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Summary

The work presented in this thesis is an investigation into the roles of p53, Nodal/
Activin and fibroblast growth factor (FGF) signalling in early heart development in the
model organismXenopus laevisThe first step of heart development is the
specification of cardiac tissue. However, the timing of cardiac specification and the
signals which control it are largely unknown. The Nodal/ Activin and FGF signalling
pathways have been implicated in cardsmecification but there is little evidence
demonstrating a direct role for these pathways. Using soluble molecular inhibitors of
the Nodal/ Activin and FGF signalling pathways at different stages of development,
the effects of timecontrolled inhibition orcardiac progenitor cells and differentiated
cardiac tissue were observed. Nodal/ Activin signalling was found to be required for
cardiac specification during a®hour time window following midblastula transition.

It was shown that FGF signalling is meguired prior to gastrulation for cardiac
specification, but is required later for normal heart developmeiit. was
hypothesised thap53 may be involved in cardiac specification by mediating crosstalk
between the Nodal/ Activin and FGF signalling pathsyay a similar manner to its
previously suggested role in mesoderm induction. Using a combination of p53
antisense morpholino oligonucleotides and a dominant negative p53 protein, the
effects of p53 downregulation on cardiac progenitor cells and diffea¢edt! cardiac
tissue were examined. A novel role for p53 in early heart development was found.
These findings contribute to an understanding of how p53, Nodal/ Activin and FGF
signalling orchestrate numerous developmental events in the early embryo. This
knowledge will be useful to advance our understanding of congenital heart diseases
and for the development of improved directed differentiation protocols for cardiac

regenerative medicine.
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1 Introduction



1.1 Overview

The heart is a vital organ for the health and survival of an organism. Defects in heart
development, or diseases which cause damage to the mature heart, can be life
changing and potentially fatgBruneau, 2008; Roger, 2013he human heart has
limited potential to repair itself, and therefore a target of ongoing medicasearch

to devise new therapiesor cardiac repair(Xin et al., 2013)Understanding the
signalling pathways which regulate heart development is fundamental to
comprehend the causes of heart diseaseasd @0 develop new therapies to treat
damaged cardiac tissue through the use of regenerative mediéitleough many
factors which influence cardiogenesis have been uncovered, the signals which initiate
the very first stages of heart development, the spieeifion of cells into the cardiac
lineage, are largely unresolved. Previous research highlights the potential
involvement of the Nodal/ Activin anfibroblast growth factor (FGF) signalling
pathways in the specification of cardiac céeseda et al., 2011However, previous
analysis does not clearly separate the roles of these signalling pathways from their
broader functions in embryonic development, questioning the specificity of their
involvementin cardiac lineage specificatian.addition, the time at which the Nodal/
Activin and FGF signalling pathwaysay be required for cardiac specification is
largely unknown. Experiments contained within this thesis demonstrate the
manipulation of the Nodal/ Activiand FGF signalling pathaysin a spatiotemporal
manner, primarily using a pharmacological approach, complimented with protein
expression control, to specifically question the requirement and timing of Nodal/
Activin and FGF signallinop cardiac specification. The Nodal/ Activamd FGF
signalling pathways have previously been demonstrated to integrate, with pathway
crosstalk mediated by the tumour suppressor protein g&®&rdenonsi et al., 2007,
2003) New functions for p53 in embryonic development are continuously being
discoveredDanilova et al., 2008; Molchadsky et al., 204 work presented in this

thesis questions a novel role for pgBcardiac development.



1.2 Embryonic development

During embryonic developmend, fertilisedeggcell divides and begins to proliferate.
Initially, cells are pluripotent, meaning that they can give rise to any cell type. In
mammalian organisms such as mouse or human, only ckthe inner cell mass are
pluripotent, with the outer cells contributing towards exteambryonic tissues
(Bedzhov et al., 2014, Paranjpe and Veens2015) Proliferating pluripotent cells

are influenced by signals within the embryo, in strictly defined time windows, which
instruct the cells to develop into a particular type of cell. This process is known as
specification. Specified cellsre cgable of changing lineage, if exposed to the
appropriate influences, before terminal differentiation from a progenitor cell into a
mature cell(Graf and Enver, 2009; Slack, 1998pecified groups of cells, known as
fields, undergo morphological movements, patterning, differentiation and
morphogenesis events to form a complexity of interconnecgjans whth
constitutes a functioning organism{Gilbert, 2000; Heasman, 2008Remarkably,
these processes are controlled byeatively smal number of signalling molecules
which work in pathways to oversemmbryonicdevelopmentand regulate cellular
homeostasis(Perrimon et al., 2012)The heart is an organ which develops from
pluripotent cells in the early embryo. Specified cardiac cells receive numerous
inductive and inhibitory signalling inputs throughout cardiogenesis to ultimately
form a correctly located and fully functioning he@@rand, 2003)A key question for
developmental biology is how a relatively small number of regulatory signalling
pathways modulate a diverse array of proces&ebert, 2000) An understanding of

the mechanisms which govern cardiogenesis will likely be translatable, enabling a
better understanding of numerous aspects of devet@mt, ageing, homeostasis and
cancer. Furthermore, this knowledge will be indispensable in the development of

new technologies to combat cardiac damage dmskases.

1.3 The vertebrate heart

The heart is a muscular organ which pumps blood through the blossgel® of an

organism. The heart, blood and blood vessels make up the circulatory system. All

3



organs within an organism rely on the circulatory system to supply them with vital
nutrients and oxygen and to remove metabolic waste. The vertebrate heart is a
chambered organ consisting of myocardium, enclosed by epicardium and
endocardium connective tissue, complete with valves and a coronary circulatory and
conductive system. The vertebrate heart is unigue amongst metazoans and is more
complex than the myoepitHal pumping tubes found in invertebrade(Pérez-
Pomares et al., 2009Jhe heart is the first organ to become fully functiomiairing
embryogenesisand is often required for further developmerdf the organism
(Brand, 2003)Cardiac damage and disease therefore can be fatal due to the limited
ability of the heart to repair itseffNadaiGinard et al., 2003; Xin at., 2013) During

the pastdecades there has been a large amount of research focusing ontheth
anatomical and molecular aspects of heart developmé@ihie processesvhich lead

to successful heart formatiorand functioning are gradually being uncovére
(Moorman et al., 2003)However, a more comprehensive understanding of the
molecular pathways which underlie heart development will aid the improvement of

treatments for cardiac malfunctions.

The formation of thevertebrate heart involves the coordination of precisely
regulated molecular and morphogenetic processeich are conserved across
manyspecieqOlson and Srivasta, 1996) The vertebrate heart has evolved from a
primitive linear pump in ancestral metazo#rough the additionof new structures
RdzS G2 RSYFYR&A& FTNRY 2NHIYyAaYaQ AYyONBIaay
needs(PérezPomares et al., 2009T his hasransformed the vertebrate heart ird a
multichambered structure complete with valves and a complex conductied
circulatorysystem(Fishman and Olson, 1997hroughout evolutiopalthoughthe
morphology of the hearhas been dramatically transformethe gene regulatory
networks directingdevelopment have beetargelyconserved(Olson, 2006; Pérez
Pomares et al., 2009This conservation between vast phylogenéigtances allows
cardiac development to be investigated in a range of organisms including flies, fish,

amphibians, chick and mammd&affran and Frasch, 2002)



In all embryos, the first step in heart development is for cells to be specified to
become cardiac cells. This proceskrnown as cardiac specificatidrne early embryo
contains three primary germ layerendoderm, which forms the digestive and
respiratory tracts; mescefm, which forms connective tissuesrdiovascular system
and muscle; and ectoderm, which gives risetlte nervous system and epidermis
(Kiecker et al., 201%imelman, 2006; Noseda et al., 201Cpardiac cell precursors
are thought to arise as bilaterally symmetrical clusters of mesodgrotey et al.,
2006; Jacobson and Sater, 1988ardiac precursors originate a significant distance
from their final location within an organisntherefore they must migrate through
the embryo during early development to relocateoley et al., 2006; Keller, 2002;
Mohun etal., 2003; Parameswaran and Tam, 1995; Yang et al., .Z0@2)masof
migrating cardiac precursor cells are patterned into areas known as the primary and
secondary heart fields. The primary heart field differentiates first and contributes to
the majorty of cardiac structures. The secondary heart field forms the outflow tract
and, in organisms with a four chamberbdart, the right ventriclgDyer and Kirby,
2009; Harvey, 2002)n addition, a subset of neural crest cells contribute to cardiac
structures such as the connective tissue segiarg the major cardiac vesséldutson

and Kirby, 2007)Once migrating cardiac cells readheir final location within a
developing organism a liae heart tube is formed, which subsequentbops and
undergoes mrphogenesis to form the cardi@abambers. The timing of cardiogenesis
varies between different organisms in accordance with their rate of growth and
development. In humans, the heart commesc beating in the third week of
gestation, with blood circulating by week fo(Manner et al., 2010; Sissman, 1970)
The primitive heart starts beating at Hamburger Hamilton (kteije 10(33 hours)

in chick,embryonic day8 (E8)n mouse and stage 36 (50 hoursjhe African clawed
frog Xenopus laevi§Sissman, 1970)n addition, the number of cardiac chambers
varies between organisms. For example, amgribihave a three chambered heart
consisting of a singlthick walled ventricle which receivddood from two smaller
atria (Mohun et al., 2003)whereasamnioteshave a four chambered heafitlarvey,
2002) Despite differences in the rate dkeart development and chamber number

the genetic programs andtages of developmenincorporating specification,
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migration, heart tube looping, morphogenesis and chamber formation are highly
conserved between organisms. This allows information gained in one model system

to be compared with the developmentally releuvastage in another organisms.

1.4 Model organisms for investigating hedelvelopment

Information gained from different model organism has been used to develop an
understanding of cardiogenesis. Each model system has advantages and
disadvantage for uncoverirg the molecular mechanismsnvolved in heart
development.The fruit fly, Drosophilamelanogasterhas proved extremely useful

for investigating the cardiagene regulatory network, due to its relative lack of
functional redundancyOlson, 2006; Wolf and Rockman, 2Q08)e simplicity of the
linear dorsal vessel does, however, limit the usefulness of this model in gaining a
complete understanding of the compliment of mechanisms involved in mammalian
heart development. Likewiseebrafish Danio rerigis a useful modeio study basic
genetics as well as the molecular and cellular mechanisms of early heart
development however, their more primitive two chambered hearts makes it harder
to explore all aspects of higher vertebrate cardiogen€kia and Stainier, 2@).
Experimental technigues includitigansplantation experiments and gene expression
manipulationin Xenopusave generated information about cell fates and molecular
signallingin heart developmen®d { I YdzStf FyR [FTOAY1AGZ HAngd
2007) Until recently there has been a lack of comprehensive genetic tools for routine
genetic maniplation Xenopug/Artmam et al., 2010) However, with advances in
gene editing techniquesuch asclustered regularly interspaced short palindromic
repeats(CRISPR) andanhscription activatoilike effector nucleaseéTALENS), gene
editing technologies are becoming routimeXenopugLei et al, 2012; Nakayama et

al., 2013) The mouse provides atcessible mammalian model, argloften used to
investigate genetic principles through the use of transgenic l{Ressant, 1996)
Nonetheless, mouse embryos require a beating heart for continued development
rendering eperimental manipulations which adversely affect heart function lethal,

genetic manipulations are difficult to control in a spatiotemporal manner and studies



are often costly and time consumirggrtmann et al., 2010)Cell culture allows the
investigation of human cardiomyo@ytdevelopment(Burridge et al., 2014, 2012,
Vliet et al., 2012)Unfortunately, technologies have not advanced to a stage where
cultured cells can generate mature chambered hearts, thus cell culture has limited
use in understanding the complete cardiac developmental proceXs®pus laevis
embryos provide an easily accessible, readily available, manipulatable,- high
throughput mocel for investigating early heart development and shall be used

throughout the work encompassed in this thesis.

1.5 Xenopudaevisas a modebrganisnfor studying heart development

Xenopugs commonly known as the African clawed frog and there are two species
which are frequently used to study vertebrate development; the tetrapdahopus
laevisand the diploidXenopugropicalis(Amaya et al., 1998Xenopus laevigere
first used in a UK laboratory environment in the 19308s pregnancy tesand have
beenthe favoured amphibian model system usddoughout the last century to
study various aspects @mbryogenesigAmaya et al., 1998; Lohr and Yost, 2000)
More recently, Xenopustropicalis are being usedfor studies involving genetic
manipulations, as the species is better suited to épplication thanXenopudaevis
due to its simpler diploid genom@maya et al., 1998; Grainger, 2012ymansand
Xenopusshare a remarkably large number of genetic and anatomfieatures
allowing nolecular and cellular pathwaysicoveed in Xenopudaevisto be related

to higher vertebrate developmentHellsten et al., 2010; Kaltenbrun et al., 2011)
Xenopudaevishas numerousharacteristics that makes an excellent model for
biomedical reseatt. For exampleadult Xenopudaeviscan be induced to lay and
fertilise eggs all year round, with typically 58000 rapidly developing embryos
being produced per matingllowing for highthroughput experiments(Warkman
and Krieg, 2007)Theeggs are laid, fertilised artien develop externally allowing
non-invasive viewing using ligbt fluorescencemicroscopyKaltenbrun et al., 2011;
Warkman and Krieg, 200 Bmbryos areelatively largeQ.7-1.3mm in diameter, and

they are robust enough towithstand microinjections and microsurgery.



Microinjectionscan be used to introducenessengermibonucleic acidmRNA or
antisensemorpholino digonucleotides (MO) to regulate the expression gfratein

of interest Micranjections may alsobe used to mtroduce other nucleic acids,
proteins, dyes or even whole nucl@altenbrun et al., 2011; Tandon et al., 2012)
Soluble pharmacological inhibitors and activators addeXemopudaevisembryo
culture medium will readily diffusto take effectthroughoutthe embryo(Myers et

al., 2014; Skirkanich et al., 201Themanipulation of gene expression and signalling
pathways can becontrolled in a spatiotemporal and reversible manner by
approaches including targeted microinjections and pharmacological reagents. Tissue
explants excised during microsurgery can be culture@mally or grafted back into
an alternate location within an embry@and will continue developinglhese and
other reputable techniques allodefined regions, genes or signalling pathways to be
dissected and manipulatedillowing insight into ther roles during development
There are many resources available in research studies due to the popularity of
Xenopudaevisas a model organisntor exampleearly embryonic cell fates have
been mapped, allowinglentification of particular blastomeres only 3 hosirafter
fertilisation that will eventually give rise to the heart two ddgter (Kaltenbrun et
al., 2011; Moody, 1987)Unlike in mammalssuch as mouse, early embryonic
development in Xenopuslaevis can proceed in the absence of a functioning
circulatory system, allowing extensive analysis of cardiac defects in live esdiry
later stages ofdevelopment(Kaltenbrun et al., 2011)or these reasonXenopus

laeviswas the model organism chosen to work with in this study.

1.6 An overview oKenopudaevisdevelopment

Following fertilisation, the Xenopuslaevis embryo undergoes 12 rounds of
synchronised cell divisions, at approximately30minute intervals, todrm a 4096

cell sphere, enclosing a flufdled blastocoel cavityHeasman, 2006)The majority

of zygotic transcription begins, accompanied by matemBINA degradation, from
the 4,096cell stage at a time point known as midblastula transition (MBT), although

a small subset of zygotic transcripts are activated earfiemdros and pshitz, 2009)



Prior to midblastula transition, the embryo is largely patterned by localised maternal
factors. For example, a component of the canonical Wnt signalling pathway,
predicted to be Wnt 11, is relocated from a vegetal position by corticaltiat
dictated by the sperm entry site, establisg the future dorsal side of the embryo
(Figurel:1 A) (Heasman, 2006 signalling centre known as the Nieuwkoop centre

is estaltished in dorsal vegetal cells where dorsal Wnt and vegetally localised
maternal VegT intersecf{gurel:1 B) (De Robertis and Kuroda, 2004; Moon and
Kimelman, 1998; Vincent and Gerhart, 1987; Zhang et al., 199®) Nieuwkoop
centre secretes Nodal related proteins in a gradient across the dorsatral axis to
establish ad pattern the mesodslly | YR Ay RdzO S rgahKeBFigureld Y | vy Qa
[ 0®d ¢ KS {rpaBider i i érganising centre which secretes proteins
including Nodalelated proteins and BMP antagonistand is vital for further
patterning of the embryonic germ laye(®e Robertis et al., 2000; De Robertis and
Kuroda, 2004; Joubin and Stern, 2QBYy midblastula transition, the three germ
layers- ectoderm, mesoderm and endodermare establisheqHeasman et al., 1984)
Following midblastula transition, the cell cycles lengthad becomes asynchronous
and the germ layers are patterned by numerous signalling inputs. At least four major
signallingpathways are believed to be essentiat development including Nodal/
Activin, bone morpbgenetic protein (BMP), Wnt aréiGFE- Early work suggests that
ligand gradients pattern the animakgetal and dorsalentral axis in the blastula
stage embryo. Moreecent work has shown that there are numerous intracellular
and extracellular pathway regulators, which are themselves localised within the
embryo(Heasman, 2006)The challenge is to comprehend the signalling context at
each location in the embryo to understand haltferent cellular fates are specified.
Localised combinations of active signalling pathways are likely integrated by pathway
crosstalk to result in particular cellular outcomes, allowing a relatively small number
of factors to pattern the embryo. At appxonately 10 hours podertilisation,
gastrulation begins, where morphogenetic movements relocate and reorganise cells
to form a threelayered structure(Sharpe and Mason, 2009The vegetal mass
ingresses in the animal direction, causing an increase in the blastocoel floor area,

which will eventually form the gut. This drives the involution of the mesoderm
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(starting at the dorsal side) through the blastopore, followed by further active
migration animally and positioning between the ectodermal and endodermal layers.
The ectoderm undergoes epiboly, where cells spread vegetally to cover the
embryonic exterior(Gilbert, 2000; Heasman, 2006; Shook et al., 20Bd)lowing
gastrulation, neurulation encompasses the formation of the neural tube along the
anterior-posterior axis of the embryo, accompanied by continued development of
specified tissuefGilbert, 2000) Development continues tbughout the tailbud and

tadpole stages with organogenesis occurring during the late tadpole stages.
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Figurel:1 Characteristics of earl)Xenopus laeviembryonic development

(A) Corticakotation, dictated by the sperm entry site, drives the movement of vegetally
localised dorsal determinants (red) to establish the future dorsal axis. (B) Gradients -of beta
catenin originating from the dorsal side of the embfgoeen)and VegT originatingegetally
(purple)converge to establish the Nieuwkoop centre. (C) The Nieuwkoop cisnimgolved

in establishinghe Spemann organiser, whiclontributes towardgatterning the embryo.
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1.7 The origin, migration and morphogenesis of cartiEsue

Cardiac progenitors arise as two bilaterally symmetrical patches of dorsal lateral
plate mesoderm in the early embryo of model organisms studied, including mouse,
chick, amphibianszebrafish Drosophilaand Xenopus(Figure1:2 A shows thisn
Xenopu (Foley et al., 2006; Jacobson and Sater, 1988; Zaffran and Frasch, 2002)
During gastrulation,as a result of convergent extension movementsrdiac
mesoderm ingresses through the blastopameXenopusalso known as the pnitive
streak in birds, reptiles and mamma(¥liet et al., 2012) Cardiac mesoderm
ingression occurs ahe dorsal side of the blastopore Menopusand at the rostral

end of the primitive streak in organisms such as cfiit&rtinsen, 2005; Schoenwolf

et al., 1992)The cardiac mesoderm migratésvards the future dorsaanterior side

of the embryo by late gastrulatiorFigurel:2 B shows this inXenopu} (Garcia
Martinez and Schoenwolf, 1993; Keller et al., 2000; Parameswaran and Tam, 1995)
The bilateral regions of cardiac mesoderm move ventrally to meet and fuse on the
ventral midline during neurulatagesin all organismgFigurel:2 C, Dshows thisn
Xenopuy(Martinsen, 2005; Mohun et al., 2003h mammals and birds, the anterior
margins of the bilateratardiacfields first merge to form the characteristic cardiac
crescentsin the anterior lateral region of the embry@Harvey, 2002; Zaffran and
Frasch, 2002)Cardiac tissue remains in an anten@ntral position throughout the
remainder of development and in adult ligBigurel:2 E shows thisiXenopu} but
undergoes morphological remodelling to form a functioning hgdbhun et al.,
2003) Upon cardiac primordia fusion, a lindegart tube is formed, orientated along

the anteriorposterior axis. The heart tube is a temporary structure consisting of a
tubular inner endothelial layer surrounded by a myocardial |gerckingham et al.,
2005; Harvey, 2002; Mohun et al., 2003; Stalsberg and DeHaan,. 188} tube
elongation commences with the tube spiralling rightwards, in a process known as
cardiac loopingwith the posterior end moving in an anterior and dorsal direc{idh
Naieb et al., 2013; Kolkeretal., 200 T [ F GAY {1 A0 SiG Ff®I wHnannnT
et al., 2000)Following this, ventricular and atrial myocardial regions become distinct,

valve precursors are formed, and the heart remodels into a rRehiimbered organ,
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which can commence beatirfél Naieb et al., 2013; Buckingham et al., 2005; Harvey,

2002; Martinsen, 2005)
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Late neurula (24 hpf) Tadpole (50 hpf)

Figurel:2 Cardiac tissue migratioduring Xenopudaevisembryogenesis

(A) A vegetal view of an early gastrula embryo. Cardiac tissue (red) is present as two
bilaterally symmetrical fields of mesoderm at the dorsal side of the embryo. (B) During
gastrulation, cardiac mesoderm migrates towards the deasdérior end of the embyo. A
posterior-dorsal view is shown. (C) During early neurula stages the two cardiac fields migrate
ventrally to (D) meet on the ventral midline. A lateral view is shown. (E) Cardiomyocytes
remain at this anterior ventral location, where they undergo mulogical movements
during tadpole stages to remodel as a three chambered beating heart. A lateral view is
shown.(Foky et al., 2006; Mohun et al., 2003)ustrations adapted froniNieuwkoop and

Faber, 1994via www.xenbase.ordwpf = hours post fertilisation.
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1.8 Molecular signals afardiac specification

Cardiacmesoderm has been shown to arise due to inductive interactions with
neighbouring tissues in the early embryo. However, the precise timing and nature of
this inductive signalling is largely unknowfour major signalling pathways have
been implicated in the induction of cardiac tissue: Nodal/ Activin, FGFs, BMPs and
Whnts (Noseda et al., 2011Howeverthese signalling pathways have multiple roles

in the developing embryaround the time of cardiac specificatiomaking their

precise function in cardiac specification difficult to define.

1.8.1 Nodal/Activin

1.8.1.1 Nodal/ Activin family

Nodal and Activin belong tohé transforming growth factorbeta (TGFbeta)
superfamily which comprises over 30 members. The-G&#& family regulates a
diverse range of processasduding cellular growthmigration, apoptoss, adhesion
and differentiation (Roberts and Sporn, 1993; Wu and Hill, 2009 Fbeta ligands
includeNodask, Activins, TGHbetas, BMPs ath growth differentiation factors (GDFs)
These ligands and their downstream effectors are highly conserved across evolution
(Wu and Hill, 2009)The TGFbeta ligands bind a range of receptors, activating
different downstream effectors and eliciting a variety of cellular responses. There are
two main branches of T@beta signalling. One branch primarily contains Nodal,
Activin, Inhibin and TGBeta ligands, ad signals utilising Smad2/3 via Activin
receptorlike kinases (ALK) 4, 5 andShen, 2007; Shi and Massague, 2003iis
signalling branch is often referred to as Nodal/ Activin or ALK4/5/7 signalleg. T
alternate branch transduces BMP, GDF and-Bb&# ligand signalling via ALK1, 2, 3
and 6, and Smadl5 and 8 (Shi and Massague, 2003n early embryonic
development the XenopudNodal related factordiave been shown to have rolas
mesoderm indgation andpatterning, including cardiac specificatigbuxardi et al.,
HamMAaT halFRF FYR 2NAIKGZ mMPphPT wSAaaAYIYyY
Takahashi et al., 2000)
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1.8.1.2 Nodal/ Activin signalling pathway

Extracellular homodimericNodal/ Activin ligands bind to Type Il TGlbeta
transmembrane receptors. Subsequently, Type Il recepimm® heterotetrameric
complexes with ype | TGbetatransmembrane receptorsalso termed ALKSs, with
Nodal/ Activin signalling via ALK4/5Shen, 200). Type Il and yipe | receptors have
single pass transmembrane domains and are the only known family of serine
threonine kinases transmembrane receptors in mamn(@thmierer and Hill, 2007)
For Nodal signalling an extracellular membrane bound cofactor EGFC, called
cripto or cryptic in mammals and TdgfliB Xenopus is also required in the
membranesignallingcomplex(Gritsman et al., 1999; Schier, 2003; Yeo and Whitman,
2001)

When an extracellular T&@eta ligand binds the membrane signalling complex, the
Type 1l receptor phosphorylates serine and threonine residues in the cytoptas
domain of the Type | receptor, resulting in receptor activation. This in turn
phosphorylates the receptor regulated SmadsS{iRads), Smad2 and Sma@&hen,
2007) In the blastula stagedenopus laevismbryo, Smad2 is the predominannh&d

(van Boxtel et al., 20155mad proteins are phosphorylated by thge | reeptors

on two serine residues at their extreme C terminus end, allowing release from the
receptor (Schmiere and Hill, 2007) Phosphorylated Smad2/3 fosra trimeric
complex with the common mediator Smadimad4, in the ratio of two-Bmads with

one Smad4Shen, 2007)The Smad2/Bmad4 complex then translocates into the
nucleus where it regulates the expression of Nodal/ Activin dependent g&impasaé¢

1:3) (Nicolas et al., 2004)Smad proteins intact with DNA and other proteins
through conserved MH1 and MH2 domaivkich are responsible for DNA binding
and proteinprotein interactions respectively. Smads also bind cofactors such as
transcription factors (TFs) and chromatin remodelling proteingntituence the
transcription of targegenes(Kimelman, 2006; Schmierer and Hill, 200#)e linker
region of Smadsan be phosphorylated by other kinasésr exampleextracellular
signalregulated kinases (ERK), therelmgegrating different signallingpathways

(Schmierer and Hill, 200'fodal 5 and 6 transcriptsare first expressed zygotically in
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the dorsaivegetal region of the early blastula embrgnor to midblastula transition
and can induce mesoderm, endoderm otheodal transcripts (Takahashi et al.,
2000) The expression afodal 1and 2 is first detected in the vegetal region of the
blastula stage embryayith transcripts becoming localised to the dorsal marginal
zone prior to decreasing during gastrulatiGiones et al., 1995Yhe expression of
nodal lreappears during tailbud stages in two regions either side of the posterior
notochord (Lustig et al., 1996)nodal 3is expressed in the Spemann Organiser,
however it lacks the mesoderm inducing capacity of other Nodal protnsith et

al., 1995)nodal 4is first expressed at the gastrula stages in the Spemann Organiser
with expression prevailing in the notochord and neural tube throughout neurula
stages(Joseph and Melton, 1997activin is fird detected homogeneously after
midblastula transition, with expression restricted to the doesaterior region during

the neurula stage¢Dohrmann et al., 1993; Thomsen et al., 1990)K4is deected

in the animal pole and marginal zone of the blastula stademhopusembryo,
throughout the ectoderm, mesoderm and to a lesser extent endoderm during
gastrulation with continued expression in multiple domains throagthneurula
stages(Chen et al., 2005)ALK5has been found to be expressed throughout
development in a microarray study spanning 14 stages of developinemt the
blastula to tail budstages although gene localisation infoation is not available
using this methodYanai et al., 2011ALK7has been found to be localised to the
ectodermal and organiser regions in gastrula stag@hopus(Reissmann et al.,
2001) however there is little data on other stages of developmé&@nopuEGFCFC
(Cripto) family memberXCR&and XCR3ranscripts are expressed ubitously both

maternally and zygotically until early neurula stag@srey and Hill, 2006)
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Figurel:3 Schematic diagranilustrating Nodal/ Activinsignalling

Arrows indicate the direction of signal transduction from extracellular-B&& ligand
binding resulting in altered gene transcriptiohF =transcription factor. P =mhorylation
event. Nodal requires the coeceptor Crypto to signal through the transmembrane

receptors, whereas alternate T@#Eta ligands, such as Activin, do not.
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1.8.1.3 Nodal/ Activin signalling regulation

Nodal/ Activin signalling is hidly regulated at multiple leve)sincluding ligand
processing, receptor availability, and in positive and negative feedback (8bes,
2007) Nodalis secreted as a propeptide and is captured byesmeptor EGEEFC to
be processed by BECFC boundsubtilisinlike proprotein convertases (SPCs)
(Blanchet et al., 2008; Schmierer and Hill, 200i0dal/ Activinsignallingactivates
both positive and negative feedback loops within the ,cbly inducing its own
expression and the expression m#pressors such akefty and Cerbes whose
expressioncan be detectedoriginating from the dorsal side of the embrymm
around midblastula transition(Shen, 2007; Yanai et al., 2011gfty proteins,
divergent members of the Td&eta superfamily, antagonise theEGFCFC co
receptor, preventing TGFbeta receptor complex formationTheyhave also been
shown to interactwith Nodalligands preventing receptor bindingChen and Shen,
2004) Cerberus, a member of the DAN family, is a multifunctional antagonist of
Nodal BMP and Wnts and works in the extracellular space by physically binding to
the ligandsto prevent ligandreceptor interactions(Piccolo et al., 1999) Receptor
avaibbility also affects signallingNodal/ Activin signallin@ctivates expression of
Dapper2 which binds the ype | receptor enhancingthe internalisation and
degradation through the late emdome, thus decreasing cell surface receptor
availability for transmitting signallingSchier, 2009) Signal transmission is also
controlled downstream of receptor activation; transcriptional-repressors Tgifl
and Tgif2 competitively bind acev\Smad?2reducing the relative amount of available
Smad?2 in the nucleudowers et al., 2010) Inaddition, active nuclear Smad2/3 is
dephosphorylatedpromoting nuclear exportLin et al., 2006; Nicolas et al., 2004)
conjunction with ubiquitination and degradation by the proteasonfleo and
Massague, 1999; Shi and Massague, 2008hversely, ntlear transcription factors,
such as Forkhead Activin Signal Transducer (Foxhl), aid signalling by targeting Smads
to the developmentallyelevant promotes (Chen et al., 1997; Yeo et al., 199)e
combination ofNodal/Activin signallingpropagation and inhibition balancehus
achieving the precise location, concentration and duration of Nodal/ Activin
signalling necessary for patterning the early embryo.
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1.8.1.4 Nodal/ Activin signalling in embryogenesis

Nodal/ Activin signalling has numerous rolgsoughout development. Initiay,
Nodal/ Activin signalling is required for establishing, and then subsequently
patterning, the mesoderm and endoder(iarland and Gerhart, 1997; Hill, 2001;
Zorn and Wells, 2007)Furthermore, Nodal/ Activin is required for promoting
gastrulation movements and for establishing thedtdright axis(Hill, 2001; Schier,
2003; Smith and Howard, 199jidblastula transition (MBT) is the time point where
maternal MRNA is degraded and zygagfene transcription activated small number

of genes in many organisms including fly, frog, zeldrafimd mouse do become
active, however, before large scale zygotic transcrip{itedros and Lipshitz, 2009)

In Xenopus laevjghe transcription ofnodal 5and 6 is activated by maternal VegT
before midblastula transitiorffTakahashi et al., 2000Yodal 5and 6 activate their
own expressiorand Nodal/ Activin signalling is apparent by midblastula transition,
evident by the acamulation of phosphorylated®mad2 (p-Smad2) Skirkanich et al.,
2011) This premidblastula transitionnodal 5and 6 transcription is essential for
induction of mesendodermal genes, germ layer specification and inductinadaf

1, 2and 4, which are required for lateprocesses such as gastrulatighuxardi et al.,
2010; Skirkanich et al., 201Nodal/ Activinsignalling isnitially enriched dorsally,
due to VegT andBetacatenin cooperation, and extends ingaadient across the
Xenopus laevismbryo (Lee et al., 2001)By the onset of gastrulation (stage 10),
Nodal/ Activin signalling is more everdystributed across the dorsakentral axis
(Figurel:4) (Faure et al., 2000; Lee et al., 2001; Schohl and Fagotto,.Z8fll)wing
mesoderminduction, Nodal/ Activinactivity patterns the mesoderm in a dose
dependeat manner In pluripotentXenopus laevisxplants, it has been demonstrated
that low Activin concentrations are capable of inducing ventral mesoderm
derivatives, and high Activin concentrations are capable of inducing dorsal
mesoderm derivativeqAriizumi et al., 1991; Kimelman, 2006; Okabayashi and
Asashima2003) A dominant negative Activin receptor has been shown to block the
ability of animal caps to respond to Activin treatmeiatsd in vivofor embryosto

express the mesodermal markbrachyury(HemmatiBrivanlou and Melton, 1992)
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There is ongoing work to determine the relative contributionsNafdal/ Activin

signallingiming, dose and length of exposuire patterning the early embryo
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Figurel:4 Active Nodal/ Activinsignallinggradientin the earlyXenopus laeviembryo

Diagrammatic depiction of Nodal/ Activin signalling activated phosphory8tadd?2

localisation irthe earlyXenopus laevismbryo.
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1.8.1.5 Nodal/ Activirsignallingn cardiac specification

Research conducted in several model systems has implicated Nodal/ Activin
signalling in cardiac specification. Xenopus laevjoverexpression of Nodld&amily
members, or constitutively active (CA) ALKs, has been shown to induce ectopic
cardiac tissugbothin vivoandin animal pole explant§-oley et al., 2007; Logan and
Mohun, 1993; Reissmann et al., 2001; Takahashl.e2000) A doseresponse can
be demonstrated irXenopus laevignimal pole explantswith highconcentrations of
Activin A, Nodal ligands or @A Ks inducing cardiac tissua contrast tolower
concentrationswhich resultin alternative mesoderm deératives including skeletal
muscle, notochord and lateral plate mesodefbogan and Mohun, 1993; Reissmann
et al., 2001; Takahashi et al., 200D)kewise, Activin A has been shown to induce
cardiac myogenesia a dosedependent manner in quail posterior epiblast explants,
with Activin inhibition resulting in reduced cardiac cell number in chick posterior
explants(Yatskievych et al., 199 onversely, disruption dodal/ Activin signalling
by dominant negative ALKs can reportedly reduce cardiac markgressionin
Xenopus laeviReissmann et al., 20Q1j has been demonstrated that mice lacking
the cripto gene fail to elicit cardiac marker expressiand subsequently die
prenatally. In additionnodal hypomorphic mutants display abnormhbeart tissue
(Lowe et al.,Q01; Xu et al., 1999Dominant negative ALK receptors, or lossrgsto,
has been shown to block cardiomyogenesis in mouse embryonic ster(iCxaslkst al.,
2012; Parisi et al., 2003; Xu et al., 19%@prafishone-eyed pinhad (oep an EGF
CFC family member) mutants exhibit severe defects in myocadéxalopment
(Griffin and Kimelman, 2002; Reiter et al., 200lh) a Xenopus laeviexplant
conjugate model, the Nodal/ Activin signalling pathway has been demonstrated to
have an early transiermequirementfor cardiogenesi® {  YdzSt |y R .[ F GA Y]
Theseresults suggest a role for Nodal/ Activin signalling in cardiac induction.
However, many of the aforementioned experiments were not designed to isolate the
role of Nodal/ Activin signalling in cardiac speciimatfrom alternative Nodal/
Activin signalling roles in mesoderm formation and embryonic patternisg
experiments largely usedcontinuous Nodal/ Activin signalling inhibition or
overexpression. As mesoderm formation is a prerequisite for cardiac mesoderm
23



induction, it is debatable whether the observed cardiac affects are a direct or indirect
consequence of altered Nodal/ Activin signalling. In addition, the temporal
requirement for Nodal/ Activin signalling in cardiac specificatiorvivo remains
unknown Careful manipulation of Nodal/ Activin signalling during precise time
windows of development would begin to address more specifically the requirement
for Nodal/ Activing signalling in cardiac specification. Whether Nodal/ Activin
signallinginteracts wit other signallingpathways to confer cardiac specificiy is
independently sufficient for initiating cardiogenesis by activatishgwnstream

signalling pathways remains to be resolved.

1.8.2 Fibroblast growth factors

1.8.2.1 Fibroblast growth factor family

The FGF family is a family of growth factors, conserved throughout metazoan
evolution (Itoh and Ornitz, 2004)There are22 identified FGF family members in
mammals, with fewer in lower vertebrates, for example there are 17 known FGF
family members inXenopus tropicaligLea et al., 2009)The manyXenopusFGF
ligands and receptors have dynanmexpression patterns during developmeiite
expression ofgf 1, 2, 4, 8, 13, 28Bnd22 andfgfrs1, 2and4 can bedetectedprior to
mid-gastrula stages in a developmentally relevant time frame for cardiac
specification. Whole mount situhybridisation analysis shows thigfrs appear to

be ubiquitously expressed with the aforementionégfs often expressed in the
mesoderm or expressed ubiquitously with stronger expression in the mesoderm at
gastrula stage$lLea et al., 2009)FGFsignallingcontrols many biological processes
including proliferation, survival, migration, differentiation and embryogen@isey

and Amaya, 2010; Ornitz and Itoh, 2015; Thisse and Thisse, 2005)

1.8.2.2 Hbroblast growtHactor signalling pathway

Two molecules of extracellular FGF ligands, connected by a heparan sulphate
proteoglycan, signal through bindingighly conserved FGF transmembrane

receptors (FGFRjausing receptor dimerisatig®chlessinger et al., 2000; Turner and
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Grose, 2010)Ligand depenent dimerization results in FGF receptomsdergoing a
conformational shiftleading to theransphosphorylatiorof the cytoplasmic tyrosine
kinase domains. This allows the docking of adaptor proteins for multiple downstream
signal transduction pathways. Tieo main FGF signallingansduction pathways
involve Rasnitogen-activated protein kinase(MAPK)/ERK andhospholipaseC
gamma(PL&ammg, but signal propagation can also occur pfesphoinositide 3
kinase (Pi3K) and signal transducer and ativof transcription (STADranches
(Kimelman, 2006; Thisse and Thisse, 20B&F predominantly signals througas
MAPK/ERKduring embryonic developmer(Corson et al., 2() Thisse and Thisse,
2005) The RasvIAPK/ ERK branch of signalling is transmitted by activated
(phosphorylated)FGFreceptors inducing the activation of the-@otein Ras, via
small adaptor proteins. Ras activates Raf, which phosphorylates to aatitaigen
or-extracellular signal regulated protein kinase (MBMEEK subsequentlgctivates
MAPK/ERHKoy dual phosphorylation of the regulatory tyrosine or threonine residues,
which are located only one residue apart at positions 202 and 204 respe¢iasige

et al., 1991; Shaul and Seger, 200V)/APK/ ERKenters the nucleus where it
phosphorylatesand activategranscription factors taegulatetranscription of target

genes Figurel:5) (Kimelman, 2006; Thisse and Thisse, 2005)
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Figurel:5 Schematic diagram illustratin§GFsignalling

Arrows indicate the direction of signal transduction from extracellular FGF ligand binding to

influencinggene transcription. TF =transcriptioaictor. P =phosphorylation event.
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1.8.2.3 Fibroblast growth factasignalling regulation

FGF signalling specificity is conferred by different ligafmdceptor binding
capabilities and istightly regulated at multiple levelby both positive and negative
feedback loopgThisse and Thisse, 2009ecreted FGproteinsare sequesteredn

the extracellular matrix by Heparawlhate Proteoglycans and mst be released by
Heparanases. Conversely, cell surfadeparan 8lphate Proteoglycansstabilise the
FGF ligandeceptor interaction(Harmer et al., 2004)FGF receptoactivity can be
modulated by receptor internalisation and ubiquitinatiofollowing receptor
activation. Inaddition, the negative regulator FGFRL1 lacks the tyrosine kinase
domainfor signal propagatiobut is still capable of bindingGF ligand@Viedemann

and Trueb, 2000)Intracellular proteins such as MAPKidBphatasegZhao and
Zhang, 2001) Sprouty (Casci et al., 19998milar-expressionto-fgf-genes (Sef)
(Furthauer et al., 20029nd Fbronectin leucine rich transmembrane proteir(Rrt3)
(Bottcher et al., 2004nodulate the signal transduction cascaddéAPK Rosphatase
negatively regulates MAPK by dephosphorylation, to deactivate signal transduction
(Zhao and Zhang, 20013proutyexpression is induced by FGF signalling and the
Sprouty protein inhibits FGF signalling upstream of MAPK/(E&iag and Dawid,
2004) Sef binds and inhibits BEKMAPK/ ERK dissociation and thus blocks the
nuclear translocation of active MAPK/ ERKisse and Thisse, 2005) contrast, Flrt3
interacts with FGF receptors to promote FGF signalBdgtcher et al., 2004)These
examples, and numerous other pathway enhancers or inhibitors, allow fine tuning at

various levels for FGF signalling regulation.

1.8.2.4 Fibroblast growth facr signalling in embryogenesis

FGFs have numerous roles throughout many stages of embryogenesis, including
induction, patterning, morphogenesis, axis formation, and differentiaf@aumoul
and Deng, 2003; Thisse and Thisse, 200%bkere is a large body of evidence
suggesting that mesoderm induction and patterning is one of the earliest events
requiring FGF signallif@maya et al., 1993; Fletcher et al., 2006; Isaacs et al., 1992;
Kimelman and Kirschner, 1987; Slackakét 1990) However, select mesoderm
markers, for example eomesodermin, are unaffected by FGF signalling inhibition in
27



Xenopus laevig-letcher and Harland, 2008; Kumano et al., 208aygesting that
FGF signalling is not required for all aspects of mesoderm indudtien) however,
apparent that FGF signalling is necessary for axial (notochord) and paraxial (somites
and dermis)mesoderm formation(Amaya et al., 1993, 1991; Dorey and Amaya,
2010) Concurrently, FGF signalling, originating and dispersing from the future dorsal
side of the embryo, inhibits ventral BMP spreading to establish the deesdtal axis

in zebrafish(Furthauer et al., 2004)FGF signalling has been associated with the
specification and development of several mesodermal tissue derivainahsding
blood, skeletal muscle and cardiac tisgigaacs et al., 2007; Ker®wolitansky et aj

2009; Marques et al., 2008; Simdes et al., 20kHas been showm Xenopusand
mouse that FGF signalling is required for convergent extension mellements
during gastrulation, as FGF signalling inhibition results in aberrant cell movements
and abnormal or incomplete gastrulatioAmaya et al.1991; Ciruna and Rossant,
2001; Harvey, 2002; Nutt et al., 200BGF hasiumerousroles throughoutlater
devebpment, for example in patterning the migindbrain in chick (Aragon and
Pujades, 2009and in limb induction, maintenance and development chick
(Martin, 1998)

1.8.2.5 Fibroblast growth factaignalling irtardiac specification

During the blastula to gastrula stages of development, FGF expression is prominent
in the anterior endoderm tissue underlying the cardiaddfieinferring FGF as a
candidate cardiac inducing signéAlsan and Schultheiss, @® Deimling and
Drysdale, 2011; Lea et al., 200Bgsearch in several model systems has implicated
FGF signalling in cardiac specification. Dhasophila heartles§~GFR) mutant lacks
the dorsal vesseleasoned to be du¢o the requirement of FGFgnalling in both

cell migration and fateassignment(Beiman et al.,, 1996; Michelson et al., 1998)
However, it is questionable whether a common role for FGF signalling in tissue
migration and organisation may account for pleiotropic defectsaartlessmutants
(Beiman et al., 1996)Studies in chick provide evidence that FGF signalling
contributes to cardiac induction. Specifically, ectopic FGF sigmalas shown to be

capable of expanding the heart field laterally; however FGF signalling alone was
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insufficient to initiate cardiogenesis in ngmmecardiac mesoderm(Alsan and
Schultheiss, 2002; Lough et al., 199Bkewise, inXenopus laevianimal pole
explans, FGF signalling was incapable of inducing differentiated cardiac marker
expressionLogan and Mohun, 1993Removal of theardiac inducingndoderm in
chickhas been shown to resuilt thedownregulaton of a subset of cardiac markers,
which canbe rescued by exogenous FGF8 in cooperation with low levels of BMP
signalling/Alsan and Schultheiss, 200@)zebrafish fgf8 expression is thought to be
necesary in heart precursors, and tlaeerebellarfgf8) mutant has been shown to
have reduced ventricular cardiomyocyte numlfetarques et al., 2008; Reifers et al.,
2000) Increased FGF signalling was demonstrated to result in increased
cardiomyocyte number irzebrafish thus it was reasoned that FGF signalling
regulates heart size and chamber proportions during cardiac specifio@iarques

et al., 2008) Researchin Xenopus laevibas shown that FGF pathway inhibition
results in reduced cardiac markekpressionDeimling and Drysdale, 2011; Keren
Politansky et al., 2009nd that FGFsignallingis required during the first hour of
cardiac inductionin an explant conjugate model for cardiogene€&muel and

[ I GAY | Adldtessing thediale of GF in cardiac specification in mice has been
problematic, as many FGF mutanicendie during gastrulatio(Deng et al., 1994; Sun

et al., 1999) although studies imouseembryonic stem cellbave implicatedhat

FGFR1 is essential for cardiomyocyte developmebtSt f Q9 NI. SG Ff o3

The temporal and spatial expression of FGF ligands highlights the potential
involvement of FGF signalling in cardiac specification, with emerging experimental
evidence supporting the concept. However, a demonstration of a direct role for FGF
signalling in cardiac specification remains elusive as many previous studies have not
been desigred to isolate the role of FGstgnalling in cardiac specification from its
broader functions in embryonic development. The timing and mechanism of action
that FGF signalling may have in cardiac specification remains unanswered. An
understanding of whetherand how, FGF signalling cooperates with other signalling

pathways to induce cardiac mesoderm, or whether FGF signalling required after

29



initial cardiac specification to regulate heart development, is an important area of

further research which will broadeour understanding of cardiogenesis.

1.8.3 Bone morphogenetic protein and Wnt

In addition to Nodal/ Activin and FGF signalling, BMP and Wnt signalling has been
implicated in cardiac specification. However, there is conflicting evidenoiceerning
the involvementof BMP and Wnt signlaig in cardiac specification as opposed to

later stages of heart development.

1.8.3.1 Bone morphogenetic protein

BMPsare members of the TGbeta family. There are at least 15 BMPs which have
been identified in vertebrateqWang et al., 2014) . at Q&4 KI @S Ydzf ()
throughout embryogenesis, for example in egfbe specification, dorsoventral axis
determination, tissue patterning and organ developmé@dbgan, 1996Wang et al.,

2014) BMPs have been implicated in cardiogenesis; however, whether BMP
signalling is involved in specification, or later development, is a subject of debate. In
the chick, it has been shown that BMP signalling can act upon dorsal mesaoaer
induce cardiac tissyend that BMP antagonists caastrict the domain of cardiac
tissue (Schultheiss et al., 1997However, experiments in chick explant culture
indicates that BMP signalling inhibits early cardiogengsigd et al., 1998)n mice,

bmp2 knodkouts resultin defects in cardiac developmentowever, cardiac tissue
specification remains intadZhang and Bradley, 199&) addition, in mousehmp5

and bmp6 knockouts have no gross cardiac abnormalifi#&sWang et al., 2011n

mouse cell culture, BMP signalling has been found to supress early cardiogenesis
(Harada et al., 2008)in zebrafish Swirl (omp2 mutants show early myocardial
marker, gata5, expression, but expression is not maintained, suggesting B#®
signalling regulatesardiogenic factorsbut is not involved in cardiac tissue induction
(Reiter et al., 2001Work in aXenopudaevisexplant model for cardiogenesis shows
that earlycardiac marker expression wabservedunaffectedafter BMP inhibition.

However, &ter heart development waabnormal after BMP inhibitiarsuggesting
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that BMP is not required for cardiac specificatjper se butfor later stages of heart
development including heart field migration and/or fusion and differentiation
0{FYdzSt IyR [ G0AY ] A0 XThess mepdigatonststiod i S |
there is conflicting evidence regardintpe involvement of BMPs in cardiac
specification and later heart development. However, in a number of model systems,
includingXenopudaevis the evidence suggests that BMP is not required for cardiac

specification, hence BMP shall not be a focusstadies within this thesis.

1.8.3.2 Wnt

Wnts comprise a family of secreted glycoproteins which are conserved throughout
metazoangKomiya and Habas, 2008; MacDonald et al., 2089)ertebrates, 19 Wnt
proteins have been iddified (Komiya and Habas, 2008)nts primarily signal via
canonical (Wnt/ betacatenin) or norcanonical (betecatenin independent)
branches of the Wnt signalling pathwageomiya and Habas, 2008)nts control a
variety of processes, including embryonic cell fate determination, cell polarity and
migration, proliferation, differentiation and tissue homeoswa&ikuchi etal., 2009;
Logan and Nusse, 2004)here is conflicting data concerning the involvement of
Wnt/ beta-catenin signalling in cardiac specification. In chick Aedopus laevis,
active canonical Wnt signalling in anterior mesoderm has been shown to sapress
cardiac development, whereas Wnt antagonistEkRopf and Frizzled stimulate
cardiogenesisby establishing a zone of low Wnt activifiarvin et al., 2001;
Schneider and Mercol&001) In addition, endoderm specific knockout béta-
catenin in mice has been demonstrated to lgadmultiple ectopic heart formation
(Lickert et al., 2002Wnt signalling in mice is potentiated bkx2.5 implicating Wnt

in supporting continued cardiac developmef@ambier et al., 2014However in
mouse embryonistem cells (ES@nd inzebrafsh, there is evidence for a biphasic
role for Wnt in cardiac specificationwith canonical Wnt promoting cardiac
specification in early developmental stages but inhibiting manyogenesis in later
development (Naito et al.,, 2006; Nakamura et al.,, 2003; Ueno et al., 2007)
Conversely, moreecent work in human rad mouse stem cells has demonstrated a

high yield of functional cardiomyocytes after Wnt inhibitifiian et al., 2013; H.
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Wang et al., 2011)This suggests that although Wnt signalling has been shown to
have a biphasic role in cardiac developmentyvivoWnt is not required for the
induction of cardiac cells but it is likely to be required for continued further cardiac
development. Therefore, Wnt signalling shall not be the focus of research conducted

for this thesis.

1.8.4 p53

p53was discovered in 1979 as a peot which interacts with the oncogenic Simian
Vacuilating virus 40 (SV40) T antigen in SV40 infectedlcatle and Crawford, 1979;
Murray-Zmijewski et al., 2006p53is well known as a tumour suppressor pratei
due to its ability to induce cetlycle arrest, DNA repair and apopto@d#olchadsky et

al., 2010) Mutationsin the p53 gene often lead to cancer, with p53 being one of the
most commonly mutated genes in human canc@ganddh et al., 2013) New roles

for p53 are continuously being discovered, including in the regulation and
differentiation of developmental pathways during embryogendglsnilova et al.,

2008; Molchadsky et al., 2010)

1.8.4.1 The p53 family of transcription factors

The p53 family contains three known members: p53, p63 and p73. The transcripts
are processed by alternative splicing, generating 12 isofd¢khsury and Bourdon,
2011; MurrayZmijewski et al., 2006p53 family members have similar structures,
consisting of an Merminal transactivation domain, a DNA binding domain, an
oligomerisation domain and a@rminal basic domain, which also has DbiAding

capabilitiesMurray-Zmijewski et al., 2006)

1.8.4.2 p53 signalling and regulation

p53 is aranscription factor, whose activity can be modulated by pipahslational
modifications, including acetylation, methylation, ubiquitination and
phosphaylation at one or more of its approximately 24 phosphorylation s{i2ai

and Gu, 2010; Danilova et al.,, 2008; Lavin and Gueven, .200@rent post
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translational modifications influence p53 preferencés binding proteins and
downstream targets, influencing diverse cellular eve(itgl et al., 2008; Knights et
al., 2006) During cellular homeostasis, Mdm2 and Mdm4 modulator proteins are
required to moderate the levels of available p53, by targetifg for degradation or
inhibiting transcription respectivelyRingshausen et al., 2006; Toledo and Wahl,
2006) In the absence of the Mdm2 modulator protein, the pasinslation p53
protein is activg(Ringshausen et al2006) Phosphorylation, by a range of kinases,
including MAPK and checkpoint kinases, is an important method of modulating p53
activity (Danilova et al., 2008For example, phosphorylation at Ser33, Thr81 and
Ser315 by celtycle dependent kinases leads to new p53 interactions with binding
partners and conformational changewhich enhance DNA binding to regulatory
regions of target genes, promoting apopto§scchi et al., 2002; Zheng et al., 2002)
The Gterminal domain of p53 ithought to weakly interact with DNA, allow sliding

of the p53 protein along the DNA backbone in a-oiraensional mannefTafvizi et

al., 2008) It is thought that the @erminal domain has an inhibitory function, as an
alternatively spliced p53 variant, lacking the @&erminus most amino acids, was
found to have elevated capabilities for inducing mesoderm and endoderm marker
gene expression iIkenopus laevi€Cordenonsi et al., 2003; TakebayaShruki et al.,
2003) p53can be regulated via itst€rminaldomain, for example by the binding of
the ectodermal proteinzinc finger protein 585KZnf585b), which prevents p53
induced activation of mesodermal genes in the ectoderm dudmmopus laevis
development(Sasai et al., 2008)53 interacts with proteins from different signalling
pathways to integrate signalling branches and modulate cellular processes. For
instance, during Xenops laevis development, MAPK has been shown to
phosphorylate the Nerminal region of p53, enabling p53 to interact with Smad2 to
modulate Nodal/ Activin target genes for mesoderm induct{@ordenonsi et al.,
2007, 2003; Piccolo, 2008)These signals and mechanismshhggnt some of the

strategies, which finely balance to tightly modulate p53 activity.
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1.8.4.3 p53 in embryogenesis, homeostasis and cancer

New roles for p53 in embryogenesis are continuously being discovef&®lis
expressed during early development in organisms including mouseXandpus
laevis(Schmid et al., 1991; Tchang et al., 1998%3 downregulaton in the early
Xenopus laeviembryo has been shown to affect mesoderm induction, which
impinges upon later developmeniCordenonsi et al., 2003However, p53 null
mutant mouse embryos have been reported to develop normally until birth, albeit
with a high portion presenting abnormalities including craniofacial malformations,
neuraltube closure defects and spontaneous tumour format{@wmstrong et al.,
1995; Donehower et al., 1992; Sah et al., 1998)is difference is likely due to
functional redundacy between the p53 family members in mouse. Indeed, in mouse
p53, p63 and p73 expression is detected in the early embryo, and the family members
have been shown to have overlapping functions in multiple proce@demancz
Acosta et al., 2011; Levrero et al., 2000¢nopus laeviexpresses only p53 during
early development, with p63 activated much later during organogenesis, and p73 not
found in lower vertebrategCordenonsi et al., 2003; Lu et al., 200Ihis lack of
redundancy makesXenopus laevie good model to study the developmental

requirements for p53.

p53 is believed to be required for normal cellular homeostasis, by regulating
metabolic processes to reflect the proliferation and energy status of &@eNnikov

et al., 2009)In addition p53has awell-established role responding to cellular stress
to activate appropriate repair mechanisms or initiate apoptoflisne, 1992;
Olovnikov et al., 2009)The regulation, repair and apoptotic functions of p53 are
crucial fa cancer prevention and p53 misregulation or genetic mutations often result
in cancer formatior(Kandoth et al., 203). A diverse range of mutations affect p53.
Most mutations are singkase substitutions, which can occur across numerous
positions throughout the coding regid@livier et al., 2010)Genetic mutations often
lead to p53 inactivation; however, mutated p$8oteins can also gain additional
oncogenic functions, conferring proliferation and survival traits to cancerous cells

(Rivlin et al., 2011 Although cancerous mutations can be found throughout the p53
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gene, they are often located aconserved regions, with particular nucleotide changes
prevailing in a high number of human cancers. For example, a single G to C point
mutation at codon 280 results in an arginine to threonine changaman p53Sun

et al., 1992) Arginine 280 is a fundamental component of the DNA binding domain,
thus this mutation renders p53 inactive by disrupting interactions with the phosphate
and base groups of DNAVright and Lim, 2007)An understanding of specific p53
tumorigenicmutations, and how they function, not only allows the mechanisms of
cancers to be unraveliefor the development of therapeutic treatments, but also
allows specific p53 mutants to be utilised in embryological research. The importance
of p53 in normaKenopus laevidevelopment has been investigated using inactivated
p53 mutated at codon 280, fro arginine to threonine, as a tool to downregulate p53
activity (Wallingford et al., 1997)

1.8.4.4 p53as a signalling pathway integrator

Howa comparatively small number of signalling pathways regulate a vast number of
developmental processeis still the focus of ongoing research. Many genes are
known to be regulated by the influence of multiple signalling pathways. It has been
shown that p53 can integrate signalling pathways and influence a subset of target
genes, conferring particular delpmental decisiongDanilova et al., 2008)There

are many examples of pding both positively and negatively regulated to integrate
signalling pathwayéDanilova et al., 2008puring mesoderm formation iIKenopus
laevis it has been suggested that p53 is required to integrate the FGF and Nodal/
Activin signalling pathway€ordenonsi et al., 2007, 200&)was demonstrated that
FGF signalling results in the phosphorylation of p53, on serine 6 and 9 by Casein
Kinase 1, allowing p53 to interact with Nodal/ Activin activated Smad2/3 and
influence a subset of Nodal/ Activin target gen&ordenonsi et al., 2007, 2003;
Dupont et al., 2004)In human cells, MAPK hbsen demonstrated to be required

for p53 phosphorylation, at serine 6 and 9, for Smad2 interactions integrating the
MAPK and Nodal/ Activin pathwag3anilova et al., 2008; Wang et al., 20053 both

FGF and Nodal/ Activin signalling have been strongly implicated in cardiac

specification, it is plausible that pathway crosstalk may be mediay p53, initiating
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successful cardiogenesis. Establishing whether p53 is required for cardiogenesis, and
whether that potential requirement is to facilitate signalling pathway specificity or

mediate pathway crosstalk is yet to be addressed.

1.9 The geneticontrol of cardiogenesis

Once specified, cardiac cells begin to express specific cardiac genes which modulate
further cardiac development. These cardiac specific transcripts can act as markers for
experimental analysis, allowing cells of a particular lges® be identified. However,
there is a lack of known cardiac markers that would allow presumptive cardiac cells
to be traced from their time of specification throughout developmé®atott, 2012)
Several regulatory transcripin factors have been investigated which act after initial
specification for cardiac development, although none is exclusive to the cardiac
lineage(Zaffran and Frasch, 200%) Xenopuscardiac cellgnitially comprise a small
subset of mespapositive cells(Kriegmair et al., 2). mespa-positive cells are
heterogeneous and are also fated to form anterior skeletal muscle and paraxial
mesoderm derivativeSaga et al., 1999Duringate gastrula to early neurula stages,
mespaexpression is switched off and the expression of cardiogenic transcription
factorsnkx2.5andgatafactors are upregulated. In additiontbx5andisllexpression

IS initiated, marking the primary and seconddmgart fields respectivel{Pandur et

al., 2013) Many cardiomyocyte specific genes are expressed only in differentiated
cardiac tissuefor examplemyosin heavy chain @yh6), myosin light chain fmyl7)

and cardiac troponin (tnni3) (Sell, 2013) These serve as useful markers in

investigating the size, location and morphology of differentiated tissue.

In mouse the domains and expression pattero$ mespland mesp2were found to

be overlappingn posterior mesodernat the onset of gastrulatio(Saga et al., 1997,
1996) mespland mesp2double knockouts in mouse proved lethal; mesoderm
migration during gastrulation was found to be unsuccessful and structures such as
the heart, somites and gut were not observed, suggestingriegplandmes® are
important for the developmentof mesoderm derivativegKitajima et al., 2000)

However, onlymesplnull-mice displged abnormal heart developmeriSaga et al.,
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1999) with mesp2null mice displaying normal heart development but defective
somitogenesi¢Saga et al., 19910 Xenopusthe mesplhomologuemespaoccupies
an expression domain during gastrulatiwhichprecedes the prospective heart field
and is nonoverlapping withmesplhomologuesmespbor mespo Knockdown of
Mespaprotein has been shown to result in thess of cardiac markersvhich can be
rescued bymespaor humanmespl but notmespbor mespo(Kriegmair et al., 2013)

In addition,mespahas been show capable of inducing cardiac markevssoandin

vitro (Kriegmair et al., 2013)

nkx2.5is a member of the NK homeodomain family of transcription factorsiand
consideredto be one of the earliest markers identifying cardipeecursor cels
(Benson et al., 1999; Brand, 2008kx2.5is expressed from late gastrula stages in
both the primary and secondary heart fields, and continues to be expressed in the
mature heart throughout the left ventricle and atrial chaers(Kasahara et al., 1998;
Komuro and lzumo, 1993; Lints et al., 1993; Tonissen et al., .19842.5
overexpression iXxenopus laevisndzebrafishcanincrease the size of the heart, and
high concentrations can induce ectopic cardiac tis§0hen and Fishman, 1996;
Cleaver et al., 1996nkx2.5 promotes and maintains the expression of cardiac
specific genes, including thinscriptionfactorshand mef2 myl7andgatas which
are required forfurther development, differentiation and morphogeneg¢&skazawa
and Komuro, 2005; Brand, 2003; Evans, 1999; Mohun and Sparrow, hR97)5
functions to regulate thematuration of ventricular cardiomyocytes anthe

development of the conductiveystem(Thomas et al., 2001; Yamagishi et al., 2001)

Gata factors have multiple roles in embryonidevelopment Gata 4, 5and 6 are
expressed throughout cardiac mesoderm, in a similar time and spatial manner to the
expression ohkx2.5(Laverriere et al., 1994; Patient and McGhee,Z2®affran and
Frasch, 2002)Gata 4has been shown tinduce cardiac tissue and beating foci in
pluripotent Xenopus laevisellsd [ | G A Yy { A & InBrésophilficd-&xpression of U
gata and nkx2.5homologues can induce ectopic cardiac cgHajewski et al., 1999)
Cardiogenigata factors have been found important for the regulation of cardiac

specific genes, such akx2.5 and the promotion of genes for differentiated cardiac
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tissue,for example myh6(Lien et al., 1999; Mohun and Sparrow, 1997; Reiter et al.,
1999) In addition, cardiogenigata factors are required for the migration and fusion
of bilateral heartprimordia and for ventral morphogenesi&uo et al., 1997;

Molkentin et al., 1997)

T-box transcription factors encoded bipx5 and 20 are expressed in the primary
heart fields of bilateral cardiac primordia from early neurula stagésimopus laevis,
mouse, chick and fish embryos. At later g#ga in development, expression is
restricted to the posterior of the atria and sinus venosus, and within the left ventricle
(Brown et al., 2003; Bruneau et al., 1999; Chapman et al., 1996; Horb and Thomsen,
1999) Tbx5has a suggested role promoting ventricularversus atriaffates and
conferring identity along the anterigposterior extentof the heart (Zaffran and
Frasch, 2002)The proteins encoded bybx5 and nkx2.5 have been shown to
physically interact, suggesting functional cooperati@tiroi et al., 2001) Tbx5
downregulation in mouse oiXenopus lags disrupts cardiac development and
decreases in cardiac gene expression, includmkg2.5 myl7 and gata4, are

observed, suggesting a regulatory r@Bruneau et al., 2001)

isllis a LIM homeodomain proteiwhich is first detected at the end of gastrulation

in many organisms includingenopus laeviéBrade et al., 2007; Gessert and Kiuhl,
2009) isllis predominantly expressed in the secondary heart field, overlapping the
more anterior domain ohkx2.5expression with positive cellscontributing to the
outflow tract, portions of the atria and, where applicable, the right ventri@ai et

al., 2003; Gessert and Kihl, 2008)1 has roles irregulating early cardiac genes

morphogenesisind vasculogenes{8rade et al., 2007)

1.10 Timing of cardiac specification

The time at which cells are specified into the cardiac lineage has not been precisely
defined. At the neurula stages, presumptive cardiac cells excised froddahepus
laevisembryo continue to develop and differentia{Sater and Jacobson, 1988)d

anterior endoderm explants are limited to mghstrulation for theimbility to induce
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cardiogenesisin responding tissued { I YdzSt | y R .[Chrdiat \jdnd 6 =
transcripts, for examplenespaandnkx2.5 arefirst detected during the late gastrula
stages (Evans et al., 1995; Kriegmair et al.,, 2013; Tonissen et al., .1994)
Transplantation of prgastrula presumptive cardiogenic mouse tissues iciiack
embryos at different locations results in the persistence of cardiac marke«®.5

and gata4 (AudaBoucher et al., 2000)Evidence suggests that cardiac tissue has
been specified by the end of gastrulation, but further research needs to be conducted

to better understand the precise timing in which cells acquire a cardiac fate.

1.11 Cardiac disease and regenerative medicine

The heart is a vital organ, therefore any condition that negatively affects normal
cardiovascular function can be life changing or fafaingenital heart disease (CHD)
describes a range of birth defects which affeormal heart function, for example
septal defects, aorta and pulmonary valve restrictions and artespsposition
(Bruneau, 2008)Congenital heart diseasedfect nearly 1% of newsorns and are

the leading nonAnfectious cause of infant mortalityn the western world Bruneau,
2008; RoodHesselink et al., 2005)n addition, congenital heart diseases have an
increased occurrence when assisted reproductive technologies have been employed
(Tararbit et al., 2013)endering congenital heart diseases an area which warrants
further research. Defects in early teignalling and fate decisiorsten cause
congenital heart diseases, therefore an understanding of the complex mechanisms
regulating cardiogenesis will aid in the development of therapies to reduce and treat

congenital heart diseases caqétarvey, 2002; Mohun et al., 2003)

The mature heart can be affected by diseases, such as coronary heart disease, where
the coronary arteries become blocked by a buifa of fatty materials(Libby and
Theroux, 2005)Thiscan lead to cardiac infarction, where a lack of oxygesults in

the death of cardiaespecific cellsand replacement with nowardiac scar tissue
(Batalov and Feinberg, 2015The vetebrate heart has limited potential to
functionally repair itself and continued lossadntractilecardiomyocytes will result

in cardiac failure, causingajor mortality worldwide(Laflamme and Murry, 2005;
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Roger, 2013; Xin et al., 2013herefore, he human heart is targetfor devdoping
regenerative medicinetherapies There are several approaches to therapeutic
cardiac regenerative medicine, including transplanting cardiomyocytes derived from
the directed differentiation of embryonic stercells (ESC) or induced pluripotent
stem cdls (iPSC)converting heart fibroblasts into cardiomyocytes; or ideally by

inducing selrepairin situby stimulating a latent pool of cardiac progenitor cells.

ESCs and iPSCs can be directed to fardiomyocytesalthough reports describe
them as resmbling immature embryonic/ fetal cardiomyocytg8atalov and
Feinberg, 2015; Vidarsson et al., 2Q10herapeutic strategies aim to transplant
these cardiomyocytes into damaged hearts to remuscularise and imganteactile
function (Pawani and Bhartiya, 2013nitial experiments haveemonstrated that
repair was apparent, but not sustainable, and problems suchrds/thmiasarise
(Pawani and Bhartiya, 2013; Wu et al.,, 200Bluman ESC and iR&ived
cardiomyocytes are additionally utilised as platforms by the pharmaceutical industry

to evaluate the efficacgnd safety of new drug&/idarsson et al., 2010)

The activation of select cardimpecific transcription factors in cardiaesiding
fibroblasts can lead to the direct induction of cardiomyochke cells, without the
requirement for fibroblast to first be repigrammed into the pluripotent state. With
current techniques, the derived and native cardiomyocytes present some
differences, including structural differences which can lead to arrhytl{Efa et al.,
2011; Fu et al., 2015; leda et &Q10; Qian et al., 2012; Xin et al., 2013)wever,

with further research, the direct reprogramming of cardiac fibroblasts may provide a

useful approach to cardiac regenerative medicine.

Until recently, the heart was considered to be a terminally défgiated organ.
However, there is evidence that a latent myocardial progenitorpmgiulation exists,
which gradually renews cardiomyocytes at a turnover of less than 1% per year
(Beltrami et al., 2003; Bergmann et al., 2009; Hierlihy et al., 2002)still debated
whether new cardiomyocytes are formed from a latent pool of stem celidrom

the proliferation of existing cardiomyocyte@Bulatovic et al., 2015)A cardiac
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progenitor population, which can be therapeutically stimulated to produce
cardiomyocytes for repair, is an attractive target for further research. Furthermore,
it abrogates the potentiadownfalls of alternative approaches, such as delivery
strategy, integration or rejection success and the tumorigenicity of ESC and iPSC

therapies(Mercola et al., 2011)

These studies provide strategies for impiray treatments for cardiac damage using
regenerative medicine. A comprehensive understanding of the mechanisms that
govern thespecification and development of cardiac cells throughout embryogenesis
Is imperative for developing superior protocols ftre drected differentiation of

cardiomyocytes for regenerative medicine.

1.12 Thesis aims

The aim of this thesis was to investigate the requirement and timing of Nodal/ Activin
and FGF signalling in cardiac specification, and to identify whether p53 has a novel
role in heart development,in vivo using Xenopuslaevis embryos Previous
investigations have strongly implicated the Nodal/ Activin and FGF signalling
pathways in cardiac specification (Sectidn8.1.5and 1.8.2.5. However, previous
research has not clearly separated the role of Nodal/ Activin and FGF signalling from
their preceding requirement in mesoderm induction and broader functions in
embryonic development. Furthermore, the timing during which cardiac specification
occurs is largely unknown (SectibriQ). Utilising a variety of techniques, including
small soluble molecular inhibitors, arpholino oligonucleotide and dominant
negative constructsthe Nodal/ Activin, FGF and p53 signalling pathways were
manipulated, and the effecton cardiac tissue specification and later heart

development examined.
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2 Materials and Methods
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2.1 Xenopus Laevisnbryo manipulations

2.1.1 Obtainingembryos

Wild type alult Xenopus laeviwere obtainedfrom Nasco, U&ndgrown inhouseat
Cardiff UniversityTransgenic cardiac actigreen fluorescent protein (G&FP) adult
Xenopus laevisere grown inrhouse at Cardiff UniversityAdult Xenopus laevisere
housed at 18C. Adultswere injected into the dorsal lymph sagth an appropriate
amount of human chorionic gonadotropin (HCGgn®), typically 600 units for
FSYFHESAd FYR uvnn dzyAida F2NJ YIHESa RSLISYRAY
was preferential so a male frog and female frog were left in water in a gaink
overnight at 18C to mate and embryos were collected the following day.ifr@itro
fertilisation (IVF), females were induced as described above and left overnight at
18°C. Eggs were collected onto a petri dish by gently squeezing the female. Male
frogs were sacrificed using procedures in home office Schedule 1 and testes were
adzNHEAOFfte NBY2OSR IyR a0G2NBR Ay [ So020Al]
were macerated and spread over the eggs, then left for 5 minutes to allow
fertilisation. Thedish of fertilised embryos was flooded with 10% Normal Amphibian
Medium (1XNAM: 110mM sodium chlorideNaC] Fisher)2mM potassium chloride

(KCJ Fisher) 1 mM calcium nitrate Ca(N@)., Fishe), 1 mM magnesium sulphate
(MgSQ, Hsher, 0.1 mM ethylenediaminetetraacetic aciqEDTA Fishej, 1 mM
sodium bicarbonateNaHCQ, Sigma, 2 mM sodium phosphatéNaPQ, SigmapH
7.4)(Sive et al., 2000; Slack and Forman, 1@8@) left for 20 minutes to allow egg
rotation. All embryos, fertilised naturally or using IVF, waegellied in 2% cysteine
hydrochlorde (Sigma), pH.8, for 5-10 minutes as requirednd washed thoroughly

in 10% NAM.

2.1.2 Maintainingembryos

Embryos were cultureéh 10% NAM at ZXC in plastic petri dishe$ishe) during

experiments, unless otherwise stated. Prior to microinjections, embwa® kept
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at lower temperatures of 140°C to reduce the speed of development, thus allowing

more time for injecting.

2.1.3 Stagingembryos

Xenopuslaevis embryos undergo regular changes that are specific to particular
developmental stage€mbnronic stage wasssessed by comparison kbeuwkoop
and Fabemormal table ofXenopus laevislevelopment(Nieuwkoop and Faber,
1994)

2.1.4 Microinjection

Embryos were transferreohto 3%Ficoll400 Sigma in 75% NAM for injection and
remained in this solution before being transferred to fresh 10% NAM prior to
gastrulation. The 3%icollin 75% NAM solution helps prevent the cytoplasm and
injected material leaking from the embryo once the injection neeldés been
removed and helps cell healing. Fine glass needles were prepared from capillary
tubing using &Kopf 720 Needle Puller (Kopf Instruméntsleedles were connected
to anIM 300 Micreinjector (Narishige Scientiji@and injection samples were filled.
Needles were calibrated to inject 10 nl in 4 bursts using a 10 mm graticule with 100
divisions of 0.1 mmGraticule Limitedl Embryos injected at the one, two or four cell
stage received 10 nl, 5 nl or 2.5 nl per blastomere respectively (equivalent tb 10 n
per embryo). Blastomeres of an 8 cell embryo received 2daah Injections into
the blastocoel of stage 8 or older embryos received 5 nl. Injections are often
described either as uniform or targeted. Uniform injection refers to injections where
an embyo has received the same injected material, equally, into all of its cells,
regardless of which stage it was injected at. Targeted injections refer to an embryo
which has been injected into a select portion of blastomeres, for example two cells
of an eigh cell embryo. Injection samples routinely incorporated a 10% mix of
rhodaminedextran (20 mg/ml, Invitrogen) and dextrdomotin (25 mg/ml,
Invitrogen), allowing cells which received injected material to be traced by either
fluorescence microscopy or colostain development. Rhodamirdextran emits red
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fluorescence when xited at 570 nm, thus injected material wasced in live
embryos using deica MZ16 Fluorescence microscope (Lelajin lineage trace

wasdetectedfollowing whole mounin situhybridisation procedures, Sectic¢h?.

2.1.5 Soluble inhibitor mediaeatment

Stock solutions of inhibitors were made by dissolvindimethyl sulfoxidg(DMSO,
Fishej to the concentrations displayed ifiable2:1. Stock solutions were aliquoted
into singleuse volumes and stored aBO°C. When new batches of inhibitor were
purchased,each was titrated and tested for effectiveness to ensure that the new
batch of inhibitor was used at a concentration that resulted in the same phenotype
as the original batch. It was found that there was variation in efficacy of inhibitors
between batchesin addition, there were variations in the response of batches of
embryos to inhibitor treatment under identical treatment conditions. Therefeaeh
experiment included a positive control consisting ofleyosthat were treated from

the 2cellstage

Inhibitor treatments were carried out in plastic 12 well platésshe) with a total
volume of 1 ml, maximum 50 embryos per well. The inhibitor stock solution was
diluted to a working concentrationT@ble2:1) in 800 ul of 10% NAM immediately
prior to Xenopudaevisembryos being transferred to treatment wells, allowing 200
ul of 10% NAM to be transferred with the embrydsmbryos were lightly rockeah

a mechanicalackerfor 5 minutes to allow inhibitor penetratiarAll treatments were
kept at 2PC in the dark, due to inhibitor light sensitivity. The embryos were treated
GAOGK UGKS AYKAOAU2NR F2NJ RAFFSNBYyG fSyaildks
were inclbated until at least stage 25. For inhibitor incubations not classified as
continuousthe embryos were washeoy two 5 minute washes, gently rockimg30

ml of fresh10% NAM and then the embryos were incubated in 10% NAM for further
developmentControlsamples were treated with DMS3@atching the largest volume

of inhibitor solution used Optimum inhibitor working concentrations were
determined by selecting the concentration which consistently resulted in embryos

lacking discernible axis and embryonictteas upon treatment at the 2 cell stage,
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without causing embryonic death. In each subsequent experiment involving
inhibitors, inhibitor action was validated by confirming the expected phenotype, at

tadpole stage, of embryos treated with inhibitor at thec@ll stage, in addition to

molecular analysis.
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Name Inhibits Stock Formula 1Go Mr Source Reference
_ (DaCosta Byfield et al., 2004; Luxardi
SB505124 | ALK 4/5/7 | 100mM GoHo1NzO, 4/5: 12947 nM 335.4 | Tocris
al., 2010; Vogt et al., 2011)
_ 6{ I YdzSt FYR [FGAY
A-83-01 ALK 4/5/7 | 50 mM GsH1NsS 4/5/7: 45/12/7.5 nM 421.52 | Tocris
2005; Vogt et al., 2011)
SB431542 | ALK 4/5/7 | 75 mM GooHi6N4Os 5: 94nM 384.39 | Sigma (Ho et al., 2006; Inman et al., 2002)
(Deimling and Drysdale, 2011; Delauneg
Calbiochem ~
SuU5402 FGFR1 50 mM G7H16N203 30 uM 296.3 S Ff & HAnpT { | YdzSt
igma
Shifley et al., 2012)
(Anastasaki et al., 2012; Sebbkopold
PD0325901| MEK 10mM GeHisRINOs | 5- 1500nM 482.19 | Selleckchem
and Herrera, 2004)
_ 6CrOrar 84 Ffdz w
u0126 MEK 12 35 mM GigHieNsS 1/2: 72/28 nM 426.56 | Sigma
2009)
AZD4547 | FGFRB 100 mM GoeHasNsOs 1/2/3: 0.2/2.5/1.8 nM | 463.57 | Selleckchem | (Gavine et al., 2012)
PD173074 | FGFRB 100 mM GogHaiN7Os 1/3: 21.5/5 nM 523.67 | Selleckchem | (Rankin et al., 2012)
SB203580 | MAPK 2.65mM | GiHisFNOS | 3-5 uM 377.43 | Calbiochem | (Hasegawa and Cahill, 2004)

Table2:1. Molecular inhibitors
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2.1.6 Dexamethasongeatment

To induce hormonectivated protein function of proteins fused to th&ugocorticoid
receptor (GR), dexamethasone (DEX), stored28°C as a 2 mM stock in ethanol,
was mixed directly with embryonic media #ofinal concentration of 2 uM. For
removal of DEX, twb minute washes, gently rocking the embryns80 ml offresh

10% NAM was carried out, allowing further development in 10% NAM.

2.1.7 Removing theitellinemembrane

The vitelline membrane is a thin trans@ay’ & YSYO NI yS Of 24S G2
surface that is not removed during dgellying by 2% cysteinénydrochloride.
Developing embryos naturally shed the vitelline membrane during the early tadpole
stages of development. The vitelline membrane must be remot@dallow
embryonic manipulations, such as animal cap cutting, or before fixing embryos for
whole mountin situhybridisation to allow probe penetration. Vitelline membranes

are removed manually using two pairs of sharp forceps; one pair holds the vitelline
membrane whilst the other pair tears the vitelline membrane open to release the

embryo.

2.1.8 Animal cap isolatioanddissociation

Animal cap (AC) isolation and dissociation was as described iat3ivéSive et al.,
2000) Briefly, embryos were placed in 75% NAM and the vitelline membrane was
removed. A pair of sharp forceps were used to remove the cemiost 50% of the

AC, ensuring homogeneity and that no marginal zone cells are collected. For
dissociation, ACs were génpipetted until separation into single cells occurred, in a
calcium magnesium free mediu(@MFM: 88 mM NaCl, 1 mM KClI, 2.4 mM NaiCO
5.7 mM Tris pH 7.6) to slow the process of cell aggregafi@sand dissociated AC

cellswere cultured on 1% agarosei¢Bne).
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2.1.9 Activintreatment

Soluble Activin(Smith et al.,, 1990Wwas used to activate ALK4/5/7 signalling in
dissociated animal cap cells. A solution of 75% NAM 0.1% bovine séloumin

(BSA, Sigma) was prepared, then Activin was added to a final working concentration
of 16 U/ml from an 8 U/ul stock. Dissociated animcap cells were transferred

directly into this solution.

2.1.10Imaging

Live embryos were anesthetised in 10% NAM containing 500 r&giyl 3
aminobenzoate methanesulfonai®S222 Sigma. All samples, both live and those

that had been processed for whole mounin situ hybridisation and
immunohistochemistrywere imaged on 1% agarose iplastic dishEmbryos which

were made to appear transparent (clearing, Secttoh0.2 wereimaged in a glass

dish (Sigma). Images were obtained on a Leica MZ16 Fluorescence microscope using
a Leica DFC300 FX camera (Leica).

2.1.11Bimolecudr fluorescenceomplementation

Bimolecular fluorescence complementatigBiFC) was used to visualise Bmad?2
Smad4 complex using an enhanced yellow fluorescent protein called Venus. The N
terminal of Venusis coupled toSmad4 (MS4), whereas the C terminal portid
associated with Smad2 (VC82agai et al., 2002; Saka et al., 2008, 20052, VNS4
and mCherry(Shaner et al., 2004pRNAs were injected uniformly into the animal
hemisphere, and various inhibitor and Activin treatments were carried out.
Dissaiated animal cap cells weienaged for green Smad3mad4Venus positive
nuclei, bright-field andred mCherry,to positively identify cells containg injected
material. he number of positive nuclei (green) to positively identified injected cells
(red) was calculated, omitting ckl that did not express mCherrnfn unpaired 2
tailed t-test of equal varanceswas used to test whether the samples were

significantly different at the 0.05 significance level.
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2.2 Xenopus tropicalmmbryomanipulations

2.2.1 Obtainingembryos

Adult Xenopus tropicaligrere sourced fronthe European Xenopus Resource Centre

(EXRC), Portsmouth@maintained at 22C. Adultswere primed by injecting 20 units

of HCG into the dorsal lymph sac. The following morning, adults received a booster

with a further injection of approximately 100 units for males, or 200 units for females,
RSIWSYRAY3 2y |y AYRADARJ24CAL6aduis,Shen LY RA O
IVF was performed. Eggs were collected onto a petri dish by gently squeezing
females. Male frogs were sacrificed using home office Schedule 1 and testes
adzZNAAOFfft& NBY2OSR YR dG2NBR Ay [So020Adl
macerated and spread ovéne eggs then left for 5 minutes to allow fertilisation. The

RAAK 2F FTSNIAT{tAASR SYONEB2a ¢ & (IXMMR2RSR 4.
100 mM NaCl, 2 mM KCI, 1 mM MgS®mM calcium chloride (Ca(Fisher), 5 mM

HEPES (Sigma), pH 7d&) 10 mnhutes. Embryos were dellied in 2% cysteine
hydrochloride in MMR, pH.8, for 510 minutes as requirednd washed thoroughly

in MMR.

2.2.2 Maintainingembryos

Embryos were cultureth 0.1X MMR, or 3%icollin 0.1X MMR prior to gastrulation
if injected, and isubated at 2124°C in plastic petri dishes.

2.2.3 Stagingembryos

Embnrynic stage was assessed by comparisoNisuwkoop and Faberormal table

of Xenopus laevidevelopment(Nieuwkoop and Faber, 1994)
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2.2.4 Microinjection

Embryos were transferred into a 3f4collin 0.1X MMR solution for injection, and
remained in this solution before being transferred to fresh 0.1X MMR prior to
gastrulation. Fine glass needles were prepared from capillary tubing ukiogf& 20
Needle Puller Needles were connected to dM 300 Micro-injector and injection
samples backoaded. Needles were calibrated to inject 4 nl in 2 bursts using an
eyepiece graticule. Injections were carried out at the one cell stage, with each

embryo receiving a total injection volume of 4 nl.

2.3 Preparation ofeagents for microinjection

2.3.1 RNA

2.3.1.1 Template preparatioandpurification

Circular plasmids were linearised using an appropriate restriction enZiahde@:2).

1 pg ciralar plasmid, 1X enzyme specific buffer (NEB), 1XB8/¢ga if required

by enzyme 10 units restriction enzyme (NEB) and d@Hto a final volume of 30 pl
were mixed and incubated at the optimum temperature, specified by the restriction
enzyme, for 1 hor. Linearised plasmids were purified using QIAquick PCR

purification kit (Sectior2.4.1).

2.3.1.2 RNAsynthesis

SP6 polymerase synthesis was carried out ugiMessage mMehine Kit(Ambion)

accordy 3 (2 GKS Yl ydzF | Of gNdeatIeinplatey 1@ UN2¢O G A 2 v
NTP/CAP, 2 pl 10X Reaction Bufegu| enzyme mix and dd to 20 pl were mixed

and incubated at 37C for 2 hour. This was followed by the additior2afnitsTURBO

DNase for 15 minutes at 8C to degrade the DNA template.
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2.3.1.3 RNApurification

MRNA was purified using a Zymo RNA Clean and Concentrator kit (Zymo Research)
F OO2NRAY3I (2 GKS YIFydzZFl OGdzZNBENRA AyaildNUHzOG
kit protocolis based on nucleic acid purification by silica adsorp(®oom et al.,

1990) RNA was bound to the Zyr®pincolumnsilica membraneaunder high salt
conditions with ethanol to aid RNA binding. The Riéé&nd column was washed with

a high salt and ethanol solution to remove enzymes, nucleotides and other
impurities. mMRNA was eluted under low salt conditions. TH&NA conaatrations

were determined by measuring the absorption at 260 nm on a SmartSpecPlus
spectrophotometer (BidRad).Quality control was carried out by visually assessing

the presence of RNA by agarose gel electrophoresis (Sexdad. RNA was stored

at ¢20°C. Information regarding injections and doses are listed throughout the

results chapters.
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_ Restriction Polymerase
o _ Accession
Construct | Description Species o Vector | enzyme for for mMRNA Source Reference
number
linearisation synthesis
Dominant negative _ (Amaya et al.,
DNFGFR1 Xenopus laevis | BC170136 | pSP64T | EcoRl SP6 Amaya Lab
FGF receptor 1 1991)
o (Chang and
Glucocorticoid
_ _ _ Harland, 2007;
GRSmad2 | receptorinducible Homo sapiens | AF027964 | pCS107 | Ascl SP6 Changd.ab
M. Howell and
Smad2
Hill, 1997)
(Chang and
Glucocorticoid
Harland, 2007;
GRtSmad?2 | receptorinducible Homo sapiens | AF027964 | pCS107 | Ascl SP6 Chang Lab
M. Howell and
truncated Smad2
Hill, 1997)
(Wallingford et
Hp53 Human p53 Homo sapiens | AF307851 | pSP64TY Sacl SP6 Vize lab
al., 1997)
Human p53
o B Created by site _
containing Argime _ Based on _ (Wallingford et
Hp53hr280 Homo sapiens pSP64TY Sacl SP6 directed
280 to Threonine AF307851 al., 1997)

mutation

mutagenesis
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HiséNLLEcMetRS | Synthetic (Shaner et al.,
mCherry _ KC608723 | pCS2+ | Notl SP6 Mayor lab
mCherry fusion construct 2004)
Xenopus laevig53 Modified from )
p53-ATG _ _ (Cordenonsi et
starting from ATG, | Xenopus laevis | BC084064 | pCS2+ | Notl SP6 Souce
HA o o al., 2007)
containing HA tag Bioscience
Xenopus laevigs3
_ _ Modified from )
p53p Q|- dl including 92 bases _ (Cordenonsi et
Xenopus laevis | BC084064 | pCS2+ | Notl SP6 Source
HA 2F pQ) ¢wx o al., 2007)
Bioscience
HA tag
_ Venus originates Smad4 _
Gterminal half of (Nagai et al.,
) from Aequorea | AB385155 _
VCS2 Venus conjugated tq pCS2+ | Notl SP6 Smith Lab 2002; Saka et al.
victoria, Smad2 | Venus
Smad2 2008, 2007)
isXenopus laevi{ AB512479
_ Venus originates Smad4 _
Gterminal half of (Nagai et al
) from Aequorea | AB385155 _
VNS4 Venus conjugated tq pCS2+ | Notl SP6 Smith Lab 2002; Saka et al.
victoria, Smad4 | Venus
Smad4 _ _ 2008, 2007)
iIsHomo sapiens| AB512479

Table2:2. Templates for mMRNA synthesis
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2.3.2 MorpholinoOligonucleotides

AntisenseMorpholino OligonucleotidesNIOs),see Table2:3, were obtained from
Gene Tools and were used to downregulate gene expreqflash et al., 1987;
Heasman, 2002)MOs were reconstituteih 5mM HEPE$H 7.6 (Sigma) td2.5
pg/ul, except for the control MO to 40 pg/uWorking stocks were prepared
incorporating a 10% mix afhodaminedextran and dextrasbiotin. Information
regarding injections and doses are listed throughout the results chapidirdO

stocks were stored aR0°C.

Name | Action Sequence Reference
Control (Haworth et
Control GTAACGATTTGAGTTTGGTGTTC

MO al., 2008)
p53 Translation blocking (Cordenonsi

. _ GAACCTTCCTCTGAGACCGGCAT
MO1 Binds at ATG site. et al., 2003)

_ _ (Takebayashi

p53 Translation blocking

_ _ GCCGGTCTCAGAGGAAGGTTCC| Suzuki et al.
MO2 Binds at ATG site.

2003)
53 Translation blocking
p
MO3 Binds 6540bp | TTCTATCCTCTCTGCTTCCTCGT( New design
upstream of ATG

p5S3MO : . :
Eol Splice blocking AAAGCACAAGAGGGACTCACCGT] New design
p5S3MO : . :
Eal Splice blocking ATAAGAATGAAAGCACTCACCCT]| New design

Table2:3. Morpholino Oligonucleotides
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2.3.3 LeftyProtein

Recombinant human Lefty A protein (R&D Systems)re@mstituted at 500 pg/ml

in 0.2 uM cellulose filter sterilised (Anachem) phosphatéfered saline (PBS; 137
mM NaCl, 2.7 mM KCI, 10 mM sodium phosphate;KIR&, Fisher)) 1.8 mM
potassiumphosphate(KRHPQ pH 7, Fishe), pH 7.4, containing 0.1% BSA as a carrier
protein and immediately aliquoted and stored a20°C. Workingstocks were

prepared incorporating a 10% mix of rhodamigextran and dextrabiotin.

2.4 Molecular biologyechniques

2.4.1 DNAand RNApurification

DNA and RNA was purified usin@BAquick PCR purification kit (Qiagen) according
to the Y| y dzF I O { dzNBS NIbhe QlAgyiék (PRRIzAuiifikagiof dptdtocol is
based on nucleic acid purification by silica adsorp{B®oom et al., 1990; Cady et al.,
2003) DNA samples were bound the silicaQIAquickmembrane under high salt
conditions. The silica membrane was washed with a high salt and ethanol solution to
remove enzymes, primers, nucleotides, salts, and other impurities. DNA was eluted

in a small volume of low salt solution.

2.4.2 Agaose geklectrophoresis

A 1% agarose in triborate-EDTATBE: 89nM tris, 89mM Boric acid (Fisher), &M
EDTA, pHB.3) gel containind.5 pg/ml ethidium bromide (Fluka) was cast in a
horizontalEM100 Mini Submarine Gel Ufilectrophoresis)Once set,tie cast was
flooded with TBE. Samples were mixed wstk DNA loading dye (Fermentas)d
loaded one sample per well alongsid&aneRuler 1kb plus DNA ladder (Fermentas)
70Vwas applied across the gel for 30 minutes using a PowerPaR@8lipto separate

the DNA or RNA fragments by size.
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2.4.3 Bacteria tansformationselectiorand growth

Competent cells (silver efficiendyl®e f u /[ Bialine) were thawed on i@nd0.5ug
of circularplasmid DNA (se€able2:2 and Table2:4 for specific plasmids) was added
at a volume obKm /&2 LXTheZompeRent cepplasmid mix was incubated on ice
for 30 minutes then subjected to heat shock 42°C for 30 seconds before Ingj
replacedon ice for a further 5 minuted.he solution was made up to 10X the volume
usingroom temperature(RT)super optimal broth with cataboliteepression (SOC)
medium @% bactotryptone (BD Bioscienge 0.5% yeast extradFormediun), 10
mM NaCl, 5 mM KCL, 10nM MgSQ, 20 mM glucose(Sigmd) then shaken
vigorously for 60 minutes at 8. 1@ pl of the transformation mixvas spread onto
a prewarmedLuria broth agar platel®bacto-tryptone, 0.5% yeast extract, 1M
NacCl, 1.5%acto-agar(BDBiosciency supplemented withl ug/ml ampicillin(Sigma)
and incubatedat 37°C until visible colonies formedolonies were picked using a
sterile pipette tipand transferred intd.uria broth (L% tryptone, 0.5% yeast extract,
171 mM NaCl supplemented wh 1 pg/ml ampicillin and vigorously shaken
overnight at 3PC.Luria broth and.uria broth agar wereutoclaved at 129C for 20

minutes prior to the addition of the ampicillin.

2.4.4 Plasmidextraction

Plasmids were extractedsinga QIAprep miniprep kit (Qiagenaccording tothe
manufactureQ a A y a.U0TN&RO\prap2nyindprep kitprocedure was based on
alkaline lysis of bacterial culture and selective alkaline denaturation of chromosomal
DNA(Birnboim and Doly, 1979)pon lysate neutralisation, chromosomal DNA forms
insoluble aggregate@irnboim and Doly, 1979%0luble DNA was bound to the silica
QIAprep membrane under high safinditions. The DNAound QIAprep membrane
was washed to remove proteins, salts and other impruities, then plasmid DNA was
eluted in a low salt buffer. IRsmid concentrations were determined by UV
spectrophotometryon a SmartSpecPlus (BRad) by measurgnthe absorption at

260 nm.Plasmids were sequenced (Eurofins) to verify the presence and identity of
the gene of interest.
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2.5 Sitedirected mutagenesis dlumanp53

To create a dominant negative (DN) p53 construct (hp53thr280), previously reported
by Wallingord et al. (Wallingford et al., 1997)a polymerase chain reaction (PCR)
based techniquevas utilised to create a single nucleotide modification. Codon 280
was altered from AGA to ACA, resulting in amino acid 280 iAegijArg, R) to
Threonine (Th T) change. Arg280 forms the most important major grove contact
with DNA, thus hp53thr280 has compromised DNA bin@¥gght et al., 200253
forms a tetramer(Friedman et al., 1993; Stenger et al., 198@)theoretically one
hp53thr280protein can associate with up to three wild type p53 protein molecules,
compromising the function of the tetramer, thus acting in a dominant negative

manner.

Human p53 (hp53) (GenBank: AF307851) in pSP64TS was a gift from the Vize Lab.
The following reagents were mixed: 1 pg hgEP64TS, 1X Phusion high fidelity
Buffer (Thermo Scientific)l mM deoxynucleotides(R b ¢ t Iif¥i&rogen), 0.5 uM
forward primer p-Q
GIGTTTGTGCCTGTCCTGGGACAGACCGGCGCACAGAGGAAGAGAAT@TAQCGC
(Invitrogen), 0.5 uM gverse primer p-Q
GCGGAGATTCTCTTCCTCTGTGCGCCGGTCTGTCCCAGGACAGGCACAAACAC
(Invitrogen),1 unit Phusion High FidelithNA Polymerase (Thermo Scientific) and
double distilled vater (ddHO) to 25 pl. Using BJ Mini Thermal Cycler PCR machine

(Bio-Rad) the reaction was subject to the followieygrcling conditions

98°C for 1 minute
98°C for 1 minute
62°C for 1 minute - 30cycles

72°¢ for 5% minutes

72 for 10 minutes

Following PCR20 unitsof the restriction enzyme Dpnl (NEB) was added to digest
the original template DNA, as Dpnl only cleaves at methylated sites. The reaction
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wasincubated at 3PC for 2 hours, followed by incubation at®Dfor 15 minutes to
inactivae Dpnl1.The product of the PCR reactiovastransformedand expanded
(Section2.4.3. Plasmid clones were sequenced to ensure that the plasmid selected
for further use was correct. A verified purified plasmid was tlised as a template

to produce hp53thr280 mRNA for embryonic microinjection (Se@idmand?2.3.1).

2.6 PreparingXenopusaevisp53 constructs

Xenopus laevip53 (p53) was PCR amplified in two separate reactions to produce

two different constructs (p5ATGHA and p5®82UTRHA) from pCMVSportgp53

(Source Bioscience, accession numbBC084064 ® ! o02YY2Y 0 Q
GCGGAATTCTCAAGCGTAATCTGGCACATCGTATGGGTAGGBTI &G Twas

used to introduce ahuman influenza hemagglutini(HA) tag sequenceat the

carboxydl S NXY A y dza & hy S pQ LINR Y S NE
CGCGGATCCATGGAACCTTCCTCTOrgac @t the p53 ATG start site, whereas

the other, sequenceCGCGGATCCACACGAGGAAGCAGAGAGBMrated 92
basesfrom the p Q dzy (4 NI y & f I G S RriméisSvilede 2oyrchasqd from! ¢ w0 &
Invitrogen. The following reagents were mixed: 1X Q5 high fidelity master mix (NEB),
nodp xa o pLINdaY HNE pCMsposepE3 avd dd@to 50 pl and

subjected to the following cycling conditions usm&eqStar Thermocycler (Peglab):

98°C for 30 minutes
98°C for 30 seconds |

40°C for 30 seconds

Y

2 cycles

72 for 80 seconds

98°C for 30 seconds\

58°C for 30 seconds

Y

33 cycles

72°¢ for 80 seconds

72 for 10 minutes
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PCR products were purified usiagQIAquick PCR purification kit (Secti@w.1).

Purified p53 amplicons were cleaved with BamHI (NEB) and EcoRI (NEB) restriction
enzymes, whose restriction sites were incorporated into the amplification primers. 1

pHg DNA, 1X buffer 4 (B 40 units BamHI, 40 units EcoRI and@dté 30 pl were

mixed and incubated for 3 hours at®7. pCS2+ vector was also subject to the same
restriction enzyme digestion, followed by the addition of 1X Antarctic Phosphatase
reaction buffer (NEB) and 5in&d 2 F ! yiIF NOGAO t K2ALIKIF G &8s
phosphate from the DNA to facilitate the subsequent ligation reaction. DNA
fragments were separated by size using agagaleclectrophoresisSection2.4.2).

DNA fragments were visualised using an UVIpesilluminator(UViech) and the

desired fragmeng~1.2kbfor p53 products, ~4kb for pCS2tr)easured by size against

the DNA ladder, was excised and purifiesing QIAquick gel extraction kit according

G2 GKS YIFydzZFl OldzZNENRA AyaldNHzOiGAz2yad ¢KS
on silica membrane bound nucleic acid purificat{@woom et al., 1990; Cady et al.,

2003) Excised gel slices were dissolved in high salt solution by incubatin§@&t 50
aided byvortexing. DNA was adsorbed onto the silica QIAquick membrane under high
salt conditions. The membrane was washed using an ethanol containing buffer to
remove enzymes, salts, ethidium bromide, agarose, dyes and other impubii&s.

was eluted in a smallolume of low salt solution.

p53 DNA fragments were ligated into pCS2+ using the Quigation kit (NEB)
FOO2NRAY 3 (2 YI Yy dzb0ngpCSNIARNIY P53 brgdadisNdzQuick 2 v &
Ligation Buffer, 200 units Quick T4 DNA Ligase andQ@ItiH10 plwere mixed and

incubated at RT for 5 minutes, then chilled on iCé&cular plasmid numbensere

amplified using bacterial culture then used as templates for the production of mMRNA

for embryonic microinjections (Secti@4.3 2.4.4and2.3.1).

2.7 Whole mounin situhybridisation

Whole mountin situ hybridisation (WMISH) wassedto detect the expression and
localisation of specific mMRNAs within an embryo. WMISWas adapted from

procedures outlined in Sivet al. (Sive etal., 2000)
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2.7.1 Riboprobe templatpreparation

The following reagents were mixed and incubated &t@7or one houto linearise
DNA 1 ug circular f[asmid DNALO units restriction enzyme (various manufactujers
1X restriction enzyme specifibuffer (NEB) and ddrbh (i 2 Am approphate
restriction enzyme Table 2:4) was used to cut each plasmid approximately 500
1000bp from the reverse promoter in the plasmiRurfication of linearised DNA 8a
carried out using QIAquick PCR purification kit (Se&idri).

2.7.2 Riboprobesynthesisindpurification

Riboprobes were labelled wittither dgoxigeninabelling mix Roche) ofluorescein
labelling mix Rochg and transcribed using an appropriate polymeratahble2:4),

either T7 (Roche) or SPEEB. 200nglinearised DNA, 1X digoxigeninflurorescein
labellingmix (Roche), 1xanscription buffer containing DTInvitrogen), 2} Kk >t wb !
polymerase, 1 kI Ribolock RNse inhibitor(Thermo Scientific) anddHth G2 w1 > f
were mixed and incubated at 8T for 2 hoursRiboprobes wereurified using
ProbeQuantTM &0 micro olumns (GE healthcaragcording tahe manufacture
instructions. ProbeQuantTM &0 micro olumns contain Sephadex, which is a
trademarked crosdéinked dextrangel and works by fitation chromatography
(Porath and Flodin, 1959Riboprobe samples were loaded into the centre of80G

spin column and centrifugation was used to ifyithe riboprobes. Quality control of
riboprobe production and an estimation of the quantity riboprobe was carried out
by visually assessing the riboprobe by agarose gel electrophoresis (Seti#hn

Riboprobes werstored at¢20°C.
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Gene o _ Restriction
Gene name Used to visualise Species Vector Polymerase Reference
symbol enzyme
_ _ _ Xenopus (Gilchrist et al.,
hba3 hemoglobin alpha 3 subunit Blood island o pCS107 Pstl T7
tropicalis 2004)
_ _ _ Xenopus (Brade et al.,
isll ISL LIM homeobox 1 Cardiac progenitors _ pCS2 EcoRl T7
laevis 2007)
o o Differentiated cardiac Xenopus (Chambers et
myl7 myaosin ight chain knase7 _ _ pGemTeasy Sall T7
tissue laevis al., 1994)
ATPase, Na+/K+ transporting ) Xenopus pCMV (Uochi et al.,
atplal ) Pronephros (kidney) _ EcoRl T7
alpha 1 polypeptide laevis Sport6 1997)
_ _ Xenopus (Tonissen et al.,
nkx2.5 NK2 homeobox 5 Cardiac progetors GEM3z Pwull T7
laevis 1994)
_ Myeloid cells, anterior|  Xenopus (Smith et al.,
mpo myeloperoxidase _ _ pSportl Pvul SP6
blood island laevis 2002)
T-cell acute lymphocytic Blood island, Xenopus (CiauUitz et al.,
tall _ _ _ pGEM7 Xmnl SP6
leukemia 1 hemangioblast laevis 2000)

Table2:4. Templates for riboprobe synthesis
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2.7.3 Collecting anfixingembryos

Embryos athe desired stageof developmentwere fixed in MEMFAO(1M Mops
(FisherpH7.4, 2mM EDTA, InM MgSQ, 3.7% formaldehyd&igma3) by rolling for
1 hour at RT in 5 ml Wheaton glass vials (Sigimag embryos wergradually
dehydratedby a dilution series intd00% ethanol (Sigmand stored at20°C. For
sample collected prior to hatchingitelline membrane were manually peeled prior

to fixation.

2.7.4 Riboprobe hybridisatiaandwashing

Embryos were rehydrated usifigminute washes in an ethanol dilution series to 1X
Tris buffered saline witifween 20 (TBSTw:rdBM TrisBase(Fishe) pH 7.4, 20 mM
NaC] 0.1% Tween 20 (Signkd.379)). Embryos wemgermeabilisedusing10> 3 K Y
Proteinase KRoche)in TBSTw for 15 minutes, rocking, followed by several TBSTw
washes. Samplesererefixed in MEMFA for 2fhinutes then washed several times

in TBSTw. Embryosere incubated in hybridisation buffer (50%formamide
redistilled (Sigma) 5X SS(saline-sodium drate buffer 1X: 15 mMNaCl,150 mM
sodium citrate(Fishey, pH 7, 1mgml ¢ 2 NHzf || whb! 6¢eLIS L- =z
heparin (Sigmg 1X Denharts solution (0.02% BSA, 0.02% Polyvinylpyrrolidone
(Sigma), 0.02%icoll 400), 0.1% Tween 20 (Sigma), 0.1% CHA®$ng) for 10
minutes at 68C, moving, for prehybridisatiotybridisation buffer was replaced and
embryos incubated at 68 for 46 hours subsequento replacing with fresh
hybridisation buffer containing 0.5>g/ml of labelled riboprobe and hybridig
overnight at 60C. For fluoresceirdabelled riboprobes, embryos were kept in the

dark until the completion of the staining stage of the WMISH protocol.

Following overnight riboprobe hybridisation, the/liridisation mixcontainingthe

riboprobewasremovedand kept for future useand enbryos were incubated in pre

warmed 75%ormamide 25% 2XSSC 0.1% CHAF&he) for 10 minutes at 6€C.

Embryoswere washed three times iwarm 2XSSC 0.1% CHAfS 20 minutes

moving at 60Cfollowed by two washes in pr&iarmed 0.2X SSC with 0.1% CHAPS
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for 30 minutes per wash moving at@D. 0.2>SS®.1% CHAPS was gradually diluted
to MABT(100 mM maleic acid (Sigma), 150 mM NacCl, 0.1% Triton (Fisher), pH 7.5)

and embryosvererinsed in MABTor 10 minutes aRT.

2.7.5 Antibodyincubationandwashing

MABT was replaced withldcking reagent (MABT containing I#6cking reagent
(Rochg, 10%heat-inactivated newborn calf serun{Sigma) and rocked for onaour
at RTbefore being replacg with blocking reagent containing a 1:25@0ution of
anti-digoxgenin(Roche) or 1:10000 aHtiuoresceinantibodyconjugated to Alkaline
PhosphataséRoche)Samples weréeft movingovernight at £C.Following antibody
incubation, enbryoswererinsed in MABT prior téive 1 hour washes in MABWith

constant movement, at RT.

2.7.6 Staindevelopment

Embryoswere rinsed in Alkhne Phosphatase Buffer (APB: 100 ks pH 9.5, 50
mM magnesium chlorideMgCp, Sigma), 100 mM NacCl, 0.1% Tween 26n{8), 2
mM lavamisol (Sigmajhen washed in APB for twimes 5 minutes, rocking. APB
was replaced withan appropriate alkaline phosphatase substrate, either neat
BMPurple (Roche BCIR5-bromo-4-chloro-3-indolyl phosphate, Promegat 1:300

in APB or Magenta phosphate (Sigma) at 1:150 in &fBeft atRT Staining was

monitoredand when completestopped by a dilution series to 100% ethanol.

2.7.7 Doublewhole mounin situhybridistion

Multiple mRNAs can be detected in the same embryo using WMISH. When mRNA
expression domains were nawverlapping, numerous riboprobes were hybridised
and developed using one colour reaction. When mRNA expression domains were
overlapping or adjacent then wvdifferently labelled riboprobes, fluorescein and
digoxigenin, were chybridised (Sectio.7.4). Subsequently, an arfiuorescence

or an antidigoxigenin antibody wasncubated Section2.7.5 and the WMISH
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protocol followed until conclusion of stain develment Section2.7.6. Embryos
were then treated for 10 minutes at 68 in MAB containing 10 mM EDTA to
inactivate Alkaline Phosphatase, dehydrated to 100% ethandlthen rehydrated

to MABT, refixed in MEMFA for 20 minutes, then washed with MABT. The
alternative antibodywas thenincubated Section2.7.5 andthe WMISH potocol
followed until the conclusion of stai development with a different Alkaline
Phosphatase substratéSection2.7.6). The ordeof antibody incubation and Alkae
Phosphatase substrate was determined depending upon individual riboprobe

strength.

2.8 Immunohistochemistry

Immunohistochemistry (IHC) utilises conjugated antibodies specifically binding to a
biological antigen and in the work presented in this thesisyas used to provide
spatial information about gene expression in embrydhe antibodies used are

peroxidaseconjugated, therefore were visualised by a colpuoducing reaction.

2.8.1 Collecting andixingembryos

Embryos athe desired stage were fixed in MEMBA rolling for 1 hour aRT in 5 ml
Wheaton glass vialsand then dehydratedn an ethanol dilution serieto 100%

ethanol for storage at20°C.

2.8.2 Primary atibodyincubation

Embryswere gradually renydrated to MABT theblocked for 1 hour in 10% NCS in
MABT, movingt RT. Subsequently, embryos wéneubated overnight at AC with
the appropriate primary antibody diluted to 1:100 in MABKeletal muscle marker
12/101 or notochord markeMZzZ15. Skeletal muscle marker waspdsited b the
DSHB by JeremBrockegdDSHB product 12/10{Kintner and Brockes, 1984Anti-
Keratin sulphte antibody was deposited to the DSHB . Watt (DSHB product
MZ15(Smith and Watt, 1985%)
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2.8.3 Secondary antibodgicubation

Embryos were washed five times for 1 hour in MABT and then incubated overnight
at 4°C with1:500 Goat antMouselgGHRP (MerciMillipore) in MABTfollowed by
five 1 hourMABT washes.

2.8.4 Staindevelopment

1 mg/ml of o FDiaminobenzidine tetrahydrachlorid®AB, Sigmah MABT solution
was prepared by filtering through @2 uM cellulose syringe filter (Anachem) and
added to embryos for 10 minutes a#@ before addition of a starolume of 1:130%
hydrogen peroxide (Sigma):MABT and movedi?® until stained Embryos were
washed with MABT and dehydrated to 100% ethanol.

29 Whole mount in situ hybridisation combined with

immunohistochemistry

Following on from the complete WMISptotocol (Section2.7), embryos can be
further stained by IHC, starting from primary antibody incubation to completion of

stain development$ection2.8.2-2.8.4).

2.10Preparing whole mount in situ hybridisation and

immunohistochemistrprocessed embryos for analysis and imaging

2.10.1Bleachingembryos

Embryoswere rehydrated bya dilution series to MABTMABT was replaced with
bleaching solution (1%ydrogen peroxid®% Formamidé-ishej, 0.5X S§@nd vials
were placed on aluminium foillese to a light source until sufficidgtbleached1-2

hours). Bleached embryasere washed with MABT for 30 minutes and kept &4

prior to analysis and imaging.
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2.10.2Clearingembryos

After bleaching, where necessary, embryos were made to appear transparent
(cleared) by gradually diluting to 100% ethanol, then to MurraysrGRaolumes
benzyl benzoat€Sigma: 1 volumebenzyl alcoho(Sigm3) for analysis and imaging
(Sive et al., 2000)

2.10.3Visualisingiheagetrace

Samples were incubatemvernight at £C with MABT containing a 1:7000 dilution of
extraviden AP (Sigma), themsed in MABT prior tive 1 hour washes in MABT at
RT. Fast Red table(Rdche were dissolved in 0.1 M T+#4CL, pH 8.2, passed through
a 0.4 pM cellulose syringdtér, and added to embryos to allow colour development.

Embryos were washed, stored, analysed and imaged in MABT.

2.11 Reverse transcriptiomolymerase chain reactiqRFPCR)

2.11.1Samplecollection

Embryos at the desired stage were collected into an Riffasel15ml eppendorf
(Fisherand excess liquid was removed. For each sample, between 5 and 15 embryos
were collected by lysing irSolution D (Chomczynski and Sacchi, 1984ZM
Guanidinium thiocyanate (Sigma), 28 sodium citrate, Q1% sarcosyl (Sigma),

n ® m-Mercaptoethanol (Sigma), pAH and storing at20°C.

2.11.2RNAextraction

Total cellular RNA extraction was done according to Chomczynski and Sacchi, 1987
(Chomczynski and Sacchi, 1989lutionD, 0.1M -Mercaptoethanol (Sigma), pH,

2 M sodium acetate pH 45{gma, water saturated phenol (Fluka) and chloroform
(Fisher) were added sequentially and mixed in the ratio 1:0.1:1:0.2. Samples were

incubated on ice for 20 minutes then centrifuged 1800g for 20 minutes. The
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agueous phase containing RNA was transferred to a fresh eppendorf and an equal
volume of chilled isopropanol was added. Samples were incubate2DeE for one

hour then centrifuged aL000«g for 20 minutes to pellet the RNA. The supatant

was removed and the RNA pellet washed with 70% ethanol thedrigd before

being resuspended in 25 pl dd®. The RNA concentration was determined by
spectrophotometry by measuring the absorption at 260nm. RNA was stor20%%.

2.11.3cDNAsynthesis

1 pg RNA, 0.1 pg/ul random primers (Invitrogen), 0.5 diWT'Pand ddHO to 12 pl
were mixed and heated to & for 5 minutes thenrmmediately chikkd on ice 1X
first strand buffer (Invitrogen), 100 mudithiothreitol (DTT, Invitrogergnd 20 units
Ribolockwere subsequently added and incubated a@7for 2 minutes. Following
this, 200 unitsof RevertAid RT (Thermo scienfjfiwere added to all samples except
for the negative control and incubated at RT for 10 minute§€C3fbr 1 hour, then
70°C for 15minutes.

2.11.4Polymerase chaneaction

Primers were designed using Primer3Plus softwaven(.primer3plus.com and

span introrexon boundaries, thus ensuring no false positive signal arises due to
genomic DNA contaminationPrimers were sourced from Invitrogeand re

suspended in dd#¥D to 0.1 mM. Primer sequence and cycling conditions are
described infable2:5 and were optimised allowing for each product amplification to

fall within the linear range. To each PCR reaction, complementary DNA, 0.4 uM
forward primer, 0.4 uM reverse primer, 1X MyTaqg red reaction buffer (containing 5

mM dNTPs, 15 mM Mgg&l(Bioline)) 0.5 units KAPpolymerase (KAPA biosystems)

and ddHO to 25 plwere mixed. PCR was carried out BeqStar Thermocycler
(Peglab)using the following cycling conditions (s€able25F 2 NJ A LISOA FTA O Wy

values):

95°C for 3minutes
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95°C for 30 seconds\

n°C for 30 seconds

72° for 30 seconds

729 for 10 minutes

PCR products were analysed by agarose gel electrophoresis (S24t@n

Y

X cycles

S
O
2
=
(] —~~
Gene . 2 s | |2
Gene name PCR primer sequence = g' S g
symbol > | | |E
K} o IS c
5 £ 2 9
< ()]
R
fud c > x
o < @) a
gsc goosecoid GGATTTTATAACCGGACTGT 240 (28 |34 |30
TGRAGGGAGCATCTGBAG
odcl ornithine GCCATTGTGAAGACTCOATT 220 (58 |26 |30
decarboxylase ] TTCGGGTGATTCCTTGCCA(
t brachyury CTGGGATGTTGCCAAITGA | 283 |58 |32 |30
GATGAAAGCCTGGAATGTG

Table2:5 PCR primers
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2.12 WesternBlot

2.12.1 Samplecollection

Five whole embryos per experimental condition were collected intelgbelled 1.5
ml eppendorf tubes. Excess media was removed and embryos were snap frozen on

dry iceand stored at20°C.

2.12.2Samplepreparation

Embryos were thawed on ice then homogenisedlpetting in10 pl per embryo of

1X RIPA buffer (5X stock kept &4 150mM NaCl, 1% NP4®igma) 0.5%sodium
deoxycholatg(Sigma)0.1%sodium dodecyl sulfatéSDSSigma, 50 mM TrisHCL pH

8) containing 1% protease inhibitor cocktail (P8340 Sjgman Ya ! 9. { CZ
Aprotinin, 4 mM Bestatin, 1.4 mM-&, 2 mM Leupeptin and 1.5 mM Pepstatin A)
and 1% phosphatase inhibitor cocktail 3 (P0044 Sigma; Cantharidin, p
Bromolevamisole oxalatend Calyculin A). The protease inhibitor cocktail inhibits
sering cysteine and acid proteases as well as aminopeptidasedswas used to
prevent protein degradation by endogenous proteolytic enzymes released from
subcellular compartments after cell lysis. The phosphatase inhibitor cocktail has been
optimised to preventalkaline and serin¢ghreonine phosphatases from modifying
proteins, thus was important for the detection of phosphorylated proteins. Samples
were centrifuged afl8000x for 20 minutes then the supernatamtas collected An

equal volume o2X blue gel loadg buffer (National Diagnosticajas added to the
supernatant and mixed before incubating at £0for 10 minutes to denature the
proteins. Samples were centrifuged B8000x for 5 minutes befordoading 10ul

per sample per well onto S8DSoolyacrylamie gel.
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2.12.3SD&polyacrylamide galectrophoresi§SDS?AGE)

SDolyacrylami@ gels were prepared fresh and were 0.i#8n thick consisting of
5 cm of resolving gel (37M Tris pH8.8, 10% Acrylamide (National diagnostics),
0.1% sodium dodecyl sulphate (SDS, 0.05% ammapeusulfate (APS, Fishef).5%
Tetramethylethylenediaminé TEMED, Bi®ad with 2 cm of stacking gel (12mM
Tris pH6.8, 5% Acrylamide, 0.1% SDS, 0.1% TEMHB&yted with loading wells
created byTeflon combs(BioRad) 10 ul of eachsample or 15 ul of Spectra
Multicolor Broad Range Protein Laddéadder, Fermentas), weteaded per lane
and 5 pl of 2X blue gel loading buffewas loadedinto any unused lanes. &b
electrophoresis was carried out at 100V for 10 minutes followed by 20080-120
minutesin tris-glycine running buffer (2B0M Tris base, 19#1M Glycine, 0.1% SDS,
pH8.3) using a PowerPac

2.12.4Proteintransfer

Following SDBAGE, gels were soaked irsglycine transfer buffer (48 mM Tris
base, 39 mM Glycine, pH 8.8) for 15 minutes to equilibrate thRolyvinylidene
fluoride (PVDF) membranes (Immobiléh MerckMillipore) were prepared by
soaking in pure methanol (Sigma) for 15 seconds then equilibrating iglyase
transfer buffer. Gel and membrane were held in close contact between filter paper
(Fisher) and sponge pa¢Bio-Rad) by a cassette (BRad) in a Mini TrarBlot cell
(Bio-Rad) containing triglycine transfer buffer and a cooling source. Transfer of
proteins from gel to membrane was carried out at 350 mA for 80 minutes using a Bio

Rad PowerPac.

2.12.5Antibodyincubation

Membranes were washed three times in TBSTw and blocked for 1 hour in TBSTw
containing 5% milk powder (Sigma) or 5% BS4ma), rolling at RT. The desired
primary antibody was incubated in TBSTw containing 5% milk powder or BSA

overnightat 4°C,rolling (Table2:6). Following several washasTBSTw, consisting of
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3x5 minutes and 3x15 minutes, rolling at RT, membranes were incubated with the
appropriate secodary antibody Table2:6) in TBSTw containing 5% milk or BSA,
rolling at RT for 2 hours. Membranes were then washed for 3x5 minutes and 3x15

minutes in TBSTw, rollireg RT.
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Antibody name Type Dilution Block Host Size (kDa) | Sorage Supplier Product
ERK Primary 1:10000 Milk Rabbit 41,42 4°C Santa Cruz SC154
p-ERK . . N

Primary 1:5000 BSA Rabbit | 44, 42 -20°C CellSignalling 4370S
(Thr202/Tyr204)
Smad2/3 Primary 1:3000 Milk Mouse | 58 -20°C BD Bioscience 610843
p-Smad2 | | | o

Primary 1:750 Milk Rabbit 60 -20°C CellSignalling 3101
(serd65/467)
p53 Primary 1:500 Milk Mouse | 53 -20°C Abcam Ab16465 [X77]

. _ 11867423001
HA Primary 1:2000 Milk Rat - -20°C Roche
(clone 3F10)

Rabbit Secondary | 1:50000 As primary Goat - 4°C Santa Cruz SG2004
Mouse Secondary | 1:10000 As primary Goat - 4°C MerckMillipore AP124P
Rat Secondary | 1:100000 | As primary Goat - 4°C MerckMillipore AP136P

Table2:6. Antibodies for Western Blotting
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2.12.6Signaldetection

Membranes were coated in SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific) and left for 5 minutes in the light at RT before excess solution was
removed and membranesvere placed between plastic slips. In darkness,
membranes were exposeid Amersham Hyperfiim ECL (GE Healthcare) for varying
lengths of time required for visualisation of proteins, often between 1 second to 30
minutes, and filmsvere developed using Compact X4 XogragXograph. Protein

size was determined by reference toet ladder.

2.12.7 Stripping and r@robingmembranes

Membranes were routinely stripped and-pgobed with an antibody to a control
protein, as a loading control. Membranes were briefly washed in TBSTw then
incubated in Restore Western Blot Stripping Buffer (i@eScientific) for 15 minutes
at RT, rolling, before further thorough washing in TBSTw. Antibody incubation and
protein detectionsteps (Sectiom2.12.5and 2.12.9 were then repeated for the

alternative antibody of choice.

2.13 CRISPR/ Cas9 mediated gediting

Clustered regularly interspaced short palindromic repeat (CRI8ER)ology is a
recently discovered, powerful tool for genome editing. CRISPR technology adapts and
exploits a bacterial immune system, aimed against invading viruses and plasmids,
resulting in site specific DNA cleavage for genome edftlimgk et al., 20125hort

guide RNAs (sgRNA), designed to complement a sequence within a target gene, guide
Cas9 nuclease to DNA to induce sipecific cleavage. This DNA damage is repaired
by errorprone norhomologous end joimg, often resulting in insertions and

deletions, disrupting gene function.

74



2.13.1sgRNA templatpreparation

Two techniques were utilised for sgRNA template preparation. For p53 sgRNAs, a
PCRIaSR YSGK2R ¢l & dzaSRo ! pQ 2f A32ydzOf
4S1jdzSyO0Sz ¢4l a dzaSR Ay | GKSNyz2 O&O0ftAiy3a N
creating a double stranded template. Alternatively, for a Tyrosinase coritrel,

pDR274 plasmid containing tyrosinase sgRNA was used.

p53short guide RNAs were kindly designed by Dr Richard White (The Welcome Trust

- Sanger Institute). 8 sgRNARDIe2:7) were selected for production based on their

proximity to the start site of the p53 coding regiand ther low off-target predicted

scorab ¢ KS p Qfill-@-a8ligobucleotitlgs listed irTable 2:7, along witha
o2YYZ2Y 0Q 2f A32ydzOt S2GARSX
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACT
TATTTCTAGCTCTAAEAGofins)were reconstituted to 10QuM in ddHO.

The following reagents were mixed a final volume of 100 pl with ddBl(Nakayama

et al.,2014) 1X High Fidelity Buffer (Thermo Scientific), 0.3 mM dNTP, 1 mBQ/g
GCKSNY2 {OASYUAFAOULI H Whusign®igEKyYOSIAE H X
Polymerase (Thermo Scientifichhe reaction was mixed anslubjeced to the

following thermacycling conditions usingReqStar Thermocycler (Peqglab):
98°C for 5 minutes

98°C for 20 seconds

58°C for 20 seconds 20 cycles

72°c for 15 seconds
72°¢ for 5 minutes
Tyrosinase in plasmid pDR274 (pDR274tyr) was from Ira(Blitz et al 2013).
pDR274tyr was linearised using Dral in the following reaction; 1 ug pDR274tyr, 1X
Buffer 4 (NEB), 40 units Dral (NEB) ancx@diel 30 pl, incubated at C for 1 hour.
sgRNA templates were purifiesingQIlAquick PCR purification Kgection2.4.1).
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sgRNA Target sequence Target Exon| T7fill-in-oligonucleotide sequence
strand

Xt tp53| AGGAGACCTTCGAGGATTTQG + 1 TAATACGACTCACTATAGGGAGACCTTCGAGGATTTGGTTTTAGAGCTAG
SgRNA 1

Xt tp53 | GACCCCCTACAGACCGGGA( + 2 TAATACGACTCACTATAGGCCCCCTACAGACCGGGACGTTTTAGAGCTAC
SgRNA 2

Xt tp53 | GACCTGTCCCGGTCTGTAG( - 2 TAATACGACTCACTATAGGCCTGTCCCGGTCTGTAGGGTTTTAGAGCTAG
SgRNA 3

Xt tp53 | AGGTCAGATGGAAAACTTTG| + 2 TAATACGACTCACTATAGGGTCAGATGGAAAACTTTGGTTTTAGAGCTAG
SgRNA 4

Xt tp53 | GGAGTTTTCAGAGTACCCCQ + 3 TAATACGACTCACTATAGGAGTTTTCAGAGTACCCCCGTTTTAGAGCTAG
SgRNA 5

Xt tp53| GAACCGTCATGTCTGGCGC( - 3 TAATACGACTCACTATAGGACCGTCATGTCTGGCGCCGTTTTAGAGCTAA
SgRNA 6

Xt tp53 | GACATGACGGTTCTGCAGGA + 3 TAATACGACTCACTATAGGCATGACGGTTCTGCAGGAGTAGAABASGCAA
sgRNA 7

Xt tp53 | AGACGAAGTCACGGTGGGCY - 3 TAATACGACTCACTATAGGACGAAGTCACGGTGGGCAGTTTTAGAGCTAC
SgRNA 8

Table2:7. CRISPR stRstargeted to Xenopus tropicalip53
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2.13.2In vitro transcription c\gRNA

sgRNA synthesis was performed using MAXIscript T7 kit (Ambion) accordeg to
YIydzFl OGdzZNBENDR&a AYyaGNHZOGA2yad ndp xIkxkf
based template, 1X transcription buffer, 0.5 mM ATP, 0.5 iiA,©.5 mM GTP, 0.5

mM UTP, 30 units TRNA polymerasand ddHO to 20 pl were mixed and incubated

at 37°C for 1 hour, followed by the addition of 2 units TURBO DNase for a further 15

minutes.

sgRNA was purified by pherndtloroform extraction and isopropel precipitation.
ddH0 was added to increadée total volume to 180 plfollowed by the sequential
addition and mixing of 3 M sodium acetate pH 5.2, phenol and chloroform in the ratio
0.2:0.5:0.5. Samples weracubated on ice for 15 minutes then centuged at
10000xgfor 20 minutes. The aqueous phase, containing RNA, was transferred to a
fresh eppendorf and an equal volume of chilled isopropanol added. Samwgles
incubatedat -20°C for one hour, then centrifuged 40000xdgor 20 minutes to pellet

the RNAThe sipernatant was removed anthe RNA pelletvaswashed with 70%
ethanol, then airdried before being resuspended in 20 pl ddB. The concentration

was determined using spectrophotometry by measuring the absorptio2é® nm.

sgRNAs werstored at-20°C.

2.13.3Cas9 proteipreparation

Cas9protein (PNA Bioyvas reconstituted in 50 pl dd® containing 20% glycerol
(PNA bio), to a concentration of 1 mg/ml. Cas9 solution was aliquoted into 5 pl

measures, for storage a20°C.

2.13.4Genomic DNA P@miplification

Genomic DNA was prepared from a single empbyohomogenising in 50 jaif 50
mM TrisHC: pH 8.8, 1 mM EDTA, 0.5% Tw2@n200 pug/ml proteinase Blitz et al.,

2013) The homogenisation reaction was incubated overnight &%6ollowed by

77



10 minutes at 98C to inactivate proteinase K. 1 pl was added diretotthe following

PCR amplificaan: 1X Phusion high fidelity buffBr n ®H Ya Rb ¢t Qas> ndn
primer (e appropriate, see below 0.4 uM reverse primer (agppropriate, see

below), 1 unit Phusion High Fidelity DNA Polymerase and@d#i25 pl. The reaction

was subject to the following multistefhermo-cycling conditions using a PeqStar

Thermocycler:

98°C for 5 minutes

98°C for 20 seconds ]

Y

65°C for 20 seconds 13 cycles

729 for 30 seconds

98°C for 20 seconds |
X = 62C, 63C, 62C, 6PC, 66C,

Y

XCC for 20 seconds
59°C, for one cycle per temperature
720 for 30 seconds

98°C for 20 seconds ]

65°C for 20 seconds

Y

25 cycles

72 for 30 seconds

729 for 5 minutes

PCR products were purified using QIAquick p@Rcationkit (Section2.4.17).

2.13.5In vitro screen fagRNA

Aninvitro assaywas used to assess the efficiency withich Cas9 is guidedtand

cuts atemplate DNA target This screening allowed selection of working and efficient
sgRNAs fom vivo experiments. Genomic DNA wasnplified using PCRSection

2.13.9 usingthe forwardprimer F1; GGGCACAAGCAGTAGCCTAA and reverse primer
R5; CCAAACACACACAGGTGAGG. The following reagents were mixed and incubated
at 37°C for 1 hour; 300 ng Cas9, 150 ng sgRNA, 80 ng target DNA, 1X buffer 3 (NEB),
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1X BSA (NEB), dgBito 10 pl.2 units of RNase H (Invitrogen) were added and the
reaction was incubated at 8T for a further 15 minutes. 1 puf stop solution (30%
glycerol, 1.2% SDS, 250 mM EDTA pH8) was added and incab&é&C for 15
minutes. Cleavage products were separatgabarose gel electrophoreses(dion
2.4.2,.

2.13.61n vivo CRISPR application analysis

Stocks were mixed to a final concentration of pg sgRNA and 1 ng Cas9 and

were injected into a 1 cell staged, newly fertilised, embryo. After at least 5 hours of
development, individual embryos were collected and genomic p53 DNA was
amplified (8aion 2.13.9 using theprimers F3; GTCTCCCTGTTGGGTGTTGT, and R5;
CCAAACACACACAGGTGAGG. PCR products were sent for sequencing (Eurofins) to

check forsuccessful CRPRCas9 mediated gene disruption.

79



3 Nodal/ Activirsignallings required for

cardiacspecification
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3.1 Introduction

The Nodal/ Activin subclass of Fadta ligands signal via ALK4/5/7 transmembrane
receptors and intrackular signalling mediators Smad2/&Shen, 2007; Shi and
Massague, 2003Nodal/ActivincALK4/5/7 signalling is required for multiple aspects
of embryogenesis, including mesendoderm induction and pattgyngastrulation
movements and leftight axis asymmetryHill, 2001) Furthermore, Nodal/ Activin
signalling has been implicated in cardiac specification through numerous whole
embryo, expant and stem cell model€ai et al., 2012; Lowe et al., 2001; Parisi et al.,
2003; Reissmai S | f ®X wnamT wSAGSNI SiG | o
Takahashi et al., 2000; Xu et al., 1999, 1998; Yatskievych et al., $88%ection
1.8.1.5for more detail.Previous experiments have not been designed to distinguish
the role of Nodal/ActivinALK4/5/7 signalling in cardiac specificatitorm its
broader functions in embryonic development, questioning the specificity of the
Nodal/ Activin sigalling requirement in the induction of cardiac cells. In addition, the
time at which Nodal/ActivincALK4/5/7 signalling may be required for cardiac
specificationin vivois largely unknownWork presented in this chapter investigates
the requirement and tning for Nodal/ActivincALK4/5/7 signalling in cardiac

specificationin vivoin Xenopus laevis

3.2 Experimental approach

The desired approach for investigating the role of Nodal/ Act&itK4/5/7 signalling

in cardiac specification was to inhibit the ALKZ/%athway and assess the effects

on cardiac tissue. Commonly used techniques for investigating the role of signalling
pathways inXenopugaevisinclude antisense morpholino oligonucleotides (MO) and
injecting the mRNA aofignalling components, sometimgenetically manipulated,
which can be used to alter protein levels and activity. However, these techniques are
not the most appropriate for this investigatioMOs and mRNAsaveto be injected

into an early cleavage stage embryo, with te&ects on protem activity and

abundance most often acting directly and continuously throughout development.
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Nodal/ Activin signalling has multiple functions throughout embryogenesis, including
in mesoderm induction, which precedes and is required for cardiac cell iogucti
(Smith et al., 1990; Vliet et al., 2012; Wu and Hill, 20Reagents which are injected
into the early embryo to inhibit ALK4/5/7 signalling have been shown to result in
aberrant mesoderm development, thus can indirectly affect cardiac specification
(Luxardi et al., 2010 herefore, a technigque which allowed the time and duration of
Nodal/ Activin -ALK4/5/7 signalling inhibition to be controlled was required.
Pharmacologicalsmall soluble molecular inhibitors can be added directly to the
media used for culturinglenopus laeviembryos at any time point of development,

to inhibit a particular pathway. Subsequiéy, the embryos can be removed from the
inhibitor media, washed, and allowed to continue developing in fresh media, free
from the inhibitor (Myers et al., 2014) These features allow timdependent
inhibition control of Nodal/ ActivinALK4/5/7 signalling itrXenopus laeviso be
carried out. Molecular inhibitors of the ALK4/5/7 pathway were therefore selected

to be usedn the work presented here.

3.3 Small molecular drugs SB505124 ar3A1 as suitable ALK4/5/7

inhibitors

A selection of ALK4/5/7 inhibitors, added X@nopus laevismbryos shortly after
fertilisation and incubated continuously throughout development, wessted for
their ability to reproduce phenotypes consistent with previously reported ALK4/5/7
signalling pathway inhibition T@ble 3:1). Previous reports describe embryos
presenting a truncated anterigposterior axis accompanied by loss of identifiable
landmark features, such as the cement glgad anteriordorsal mucussecreting
structure which attaches newly hatched embryos to a support before proficient
swimming and feeding is achieved)d eyes, upon ALK4/5/3ignalling inhibition
using soluble inhibitors or a dominant negative Activin recefifttammatiBrivaniou
and Melton, 1992; Luxardi et al., 2010; Skirkanich et al., 20hi9 is consistent with
what is expected of ALK4/5/3mad2 pathws inhibition, due to its documented role

in mesoderm induction (reviewed in Kimelman, 200B)e selection of ALK4/5/7
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inhibitors were tested at a range of concentrations from 20 to 00 The range of
concentrations was in part guided by previous studigissing ALK4/5/7 inhibitors in

Xenopus laevié [ dzEF NRA SiG Ft ®X wamnT {IYdsSt FyR
2011)and zebrafisn(Hagos et al., 2007; Hagos and Dougan, 2007; Lenhart et al.,
2013) Concentrations of 7% 200 uM of SB505124,-83-01 andSB43154%ave

been used previously iKenopus laeviaork (Ho et al., 2006; Luxardi et al., 2010;

{1 YdzSt FTYR [FOGAY1AO0Z ,with codcEntrdtidns o). PR OK S i
UM reportedly used in mouse and human cell cult(id@Costa Byfield et al., 2004;

Inman et al., 2002; Tojo et al., 2005pr comparison, 305 pM of SB505124 has
reportedly been used for ALK7 inhibition in zebrafish(Hagos et al., 2007; Hagos

and Dougan, 2007; Lenhart et al., 2013)

Two structurally distinct inhibitors, SB505124 (SB) ar@8-81 (A83) Figure3:1),
were selectedfor further testing and usdrom the range of ALK4/5/7 inhibitors
tested This was due to their ability to consistently reproduce phenotypes
comparable with previously documented cases of ALK4/5/7 signalling inhibition.
When optimum concentations of SB505124 and-88-01 were added toXenopus
laevisembryos shortly after fertilisation, no axis elongation or identifiable landmark
embryonic features were observed by the tadpole stage. SB505124-88d@A bind

to, and inhibit, the intracellulaserinethreonine kinase domain of the TchEta type

1 receptors ALK4/5/7. SB505124 an8301therefore prevent the phosphorylation

of Smad2, thus inhibiting further signal transduction. SB505124 a8801 have
been reported to only weakly affect ALR13/6 and Mitogenactivated protein
kinasegpathways(DaCosta Byfield et al., 2004; Tojo et al., 2005; Vogt exCdl1)

ThelGs for SB505124 has been previously determined as 129 nM for ALK4, and 47
nM for ALKS5, in am vitro cell culture systenfDaCosta Byfield et al., 200d)he |6

for A83-01 has been reported as 45 nM, 12 nM and 7.5 nM for ALK4, 5 and 7
respectively(Tojo et al., 2005)Although these 16 valuesare up to 3 orders of
magitude lowerthan the chosen inhibitor concentrations used throughout the work

presented here, they were determined vitroin cellculture and therefore they may

83



not be directly applicable ts vivosettings and in particular to th&enopus laevis

embryo, which contains fatty yolk potentially capable of sequestering the inhibitors.

84



Inhibitor | Concentrations| Phenotype observations at stag2-36

tested AM)

SB505124 20-300 Truncated anterioiposterior axis in a dosdependent
manner accompanied by loss of identifiable landmg
features, such as the cement gland and eyes, at hig
concentrations.

A-83-01 | 20400 Truncated anterioiposterior axis in a dosdependent
manner accompanied by loss of identifiable landm
features, such ashe cement gland and eyes, at high
concentrations.

SB431542 150-300 Truncated anterioiposterior axis in a dosdependent
manner but only at the highest concentrations tested.

Table3:1. ALK4/5/7inhibitors tested

}_,-"—“O

SB505124

A-83-01

Figure3:1. Chemical structures ALK4/5/7 inhibitorSB505124 and-83-01

(A) Chemical structure of SB505124. (B) Chemical structuré88{0A. (www.tocris.con).
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3.4 SB505124 and -8301 adversely affect normal embryonic

development in a dosdependent manner

The optimum working concentration of th&lK4/5/7 inhibitors SB505124 aneBA-
01 was determined by testing the effectiveness of the inhibitors at a range of
concentrations from 20 pM to 300 puM. The ALK4/5/7 inhibitors were added to the
Xenopus laeviembryos at the 2cell stageand incubated cotinuously until the
tadpole stageEmbryos were staged by untreatstling controls which presented
a normal phenotypéFigure3:2 A, B, M, Nl The results showhat 20 uM of ALK4/5/7
inhibitor treatment had a mild or no effect on theverall embryonicphenotype
(Figure3:2 C, D, O, PWhen treated with inhibitor concentratics of 50 uM and 100
MM, a change in embryonic phenotype was observed, compared to the controls. A
truncated anteriorposterior axis anda dosedependent loss in distinguishable
embryonic featuressuch as the cement gland and eyes, was evident at the tadpo
stage (Figure3:2 EH, QT). These results show tha&-83-01 appearso be more
potent than SB505124 at lower concentratiohsit there is little differencan the
effects of these inhibitors on the whole embryo phenotyggeconcentrationsabove
100 uM.At higher concentrations of 200 uM andd® pM, tadpoles lackd axial and
landmark embryonic features, with little difference observed between the two
concentrationgFigure3:2 I-L, UX).Throughout all experiments at all concentrations
tested, £arce embryonic death was obseryesliggesting that toxic levels of the
ALK4/5/7inhibitors were not reachedAn optimum concentration of200 uM of
ALK4/5/7 inhibitors SB505124 and-88-01 was selected for use in further
investigations This was due to the ability of a concentration 200 pM to
consistently result in tadpoles displagi a truncated anterieposterior axis lacking
identifiable tail, cement gland and eyes, thus indicating robust inhibition of the
ALK4/5/7 signalling pathway. The concentration of p80of ALK4/5/7 inhibitors is
similar to concentrations 06B505124 and-83-01 previously used in published
Xenopus laeviesearchd | 2 S |t ®X wHnanncT [ dzEF NRA S
2009; Skirkanich et al., 201 ut slightly higher than ewentrations of 3675 pM
used inzebrafishwork (Hagos et al., 2007; Hagos and Dougan, 2007; Lenhart et al.,
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2013) presumably due to differences ¥Xenopus laeviand zebrafishembryos. The
concentration of 200 uM of ALK4/5/7 inhibitors selected is higher than
concentations of 0.1¢ 100 uM used in mouse and human cell cultyBaCosta
Byfield et al., 2004; Inman et al., 2002; Tojo et al., 200%)as previously discussed,
an in vitro situation does not necessarily accurately reflect thevivoscenario in

Xenopus laevjslue to factors such as potential sequestering of inhibitors.

Comparison between repeated experiments throughout all investigations for this
work allowed the observation that there was a difference in the potency of the
ALK4/5/7 inhibitors on different batchesf embryos and even between embryos
within the same batchAdditionally, differences were observed betwedifferent
batches of inhibitorsTreated embryos presented the same phenotypic features, but
the efficacy of given drug treatment varie@or example, within a treatment regime
causing a truncated anterigyosterior axis, some embryos presented a shorter axis
compared with ohers subjeatd to the same treatment. The range of different
phenotypes observed was narrow, and was within an acceptable limit for these
investigations. In ordeto control for the variation in the efficacy of the drugs, each
experiment included a positive control casigng of enbryosthat were treated from

the 2 cell stage continuously with the ALK4/5/7 inhibitors. In addition, experiments
were typically performed using both inhibitors independently to ensure consistent
results.Throughout this results chapter the ntagpresentative images of ALK4/5/7
inhibition treatments are shown, although more and less severely affected
embryonic phenotypes can be observed in the group images, permitting the range of

phenotypes to be appreciated.
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Figure3:2. ALK4/5/7 inhibitors adversely affect normal embryonic developmeint a dose

dependent manner

Embryos were treated continuously from the 2 cell stage until the tadpole stage with (A, B,
M, N) DMSO or increagjrconcentrations of the ALK4/5/7 inhibitors(ESB505124 or (X))
A-83-01, as displayed on the left. Representative images from at least 4 biological replicas
per inhibitor. All individual embryo images are a lateral view orientated anterior left, dorsal
up. Scale bar represents 1 mB505124 columg DMSO n=81, 20 uM n=62, 50 uM n=52,
100 pM n=112, 200 uM n=116, 300 pM n=B38B3-01 columng DMSO n8&4, 20 puM nH9,

50 uM n=80, 100 pM n=113, 200 pM n=10GO0F3M n=58.
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