 1 31.77 5.687 1.33E15
flilb Fli-1 pro-oncogene, ETS tansciption fador b 65.15 5.512 6.59E20
CSGALNACT1 chondroifn sulfae N-actylgalatosaminitransfeasel 4.77 5.505 1.50E09
tiel tyrosinekinasenith immunoglobulinkke and EGFlike domains 1 41.59 5.486 2.78E16
so7 SRY (sex deemining rgion Y)}box 7 479.79 5.478 5.42E28
egfl7 EGF-like-domain, naltiple 7 484.45 5.474 1.18E26
tmem26a transmenbraneprotein 26a 29.55 5.473 3.68E12NOVEL
cx45.6 connein 45.6 8.92 5.428 6.15E08
rndl Rho familyGTPasel 41.12 5.360 3.47E18
gata4 GATA binding proéin 4 25.36 5.233 2.80E10
robo2 roundaboutaxon guidane receptor, homolog 2 Drosophila) 38.16 5.200 5.30E08
tall T-cell acutelymphogttic leukemia 1 537.22 5.168 1.28E19
ikzfl IKAROS familyzincfinger 1 (karos) 13.70 5.158 2.18E08
sms2 spinséer homolog 2 Prosophila) 24.40 5.144 4.34E14
plekhg5a pleckstin homolog domain ontaining, familya 26.55 5.135 1.22E17
iqgap2 1Q motif containing GTRseadivating prote 2 19.54 4.928 8.85E14NOVEL
kihl4 kelch-like familymembe 4 56.98 4.899 1.73E13NOVEL
Ihx1b LIM homeobox 1b 23.87 4.876 5.48E09
Table ofthetop enridedgenesn the10ssanteriorcl* population uporcompaisonto expres
sion in thelOssanteriorsct population. Bctas ae in orde of fold enrichment. Novel genes
have not been previouslyparted in the literate.

The remaining top enriched factors inchatb®2an axon guidance receppbus 15

genes that have not been studied in relatidradmatopoietic developmeaot
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which 11 lack any functional testing. It is surprising that such strongly enriched
factors in a key developmental populatfan popular model organisemain to be
investigated. This is especially exciting as 172# ttedied genes in this list play
important roles related to haemangiogenesis.

Molecular function and protein class analysisof 10ss anterior
enriched genes over negative controls

Molecular function analysis correlated with biological function aeaiystd that

the top significantly oweepresented molecular function the genes enriched in

the 10ss anteriscl cellsis aninvolvenentin Rho signalling. This indks factors
showing Guamyrlucleotide exchange, GTPase activator and GTP binding functions.
Motor activity was also a highly enegresented molecular function for this gene
list, which could suggeshat this scl population maybe particularly motile in
comparison to its neighbouring cell types in the 10ss antéfigh. motility
specifically of this population is visible in{apse studies (Figur®3

Protein class analysisof 10ss anterior eriched genes over negative
controls

6.6 and 6.5% of ges were annotated as signalling molecules or transcription
factors, respectively, when protein class analysis was carried out onsitie 10ss
anterior enriched gene ligting the PANTHER database. Upon biological GO
term analysis of the transcriptiactbrs, the top oveepresented terms are similar

to those of the entire gene list, including vasculogenesis and myeloid cell
development.

The GO term vasculogenesiswhich is the developmental predecessor of
angiogenesis, was annotated with 5 key transcription $getifically enriched in

this scl context andhave been previously studied to great exterdsgh their

contribution to vasculogenesis and angisgen@hese ar¢éhe angiogenic genes
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sox18, sox7, tbhxa&ad hey2plus the vasculogenic gexte2 The genesox18and
soxtave been shown to be functionally redundant but together play a crucial role in
establishing the correct arteriovenous identitgdewéloping endothelial céfls

tbx20 (previously known akrT) is expressed within the anterior lateral plate
mesoderm in cells also expresgamtg#’. Functionaltbx20is required for correct
cardiovascular development and disrumtidhis gene abrogates circulation in the
developing zebrafish emb¥yo hey2(a.k.agridlogkis required for full circulation

and is expressed in the lateral plate regsobtefore the formation of blood
vessel$® The Hey2 protein acts downstream of Notch signalling to regulate the
arteriovaous fate decision, favouring the formation of arterial ¥&ssles

10ss anterior depleted genes compared to negative controls

Analysis of the PANTHER databadetermined 144 biological terms to be
significantly depleted in teél cells compared to thaiitrineexpressing neighbours

of the 10ss anterior. These biological functions related to both ubiquitous and
tissuespecificprocesses. Ribosome biogenesis dramatically depleted, as were
other processes that contribute to protein translation and ATP synthesis.
Interestingly regulation of DN#emplated transcription was also included in
depleted biological processes. Upon analysis of the functions gettessalone,

the PANTHER database mostly annotated thedissagespecifictranscription
factors contributing to brain and sensory organ development and thus contribute to
both the ubiquitous GO term of regulation of transcription and towiasde

spedic activities. Depletedissuespecific terms included diencephalon and
hindbrain development, sensory organ morphogenesis atel&gpment. This
correlates with the current knowledge of the rolescbéxpressing cells not
contributing to the development of these tissues, at this early stage. From my earlier

comparative analysis of the 18s§ anterior versus posterior transcriptomes,

4-5€



anterior enriched gene list included brain and eye developriwest ths 10ss
anterior scl enrichment analysis revealed that this is residual expression that is

significantly lower than in surrounding tissues.

. 10ss Posterior

DESeqg2 analysis of the citfifsclexpressing) samples, and the citrine negative
samplesfor the 10ss posterior identified 3805 genes showing significantly different
expression between th& population and its posterior neighbouring cells.

As previously, annotation from the PANTHER database was used to assess the
overrepresentation ofitdogical GO termassociated with factors contained within

enriched and depleted gene lists.

Figure 4-18 Over-representedtissue-specific gene ontology terms for genegnriched
in the 10ss posteriosc/expressing population.

[x] The icure can' e dispared
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10ss posterior rriched genes over negative controls

2342 genes showed significant enrichment in thesdOsslls of the posterior
compared to surrounding neolexpressing cells. These enriched genes related to
77 overrepresented biological GO categories and included 536 unclassified genes
the most significantly ovespresented biological GO terms are detailéguire 4

18 14 overepresented biological Gé&rms related tbssuespecificprocessesll

were haematopoietic or vascular functions.

Oxygen transport

9 globin genes plus myoglobin were significantly enricheddhdbls of the 10ss
posterior. This included the subunits for embryonic haammoglphabeta and
zetaproteins. Haemoglobin zeta, a form of haemoglobin alpha that is, in humans,
produced in the yolk sac early in embryog&heEige enriched expression of these
haemoglobin gen¢ksted intable 49) indicates that even at the 10ss the posterior
scl population has not only acquired an erythroid profile but also differentiated
down this lineage ta point where functional oxygen transporter factors are

produced at significant levels.

Table 4-9 Genes annotated with the GO ternoxygen transportenriched in the 10ss
posterior sc/expressing population

Gene Name  Description Mean fpkm log2FoldChange p-value
HBZ hemoglobin z&a 12.24 7.0112 3.43E12
hba® hemoglobin, alphamebryonic 1 132.99 4.9951 3.94E27
hbbe2 hemoglobin bé&a enbryonic-2 43.52 4.6407 6.17E14
hbbel.1 hemoglobin bé&a enbryonic-1.1 216.93 4.4097 8.73E29
hbbe3 hemoglobin b&a enbryonic-3 348.91 4.2972 6.66E30
hbz hemoglobin z&a 8.70 4.2817 4.30E10
hbad hemoglobin, alphamebryonic 1 7.54 3.8685 1.79E06
hba& hemoglobin alpharebryonic-3 407.10 3.8285 6.29E34
hbbel.2 hemoglobin bé&a enbryonic-1.2 5.89 3.7114 9.87E05
hbbel.1 hemoglobin b&a enbryonic-1.1 44.15 2.7979 2.27E08
mb myoglobin 7.97 1.9136 0.00094503
hbad hemoglobin, alphamebryonic 1 19.47 1.8940 0.00024641
Table of factors imolved in xygen transpdrt idenified through biological epe
ontology analysis ofgenesenridied in thelOs posteior <I* population upon
comparisorno expression in thEOssposteriorscl population. Bctors ain orde of
fold enritbiment.
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Erythroid development

In addition tothe expression of the haemoglobin genes, the biological GO term
erythroid developmemtas also ovaepresented in the 10ss postesaexpressing

cells. Thigould suggeshat the erythroid compartment at the 10ss is continuing to
expandwith this sclexpressing populatigrossiblycontainng erythroid progenitors

at different stages of maturation. Genes contributing to this GO term are detailed in
Table4-10and includsgatala, ImaBdsptiwhich were enriched over 50 fold in the

posteriorsci cells at the 10ss. Other enriched genes indlo@&ad3andfech

Table 4-10Genes annotated with the GO ternerythroid developmentenriched in the
10ss posteriosc/expressing popuation.

Gene Name Description Mean fpkm log2FoldChange p-value
gaala GATA binding progéin 1a 634.37 7.610 1.84E-116
tall T-cell acue lymphogtic leukemia 1 627.24 6.699 3.87E-45
Imo2 LIM domain only2 fthomboin-like 1) 3763.49 6.369 1.22E-52
spb spetrin, bea, eythrooytic 17.79 6.095 4.16E-08
spilb Spi<l proto-onamgene b 65.53 5.572 2.48E-40
alas2 aminolevulina delta; synthase2 34.11 5.233 2.16E-18
sl@5a37 solut carrier family25, menbe 37 15.25 3.151 2.15E-09
fech ferrochdatase 2591 2.749 7.38E-07
tmod2 tropomodulin 2 38.27 2.555 1.66E-06]
se@3b Se23 homolod, CORI coatcomplex omponet 17.33 1.324 0.0006107
gala2a GATA binding proéin 2a 25.33 1.024 0.0019461
kmt2a lysine(K)-speific mehyltransfease2A 8.16 0.782 0.0397635
Table offactorsnvolvedin elythroid deelopmentidentified through biologicaleneontology analys
of genesenrithed in thelOssposteriorscl population upon @mpaison to exprssion in thel0s
posteriorsct population. Bctors are in ordef dold enrichment.

Slc25a37 is a mitochondrial iron transporter that was initially identified in zebrafish
when itds gene became mutated caused bl
of development. This transporter was suggested to be involved in maintaining the
proliferation or avoidance of apoptosis during erythroid development as an absence
of slc25a37auses a block at the proerythroblast®stage

feclta.k.adracujawas identified as a gene that upon mutation caused erythroid cells

to be highly photosensitive and lyse upon normal exposure®6 Tigefeclyene

encodes ferrochetalase, the final enzyme in the haem biosynthetic pathway, and is
expressed in the posterior lateral plate mesoderm evdrgcathing restricted to
circulating erythrocyfés
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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 VEG&Rly. Active Ras stimulates Raf proteins and
MAPK kinase cascades, which transduce the signal into the cytoplasm and nucleus
of the cell from Rasd | ocation at the
MAPK cascade signalling include the GATAIlyaproteins both GATAL and 2

are phosphorylated by MAPK signaitiig® One of the enriched factors that
contribute to Ras signalling in the 1€&gosterior population igavwhich is
downstream of Ras, and can stimulate Rho signabuction. In humangv
expression is restricted to haematopoietic’taltgl there is evidence that Vav
proteins are required for myeloid matunétio

Blood vessel morphogenesis

Unlike in the 10ss antericclexpressing population where angiogenesis and
vasculogenesis were orapresented terms, the 10ss posterior, enriched factors
include geneannotated with the GO terilood vessel morphogenesid his
difference is difficult toxterpret as many factors involved in vascular develgpment

as already notgare inaccurately annotated and are arbitrarily associated with a range
of vascular processes. If blood vessel morphogenesis truly is particularly active in this
context it wouldsuggest thahe posterior blood vessels are undergoing significant
physical rearrangement. This correlateghattexpressioim the complete trunk
vascular systeas itforms (Figures 37, 8 and Pand with previously published

datd® Genes contributing to this biological process are listahlén411 and

include the key geniid(a & b), kdandsoxplusecscr, npdihspal2b
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Table 4-11Genesannotated as involved irblood vessel morphogenesignriched in
the 10ss posteriosc/expressing population.

Gene Name Description Mean fpkm log2FoldChan¢  p-value
ecsa endothdial cdl surfae pressel chenotaxis and apopsis rgule  6.48 8.553 1.00E-20
kdr kinaseinset domain eceptor (a typelll receptor tyrosinekinas¢  16.80 7.017 3.95E-41
flilb Fli-1 prob-onamgene, ETS tansciption facbr b 43.94 6.896 4.47E-68
Imo2 LIM domain only2 thombotin-like 1) 3763.49 6.369 1.22E-52
flila Fli-1 prob-oncogene, ETS tansciption facbr a 304.34 6.321 1.02E-66
X7 SRY (se deermining kegion Y}box 7 386.91 6.189 1.36E-64
nrplb neuropilin 1b 38.29 5.870 9.66E-61
cdh5 cadhein 5 19.64 5.691 2.41E-20
plekhg5a  pleckstin homolayy domain ontaining, family\G menbe 5a 12.20 5.489 1.39E-30
arhgef9b Cdat2 guanineudeotide excharge fador (GEF) 9b 9.76 5.318 1.25E-13
fltl fms+elated tyrosinekinasel 3.38 5.258 2.01E-16
etv2 etsvariant2 788.51 5.081 1.51E-41
hspal2b  heatshak protein 12B 3.81 4.833 1.14E-09
sox18 SRY (sex deermining egion Y}box 18 13.52 4.181 3.60E-15
mcamb medanoma el adhsion moleuleb 49.77 3.675 3.09E-17
colec12 collectin subfamilymembe 12 43.73 2.823 1.52E-15
ramp2 receptor (G protein-coupled) adivity modifying progin 2 45.70 2.624 3.01E-13
lama4 laminin, alpha 4 6.42 2.224 3.50E-07
hey hesrelated familybHLH transciption fador with YRRV moif 2 78.62 2.137 6.08E-08
di4 ddtadike 4 Drosophila) 9.22 1.977 0.001626|
snx5 sating nin 5 56.42 1.943 6.45E-07
rab13 RAB13, membeRAS onogenefamily 48.66 1.920 1.14E-06
mb myoglobin 7.97 1.914 0.000945
itgab integrin, alpha 5fibronectin receptor, alpha polyeptide) 81.27 1.860 6.02E-07
fmnl3 formindike 3 13.90 1.819 3.42E-08
aorrll adivin A receptor type Il-like 1 3.20 1.775 0.017373
arhgef7b Rho guanineudeotide excharge facor (GEF) 7b 36.30 1.640 1.62E-07
gdf6a growth differentaton fador 6a 24.27 1.625 1.22E-05
pldla phospholipase Dla 2.85 1.464 0.021071
gng2 guaninenudeotide binding proéin (G protein), gamma 2 36.64 1.431 0.000219
itgav integrin, alpha V 6.51 1.345 0.002185,
el elongation facor RNA polynerasell 14.56 1.342 0.000325]
cds2 CDP-diag/glycerol sythasephosphatiak cytidylyltransferage?2  34.26 1.306 0.000328
shd SHC Srchomolayy 2 domain ontaining)transfaming proen 1 18.55 1.246 0.000231
amot2a angiomotin ke 2a 56.03 1.242 0.000374
bmpr2a bonemoarphogenetic protein receptor, typell a (seinet hreonine  2.09 1.197 0.033565]
amot angiomotin 2.22 1.098 0.048437|
gat2a GATA binding proén 2a 25.33 1.024 0.001946
msna moesin a 154.76 1.013 0.000424
pik3a phosphatinositol4-phosphat 3kinag, catalytic subunittypez  5.46 0.994 0.04574
rbpja recombinaton signal binding prein for immunoglobulin kappe  12.75 0.780 0.026701
rablla RAB11a, mabe RAS onogenefamily 42.33 0.769 0.014109
cdcA2 cell division gcle 42 111.96 0.763 0.009771
kif11l kinesin familymenbe 11 53.63 0.750 0.04865]]
Table of factorsinvolved in blood \esselmorphogenesisidentifiedthrough biological ene
ontology analysi®f genesenrided in the10ssposteriorscl population upon comparisdo
expression in the 10ss postesicipopulation. Ectors are in order dbld enribhment.

Ecscr, endothelial cell specific chemotaxis receptor was origieatlfied

bioinformatically as an endothelium enriched f4citnis receptor has been shown

to be required for correct migration of posterior angioblasts to the midline as part of

the formation of the ICR®. VEGF signalling has been proposed to regulate this
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migration. In culture Ecscr proteins westewn to colocalise and potentiate
signalling through K#.

Nrplb is a caeceptor for VEGFR and the two share an expression pattern through
the developing vasculature of the zeb?&fisghpon knockdown of this emceptor

blood vessel patterningsadisrupted and crucial artegnous connections failed to

be formeé®

Hspal2b is a member of the heat shock 70 family that is highly restricted to
endothelial cells, especially at active sitesssélveproutirtgf. Hu et al used
morpholinos to show thdispal2is required for proper vascular system formation
and that this could be due to modulation of the phosphorylation state of-the anti
apoptotic protein ARY’.

Molecular function of 10ss posterior eriched genes over negtve
controls

The top overepresented molecular function calculated using the PANTHER
database was oxygen transport, which correlated with biological function analysis
described above. Histone methghsferase activity was also a highly- over
represented molecular GO term for the enriched genes of the 10ss ma$terior
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 numbtybf
groups addedTable 412 details the significantly enriched genes that are annotated
as histone lysine methyltransferases. H3K4 trimethylasekmt2afemily feature
strongly in this enriched gene list, along with H3K36 methylases and ®otil; th
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 transcripf®i?? Ktm2d knockdown cses widespread
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defects including cardiac malform&tfdd3K36me is found in the gene body of
actively transcribed genes anddeposited in association with transcriptional
elongatiof?’. Similarly H3K79me is associated with transcriptional acti¥&tion

Table 4-12 Genes annotated as histone lysinmethyl-transferases enriched in the
10ss posteriosc/expressing population.

Gene Mean log2

Name Description fokm FoldChange p-value Function

lysine(K)-speeific

kmizd e ranafease2D 9.82 1707 1.54E05 H3K4 trimethylaion

suva20hp SUPPESOr 6 varigiaion 4- 47 5, 4 651 3.69EQ5 H3K20 trimehylation
20 homolog 2

ashy  2ashldbset small, or 8.82 1590 1.19E04 H3K4 trimehylaion
homentic)-like

dori ~ DOTLlkehisbne H3K79 7,4 1555 1 09E@4 H3 K36 mehylaion
mehyltransfease

setd2 SET domainentaining 2  18.50 1.518 1.37E04 H3K4 trimethylation
lysine(K)-speeific

kmizd) e e tease2Ch 9.96 1345  5.17E04 H3K4 trimehylaion
nsdla g“EdTleoﬁ’gﬁfogrg‘ndilns 2001 1310 1.19E05 H3 K36 mehylaion
kmt2bb xseit?];(tg_nss?fgéceZBb 930 1277  9.32E04 H3K4 trimethylaiion
kmta f&ﬂ;ﬁﬁfﬁgizcél 283 1208  6.99E03 H3K4 trimethylaion
kmt2ba Kseltrf:;(t}:;nsse‘faﬂs(;ZBa 10.65 1180  8.82E04 H3K4 trimethylaion

setlbla SET domain, bifurcad 1a 34.61 1.124 4,93E04 H3K4 trimethylation
Wolf-Hirschhorn syndrome

whsdll candidaé Liike 1 13.08 0.841 7.88E03 H3 K36 mehylation
lysine(K)-speeific . !

kmt2a meahyltransfease?A 8.16 0.782 3.98E02 H3K4 trimethylation

e, LlpEENEE 3291 0750 2.29E02 Saffold potein
neoplasia |

whsq ~ olf-Hirschham sndrome oq co 673 2.62E02 H3 K36 mehylaion

candidag 1 .

Table of hisbnelysinemethyl-trarsferasesidenified through biologal gene ontology
analysis ofgenesenridied in thelOssposteior I* population upon @mparson to
expression in the 10ss postesidmopulation. Bcbrs ae in order offold enribiment

Protein class analysisof 10ss posterior eriched 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 th&l AOsterior

enriched gene list. Biological GO term analysis of the traoscfgdtors,
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produced similar top owvegpresented terms to those of the entire gene list,
including vasculogenesis and artery development, however erythroid development is
absent while neutrophil differentiation is the top-mmesented term. In the
zelrafish genome total of 13 genes are associated with the tezatrophil
differentiationwithin this enriched gene list four of these genes are featured. These
four genes aretv2, spilb, gatatd ncorl The first three othese factors have
previously been discussed and shown to be key haematopoietic factors contributing
to multiple lineage¥$his suggestion ofeutrophil differentiatiomay be a result of

poor data basannotationas it is nosupported by enriched expression of specific
neutrophil markers suchasr4

Ncorl is a widely expressedrepressor identified in antermosterior brain
patterning through repressing RA sign&ftingnock out ofncorkevealed that it
contributed to neutrophil development, and could be rescued through ectopic
scl/imo2xpressiol® 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 GOdrm as a factor that has been shown to give a mild indirect effect to
the process.

Top enriched gene listsfor the 10ss posterior, compared to negative
controls

39 of the top 50 enriched genes insitieexpressing cells of the 10ss posterior, are
associed with mapped transcripts in se@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 dettildd #13. A

further 4 of he 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 developméras not been assessed (9 dagkunctional testing).

This is especially excitingtlas majority of genes in this li$8 (of the 30 studied

genep have been previously demonstratedplay important roles related to
haemangiogenesis.

10ss posterior dpleted genes compared to negative controls

210 biological GO terms were determined to associate with the 1463 significantly
depleted genes in tisel cells of the 10ss posterior compared to theirsobn
expressing neighbours. This included both uhigusiodissuespecificprocesses.

The top overepresented term for these depleted factors was mesenchyme
morphogenesis, confirming the differentiation of this posteciopopulation
strongly away from certain Rlb@emangiogenic lineages. Similarlghe¢ol0ss
anteriorscl populations, ribosome biogenesis was dramatically depleted, along with
protein translation and ATP synthesis. Negative regulation of neurogenesis was also
an overrepresented term for the genes depleted in the 10ss psst@amulation.

This absence of repression for the neural fate was an interesting obséthaion

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 sgitchanneural 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 fedtors in
cells. In a similar maer, biological GO terms relating to brain, muscle and somite
developmentverealso observed to be depleted in the 10ss post@nmpulation.

Genes annotated with immune and cardiac development GO terms were also
identified as significantly deptktin the 10ss posterisc! population, despite

several of the key cardiac and myeloid terms beingeprasented in the enriched
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genes of the 10ss antesdlpopulation (Figure-46). This further suggests that at

the 10ss the anterior and postescl populations have already acquired different

developmental fates.

Table 4-13Top enriched genes in the 10ss posterier/expressing population.

. Mean log2
Gene Name Description fokm FoldC%ange p-value Novel?
grapa GRB2+elated adapdr protein a 32.86 9.582 1.42E28
agr2 angioensin Il receptor, type 2 21.27 8.977 1.06E22
ecscr endothdial @l surfae expresse chemotaxis and apopsis rgulabr 6.48 8.553 1.00E20
morc3b MORC familyCWiype zincfinger 3b 471.48 7.985 2.24E138
VAV3 Vav3 7.96 7.621 3.40E17
gatala GATA binding progin 1a 634.37 7.610 1.84E116
si:h73248&1.5 Nove 4.22 7.370 7.61E14NOVEL
fgd5a FYVE, RhoGEFand P4 domain ontaining 5a 14.91 7.256 3.04E40
gfilaa growth fador indgpendent 1A transciption repressor a 1861.89 7.253 5.30E70
adgaplrlb adenylate cydaseadivaing polyeptide 1b @ituitary) receptor typel 16.49 7.184 6.04E37
rps6kab ribosomal pragin S6 kinasepolypeptide 3b 24.27 7.129 1.63E72NOVEL
dnasél3l deoxyribonudeasel-like 3, like 7.91 7.084 1.57E12
dic2 chlorideintracdlular hanné2 45.05 7.071 6.63E31
kdr kinasenset domain reeptor (a typelll r eceptor tyrosinekinasg 16.80 7.017 3.95E41
HBZ hemoglobin z&a 12.24 7.011 3.43E12
arh@apZ Rho GTRiseadivating proein 27 2.05 6.997 3.59E12
cx45.6 connexin 45.6 12.49 6.986 3.06E26
tiel tyrosinekinasenith immunoglobulinike and EGFlike domains 1 21.86 6.926 2.90E32
flilb Fli-1 prob-onogene ETS tansciption fador b 43.94 6.896 4.47E68
flt4 fms+elated tyrosinekinase 4 36.26 6.868 1.44E75
PAQR9 progestin and adipoQ m@ptor familymembe 1X 6.94 6.749 3.87E11NOVEL
exoc3I2b exocyst complex componet 34ike 2b 2.37 6.717 3.49E17
steb2 stabilin 2 23.52 6.699 1.36E30
tall T-cell aaute lymphogttic leukemia 1 627.24 6.699 3.87E45
ACER2 alkalineceramidase 2 29.75 6.697 1.60E21 NOVEL
si:dkey-183p4.9 Novel 9.66 6.675 7.05E11NOVEL
si:173315i10.1 Nove 3.73 6.572 1.80E10NOVEL
esama endothdial el adheion moleulea 41.08 6.529 1.35E45
htf1fb 5-hydroxytryptamine(sagotonin) receptor 1Fo 8.35 6.428 1.70E11NOVEL
Imo2 LIM domain only2 thombotn-like 1) 3763.49 6.369 1.22E52
flila Fli-1 prob-oncogene ETS tansciption fador a 304.34 6.321 1.02E66
kif17 Kruppé-like factor 17 1134.43 6.297  3.40E107
si:h21114k19.8 Novel 8.70 6.204 1.06E22 NOVEL
she Srchomolog 2 domain ontaining E 37.46 6.203 1.58E40
scafl savenger receptor dass Fmembe 1 22.52 6.195 1.26E46
SK7 SKY (sex ddermining rgjion Y}box 7 386.91 6.189 1.36E64
exoc3l1l exocyst complex component 34ike 1 32.35 6.161 2.81E40
sptb spetrin, bea, eythrogytic 17.79 6.095 4.16E08
isl1l isle1, like 3.01 5.977 9.54E10
amp8al aquaporin 8aahden dupliate 1 29.64 5.923 9.88E30
AL929291.1  Novel 3.83 5.917 2.94E08 NOVEL
si:dley-261j4.3 Novel 40.54 5.886 1.63E34NOVEL
nrplb neuropilin 1b 38.29 5.870 9.66E61
tns2a tensin 2a 13.45 5.866 2.02E34
btk Bruton agammaglobulimeia yrosinekinase 62.90 5.842 1.02E58
rell2 RELT-like 2 7.12 5.823 2.03E13NOVEL
tef21 transciption fador 21 11.84 5.807 6.54E13
tfrla transferin receptor 1a 27.97 5.792 1.14E19
drl draallin 74.71 5.787 1.28E50
si:dley-207j16.5 Nove 4.68 5.754 1.86E08 NOVEL
Table of the top 50 enridhed factorsof the 10s posérior I * population upon
comparisonio expression in thE0sgosteriorcl- population. Bcors aein order of
fold enritiment.

Conclusions
The 10ss posteri@clexpressing 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
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4.54.

posterior lateral mesoderm angioblagRas 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-mmesented 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 RBid\tehnique 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 vascula
functions. As with the 10ss antesdtpopulation, the significantly enriched gene

list includes not only previously studied proteins but novel factors too.

20ss Anterior

Figure 4-190ver-representedtissue specific gene ontology terms for genegnriched
in the 20ss anterioisckexpressing population.

Tissue specific GO terms
enriched in the 20ss anterior s¢/ expressing population
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10601 genes showing significantly different expression were identified through
DESeq2 analysis of the RMAQ results for the 20ss antesot versusst -
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 ariched genes over negative controls

4274 gees were significantly enriched in the 20ss andetioells compared to
surroundingscl expressing cells. 141 ekepresented biological GO terms were
associated with these enriched genes and 896 unclassified genes were identified. 18
tissuespecificprocesses were among the -ogpresented biological GO tefhas

with the 10ss enriched analyses, all were haemataporascular functions, many

of which were maintained from the 10ss populai@eegigure 419).

Gas transport

14 genes contributed to the oxegresented GO terrgas transportl2 globin

genes plus carbonic anhydrase and aquaporinla werarglgreficiched in thel

cells of the 20ss anterigable 414) The enriched globin genes included subunits
for embryonic haemoglobin alphata& zetaproteins plus thedifferent isoforms
andsubunits.

Aquaporinla has two homologues in zebrdfath, of which are enriched the 20ss
anterior scl cells, and expressed through the developing vasculature and
erythrocyted’=® This transporter is capable of both water and gas transport,
showing C@ and NH; permeabiliffi’ and is downstream adtv2and gatal
signallingf®. Overexpression @glin erythroleukemic cell culture was shown to
promote erythroid differentiation, including haemoglobin exprés¥to@arbonic

anhydrase expression has been shown to increase during zebrafish dételopment
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with expression in haematopoietic and vascular cells and lie downstreafoabfethe
mutatiori*.

Table 4-14Genes annotated with the GO ternoxygen transportenriched in the 20ss
anterior scexpressing population.

Gene _—_ Mean log2
name Dl |l fpkm FoIdC%ange FRENE
agpla2 aquaporin 1aQplton blood goup) tanden dupliate 2 15.30 9.396 9.14E17
hbad  hemoglobin, alphanebryonic 1 33.52 8.739 1.12E20
HBZ zgc:163057 23.28 7.335 7.71E23
hbbe  hemoglobin b&a enbryonic-2 75.68  6.461 3.93E42
hbbel.1 hemoglobin bt enbryonic1.1 199.46  6.083 3.10E43
hba® hemoglobin, alphansbryonic 1 286.75 6.069 5.65E15
hbz hemoglobin zta 7.38 5.808 7.98E18
hbbe8  hemoglobin b&a enbryonic-3 658.27 5.721 2.26E50
hba&  hemoglobin alpharebryonic-3 676.62 5.468 4.35E14
agplal aquaporin 1a0plton blood goup) tanden dupli@el 243.70 5.058 1.57E53
hbbel.2 hemoglobin b enbryonic-1.2 13.92 5.016 3.70E16
hbbel.1 hemoglobin b&a enbryonic1.1 202.31 4.215 6.19E29
hbad  hemoglobin, alphanebryonic 1 4.66 4.037 8.26E09
cahz carbonicantydrase 45.08  3.453 3.70E04]
Table ofoxygen transpder moleculeglentiied by biologi@l GO analysis obenes
enridced in the20ssanteriorscl populationupon @mpaison b expression inhte
20ss anteriascl population. Bctors are in ord of fold enrichment

The enriched 10ss postersmi population also identified oxygen transport as an
overrepresented biological GO term. The esgion levels of the haemoglobin
geneshbbel, hbbe2, hbbe3 amutdihe3are significantly greater in the 20ss anterior
than in the 10ss posterior, despite erythroid development mainly occurring in the
posterior of zebrafish embryos. This findingatds that thembryonic locatiom

which erythroid development occurs, has expanded anteriorly and that this
expression is strong by the 20ss. It would be interesting to identify the docation
trace the movemenf these anterior erythroid cells tofoon the spreading of the
posterior erythroid population or identifie noverythroid sites of anterior
development.

Erythrocyte differentiation

The biological GO terrmarythroid differentiatiomwas also oveepresented in the

20ss posteriosclexpessing cells. This GO term was associated with 23 enriched

4-72



genes, which are detailed’able4-15 these includedatala, gata2a, larafalas2

Other enriched genes inclugétalandepb4lb

Slc4ala is a solute carrier protein that upon mutation results in the sudden loss of
circuhting cells after the first 3 days of zebrafish develdffm@iis solute carrier

is also an erythrocyte sifie cytoskeletal protein that is required for mitosis of
erythroid celfé® The loss of erythroid cells sit4alenutants was shown to be a
result of apoptosis of erythroid cells that had failed to complete mitosis and
cytokinesi$®> Epb41lb mution produced a similar phenotype as observed for
slc4alknockdown phenotypically normal onset of circulation followed by sudden
severe anaemia at ~3dpf™ The Epb4lb protein is required to anchor the
cytoskeleton of erythroid cells to the plasma membrane, upon mutation membrane

defects are observed along with increased osragiiityf*.

Table 4-15Genes annotated with the GO ternerythroid differentiationenriched in
the 20ss anteriorsc/expressing population.

Gene Description Mean log2 Fold p-value
Name FPKM Change
tall T-cdll aate lymphogtic leukemia 1 883.64 9.084 0.0E+00
spilb Spid proto-onmgeneb 201.04 8.781 2.2E302
Imo2 LIM domain only2 fhombotiniike 1) 1312.93 8.611 0.0E+00
gatela  GATA binding proten 1a 50.12 8.167 6.3E413
slcdala soluk carrier family4, menbe 1a 21.01 6.775 1.6E67
spb spetrin, bda, eythrogytic 26.77 6.502 4.4E416
alas2 aminoleulinak, ddta, synthase2 38.25 6.308 1.5E414
gfilaa  growth fador independent 1A transaption repressora  90.34 5.298 2.4E08
epb41lb  erythrogste membraneprotein band 4.1b 8.34 5.078 1.7E06
sl25a37 soluke carrier family25, menbe 37 18.83 3.355 7.9E04
rasa3 RAS p21 pran adivator 3 48.82 3.159 1.5E31
numb numb homolog@rosophila) 9.46 2.933 6.1E30
gala2a  GATA binding proten 2a 31.02 2.318 5.4E45
tmod2  tropomodulin 2 38.28 2.218 2.3E31
fech ferrochdatase 15.89 2.195 1.5E08
sl25a38a soluk carrier family25, menbe 38a 3.79 1.865 1.3E02
statba signal tansduer and ativator of transciption 5a 6.30 1.463 5.0E07
vhl von Hippd-Lindau timor supprssor 11.86 1.400 1.9E06
se23b  Se&23 homolod3, COHRI coatcomplex component 25.04 1.135 9.1E42
jak2b Janus kinasb 7.01 0.607 5.0E03
tert telomeasereversetransciptase 11.82 0.560 2.5E02
adnp2a ADNP homebox 2a 8.46 0.530 4.2E02
adnp2b ADNP homebox 2b 14.96 0.473 7.6E03
aipiflb  ATPaseinhibitory fador 1b 77.03 0.356 4.6E02 |
Table of factorsinvolved in erythroid diffeentiation,identifiedthrough biological en
ontology analysis offenesenridied in the 20ssnteriorscl populationuponcompariso
to expression in the 20ss antesidipopulation. BEctors are in order dbld enribiment.
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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 forthe initiation of circulation, even in the antesir population,

which only minimally contributes to the erythroid pool.

Embryonic haematopoiesis

The GO term forembryonic haematopoiessoverrepresented in the enriched
gene list for the 20ss antergul population and contains key haematopoietic factors
as listed imable 416.

Table 4-16 Genes annotated with the GO ternembryonic haematopoiesisenriched
in the 20ss anteriossckexpressing population.

Gene Description Mean log2 Fold p-value
Name FPKM  Change
etv2 etsvariant2 1384.75 9.289 0.0E+00
tall T-cdl aate lymphogtic leukemia 1 883.64 9.084 0.0E+00
Imo2 LIM domain only2 ¢thomboin-like 1) 1312.93 8.611 0.0E+00
eg v-ets avian eythroblastosis vus E26 onogene homolog 86.16 8.257 2.2E458
galala GATA binding proéin la 50.12 8.167 6.3E413
myctla myctamget 1a 10.78 7930 8.2E25
csf3r colonystimulaing fator 3 reeptor (granulocyte) 8.61 7.117 7.3E34
slcdala solutecarier family4, menbe la 21.01 6.775 1.6E67
spi spetrin, bet, eythrocytic 26.77 6.502 4.4E416
alas2 aminoleulinag, ddta-, synhase? 38.25 6.308 1.5E14
cebpa CCAAT/enhaner binding pro&in (C/EBP), alpha 208.21 5.702 1.5E426
th1 tolloidike 1 5.12 5.675 2.3E41
tmem88a transmenbraneprotein 88 a 331.78 5.671 1.8E415
gfilaa  growth fador independat 1A transciption repressora  90.34 5.298 2.4E08
epb41lb erythrogite menbraneprotein band 4.1b 8.34 5.078 1.7E06
irak3 interleukind receptor-assoiated kinase3 4.70 5.031 4.2E24
snrkb SNFrelated kinaséd 15.12 4198 4.2E38
csrnpla cysteineseinerich nucler proein 1a 15.23 4139 8.3E15
sl25a37 solutecarier family25, menbea 37 18.83 3.355 7.9E04
numb numb homolog@rosophila) 9.46 2.933 6.1E30
tbx20  T-box 20 5.90 2375 6.2E12
ga2a  GATA binding proéin 2a 31.02 2.318 5.4E45
sosla supprasor d cytokinesignaling 1a 4.07 1.583 1.4E03
dhx8 DEAH (Asp-Glu-Ala-His) box polypeptide 8 20.40 0.663 2.7E03
prkcbb  protein kinaseC, bda b 4.81 0.581 2.5E02
mta3 measasis assaed 1 famiy, membe 3 44.61 0.531 5.3E03
acvrll  acivin A reeptor, typel like 20.40 0.384 1.8E02
Table of factorsinvolved in embyonic haematopoiesislentifiedthrough biologic
geneontology analysis ofenesnrihed in the20ssanteriorsct populatioruponcom:
parisonto expression in theOssanteriorsct population.Factors are in ordef fold
enriciment.

These include general haematopoietic transcription faistzasd Imo2 plus key

erythroid and vascular factors, which have previously been discussed. In addition to
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thesemyctla, cséBidc/ebp genes are also specifically enriched sctipepulation

of the 20ss anterior. Myctla is a putatiygarget gene that hasdm shown to play

a role in HSC fate decisions due to morpholino knockdown causing both myeloid
and erythroid defeéts 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
infectiorf®®. Knockdown of this factor dramatically reducectlexpressioti’ and
signalling through the granulocyte colony stimulating pathway is required for HSPC
development and proliferatith

ClebpU is a transcription factor that is highly conserved among vertebrates and
binds the DNA sequence CCAAT Studied in other models has shown that
ClebpU acts as a key granulocyte differentiation f&étbr In zebrafistc/ebp is
expressed in a pattern matchsgbsuggesting that these transcription factors may
interregulat&? In other model systernebpwas shown to favour the myeloid fate

by repressing primitive erythropoisis

The biological GO terrambryonic haematopoiesias also oveepresented in the

10ss anterior. As this antegot population has progressed from the 10 to- 20ss
greater number o&mbryonic haematopoiesissociatedactors are enriched
potentially as a result in amcrease in complexity of ths&l population.
Comparison of these enricheggnes shows the maintained expression and
enrichment in thescl population of vascular factorox20 and erly general
haematopoietic regulatoetv@andimo2 plus key erythroid gengmtal, gfilaa, sptb
andalas)l The continued enriched expressibthese factors within the anterior

scl population suggestghat this population maintains features of three key
haemangiogenic lineages. By the 20ss these lineages are divided betwsdn distinct

subpopulations that | will describe in the next tdrapThis 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 analysisdf the
population tithe 10ss indicated a myeloid profile in agreement with these previous
studies. Biological GO term oveepresentation analysis of the 20ss ansatior
enriched gene list determined tingeloid cell differentiatioterm asover
represented by 2.83 fold. 42 genes contributed directly to this process from the
enriched gene list, these are recorded in tableefv2, Imo2, gaabspillshowed
particularly high enrichment over expression levels in neighbouring tisswes ho

their expression level was significantly reduced in comparison to the 10sschnterior
population. This suggested that these key myeloid factors were highly specifically
expressed within this antersat population during development, yet aelolevels

or in a smaller percent of tei population at the 20ss. Biologically this could mean
that the 20sscl population is diverting from the myeloid lineage or that the Citrine
cells of the 20ss anterior represent a collectisci stibpopubtions, of which at

least one expressed myeloid factors.

Consistent with the lattar/ebp (key granulocyte differentiation factor) expression
was seen to double between the 10ss and 20ss antes@onples, suggesting the
continued and progressivevdlopment of the myeloid lineage within stk

population.
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Table 4-17Genes annotated with the GO terrmyeloid differentiation enriched in the
20ss anteriorsc/expressing population.

Gene Description Mean log2 Fold p-value

Name FPKM  Change
etv2 etsvariant2 1384.75 9.289 0.0E+00
tall T-cdl aaite lymphogtic leukemia 1 883.64 9.084 0.0E+00
spilb Spi-1 prob-onmgene b 201.04 8781 2.2E302
Imo2 LIM domain only2 fhomboin-like 1) 131293 8.611 0.0E+00
gatala GATA binding progin 1a 50.12 8.167 6.3E413
csf3r colonystimulaing fat¢or 3 reseptor (granulooyte) 8.61 7.117 7.3E34
slcdala solue arier family4, menbe la 21.01 6.775 1.6E67
spb spetrin, beda, eythrogytic 26.77 6.502 4.4E16
alas2 aminolevuling ddta-, synthase? 38.25 6.308 1.5E14
irf8 interferon regulatoy fador 8 20.21 6.295 1.4E72
tmem88a transmembrangrotein 88 a 331.78 5.671 1.8E4115
gfilaa  growth facor independent 1A transciption repressora 90.34 5.298 2.4E08
epb41b erythrogite mambraneprotein band 4.1b 8.34 5.078 1.7E06
sl25a37 solue arrier family25, menba 37 18.83 3.355 7.9E04
gatb5 GATA binding pro&in 5 28.95 3.248 2.4E43
casp8  caspase 8, apaisrelated ¢ysteine peptidase 6.95 3.236 3.9E25
rasa3 RAS p21 pran adivator 3 48.82 3.159 1.5E31
gfilab  growth facbr independent 1A transciption repressorb 29.19 3.124  9.8E30
numb numb homolog@rosophila) 9.46 2933 6.1E30
gae2a GATA binding proéin 2a 31.02 2.318 5.4E415
tmod2  tropomodulin 2 38.28 2218 2.3E31
fech ferrochdatase 15.89 2.195 1.5E08
kiflb kinesin familynembe 1B 9.53 2.061 209E31
sl25a38asolue arrier family25, menbe 38a 3.79 1.865 1.3E02
plcgl phospholipas€, gamma 1 45.58 1.789 1.7E22
statba signal tansduer and ativator of transcripion 5a 6.30 1.463 5.0EO7
vhli von Hippel-Lindau tumosuppresor 11.86 1.400 1.9E06
akapl0 A kinasgPRKA) archor progin 10 8.86 1.305 8.3E06
smad9 SMAD family memkred 7.60 1.234 1.9E07
se23b  Se&23 homolod3, COPII coat omplex component 25.04 1.135 9.1E42
ptenb phosphaiseand ensin homolog B 61.99 1.128 7.2E44
npcl NiemannPick disas, type C1 18.25 0.970 4.2E09
noor2 nudear receptor corepressor 2 22.29 0.925 1.0E08
jagnlb jagunal homolog 1b 26.37 0.649 8.6E04
jak2b Jnus kinas@b 7.01 0.607 5.0E03
brflb BRF1, RNA polsneraselll transcripion initaton fador b~ 9.35 0.599 2.6E02
noorl nudear receptor corepressor 1 17.33 0.562 6.4E04
tert tdomeasereversetransciptase 11.82 0.560 2.5E02
adnp2a ADNP homeolox 2a 8.46 0.530 4.2E02
wasla  Wiskott-Aldrich syndromelike a 5.50 0.492 4.9E02
adnp2b ADNP homeolox 2b 14.96 0.473 7.6E03
brd2a  bromodomain entaining 2a 43.45 0.390 8.3E03
apiflb  ATPaseinhibitory fador 1b 77.03 0.356 4.6E02
Table ofmyeloidfactors expressedndenridied in he 20s anerior<cl* population upg
comparisorio expression in the0ssanteriorsct populationFactors a in orde of fold
enriliment.

Endothelial cell migration

12 enriched genes correlated with the biological GGetetothelial cell migration

which only has 20 zebrafish genes assigned to itrdinjs@/efrepresentatiois a
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result ofsmall gene list sizandthe fact that it ipopulated by factors annotated

with multiple vascular functions. However the suggestistthagioblasts of the

anterior undergo significant movement as the key vessels of the cranial vasculature
are formeds supported by tirdapse imaging (FiguBe). These enriched genes

are listed iTable4-18and includg@lekhg5a, fnla, diditgab

Table 4-18Genes annotated with the GO ternendothelial cell migrationenriched in
the 20ss anteriosc/expressing population.

Gene P log2
Name Description Mean fpkm FoldChange p-value
plekhg5a pleckstin homoloy domain ontaining, familys with RhoGé domain)membe 5a 33.03  4.896 3.69E165
fnla fibronectin 1a 92.18 4.031 1.19E107
di4 ddtalike 4 Orosophila) 84.20  4.030 4.77E81
itgab integrin, alpha 5fipronectin receptor, alpha polyeptide) 83.72  3.977 1.29E38
cxcrda  chemokine(C-X-C moff) receptor 4a 44.05  2.987 2.52E27
vegfc vascllar @dothdial gowth fador ¢ 14.61  2.422 3.38E26
rabB3 RAB13, mmba RAS onogenefamily 41.48 1.572 1.67E08
amot angioman 7.58 1.394 3.88E12
hpg2 heparan sulfatproteoglycan 2 13.76 1.374 1.20E18
efnb2a  ephrinB2a 40.39 1.293 1.12E17
robo4 roundaboutaon guidanereceptor, homolog 4@rosophila) 35.60 0.669 2.37E05
cxc12b  chemokine(C-X-C moff) ligand 12bgtromal ell-derived fador 1) 51.38  0.509 4.68E03
Table offactors inolved in endothelial cethigration, idatified through biologial
geneontology analysis ofenesenrided in he 20s anteior <I* population upon
comparisorto expression in the0ssanteriorscl- population Factors ag in orde of
fold enriiment.

fnlawas identified through a mutation that caused two hearts to formaiisiebr

The fnlagene encodes fibronectin and was shown to be required for correct
migration of myocardial precursors to the midline of the eftfbry@hiuet al
demonstrated thdhlawas required for endothelial migration and tissue invasion
processes, and that this process reqitagdd(Integrinlby*, as kockdown of
eitherfnlaor itgd6 produced the same defects in angiogenic sprouiingyvo
imaging and specific knockdown models would be required to conclude which of
these developmental processes fnla was contributing to in the 20ssseinterior
populdion.

Deltalike 4 is aNotch signalling ligand that is required for regulating endothelial cell

migration and proliferatipnthus counteracting VEGF signalling, to limit
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vascularisatié?. Complete loss dll4 results in major arterial deféCtdespite

artery differentiation being unaffedtedll4deficienci®

Angiogenesis

Concurrent with continued and significant development of the circulatory system,
angiogenic terms were also aepresented biological GO process. Over double the
nunber of genes contributed to this term in the 20ss ardgérmopulation than at

the 10ss, as detailedtale 419 Enriched expression was maintained of all 10ss
anterior angiogenic factors, all of which showed an increase in expression with the
exc@tion of etvZandfnla Top enriched angiogenic factors in the &fsanterior
population show over 100 fold enrichment compared to neighbouringaattine

which suggests high specificity and restriction of the vascular fatest the
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 cahtrte to cardiac development through their role in
regulating migration of myocardiocytes or endocardial cells into the developing heart
fielcP**3°73%% The enriched expression of factors that contribute to the formation of
the heart, in the absence of cardiac markers suwnd@and myl7'** could

suggest that this 20ss antesdl population is indirectly involved in cardiac
development. This would suggest that within the endothelial compartment of the
20s anteriorscl 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 termangiogenic factorsenriched in the
20ss anteriorsc/expressing population.

Gene Name Description leﬁ)?(e’t\; I%gr?aigsd p-value
etv2 etsvariant2 1384.75 9.289 0.0E+00
cdh5 cadhein 5 116.26  9.134 0.0E+00
kdr kinasdnset domain regptor 38.59 9.131 1.2E457
tall T-cell aaste lymphogttic leukemia 1 883.64 9.084 0.0E+00
eg v-gsavian eythroblastosis s E26 onogenehomolog 86.16 8.257 2.2E158
arhgefob Cd&i2 guanineucletide excharge fador (GEF)9b 33.38 7.684 3.2E150
fltl fms+elated yrosinekinasel 19.24 7.668 1.8E144
sith73-334d15.%ich73-334d15.2 25.04 7.083 7.0E53
flila Fli-1 protoonagene, ETS transgption facor a 459.33 5.846 4.1E276
hix1 H2.04dike home box 1 (Drosophila) 62.44 5.586 1.4E4137
mecamb meanoma €l adhaion moleuleb 55.30 5.561 7.0E187
nrplb neuropilin 1b 64.28 5.367 4.9E194
dab2 Dab, mitagen-respongve phosphoproti&, homolog 2 18.88 4965 4.1E82
plekhg5a pleckstrin homolagy domain ontaining, family{a membe 5a 33.03 4896 3.7E4165
hspal2b heatshak proten 12B 26.78 4.894 1.4E113
ramp2 receptor (G protein-coupled)adivity modifying protin 2 111.04 4399 6.0E63
fnla fibronectin 1a 92.18 4.031 1.2E407
dli4 ddtadike 4 Orosophila) 84.20 4,030 4.8E81
itgab integrin, alpha Sfipronedin receptor, alpha polyeptide) 83.72 3.977 1.3E38
haplinlb hyaluronan and pteoglycan link progéin 1b 17.65 3.822 24E54
lgals2a lectin, galatosidebinding, solule 2a 15.06 3.780 3.5E42
arhgef7b Rho guanineucletide excharge fador (GEF) 7b 98.29 3.643 6.9E105
fmnlI3 formindike 3 41.20 3.592 3.7E105
cxcrda chemokine(C-X-C moif) reeptor 4a 44.05 2.987 2.5E27
vegfc vasellar edothdial growth fador ¢ 14.61 2422 3.4E26
Ipar2a lysophosphatidiacid reeptor 2a 37.76 2.354 1.3E24
cdcA2 cell division gcle 42 194.64 1902 1.0E32
nrp2b neuropilin 2b 51.56 1.879 3.0E22
fermt2 fermitin family menbe 2 59.01 1.844 2.7E30
gitl G protein-couplel receptor kinasentera¢ing ArfGAP 1 18.08 1.818 8.8E25
plogl phospholipas€, gamma 1 45.58 1.789 1.7E22
cds2 CDP-diag/glyceol synthase2 50.03 1.744  2.9E19
rab5c RABEC, menba RAS onogene family 70.64 1.707 1.6E43
shd SHC tansfaming proein 1 22.45 1.673 2.6E21
pldia phospholipasBla 6.34 1.652 1.8E411
pik3c2a phosphatlylinosiol-4phosphag 3-kinas, subunitype?2 alpha 8.16 1594 1.4E42
rab13 RAB13, memlreRAS onogene family 41.48 1572 1.7E08
gng2 guaninewudeotide binding progin G protein) gamma 2 85.62 1560 5.9E21
bmpr2a bone mophaogeneic protein receptor, type Il a 5.11 1553 7.1E40
amot2a angiomotin ke 2a 52.67 1516 1.3E48
saflb spemidindspermineN1-actyltransfeaselb 14.66 1427 1.6E05
amot angiomotin 7.58 1.394 3.9E42
hspg2 heparan sulfatproteoglycan 2 13.76 1374 1.2E48
efnb2a ephrinB2a 40.39 1.293 1.1E47
gnal3b guaninenudeotide binding progin G protein) alpha 13b 21.73 1.251 1.4E05
sdc2 syndean 2 27.56 1.196 2.2E909
hdaé hisbnedeactylases 7.92 1.179 5.6E07
rablla RAB11a, mmaber RAS onagene family 51.57 1.143 5.6E43
hexb hexosaminidasB (beta polyeptide) 35.74 0.881 7.2E05
tnn2a troponin T ype2a (ardiag 21.52 0.782 1.4E03
Ipar6a lysophosphatidiadd receptor 6a 9.32 0.757 8.9E03
robo4 roundaboutaxon guidanereceptor, homolog 4@rosophila)  35.60 0.669 2.4E05
ppplab protein phosphaisel, atalyic subunif alpha isozye b 117.47 0514 4.8E04
cxcl12b chemokine(C-X-C moif) ligand 12b 51.38 0.509 4.7E03
wnkla WNK lysineddficient protein kinasela 10.44 0.497 3.6E02
rbpja recombinaion signal binding pratefor Ig kappa J ggon a 12.03 0.455 2.1E02,
Tableof fadors involved in angiognesis identified through biologial geneontology analgis of
genes anriched in the 20ss artior <I* populaton upon omparisond expression in he 20s
antrior I populaion. Fadors arein orde of fold enrichment.
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Molecular function of 20ss anterior ariched genes over negative
controls

Oxygen transport was the toperrepresentediolecular function calculated using

the PANTHER database annotations for the 20ss angetipppulation, which
correlated with the gain of erythroid features to the profile of this anterior
population. Rho signalling was also a h@tdyrepresentednolecular GO term,

and included factors showing guanyleotide exchange, GTPase activator and
GTP binding functions. Thsould denotéhe continued use of Rho signalling in

the regulation of anterior haemangiogenic fates from the 10ss to the 20ss.

Protein class analysisof 20ss anterior ariched genes over negative
controls

7.4% of enriched genes in the 20ss antetiosamples were annotated by the
PANTHER database as transcription factors, with 5.5% of genes labelled as
signalling molecules. oRigical GO term analysis of the transcription factors,
showed high ovaepresentation for myeloid differentiation and its regulation, blood
vessel development and morphogenesis plus erythrocyte development.

Top enriched genesin the 20ss anterior, compeed to negative
controls

46 of the top 50 enriched genes had mapped transcriptsat shenple, for the

20ss anterior allowing enrichment values to be calculated. 24 of these top enriched
genes, listed imable 420 have published experimental dagacdbing 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 enrictfadtors (11) for the 20ssl anterior population

are novel i.e. any biological or molecular function is predicted from stphasure
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there is no published literature available on the gene. These functionally unstudied
and novel genes would be of iegttto investigate further, for their potentiakiale
development of the circulatory system.

Table 4-20Top enriched genes in the 20ss anteriac/expressing population.

L Mean log2
Gene Name Description EPKM FoIdC?'nange p-value  Novel?

Imo2 LIM domain only2 fhomboin-like 1) 131293 8.611 0

Sx7 SRY (sex deermining region Y}box 7 730.47 8.026 0

etv2 ets \ariant2 1384.75  9.289 0

tall T-cedl aawte lymphogtic leukemia 1 883.64 9.084 0

clecl4a C-typelectin domain family 14, meéea A 393.02 9.216 4.82E239

kdrl kinasenset domain reeptor like 185.31 8.288 2.98E234

spilb Spid prob-onamgeneb 201.04 8.781 2.23E302

flilb Fli-1 prob-onmgene, ETS tansciption fador b 222.47 8.946 0

dremir-142a dremir-142a 119.29 7.857 8.92E20NOVEL

mmpl3a matix meallopetidasel3a 143.54 8.771 2.13E108

flt4 fms+elated tyrosinekinase 4 85.28 8.130 8.55E248

eg v-ets avian eythroblasbsis vius E26 onogene homolog 86.16 8.257 2.16E158

rasipl Ras ingrading progin 1 137.54  8.959 5.17E296

sl29alb solue carrier family29 gquilibratve nudeosidetranspoter), menbe 1b 106.65 8.723 9.11E170

clic2 chlorideintracdlular danné 2 88.71 8.380 1.72E108

scafl s@venger receptor dass Fmembe 1 103.74 8.740 9.95E280

tiel tyrosinekinasenith immunoglobulinkike and EGFlike domains 1 146.15 9.327 3.25E306

ncam3 neural @l adhsion moleule 3 93.73 8.740 5.95E151

cdh5 cadhein 5 116.26  9.134 0

lygl2 lysozyne glike 2 78.10 8.438 5.07E74NOVEL

ikzfl IKAROS familyzincfinger 1 (karos) 71.73 8.671 1.27E122

tnfaip2b tumor nerosis fator, alphainduced protin 2b 78.70 9.161 1.46E146NOVEL

ilér interleukin 6 reeptor 32.42 8.315 4.78E130

gatala GATA binding proéin 1a 50.12 8.167 6.26E13

kdr kinaseinset domain reeptor (@ typelll r eceptor tyrosinekinasg 38.59 9.131 1.19E157

myolf myosin IF 26.12 8.544 9.47E105

pik3r5 phosphoinositle-3kinase regulabry subunits 16.95 7.963 1.75E60

itgh2 integrin, bea 2 17.18 8.079 5.31E58

Ipar5a lysophosphadlic add receptor 5a 30.36 9.057 3.56E51 NOVEL

hbad hemoglobin, alphanebryonic 1 33.52 8.739 1.12E20

ecser endothdial &l surfae expresseé chemotaxis and apopsis rgulaor 28.72 9.410 1.05E92

si:dley-261j4.3 si:dley-261j4.3 13.25  8.060 1.58E29 NOVEL

cmkirl chemokinelike receptor 1 18.75 8.441 7.85E29 NOVEL

ccrl2hb.2 chemokine(C-C moif) receptor 12h tanden dupliate 2 12.20 8.057 6.38E26

sl22a7hl soluk carier family22, menbe 7h tandem dplicate 1 29.73 9.532 1.28E48

corozob coronin, atin binding progéin, 2Bb 18.32 8.897 3.10E33NOVEL

inpp5d inosipl polyphosphag-5-phosphaaseD 7.56 7.899 3.91E48

myctla myc tarcgget 1a 10.78 7.930 8.21E25

agrib angioensin |l receptor, type 1b 15.78 8.647 3.31E33

si:h173208g10 si:73208g10.1 10.40 8.503 7.25E70

si:dley-119910.si:dley-119910.4 19.33 8.292 2.28E16 NOVEL

sl2a72 solue carrier family22, menbe 7b tandem dplicate 2 5.28 7.965 9.16E27 NOVEL

myctlb myc target 1b 26.19 9.301 6.14E24

si:17390p23.1si:17390p23.1 10.29 8.096 6.97E15NOVEL

fgd5b FYVE, RhoGEFand P4 domain entaining 5b 5.41 7.885 4.33E21NOVEL

fermt3b fermitin familymembe 3b 8.44 9.083 2.24E30
Table ofthetop enriddedgenesn the20ssanteriorcl* population uportompaisonto expres
sion in the20ssanteriorsct population. Bctas ae in orde of fold enrichment. Novel gnes
have not been previouslyp@rted in the literate.

20ss anterior depletedgenes compared to negative controls

2167 significantly depleted genes in 20ss ams@ramils were associated with 223
overrepresented biological GO terms. Deplassdespecificprocesses related to
eye and brain development.

The top ovetrrepreseted depleted biological GO term was microtubule anchoring,

which was ovetepresented by 12.8 fold in the depleted gene list. The appearance
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of this term could suggest that ftécells are one of the most mobile populations

of the 20ss anterior. Tlusrrelates with the enriched functions of this population in
vascular formation and mediating cardiac migration. Genes correlating with ATP
synthesis were also cvepresented in the list of depleted genes, which could
possibly be interpreted as #laécells are less metabolically active than other tissues

in the developing anterior of the zebrafish.

4.5.5. 20ss Posterior
5947 genes significantly differentially expressed genes were identified through

DESeq2 analysis of the citfiad citrinetranscriptome of the 20ss posterior. As
previously annotations from the PANTHER database were used to assess these
genes for biological and molecular functions that showedepresentation

compared to a randomised backgrdtigdre 420)

Figure 4-20 Over-representedtissue-specific gene ontology terms for genesnriched
in the 20ss posteriosckxpressing population.

Tissue specific GO terms
enriched in the 20ss posterior 5o/ expressing population

6

| l:
0 r r r . T

oxygen transport  tetrapyrrole embryonic erythrocyte myeloid cell blood vessel
biosynthetic hemopoiesis homeostasis differentiation morphogenesis
process

Fold overrepresentation
3

Overrepresentednajortissuespecifidiological GO tamsidentifiedfrom analysief genes
enridhed in the20ssposteriorscl populationupon compason b exprasion in
the 20ssposteriorscl population. his exludes ubiquitous prazsse All tissue
specific biological GO ters related to bloodr vaseailardevdlopment
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20ss posterior ariched genes over negative control

4395 genes were significantly enriched in 20ss pastier@is in comparison 8zl

cells of the 20ss posterior. These enriched genes related to -tégresemted
biological GO categories and included 886 unclassified gemissuespecific
biological GO terms were owepresentedall of which were haematopoietic or
vascular processes. Transcription, translation and tRNA synthesis were also highly
overrepresentedbiologicalprocesses, whiatould mearthat thescl cells of the

20ss are pratting proteins at a significantly greater rate than surrounding cells of
the posterior. In combination with the erepresentation of genes involved in
tetrapyrrole biosynthesis, which is the haem production pathway, this enrichment in
protein synthesigenessuggestshat at this stage thgosteriorscl population
produces large amounts of haem

Oxygen transport

Oxygen transport is the top biological GO term for the 20ss postetior
population,overrepresentedy 5.37 fold,correlating withthe erytiroid lineage
beingstrongly favoured and restricted todtigpopulation.

12 genes contributed to the teoxygen transpadtthese were six embryonic
haemoglobin subunit$eir isoform&and myoglobin. Compared to the 20ss anterior

and the 10ss posterior, these haemoglobin genes are expressed at dramatically
increased levels as detailedalnle 421. The exceptionally high haemoglobin
expression iacl cellsand subsequent translatimoay account for some of theer
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 compartmentdeaaiyps 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 ternoxygen transpoter enriched in the
20ss posteriorsc/expressing population.

Gene Mean log2

Name DEE SN BLEln FPKM FoldChange SEIDE
hbbe hemoglobin b&a enbryonic2 1078.15 6.4255 1.88E95
HBZ hemoglobin zta 215.73 6.2758 9.61E100
hbz hemoglobin z&a 123.01 5.9058 1.93E51

hbbel.2 hemoglobin b&a enbryonic1.2 211.58 5.6805 3.50E45

hbad  hemoglobin, alphanebryonic 1 2678.09 4.9574 3.48E67

hba& hemoglobin alpharebryonic3 7583.52 4.7771 4.84E76

hbbe8  hemoglobin b enbryonic-3 8086.59 4.6618 2.12E80

hbad  hemoglobin, alphanebryonic 1 63.21 4.5813 4.25E29

hbbel.1 hemoglobin bta enbryonic1.1  2417.19 4.3936 9.80E40

hbbel.1 hemoglobin b&a enbryonic1.1 2911.75 3.9544 8.25E41

hbad  hemoglobin, alphanebryonic 1 431.08 3.6517 3.75E30

mb myoglobin 5.85 2.0385 3.68E06

Table of oxygen transpoter proteins identifiedthrough biologial gene
ontology analysis obenesenridied in the20sspostrior <I* population
upon comparison texpression in the0ssposteriors|-population Facors
are in order ofold enritiment.

DNA replication

DNA replication is required for proliferation of nearly all eukaryotic cell types.
Unlike in mammals, zebrafish erythrocytes are nuffested overepresentation

of biological GO terms relating to DNA replication can be interpreted as an
indicator of significant proliferation, including tifahe erythroid lineage. In light

of the high enrichment of erythroid and haemoglobin gersegjgésthat the
erythroid compartment of this posteris€l population may undergorapid
proliferaton at this stagepotentially in preparation for thenooencement of
circulation.

Embryonic haematopoiesis

embryonic haematopoiesias another oveepresented biological GO term for the
factors significantly enriched in the 20ss postafiigropulation and are listed in
Table4-22 These enriched geysre mostly shared with the enriched 20ss anterior
haematopoietic factognany of which have previously been discus3éis
includesImo2 and etv2 which are involved in the development of multiple

haemangiogenic lineagdésoZexpression is slightlyegter in the posterior at the
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20ss, howevegtv2is significantly decreased compared to the 20ss anterior. This
reduction may signify the differentiation of sicigoopulation away from common
progenitors into an erythroid population that employs efiffeETSfamily
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 reductioncudbgesc
expressiorefy in comparison to the 20ss antes@cells.

Table 4-22 Genes annotated with the GO ternembryonic haematopoiesisnriched
in the 20ss posteriosc/expressing population.

Gene Description Mean ez p-value
Name FPKM FoldChange

gfilaa  growth fador independent 1A transciption repressor a 793.09 9.640 1.64E301
gattla GATA binding proén la 470.48  7.569 3.96E115
Imo2 LIM domain only2 thomboin-like 1) 1438.30 7.053 1.65E191
etv2 etsvariant2 598.63 6.528 2.98E156
epb41b erythrocte membraneprotein band 4.1b 75.65  6.336 3.54E471
tall T-cell acue lymphogttic leukemia 1 598.22 6.221 4.15E445
myctla myctamget 1a 10.54  6.059 7.05E25
alas2 aminolevuling delta; synthase2 352.61 6.013 1.26E98
sptb spetrin, bet, eythrogytic 122.65 5.915 8.82E174
sl25a37 solue carrier family25, menbe 37 109.27 5.833 4.14E102
slddala solue carier family4, menber laiego bloodgroup) 234.69 5.793 4.25E11
eg v-ets avian eythroblasbsis vius E26 onagene homolog 16.02 5.715 4.42E45
csnpla cysteineserinerich nudear proein la 119.09 5.191 3.89E82
cebpa  CCAAT/enhance binding pro&in (C/EBP), alpha 168.40 4.414 2.33E94
trim2a  tripartite motf containing 2a 4.39 3.813 3.85E416
tmeam88a transmenbraneprotein 88 a 73.47  3.731 8.32E51
irak3 interleukinl re@ptor-assomated kinase3 4.42 3.688 2.02E08
sosla supprasor d cytokinesignaling la 4.87 2.812 5.81E05
tii1 tolloiddike 1 2.10 2.397 6.94E09
tspo transloatr protein 112.80 2.390 1.76E24
snrkb SNFrdated kinasé 4.74 1.922 7.10E06
gala2a GATA binding proé&in 2a 14.70  1.469 1.37E07
dhx8 DEAH (Asp-Glu-Ala-His) box polypeptide 8 24.36 1.259 6.24E07,
Table of factors involved in embyonic haematopoiesisdentified through biological geng
ontology analysis ofienesenridied in the 20spostrior <I* population upon @mpaison tg
expression in the 20ss postesidipopulation. Bebrs aein order offold enribiment

Erythroid differentiation

In the 10ss posteriscl enriched over negatives genestigthroid developmentas
a highly overepresented term for the enriched geMemy of thee factors
annotated aassociated witerythroid development the 10ss are also included in

the erythroid differentiatiotist of genesrgiched within the 20ss postersui
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population(see tables-¥0 and 4£3) However these common genes show a
decrease in expression level and are accompanied by the increased enrichment of
other erythroid factors suchgiflagslc4alandepb41bThis shift in enriched genes

could be the result of eaffictors required to specify the lineage being replaced by
factors that contributlater toerythroid functionality, as the population develops

from 10ss to 20sHowever both lists contaiseveral haematopoietic factors

associated with a range of activities, not limited to the erythroid fate

Table 4-23 Genes annotated with the GO ternerythroid differentiation enriched in
the 20ss posteriosc/expressing population.

Gene L Mean log2
Name Description FPKM FoldC%ange PENE

gfilaa  growth fador indgpendent 1A transciption reoressor a 793.09 9.640 1.64E301
gatala GATA binding proéin la 470.48  7.569 3.96E115
spilb Spid prob-onmgeneb 3129 7.180 2.01E65
Imo2 LIM domain only2 thomboin-like 1) 1438.30 7.053 1.65E19]
epb4lb  erythrogite membraneprotein band 4.1b 75.65 6.336 3.54E171
alas2 aminoleulinag, ddta, synthase@ 352.61 6.013 1.26E98
spb spetrin, bda, eythrogyftic 122.65 5.915 8.82E174
sl25a37 solut carier family25 (itochondrial iron tanspoter), menbe 37 109.27 5.833 4.14E102
sledala soluk carier family4 @nion echangr), menbe la Diego blood goup) 234.69 5.793 4.25E11
fech ferrochdatase 122.42 5.151 2.34E79
tspo transloator protein 112.80 2.390 1.76E24
sl25a38bsolut carier family25, menbe 38b 8.38 1.768 1.92E11
tmod2  tropomodulin 2 2559  1.698 7.63E11
maa macophag erythroblastatacher 29.23  1.609 1.80E1]]
pdal2 progammel cdl death 2 3432 1.590 7.10E08
ra|3 RAS p21 pra@in adivabor 3 11.62 1.585 8.75E09
gata2a  GATA binding proéin 2a 1470  1.469 1.37E07
Sx3 sotting nein 3 37.67 1.272 1.15E05
mdk maernal enbryonicleudne zippe kinase 1542 1115 1.09E04
vhl von Hippé-Lindau timor supprssor 8.96 0.867 1.97E02
jak2b Jarus kinas@b 8.74  0.855 1.69E03
tert tdlomeasereversetransciptase 10.27 0.765 2.68E03
cdc73 cdl division gcle 73, Rf1/RNA polymerasell complex componet, homolog § ceevisiag 4592  0.748 6.93E04
apiflb  ATPaseinhibitory fador 1b 123.56  0.493 2.98E02

Table offactors inolved in eythroid differentiationidenified through biologial geneontolo-

gy analysis ofienesenridied in the20sgposteriors€* population upon compiaon to epres

sion in the 20ss posteriset population. Bctors agin order offold enriiment

Blood vessel morphogenesis

Blood vessel morphogenesis was anrepeesented biological GO term for both

the 10 and 20ss posterset populations. The number of genes associated with this
term inthe 20ss is greater and includes additional factors ®&ff, &3f&ndsars

(table 424) The transcription factor gene2f7fande2f8are capable of binding and
promoting expression of VEGF during sprouting angiogenesis to stimulate and

guide blood vessel developrifént
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Table 4-24 Genes annotated with the GO ternblood vessel morphgenesisenriched
in the 20ss posteriosc/expressing population.

Gene Name Description IL\TDT(?\;I] Fol dlg%inge p-value
flilb Fli-1 prob-oncogene ETS tansciption fador b 69.70 7.071 1.75E131
Imo2 LIM domain only2 thomboin-like 1) 1438.30 7.053 1.65E191
ecscr endothdial el surfae expressel chemotaxis and apopsis rgulaor 15.21 6.994 1.94E71
SK7 SKY (sex deemining rgjion Y}box 7 309.74  6.937 8.54E165
etv2 ets \ariant2 598.63 6.528 2.98E156
cdh5 cadhein 5 37.40 6.461 1.45E158
kdr kinaseinset domain reeptor (a typelll r eceptor tyrosinekinasg 9.93 6.162 1.17E08
flila Fli-1 prob-oncogene ETS tansciption fador a 281.84 5.937 4.61E118
eg v-ets avian eythroblasbsis vius E26 onegene homolog 16.02 5.715 4.42E45
fitl fms+elated tyrosinekinase 1vaseilar endothdial gowth fadorr receptor) 3.15 5.137 1.30E24
si:73334d15.2si:73334d15.2 5.85 5.047 8.03E15
arhgefob Cde&2 guanineudeotide exchange fador (GEF) 9b 12.24 5.042 4.37E63
sx18 SRY (sex dgemining rgjion Y)box 18 3492 5.014 2.58E49
hspalb heatshod protein 12B 10.28  4.495 3.58E39
dab2 Dab, mitogen-responsie phosphoprota, homolog 2@rosophila) 29.52 4435 3.64E43
hapinlb hyaluronan and prebglycan link proéin 1b 12.24 4112 1.93E35
sx5 sotting n&in 5 178.64  3.327 1.10E37
plekhg5a pleckstrin homoloy domain ontaining, familys (with RhoGé domain)member 5a 9.11 3.316 3.71E32
mcamb mdanoma €l adheion moleuleb 4553  3.293 1.08E33
nrplb neuropilin 1b 17.47  2.845 7.96E21
ramp2 receptor (G protein-coupled) adivity modifying proten 2 43.39 2.794 3.88E28
dii4 ddtalike 4 Drosophila) 2321 2.350 4.90E14
mb myoglobin 5.85  2.039 3.68E06
msha moesin a 219.33  2.015 1.05E21
fmnI3 formindike 3 16.99  2.008 5.69E19
itgab integrin, alpha 5fibronectin receptor, alpha polyeptide) 41.05 1.996 1.70E17
e2f8 E2F transciption fador 8 1454 1991 1.57E15
hey2 hes+elated family bHLH tansciption fador with YRPV moif 2 69.28 1.915 3.61E17
rab® RABS5C menbe RAS onogene family 67.77 1.631 3.53E10
arhgf7b Rho guanineudeotide exchang fador (GEF) 7b 26.06 1.604 1.54E12
gdféa growth differentiaton fador 6a 30.98 1.599 2.84E10
Ipar2a lysophosphatlic add receptor 2a 2464 1.482 1.85E07
gata2a GATA binding protin 2a 14.70  1.469 1.37E07
wdr43 WD repeatdomain 43 236.01 1.439 1.42E09
sdalb spemidindspermine N1-actyltransfeaselb 8.17 1.290 5.89E04
sas sayl-tRNA synthetase 7481 1.073 3.35E06
sh3glI3b SH3domain GRB2ike 3b 7.37 1.066 7.57E04
smad5 SMAD familymenbe 5 75.49  1.059 6.99E06
cdc42 cell division gcle 42 121.62 1.056 1.66E06
agfl angiognic fador with G path and FHA domains 1 16.42  0.994 5.68E05
colecl2 collectin subfamilymember 12 2758 0.977 6.57E05
rablla RAB11a, mmba RAS onogenefamily 43.01 0.972 9.84E06
vegfc vasalar edothdial gowth fador ¢ 5.60 0.945 4.79E03
dl eongaton fador RNA polynerasell 12.81 0.914 1.34E04
gnal3b guaninawudeotide binding proéin (G protein), alpha 13b 14.30  0.904 3.60E03
e2f7 E2F transciption fador 7 10.46  0.887 7.79E03
ppp4ca protein phosphaase4, @ialytic subunita 16.43  0.823 1.45E03
pppicab protein phosphadsel, @talytic subunit alpha isozyeb 11490 0.794 1.80E04
af3i eukaryotic translation initiaon fator 3, subunit 195.08 0.754 2.93E04
gng2 guaninewdeotide binding progin (G protein), ggmma 2 4563 0.723 3.43E03
rtnda reticulon 4a 106.69 0.713 3.67E03
stk25b seingt hreoninekinase25b 28.84 0.701 2.20E02
lama4 laminin, alpha 4 10.88 0.684 4.25E03
shcl SHC Srchomolog 2 domain ontaining)transfoming progin 1 15.63 0.678 6.51E03
pik3a phosphatylinosiol-4-phosphat 3kinase atalytic subunittype 2 alpha 3.92 0.657 2.25E02
kif1l kinesin familymembe 11 42.60 0.567 1.14E02
cds2 CDP-diag/glycerol synthasgphosphatiae cytidylyltransferage2 26.99 0.561 1.57E02
gnb2l1 guanineudeotide binding proéin (G protein), bea polyeptide 2like 1 1824.71 0.481 1.79E02

Table offactors inolved in bloodresseimormphogenesisidantified through biologial
geneontology analysis ofienesenrided in the20s posteor <I* population upon
comparisoro expression in thig0ssposteriorscipopulation. Bctors agin orde of
fold enridiment.
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sargs a tRNA synthetase that has been investigated for its role in angiogenic
sprouting® following the identification of multiple mutants that showed defective
blood vessel organisation and related tsatggene.

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 gesesiated withessel sprouting and tissue
infiltration coud suggest that by 20ss the postes@bpopulation 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 rriched genes over negative
controls

As in the 10ss posteri@cl population oxygen transport was the top -over
represented molecular function following analysis using the PANTHER database.
Also similarly to the 10ss posterior, histo@thyltransferase activity was also a
highly overepresented molecular GO term for the enriched genes of the 10ss
posteriorscl population. However at the 10ss this term was specifically histone
lysine methylation, at the 20ss both lysine and argisioeehmethylases were
featured in thisverrepresentedroup. Table 425 details the significantly enriched
genes that are annotated as histone methyltransferases of the posterior at the 20ss.
The histone arginine methyltransferases enriched in thpo2@ssorscl cells,

include transcriptionally activating orthologues pahtl and carml and
transcriptionally repressipemtSand 7. The enriched expression of this histone
modifying enzymes within the developing erythroid compartment suggests that, i
comparison to surrounding tissues, epigenetic regulation of transcription is more

prominent in posteri@ckexpressing populations.
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Table 4-25 Histone methyl transferase genes enriched in the 20ss posterisc/
expressing population.

(Sl Description el log2 p-value

Name FPKM FoldChange
suv39ib suppresor ofvariggaon 39 homolog 1b 48.38  2.422 4.71E25
menl multiple endoaine neoplasia | 57.21  2.055 1.27E17
sddbla SET domain, bifuated 1la 41.09 2.047 3.44E17
suv420B supprssor ofvariggaion 420 homolog 2rosophila) 16.76 1.683 3.07E11
prmt7 protein argininemehyitransfease? 61.29 1.675 2.34E08
prmt3 protein argininenehyitransfease3 4480 1.548 1.69E10
prdm9 PR domain ontaining 9 13.38 1.451 1.57E08
sed2 SET domain @ntaining 2 8.73 1.045 6.40E05
prmtl protein argininemehyltransfeasel 798.73  1.009 1.10E06
dnmtl  DNA (cytosine5-)-mehyltransfeasel 31.23 0.911 1.26E04
caml  coativabr-assomted argininenghyitransfeasel 112.53  0.909 3.11E04
nsdla  nudear reeptor binding SET domain pmh 1a 14.72  0.902 1.67E04
kmi2a lysine(K)-speific mehyltransfease2Ca 3.33 0.900 7.92E04
prmt5 protein argininemehyitransfeases 73.19 0.899 3.10E04
suv420h suppresor ofvariggaon 420 homolog 1Grosophila) 25.97 0.856 1.22E03
kmt2d lysine(K)-speific mehyitransfease2D 4.69 0.838 2.95E03
kmt2ba lysine(K)-speific methyitransfease2Ba 5.58 0.815 5.45E03
dotll DOT1-like hisbneH3K79 mehyitransferase 5.80 0.803 5.17E03
km2db  lysine(K)-speific methyitransfease2Cb 6.34 0.692 1.60E02
whscl Wolf-Hirschhom syndromecandidag 1 21.47 0.592 1.31E02
a2 ash2 gbsat, small, or honwic)-like (Drosophila) 56.22  0.542 2.08E02
Table ofhistonemettyl-transferasgenesenrided in the 2@sposerior I* population upon
comparisorto expression in th20ssposteriorst - population. Bctors a& in order of fold
enriliment.

Protein class analysiof 20ss posterior erriched genes over negative
controls

Transcription factors represented 7.5% of enriched genes in the 20ss gcisterior
cells as annotated by the PANTHER database and 2.9% of genes were labelled as
signalling molecules.  Highly oerepresented biological GO term for the
transcription factor list included primitive haematopoiesis, myeloid cell
differentiation and blood vessel morphogenesis. Surprisingly no erythroid related
terms wereindicated as beirgjgnificantlyoverrepresented. GO analysis of the
total enriched genes clearly shoves this population has a strongly erythroid
profile. However genes annotated wigrimitive haematopoiediological term

include key erythroid factogafal, gata@dgfila This absence of erythroid terms

is also observed in the 10ss posteniocheed transcription factor analyses. The lack

of erythroidGO classes for enrich&@nscription factors in both of these strongly
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erythroid cell types suggested that this isrtafact ofannotationrather than a
biological feature.

Top enriched genein 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 stitkample, and are listedable 426.

19 of these top enricheckrngs 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 feghdysenriched in the 2084

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 degdetn thescl cells of the 20ss posterior
compared to theiscl 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 wasepresented in the depleted genes of

the 20ss posteri@cl population. Wnt and Notch signalling pathways were also
featured in these GO terms reducestircells. These signalling cascades are crucial
for earlier stages of haematopoietic developf&it®33*though depletion of their

factors in 20ss poster®el 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 posterier/expressing population
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