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ABSTRACT

Cleft palate is one of the most common birth abradities. Figures published
in 2006 by the American Centres for Disease Cortnadl Prevention, report the
incidence of those born in the United States witheft palate without the presence of
a cleft lip (CPI) to be 6.39 for every 10000 in these years between 1999 to 2001
and for cleft lip in association with a cleft padCLP) to be even greater - 10.48 per
10000 live births. In 2001, Braybrook and colleegueported that mutations in the
TBX22gene cause X-linked cleft palate (CPX), a disehseacterised by a cleft of
the secondary palate and is often seen in assotiaith ankyloglossia (tongue-tie)
(Braybrooket al.2001).

A cleft of the secondary palate arises as a caresexg of disturbance to
correct development during palatogenesis: an anpomalalatal shelf growth;
delayed or failed shelf elevation; defective shetion or a failure of medial edge
epithelium cell death. This thesis reveals thatethgression oT BX22during these
key developmental events in human embryos is camis/ith the phenotype seen in
CPX.

To enable an investigation for TBX22 target ge@edBNA binding sequence
is determined for the TBX22 protein. This sequeBagsed to generate a generic
TBX22 DNA binding site, the presence of which isesned for in promoter regions,
defined as 2kb upstream of transcription starssit82 genes were selected as
candidate TBX22 targets on the basis that theyniedeuman disorders that include
a cleft palate. The screen shows that 28 of thesegihave at least one perfect or near
perfect match to the generic TBX22 DNA binding si@f these, only two both
contained a perfect TBX22 generic DNA binding sitel mouse mutants also had
cleft palatesSUMOlandMSX1 Interaction between SUMO1 and TBX22 has
already been shown (Andreetial.2007). This study investigatddSXlas a
downstream target of TBX22 using a luciferase reggagzene construah vitro. The
results showed that in the presence of TBX22, ube#drase signal was reduced and
supportMSX1being a downstream target gene of TBX22.

These findings further the understanding of théeidar networks regulating
craniofacial development. Unravelling these compie&ractions is crucial to
identifying the mechanisms of oro-facial cleftimgportant steps towards improved
methods of counselling, treatment and preventiaie$e common birth disorders.
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CHAPTER 1

INTRODUCTION

The thesis centres upon TBX22 - the underlying iemause of X-linked cleft palate
(Braybrooket al.2001). More specifically, this thesis will considee mMRNA
expression pattern @iBX22 the DNA binding specificity of the TBX22 proteamd
the investigation of a possible downstream targeegof the TBX22 protein.

An orofacial cleft is a frequent birth defect. Retcigures for the population of the
USA estimate that the average prevalence of ¢eWith or without a cleft palate to
be 10.48 per 10000 live births and those born witheft palate without the presence
of a cleft lip to be 6.39 for every 10000 (C.D2D06). Several genes have been
uncovered where a cleft palate is present togestitermultiple congenital
malformations as part of a syndrome. Whilst studiesuncovering genes associated
with non-syndromic oral clefts all the time (Moreeaal.2009; Carteet al.2010;
Ingersollet al.2010), TBX22remains one of only a handful of genes that haenb
shown to underlie non-syndromic cleft (Carietial. 2007). Although some patients
with mutations in th&BX22gene display ankyloglossia (tongue-tie) as wel ateft
of the secondary palatéBX22mutations account for a significant proportiomonh-
syndromic cleft palate cases (Marcaal.2004; Suphapeetipoet al.2007).

This thesis attempts to further the understandirtebiological role of TBX22
through its interaction with other genes. This reeaessary step in order that TBX22
can be placed in relation to other transcriptiartdes and signalling molecules within

the complex mechanisms underpinning palate formatio

The following introduction aims to provide a baatgnd to the study and to highlight
the context of the work from the start of the pedj0O01 to our current understanding.
Topics introduced here will be expanded upon ircgechapters as indicated in 1.4.

This introduction will begin with a brief overvieaf the TBX22gene and the T-box



gene family, followed by a review of the developmehthe head and face with
particular emphasis on the formation of the palagkting how defects in the correct
formation of these structures may give rise toeéi,ctjiving an overview of known
cleft palate genes; as well as giving more detalua the X-linked cleft palate

phenotype.

1.1 BRACHYURY, TBX22 AND THE T-BOX GENE FAMILY

In 1927, a mouse mutant was described as havihgratail phenotype and the
mutation responsible named T, for tail, or mordoetately, Brachyury, the Greek for
short tail (Dobrovolskia-Zavadskaa 1927). Tihgene was identified when the
Brachyury mutation was isolated more than sixtyydater (Herrmanet al. 1990).
Soon after, the Drosophila gene, optomotor-blindify was shown to be related to
the T gene (Pflugfeldest al. 1992), when an homology domain was identified
between the central region of the omb protein &edamino-terminal region of T.
Despite clearly not being orthologues, these tweegeoducts certainly belonged to
the same protein family. The homologous region mased the T-box, and since the
discovery of sequence similarity betwemmbandT, a host of other genes have been
identified in many diverse animal species that shhis same homology, known
collectively as T-box genes. T-box genes are datielarger protein clan, P53-like,
which share similarity in their immunoglobulin-likketa-sandwich DNA-binding

domains (Berardet al. 1999); pfam [http://pfam.sanger.ac.uk/]).

The T-box domain is a conserved region encompass amino acids, and has
been shown to display binding activity to specidNA sequences (Kispert and
Herrmann 1993). All T-box genes show ability todirariations of a similar DNA
sequence (Tada and Smith 2001); known as the Teimakng element. It is this
DNA-binding capability that enables T-box geneséutaction as transcriptional
regulators. The importance of these transcriptamtdrs during development is
highlighted by the effect of mutations in T-box genn different organisms and the
resultant phenotypes observed (Chapman and Papaiod998; Bruneaat al.2001;
Jerome and Papaioannou 2001; Szettal. 2002; Davenporét al.2003; Naiche and
Papaioannou 2003; Bussenal.2004; Harrelsomt al.2004; Singtet al.2005a;



Singhet al.2005b). The developmental functions of T-box gearesvaried: having a
role in very early embryogenesis — specifying thiempry germ layers as in the case
of Brachyury and VegT (reviewed in Showetlal.2004); as well as later in
development, for example in conveying identity gatterning the limbs (reviewed in
Simon 1999).
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FIGURE 1: Phylogenetic tree of human T-box gened he evolution of
the human T-box genes is shown in relation to tmamon ancestral
genes from which they arose during gene duplicagiants (adapted

from Ruvinskyet al.2000; Larrouxet al.2008).



By comparative analysis of the genomes of lowganisms, particularly that
of the cephalochordate amphioxus which is belidedak the closest living
invertebrate relative to vertebrates (Holland e2@D4), to those of higher organisms
the evolution of the T-box genes from a single atre¢é gene has been determined
(see Fig. 1). The amphioxus genome only contalmesi& set of chordate genes
involved in development and many of these havenedkatheir identity through
evolution through to higher organisms. However, ighs the amphioxus genome
only has one of these genes, as a consequenceotd ggdnome duplication,
vertebrates will often have two, three, or fourgbagues of the same genes (Holland
et al.2008).

The duplication of pre-existing genes, whether digftowhole genome, or whole or
partial chromosome duplication, had a major rolevialution and has lead to the
emergence of the various human T-box genes. Falpaigene duplication event,
one copy may inherit a null mutation, and that cigplykely to be subsequently lost,
providing the function is maintained by the othepg. However, if one or both
copies of the gene gain mutations such that a newatibn is acquired, then this gene
will be retained through evolution through positaedection. A third possibility is
that mutations result in both gene copies havidgeed expression and/or functional
alterations such that both copies of the gene fmisetained in order for the function
of the ancestral gene to be preserved (Minguillmh lcogan 2003; Innan and
Kondrashov 2010).

The phylogenetic study of the T-box genes has edaddl of the human T-box genes
to be grouped together into one of five subfamil&schyury(T), T-Brain, TBXJ,
TBX2andTBX6(see Fig. 1) based upon the ancestral gene frachwimney arose.
TBX22is a member of th€bx1subfamily and is most closely relatedli®X15 and
TBX18(Ruvinskyet al.2000; Larrouxet al.2008). Genes of the same subfamily
often display over-lapping expression patterns efgwmembers of th€bx1

subfamily -Tbx1, Tbx1Q Thx15 Thx18andThx22have been shown to be expressed
during craniofacial development (Chapnetral. 1996; Agulniket al. 1998; Krauset

al. 2001a; Buslet al.2002; Bustet al.2003; Herret al.2003), however this is not
apparent foiTbx20(Krauset al.2001b).



The possibility of over-lapping but distinct furatis is also highlighted by the human
disorders that mutations within related T-box gerasse. Mutations imBX5have
been shown to cause Holt-Oram syndrome (Bassah 1997; Liet al. 1997).
Characteristically this syndrome involves atrigits¢ defects and anomalies of the
thumbs (MIM #142900) (Holt and Oram 1960). Mutas inTBX3 similarly to
TBX5a member of the Thx2 subfamily, lead to Ulnar-Maanyrsyndrome (MIM
#181450) (Bamshaet al. 1997). The phenotype of this disorder is usually
characterised by complete absence or malformafitimedingers, rather than the
thumbs as seen in Holt-Oram syndrome, often accomegavith delayed growth and
onset of puberty, obesity, hypogenitalism and hygsp of nipples (Schinzei al.
1987).

The importance of T-box genes during normal develeqt is clear given the disease
phenotypes described above and further human éiseasised by mutations in other
T-box genes have been describddtations inTBX1have been found in patients
with conotruncal anomaly face syndrome (MIM #21700fagi et al.2003) and
(Payloret al.2006; Zweieret al.2007) and have also been linked to DiGeorge
syndrome (MIM # 188400) (Yagit al.2003; Stoller and Epstein 2005). Mutations in
TBX4were shown to cause small patella syndrome (MIMI7891) (Bongerst al.
2004); mutations iTBX15give rise to Cousin syndrome (MIM #260660) (Lausth
al. 2008); mutations tdBX19cause adrenocorticotropic hormone deficiency (MIM
#201400) (Lamoleet al.2001) and disruption to the regulatory region aunding
EOMESco-segregated with microcephaly with polymicrogyaind corpus callosum
agenesis in one family (Baadd al.2007). A single nucleotide polymorphism in the
promoter region oTBX21has been shown to lead to an increased risk idrasp
induced asthma (Akahoséi al.2005) and carrying an allelic variant of fhéocus,
TIVS7-2 , has been associated with increased fisieoral tube defects and spina
bifida (Morrisonet al. 1996; Jenseat al.2004)

1.1.1 TBX22 Chromosomal location and Gene Structer

Whilst trying to identify candidate genes involviedX-linked metal retardation,

through searching the human genome databases agdgesie prediction tools,



Laugier-Anfossi and Villard isolated a new T-boxngenamelyTBX22(Laugier-
Anfossi and Villard 2000). This gene was origindlpught to have a truncated T-
box domain, which was missing the first 20 amingls@nd in a zoo blot was found
only in the porcine genome and absent in all othectuding the mouse, leading the
authors to suggest thaBX22may have appeared relatively recently in the diaiu

of higher mammals. Additional upstream exon$BX22were later identified,
increasing the TBX22 protein by 120 amino acideyshg that TBX22 did indeed
contain a full length T-box domain (Braybroekal.2001) and far from being a gene
found exclusively in higher mammals, phylogenetialgsis has shown that since its
diversion fromTBX15/18 TBX22is in fact conserved throughout metazoan evolution

(Papaioannou 2001).

The TBX22gene consists of eight coding exons and one ndmgaxon and is
located between the gend$/A andFAM46D on the chromosome Xg21.1. Three
MRNA transcripts exist; the first contains exong, ivhilst a second contains the
additional exon 0O spliced to the &xd. However, both transcripts encode the same
protein, using the same translation start sitetéata exon 1 (Andreoat al.2007). A
third smaller transcript includes theéxon 0, but is translated from an AUG site
further downstream resulting in a shorter isofoAndreouet al.2007). The T-box

domain is located between exons 2 and 6 (Fig. 2).



FAMA46D
1256  wlp

ITMZ2A
¢ 177 18] 102 175 165 605 86

~10Kb 616 822 1438 926 387 669 2422

ATG TGA

Figure 2: The genomic structure ofTBX22. A schematic diagram of the genomic structure of
TBX22 based on Braybroadt al.2001; Andreotet al.2007.TBX22is comprised of eight coding
exons (1-8) and one non-coding exon (0). The nusnbellow the red bar indicate the numbers of
bases of intronic sequence and the numbers abeudul bars indicate the size of each intron,
the light blue region indicates the T-box domaline start and stop codons are also shown.




1.2 EARLY MORPHOGENESIS OF THHUMAN FACE

A disturbance to any of the mechanisms involvetth@correct fusion of the palatal
shelves, from the very foundations of head formmatight through to the final fusion
of the palatal shelves themselves may result iefaaf the palate (Satokata and
Maas 1994). As mutations TBX22result in a cleft palate, then it is highly likelyat
TBX22 will be involved with one or more of these chanisms during development.
It is for this reason that the following backgroumdthe formation of the human face
and palate is given; Table 1 provides a summatkie@main events and timings and
Fig. 3 summarises the precursors of the future faloe source and staging systems

used for embryos and foetuses are given in se2tidi.

Between ~CS9 and CS12,

neural crest from specific

neuromeres migrate to a pre
determined position; either a
CS12 specific pharyngeal arch
(arches 1, 2 and 3 indicated |in

image), or the mesoderm

surrounding the

prosencephalon (p).

Nasal placodes (npl) form in
CS13

the frontonasal process
Paired swellings (mandibular
processes) form from the first

pharyngeal arch (mp).

continued overleaf ...
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vCS14

The mandibular processes have
fused in the midline (mp).
Appearance of the facial process|
- medial (m) and lateral (I) nasal
processes and the maxillary

process (max) can be seen.

es

CS16

By CS15-CS16 fusion of the nas
and maxillary processes — forms
the premaxilla. Fusion of the

medial and lateral nasal processt
combined with deepening of the
nasal pit (np) forms the anterior

nares.

CS17

From CS16 to CS17, the palating
processes (pp) emerge from the

maxillary processes.

CS20

Between CS19 and CS21, there
further proliferation of the palatin
processes forming palatal shelve
(ps) which extend vertically eithe
side of the tongue.

S

11

[72)

continued overleaf ...
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From around CS20 to CS22,
the palatal shelves (ps) move
CS22 to take a horizontal position
above the tongue and continue

to grow towards each other.

The palatal shelves contact

and fuse with each other. Thq

D

remains of the medial edge
9 wpc L .
epithelia (mee) can be seen in
the midline of the secondary

palate.

Table 1: A summary of the key events during the fanation of the human
palate.Images representing CS12, CS13, CS14, CS16 and &82ptical
projection tomography reconstructions (Shagpal.2002) generated from
intact embryos. Volume renders of the OPT reconstms are shown at CS12
and CS22 while surface renders of the reconstmg@we shown at CS13, CS14
and CS16. The CS17, CS20 and the 9 week post cimecéwpc) foetus images
are of the head with the mandible removed to agvirig using a Zeiss stereo
microscope. A specimenare from the Newcastle HDBR collection (see 2.
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anterior
neural crest ™
nares \

surrounding dial |
prosencephalon medial nasa nose

\ /' process —

frontonasal __ _ lateral nasal
process process — pre-maxilla —
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\palatine
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— maxilla

jaw

Figure 3: The development of the human faceA schematic
representation showing the structures formed duhaglevelopment of
the human face

1.2.1 The Pharyngeal Arches

The first external evidence of the pharyngeal aschee the paired swellings of the
mandibular (arch 1) and hyoid (arch 2) in the C8dfbryo. The arches form in
cranio-caudal sequence and the five pharyngeakarttiat develop in human
correspond to numbers 1, 2, 3, 4 and 6 of the puiencomplement in the
evolutionary line leading to land vertebrates. Achever develops in humans, or

else forms as a short lived rudiment and regredsesen 1997).

Initially, the arches resemble gills, except thiag, gill slits never become perforated.
Instead, the internal pharyngeal pouches (p, in#igre separated from the external
pharyngeal clefts (c, in Fig. 4) by three cell layean outer covering of ectoderm, an
inner layer of endoderm and a central core of mgsgnal tissue derived from both

neural crest and mesoderm.
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Figure 4: The mammalian pharyngeal

arches. A frontal diagram representing the
mammalian pharyngeal arches (adapted from
Graham and Smith 2001). The components of
the arches indicated by colour: Neural crest
derived mesenchyme, yellow; ectoderm, green;
mesoderm, blue; endoderm, red. The external
pharyngeal clefts (c) and the internal pharyngeal
pouches (p) are highlighted.

Each of these different cell populations will eveally become distinct tissues: the
ectoderm giving rise to the epidermis and sensetyans associated with that arch
(Couly and Le Douarin 1990); the endoderm will baeahe oral epithelia lining
(Haworthet al.2004); the mesenchyme derived from the neurat ere mesoderm
will form primarily the smooth and skeletal musctéghe face and connective and
skeletal tissues of the skull and jaw (Bhattaclesgjeal. 2007).

It is important that the arches are patternedectly, as distinct structures develop
from different pharyngeal arches. The eventuaksiings that arise from each arch are

summarised in Table 2.

Pharyngeal arch Structures
1st (mandibular) Mandible and muscles of the lojaer
2nd (hyoid) Hyoid, stapes bone of the ear, theahand neck
3rd Elevator muscles of pharynx and tongue
4th Constrictor muscles of the pharynx and vocalds
6th Muscles of the larynx

Table 2: A simplified summary of the structures tha will form from
each of the pharyngeal archesl'he actual structures that are derived
from each arch are more extensive than is repredémdre (Draket al.
2009).
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The embryonic neural tube (in the brain) is segeetanterior-posterior into
prosencephalon, mesencephalon, and rhombencepfialese are then further
subdivided into discrete segments; known as neurgsn&ach neuromere has a
specific identity in relation to its position alottye neuroaxis (Fig. 5). The
prosencephalon is divided into six prosomeres @ldRubensteiret al. 1994;
Puelles and Rubenstein 2003), and the mesencephé&bamvo mesomeres (ml1 and
m2) which are separated from the rhombomeres bisthmic neuromere (Muller
and O'Rabhilly 1997) . Rhombomeres 1-7 (rh1-rh7)usunally be distinguished while
rh8 incorporates rhombomeres 8-11 (see Fig. 5)s ddrly segmentation of the
embryo provides the blueprint for patterning theedeping head and neck, largely
dependent upon neural crest cells (NCC) that megram neuromeres and
intermingle with other cell types in specific phaggal arches. NCC arising from the
neural folds of the developing embryo are multippnd migrate to form many
varied structures (Bronner-Fraser 1995). As a gemele: neural crest migrating to
cell populations of mesoderm generally induce memdus bone; in the absence of
mesoderm, neural crest in contact with an epithd&avative will induce only

cartilage (Carstens 2002).

The majority of experimental work investigating ttode of neural crest in pharyngeal
arch patterning has been performed in the chickiddee relative ease of
transplantation of embryonic tissue. It is inferfemm these experiments that the
processes will be similar in human, although it hesremembered that in the
following discussion the data comes from the charld must only be used as a model

for development in human.

The tissues that will arise from the each pharyhgezn into which the neural crest
cells migrate, is somewhat predetermined by the K@@selves, prior to their
migration from their neuromeres. This was demotedtiran chick and quail embryos
by first exercising the NCC from pharyngeal arcResmd 3 and replacing with
transplanted NCC that would normaly migrate toftist pharyngeal arch, and then
following the subsequent migration of these ceits the pharyngeal arches (Noden
1983). This resulted in the animals developingugssnormally associated with the
first pharyngeal arch, including a beak-like stanet being superimposed onto

structures that would normally develop from phaeaigarches 2 and 3.
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"] Prosencephalic and anterior mesencephalic NCC
B Posterior mesencephalic NCC

I NCC [ Jr3NCC [Ir5 NCC [r7 NCC
IHr2NCC [ IraNCC [ ]r6 NCC [r8 NCC

Figure 5: The neural crest from each rhombomere migates to a

specific position along the neuroaxis.The neural crest cells (NCC)
migrate from a specific neuromere (prosomere (Ryamere (M1 and
M2) or rhombomere (rh1-8)A shows the position of the neuromeres
along the neuroaxis amélindicates where the NCC from each
neuromere migrates to. pl-p4 represent pharyngela¢s 1-4 (adapte
from Creuzett al.2005).

[®X

Each of the neuromeres can be defined by the ggression that they exhibit (for
review see (Trainor and Krumlauf 2001; Creuzieal.2005; limura and Pourquie
2007; Wellik 2007) and references therein), andhesuromere shares a common
gene expression pattern with the structures towthie neural crest from that
neuromere migrates. For example, the nasal anthbrbesoderm shares a common
gene coding with prosomeres p6 and p5 respectiaslthis is where the neural crest
in these structures originated from. It is becahsesame NCC populations are
present in both of these structures that cliniocalditions affecting naso-orbital
structures are often accompanied by structural mbaidies of the prosencephalon
(Carstens 2002).
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Using quail-chick chimeras to study the long-teatefof neural crest subpopulations
of individual neuromeres (Kontges and Lumsden 1886)ved that each pharyngeal
arch mesenchyme is derived from a particular nearerof the cranial neural crest
(see Fig. 5). The most distal regions of the farsh, including those regions that will
form the maxilla and palatine bones, are exclugiderived from the midbrain neural
crest. The rhombomere 1 and 2 neural crest formsnibre proximal regions of thé' 1
arch, with rhombomere 2 derivatives surroundingrtiiddle ear cavity. The second
arch was shown to be derived mainly from rhomboMerCC, with a few cells from
rhombomeres 3 and 5 that formed small cell islamtds. NCC from rhombomeres 6
and 7 were shown to mix freely with each othetia third and fourth pharyngeal
arches. This separation of neural crest into disamigratory streams (i.e. neural
crest from rhombomere 4 migrating to arch 2, angralecrest from rhombomeres 6
and 7 to arches 3 and 4) is aided by the majofityearal crest cells from
rhombomeres 3 and 5 undergoing apoptosis (Lumetlah1991). The apoptosis
seen in rhombomeres 3 and 5 is directed by thegylation oMsx1andMsx2
(Grahamet al.1993).

The majority of the pharyngeal arch mesenchymeiiszeld from neural crest
originating in the rhombencephalon (Noden 1983k HIDX gene family show
discrete expression domains within the rhnombomelisplaying a definite boundary
of expression between the rhombomeres (Ne¢tal. 1992). This expression is
replicated in the pharyngeal arch that the NCC ftbese rhombomeres migrate to,
such that each arch has a specific combinatid#h@®X gene expression (Trainor and
Krumlauf 2001; Wellik 2007). This shows that thesmechyme within the arches is
derived from neural crest from specific neuromeages, implies that specific sets of
HOX genes impart the molecular specification to alémsrect positioning and
identity to the arches, often referred to asHio& Code (Huntket al. 1991). It has been
shown that mutations in theBEX genes result in phenotypes with disrupted arch
formation (Condie and Capecchi 1993; Gendron-Maggtial. 1993; Rijliet al.
1993).

The experiments of Noden and colleagues, descebede, suggested that neural

crest would be pre-programmed and that the NCC aviindmselves confer the
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identity of the arch to the surrounding cells. Hoe by transposing neural crest
from one rhombomere to a pharyngeal arch that $tmed intended to migrate to, and
by the subsequent expression of the correct HOXhfmirarch - despite the presence
of the foreign neural crest - it was demonstrabed NCC display a certain amount of
plasticity (Trainor and Krumlauf 2000; Schillireg al.2001). It was suggested
therefore, that patterning of the pharyngeal arevees determined by signalling
between the neural crest and other cells in th®saoding environment. Indeed, it has
been shown that pharyngeal arches are capableminfg in the absence of neural
crest (Veitchet al. 1999), whilst maintaining regionalised identityowever, in order
that the complex structures that arise from theytgeal arches that lower animals
do not posses are formed, it is likely that intéoars are necessary between signalling
molecules arising from both the neural crest ofrtteromeres, and the ectoderm,
endoderm and mesoderm of the pharyngeal archekiththey migrate (Graham

and Smith 2001; Trainor and Krumlauf 2001).

1.2.2 Formation of the Facial Processes

The tissue in front of prosomeres 5 and 6 is inddmemigrating NCC to establish a
new layer of mesenchymal-ectomesenchymal tissuekm@s the frontonasal process
(fnp in Fig. 6). The oronasal cavity (or stomodeusr)ound rostrally by the
frontonasal process and caudally by the develogutgnd cardiac plate (Fig. 6). The
stomodeum is sealed from the outside amniotic gédnitthe buccopharyngeal (or
oropharyngeal) membrane, which will later breakd@nound CS11 (Yoost al.

2000) which allows amniotic fluid to come into caat with the internal structures of
the developing embryo (McLachlan 1994). Two regiohthickened surface
ectoderm appear in the frontonasal process of 8E3@mbryo, the nasal discs, or
placodes (O'Rahilly and Muller 1987). This is acpamied by the formation of a
groove in the mandibular pharyngeal arch which gige to a pair of maxillary and

mandibular processes (Yoenal.2000).
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These facial processes (or prominences): maxjlfagndibular and the frontonasal
processes; were first described by th& Century Swiss anatomist Wilhelm His and
will form the basic morphology of the human facer&iens (2002) noted that each
process is not a singular anatomical unit in itdat is composed of many cell
populations and therefore proposed the field thebfgcial midline development.
Field theory defines structures by the neuromewas fvhich they are coded: all
structures derived from prechordal mesoderm arevkras A fields and are coded by
prosomeres p5 and p6; structures that are assoeute paraxial mesoderm receive
their coding from the rhombomeres and are knowthe® fields. Therefore one
must be mindful when describing fusion of the fapi@cesses, that each process is
not in itself a singular structure, rather it istquosed of several cell types all
interacting with each other and their surroundiraggl that the facial processes that
we see are the result of these inter-cellular auigons.




Figure 6: The Pharyngeal arches and frontonasal proces. A
stereomicroscopy image of the head region of a @il@yo
from the Newcastle HDBR collection (see 2.2.1) @ading the
frontonasal process (fnp), the recessed nasalqéaomp) and
stomodeum (s). The first (1), second (2) and t(8)cpharyngeal
arches are also evident. The first pharyngeal isralso called the

mandibular arch.
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The first of the facial prominences to fuse arerttendibular processes (Fig. 7).

Extending from the lateral swellings on the mant@libpharyngeal arch, the two

mandibular processes expand in a horizontal doea@ventually merging with each

other in the midline of the embryo. This procesalisost complete in the CS14

embryo “such that only a shallow depression remeémdral to a continuous structure

on the rostral surface of the stomodeum” (Yebmal. 2000). It is from this fused

structure that the lower mandible, lip and othatdees associated with the lower jaw

will develop. Proliferation in the mesenchyme o flontonasal processes

surrounding the nasal placodes (np in Fig. 6) ptedwa pair of swellings forming a

horseshoe ridge around the placodes. These sweliggknown as the medial nasal

Neural canal

Ependymal layer C-1 Neural crest

Mantle layer C-1 Dermatome
Notochord

Marginal layer

Dorsal aorta
Spinal

accessory
nerve (XI)

Primitive pharynx

Laryngotracheal

groove Vagal

Aortic arch 4 preganglion

Branchial arch 4 — \}

Pharyngeal pouch 3 )

Cervical
sinus

Aortic arch 3 Thyroid

diverticulum
Pharyngeal pouch 2

Aortic arch 2

Mandibular
swelling

Pharyngeal pouch 1

Mandibular
process

Hypophyseal
Maxillary pouch

process
Internal carotid
Hypophyseal artery
bud area

Ventral
thalamus

Sulcus
ventralis

Prosocoele

Anterior cerebral (forebrain ventricle)

plexus
Sulcus

Dorsal thalamus medius

Figure 7: The
mandibular processes
are the first of the

facial prominences to
fuse.A transverse
section through the
pharagnyeal arches of a
CS13 embryo, just prior
to the fusion of the
swellings of the
mandibular processes.
Taken from Gasser
1975.

process and lateral nasal process (mnp and Ingirf8&). The maxillary process is

separated from the lateral nasal process by th@awsnal groove. The emergence of

these nasal processes allows the nasal placodegpen forming a nasal pit.
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The formation of the upper lip and maxilla are fedvby the continued growth and
fusion of the nasal and maxillary processes. Théiahand lateral nasal processes
continue to swell which cause the nasal pits tgpdedurther and to fuse, forming a
single ectodermal nasal sac. A nasal fin is forimggroliferation of ectoderm in the
floor and posterior wall of the nasal sac (Moord &ersaud 2003). Vacuoles develop
within the nasal fin, which forms the oronasal meanie. The oronasal membrane is
then ruptured, thus forming a continuous chamb&wéden the primary nasal cavity

and primitive oral cavity (Kitamura 1989).

As the nasal processes are enlarging, so too amakillary processes, which grow
towards each other in a horizontal direction (mgio 8a), forcing the medial nasal

processes towards each other and into the mediaé f the face.

frp
mnp

np

mp

man p

Figure 8: The formation of the nasal processe (a) A schematic
of a frontal view of the CS15 embryo (adapted fidmamura 1989).
fnp,frontonasal process; np, nasal pit; mp, maxilfgocess; man p,
mandible process; mnp, medial nasal process; dtgrdl nasal
process.lf) A CS17 embryo from the Newcastle HDBR collection
showing the nasal processes fused with each otloethe maxillary
process. The lateral palatal process can alsodretedbe emerging

from the maxillary process.
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Following further enlargement and fusion of theidaprocesses, the morphology of
the face begins to take shape (Fig. 9b). The mad@lateral nasal processes merge -
closing the opening to the nasal sac, now knowhesnterior nares. The medial
nasal processes merge with each other and withméxdlary processes, making the
groove between them indistinct in the CS19 emb¥amn( et al. 2000). These
combined fusions form a continuous structure alibgenandible; namely the pre-
maxilla, which separates the anterior nares froenstomodeum. The pre-maxilla will
give rise to the primary palate and the incisofg Tegion in which the medial nasal
processes and maxillary processes fuse is knowhmeaatermaxillary segment and
from this the indent in the middle of the upper tipe philtrum, is formed. The
maxillary processes also fuse with the lateral Inaisacesses along the nasolacrimal
groove forming a continuation between the lateide sf the face and the nose (Fig.
8a). During the fusion of the facial processes gpi¢ghelial cell covering of the
adjoining processes must disintegrate to allowwcsire composed of continuous

mesenchyme cells to be formed (see 1.2.5).

1.2.3 Formation of the Secondary Palate

At around 40 days of development from each of tlagilary processes emerge a
further pair of swellings, the lateral palatal pgeses (Fig. 9a). These swellings
proliferate, forming palatal shelves and grow \aaity extending down into the oral
cavity (Fig. 9c). The shelves then elevate aboeddhgue to a horizontal position
and continue to extend until they come to abut edlelr and fuse (Luke 1976). The
process of shelf elevation occurs within a few kamd there are several theories on
the mechanism behind it, as reviewed by (Fergu884i;1Shuler 1995), which can be

categorised into two broad groups.

In the first, the palatal shelves are thought &vale through an involuntary process
mediated by some extrinsic factor. This extrinsictér is thought to act through
forces exerted on the shelves as a consequencessiupe differences caused by the
growth of the lower jaw, movement of the tongue trehead rising from the chest,
all of which are seen in the developing embryo (&g 1983). The second group
postulates that the shelves have some kind ohsitriaction, which enables them to
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elevate. This intrinsic force is likely to be ciyegenerated by the progressive
accumulation and hydration of glycosaminoglycanainhy hyaluronic acid (or
hyaluronate). Hyaluronic acid is a highly electatstally charged molecule capable
of binding up to ten times its own weight in watiéhas been shown that hyaluronic
acid (HA) makes up around 60% of the extra cellmatrix of the palatashelves in
vitro andin vivo (Prattet al. 1973).The accumulation of hyaluronic acid is
regionalised to the anterior region of the palateere it causes a swelling of
extracellular matrix and a decrease in mesenchwiéensity brought about by
changes in osmotic pressure (Brinkley and Bookst@86). This regionalised
swelling, due to the induced osmotic force, is t@msed and directed by the
epithelial covering of the palatal shelves (Brinkl©84; Brinkleyet al. 1992), and
partly by the anchoring of fibronectin and collagémolecules throughout the
extracellular matrix of the vertical palatal shgerguson 1988). This has the
consequential effect of causing a swinging flipragchanism in the anterior third of

the shelves (Brinkley and Morris-Wiman 1987).
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Figure 9: The formation of the secondary palate angre-maxilla. (a)
Transverse sections through a CS17 embryo at vekdéthe eye (e) and
(b) through the nasal pit (np); sections throughdéeeloping secondary
palate in a CS21c); CS23 () and 9 week foetu®). The fusion of the
lateral nasal process (filled arrow), medial ngsatess (arrow outline)
and maxillary process (arrow head) form the preiliaafb). The
secondary palate is formed by the elongation ofdtexal palatal
processes (Ipp)bf, which form vertical palatal shelves (ps)), Either
side of the tongue (t) which then grow horizontétiward each othed]
and eventually fuse with each other and the nasalm €). 3, 3¢

ventricle; sc, spinal cord.
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Transforming Growth Factor Beta, TGKD'Angelo and Greene 1991);
Transforming Growth Factor Alpha, T@Rand Epidermal Growth Factor, EGF,
(Turley et al. 1985) have been shown to stimulate the synthésig\an the palatal
shelves. (Yoshikawat al. 1987) showed that a Vitamin A derivative; retinatd
(RA), was capable of reducing the production otgsaminoglycans in cultured fetal
mouse palatal shelf cells. Later, (Degtzal. 1998) showed in whole palatal shelf
cultures a significant delay of the presence ofinlfalatal shelves grown in the
presence of RA compared to that of the controles€RA treated palatal shelf
cultures showed delayed palatal shelf elevatioltheagh the mesenchyme appeared
to have undergone hydration. The expansion of thgemchyme within the shelves
altered the curvature of the palate pushing dowdwawards the oral cavity. These
shelves were substantially smaller than the comtitnot never fused. The authors
postulated that: precise timing of palate elevatsorequired for correct fusion.
Interestingly, RA has been shown to be cruciahtogroper formation of the facial
prominences (Sonet al.2004). By blocking RA synthesis in the nasal pteeFgf8
failed to be correctly regulated in this regiorsuking in a significant increase in
programmed cell death in the lateral nasal prosesse

After elevation of the palatal shelves, growth ammes in a horizontal direction, until
contact is established between the two palatal/ebelnd with the nasal septum: a
structure which has arisen as a vertical protrusitmthe oral cavity by growth of the
merged medial nasal processes (Fig. 9e). Thelipiiat of contact of the palatal
shelves is the middle third region of the palatéhusion spreading in both
directions from here (Ferguson 1988). Fusion isgetad along the entire length of

the palate and with the primary palate in the amteegion of the mouth.
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1.2.4 Extension of the palate

Restricted expression of some genes to eithermteziar —-Msx1 Bmp2 Bmp4

Fgfl0, Shox2(Zhang et al. 2002; Alappat et al. 2005) or paster Meox2 Baxx1
(Peters et al. 1998; Jin and Ding 2006) palateséadhe possibility of an
anterior/posterior axis within the palatal shehdistinguishing the anterior hard
palate from the posterior soft palate (Hilliarcaet2005). The anterior/posterior gene
expression boundary was later shown to be linketlédormation of palatal rugae
(Hilliard et al. 2005). Palatal rugae are regiohsmthelia thickening which form
transversal ridges on the hard palate in mammai®(lova et al. 1987; Pantalacci et
al. 2008). The number of rugae varies accordingpexies and also within species — 3
or 4 in human, 7-10 in mouse depending on therstrad 18 in the horse (Pantalacci
et al. 2008; Welsh and O'Brien 2009) and functemait in mastication (Peterkova et
al. 1987). The rugae of mouse and hamster havedbeswn to develop in a
sequential manner within the anterior region ofgiatatal shelves. The first formed of
which (R1) is positioned at the junction of théule hard and soft palate (Welsh and
O'Brien 2009). Additional rugae are then formedhi@ region anterior to first formed
rugae, with the next ruga being positioned betwherfirst and the most recently
formed rugae. The addition of the forming rugaaasompanied with expansion of
the region between R1 and the most recently formagd, such that all the previously
developed and the most recently formed rugae dend&d anteriorly away from the
anterior/posterior junction thus extending the fatbard palate (Welsh and O'Brien
2009). A proposed molecular mechanism for the eetigl addition of rugue within
the oral epithelia are formed and how this reladebe accompanied extension of the
anterior palate has been proposed (Welsh and @'Bfi69) and is outlined in Fig.

10.
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Figure 10: Models of the molecular and morphogenatiactivity
associated with the rugae growth zone (RGZ) (takefiom Welsh and
O'Brien 2009).

(A) A suggested model of molecular interactions iraegg FGF10 and
BMP4 signalling during rugae formation within th&R has been
proposed (Welsh and O'Brien 2009). BBt§f10 andBmp4are required
for epithelial expression @hh Fgf10is expressed in a gradient
extending from R1 to the site of nascent rugae #&bion. It is proposed
that FGF10 signalling, mediated througNp63 and its targetdag2and
Fgfr2b, maintains proliferation of epithelial progenitaisthe posterior
end of the RGZ. Epithelial expression of Brmp4antagonisSostdclin
the anterior palate also requifégf10. Sostdcl acts to restrict induction
of Shh in the RGZ. Induction &hhandp21expression at the site of the
next forming rugae results in epithelial differation while continued
proliferation of inter-rugae epithelium moves theHR rugae away from
the RGZ. Signals from the R1+n rugae (bar and greveralso proposed

to influence the fate of RGZ epithelium.

(B) The anterior growth of the anterior palate (gmbceeds from the first
formed rugae (red arrow) and is coincident withestablishment of
segmental signalling domains (rugae). Fusion obilageral shelves
requires medially directed growth (red arrowheauats) patterning of the
medial edge epithelium (MEE, pink). The lateral boary of the MEE
coincides with the medial edge of the rugae, sugggethat signals from
the rugae also participate in the intrinsic progthat patterns the MEE.
Thus, rugae and the RGZ provide a reference frameigualizing the
organization of signalling domains with respecthte anterior—posterior

and medial-lateral patterning and growth of thafadlshelves
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1.2.5 Removal of the midline epithelia cells

The epithelia covering the palatal shelves aredéwiinto oral, nasal and medial edge
epithelia (MEE), depending on their regional pasitiand each cell type has a
different fate: the nasal epithelia differentiatéoi pseudo-stratified epithelia; the oral
epithelia into squamous epithelia; the epithelelsccovering the shelves in the
region of fusion — namely, the medial edge epithelare removed (Chai and Maxson
2006).

Upon fusion, the opposing palatal shelves adheeath other through a coat of
glycoprotein molecules secreted by the MEE (GresmkKochhar 1974) and by the
formation of desmosomes (DeAngelis and Nalband&681Mogas®t al.2000),
thus forming a midline epithelial seam (MES). Islk@een shown that the cell
adherence properties of the MEE is specific antdnwil fuse with other epithelia
under normal conditions (Fergusehal.1984).

The palatal shelves, similar to every other ssfiue in the oronasal region, are
covered by two layers of epithelial cells: an intagter of basal cells on the basement
membrane; and an outer layer, consisting of pandmlls (Duda®t al.2007). The
periderm cells either peel out from the epithdiaiface layer prior to contact of the
palatal shelves, or else they become trapped biih@pposing shelves after fusion
and undergo apoptosis (Fitchett and Hay 1989).basal epithelia form the MES

following fusion.

For complete unison of the shelves to occur anohéimmuous secondary palate of
confluent mesenchyme cells to be formed, the MEStiine removed. The process
through which the MES is removed is still the sabja some debate and even the
same technique has revealed contradictory reSuitsevidence for and against the
principle mechanisms proposed for MEE removal @ashin Table 3.
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Method Used

Observations and Interpretations

Suggéen or Evidence

References

CCFSE - intravital permanent epithelial
staining (whole palates and living palatal
slices.

No midline-crossing migration of green cells inte wild type tissue,
suggesting that the MES cells die and/or migratayafrom midline.

No epithelia-mesenchyme
transformation.

(Cuervo and Covarrubias 2004)

After fusion, labelled cells identified as fibrobta in the mesenchyme

Epithelia-mesenchyme
transformation.

(Griffith and Hay 1992; Suet al.1998; Kang
and Svoboda 2002)

Tracing with adenovirus expressing lacZ.

No midiamessing migration of labelled cells into the nresgeyme

No Epithelia-mesenchyme
transformation.

(Cuervo and Covarrubias 2004)

Tracing with retrovis expressing lacZr.

Clustersatifelled cells into the mesenchyme

Epithelia-mesenchyme
transformation.

(Martinez-Alvarezet al.2000)

Lineage tracing with transgenic reporters.

No epithelial cells migrate into the mesenchyme l&telled cells of the
epithelial origin are present in the palatal midlafter fusion.

No Epithelia-mesenchyme
transformation.

(Vaziri Saniet al.2005; Duda®t al.2006)

GFP transgenic shelves fused with wild-
type shelves.

No midline-crossing migration of green cells inte wild type tissue,
suggesting that the MES cells die and/or migratayafrom midline.
Intraepithelial interactions (mixing) of green anid type cells in the MES
at the time of peak occurrence of apoptosis. Lighiteshelf-to-shelf
migration of oral and nasal epithelial cells re@atd

No epithelia-mesenchyme
transformation, Epithelial
motility.

(Cuervo and Covarrubias 2004)

Cell tracing after labelling with lipophilic
fluorescent dyes DiO and/or Dil.

MEE cells migrate vertically from the midline towiarthe oral and nasal
surfaces, but not into the mesenchyme or acroswitiee.

No epithelia-mesenchyme
transformation migration.

(Carette and Ferguson 1992; Tudetal.
2002; Cuervo and Covarrubias 2004)

MEE cells migrate vertically from the midline towiarthe oral and nasal
surfaces, but not into the mesenchyme or acrossitiae.

Epithelia-mesenchyme
transformation.

(Shuleret al.1991; Shuleet al. 1992)

Blocking cell migration by cytochalasin D.

Oral and nasal epithelial triangles not found, eeltideath did not occur in
any of MES cells

Periderm migration.

(Cuervo and Covarrubias 2004)

continued overleaf ...

32




Molecular detection of apoptosis,

Multiple apoptotic cells detected by TUNEL.

Celladle.

(Mori et al.1994; Taniguchet al. 1995;
Martinez-Alvarezet al.2000; Cuerveet al.
2002; Holtgrave and Stoltenburg-Didinger
2002; Martinez-Alvareet al.2004)

No apoptotic cells detected by TUNEL.

Epithelia-mesenchyme
transformation.

(Nawshadet al.2004)

Blocking of cell death# combined with
epithelial cell labelling),

MES persists, no fusion occurs, the basal lamiagssntact, and no
migration of labelled cells detected in the mesgnah This suggests eithe
that the occurrence of EMT is low and insufficiem@llow for palatal
fusion, or that EMT does not occur prior to thettes the MES cells at all.
Also suggests that basement membrane degradasecasidary to cell
death (“cataptosis”) and not vice versa (“anoikis”)

r

Cell death.

(Cuervoet al.2002; Cuervo and Covarrubiag
2004)

Complete fusion occurred

No cell death

(Honarpouet al.2000; Takaharat al.2004)

Palatal fusion failed (aftekpaflgene inactivation in mice)

Cell death

(Ceccenal. 1998)

continued overleaf ...
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All cells disappear from the midline.

Cell death, no anoikis.

(Cuervo and Covarrubiast200

Blocking of degradation of the basement
membrane (BM) by MMP inhibitor,

Apoptosis occurs naturally, but the mesenchymeppbaed shelves remain
separated by intact basement membranes withost saljgesting basement
membrane degradation is secondary to cell dea#tgtosis”) and not vice
versa (“anoikis”).

Cell death, no anoikis.

(Cuervo and Covarrubiast200

Cells did not disappear from the midline. Cell teatnoikis. (Blavieet al.2001)
Removal of the periderm by tripsin, No trianglesiied, and resulting palate is thinner. Peridernratign. (Cuervo and Covarrubias 2004)
No cell death or EMT seen, only epithelium migrgtorally and nasally. Migration. (Carette and Ferguson 1992; Bittencourt an

Bolognese 2000)

No cell death seen, only epithelium changing toanelyme.

Epithelia-mesenchyme
transformation.

(Fitchett and Hay 1989; Nawshatlial.2004)

Electron and/or light microscopy
observations,

Signs of cell death seen: dense bodies, autopkagimles, lysomes.

Cell death.

(Pourtois 1966; DeAngelis and Nalbandian
1968; Farbman 1968; Hayward 1969; Smile
1970; Holtgrave and Stoltenburg-Didinger
2002)

Bulging cells observed, protruding from the MEE &vds the opposite
shelf.

Epithelial cell
motility.(Martinez-Alvarez
et al.2000; Martinez-
Alvarezet al. 2000)

(Martinez-Alvarezet al.2000; Martinez-
Alvarezet al.2000)

All three: EMT, death, and migration occur (statataebased purely on
static images). MEE cells can disappear from sisabefore contact when
amniotic fluid is not present in culture.

Epithelia-mesenchyme
transformation, apoptosis,
migration.

(Tsai and Verrusio 1977; Schupbach and
Schroeder 1983; Takigawa and Shiota 2004

Examination of cell differentiation markerg

" mesenchyme just vimentin

MEE cells express cytokeratin and vimentin, andysion midline

Epithelia-mesenchyme
transformation.

(Fitchett and Hay 1989; Shulet al.1991;
Shuleret al. 1992)

Assessing metabolic health of midline cells.

Midline cells are alive and healthy.

No cell death

(Gartnest al. 1978; Gartneet al. 1978)

Table 3: A summary of the evidence for and againghe principle mechanisms involved with MES disappeance. (Taken
from Dudaset al.2007).
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1.2.6 Palate formation in other vertebrates

Much of the understanding of human palate developmas been derived from work
using animal models in which a wide range of experital and genetic tools are
available (e.g. Jheon and Schneider 2009) and iex@etal manipulation is possible
that for obvious ethical reasons would not be gadesn human subjects. Although
the information obtained from experiments usingralimodels is often very
revealing (reviewed in Gritli-Linde 2008), it shdube noted that the formation of the
secondary palate varies in birds, amphibians apiiles to that of mammals,

reviewed in Ferguson (1988).

The palatal shelves of birds arise from the mailfrocesses, but instead of
extending vertically they develop in a horizontakdtion. The palatal shelves contact
each other but the MEE never adhere. The MEE aktsdo not produce
glycoproteins or desmosomes, instead, these caidtikise - leaving birds with a

naturally occurring cleft palate (Koch and Smilé&81).

In amphibians and some reptiles, the roof of thetmgonsists largely of an extended
primary palate; although other reptiles have aséany palate similar to that found in
birds, and the palate of the crocodilians is fusedijlar to the mammalian secondary
palate. The formation of a secondary palate seerhe in evolutionary feature
exclusive to higher vertebrates and is absentegisp lower on the evolutionary tree,
including fish.

Although the development of the palate proceeamsastly the same fashion in all
mammals, there are differences between speciedlddreof the nasal chamber in
human, for example, recedes following the disruptbthe oronasal membrane (see
1.2.2), to form a singular oro-nasal cavity; in fsoimate mammals, including mouse,
the floor of the nasal region consists of a “camtins cartilaginous flange” (Carstens
2002).
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1.3CLEFT PALATE

Stedman’s medical dictionary describes a clefttpada “a congenital fissure in the
median line of the palate, often associated witft ¢p” (Stedman 2005). Any
orofacial cleft, either of the palate or lip, isrited as a consequence of two
embryonic structures that would normally fuse dgiievelopment, not being able to
properly do so. Improper fusion of any of the lateasal, medial nasal or maxillary
processes (Fig. 8) may result in a child being vath a cleft lip or with a cleft of the
primary palate, or in some instances both. As thesgwo pairs of these processes at
either side of the developing face, such clefts apresent as either unilateral or
bilateral. A cleft of the secondary palate is fetdhwhen there has been incomplete

fusion of the palatal shelves.

1.3.1. Syndromic and Non-syndromic CL/P and CPI

A cleft lip, with or without a cleft palate, is ceantionally notated as CL/P and
isolated cleft palate CPI. A cleft of either thdgte or the lip is referred to as “non-
syndromic” in incidences where no other anomalresgpaesent; or conversely, if an
orofacial cleft is present together with other iciad features then the cleft is classed

as “syndromic”.

Several hundred syndromes are known to have aligeft palate along with other

abnormalities (OMIMhttp://www.ncbi.nlm.nih.gov/omin)/and in many of these

cases, a specific gene has been identified, fanphaIRF6 - Van der Woude and
popliteal pterygium syndromes (Kondbal.2002);MID1 — Opitz syndrome
(Quaderiet al.1997);ESCO2- Roberts syndrome (Vegs al.2005) and many more
have been shown to be caused by chromosomal ablitemauch as DiGeorge
syndrome which is caused by a deletion in chromes@in(Kelleyet al. 1982). It is
now thought that some of the genes responsiblsyfodromic clefts may also
underlie non-syndromic clefts, either through inpbste penetrance or through the
action of additional genetic or environmental fast(Stanier and Moore 2004). In
addition to the syndromes mentioned abdR&,6 has also been attributed to non-
syndromic CL/P (Zuccheret al.2004; Blantoret al.2005; Scapolet al.2005). Van
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der Woude is the most common form of syndromic Cdiigl is often seen together
with a pit of the lower lip. Although people affedtby Van der Woude syndrome
may also have brain abnormalities, they are oftedetectable without an MRI scan
and in cases where lower lip pits are absent, \éan¢bude is impossible to

differentiate from non-syndromic CL/P.

1.3.2 The Aetiology of Cleft palate

A cleft palate may arise as a consequence of iacbdevelopment at any stage of
palatogenesis: an anomaly in palatal shelf grodétayed or failed shelf elevation;
defective shelf fusion or a failure of medial eagathelium cell death (reviewed in
(Kerriganet al.2000; Murray and Schutte 2004; Rice 2005; Menhgl.2009). These
events are orchestrated by restricted gene expreasd protein signalling, requiring
precisely timed cell interactions and modificatioDssruptions to these processes
lead to the failure of the correct fusion of onevmre of the facial prominences,

ultimately leading to facial anomalies, which inmgacases display as a facial cleft.

A cleft of the secondary palate at birth can besedlby an anomaly at any time
during the patterning of the pharyngeal archesyedkas incorrect growth or fusion
of the palatal shelves, or incomplete disintegratibthe MEE. Abnormal timing of
head movements and tongue position in the moutinglembryogenesis have also
been proposed as potentially being involved in fogra cleft palate (Ferguson
1981). The mammalian tongue occupies the spadeairal cavity to such an extent
that the vertical palatal shelves cannot extendgzbotally until the tongue has
physically moved to enable sufficient space forghelves to extend horizontally. It
has therefore been suggested that incorrect moverh#re tongue during
development may in turn lead to insufficient spiscthe oral cavity for the horizontal

extension of the palatal shelves, thus resultirg ateft.

The actual aetiology of why normal developmenthef head and palate are distrupted
and a cleft is formed appears to have both geaaticenvironmental contributing
factors. The mutilfactorial threshold model of énitance (Roberts 1961; Roberts

1964) used to model the inheritance of pyloric at& has since been applied to the
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inheritance of a cleft palate (Fraser 1976; Fra986; Fraser 1998; Liat al. 1999).
The multifactorial threshold model of inheritan®¢HT) postulates that the various
genetic and environmental factors are interacitingrovide a “continuous distribution
of liability”. This liability is separated by a tbshold value. In the case of cleft palate,
Fraser explains that the liability can be thougrdothe embryonic stages over which
the palatal shelves are fusing. The thresholdagithe point at which the shelves can
no longer fuse with each other. Any factor thattabates to delaying the movement
or fusion of the palatal shelves will increaseftiegiuency of liability. The closer that
an embryo is to the threshold, the more likely dalay in palate formation will result
in the threshold stage being missed and therefi@susceptibility to a cleft will be
increased. Although this model has been challengeehtly by a Norwegian study
(Sivertseret al.2008), the data produced from a much larger s{Gagsenet al.

2009), concluded that their data supported a nagtidirial threshold model of

inheritance.

1.3.3 Cleft Palate Risk Factors

A. ENVIRONMENTAL FACTORS

There have been many studies into the various @mviental factors that contribute
to the liability of a cleft palate. That is to saygn-genetic causes influencing the
disruption, or delaying, the correct formation lo¢ thead, face and palate. Such
environmental factors have been shown to includesmtal age and maternal weight
(Bille et al.2005; Cedergren and Kallen 2005); geographic iocdPolettaet al.
2007), which the authors ascribe to variance itudk and socioeconomic status;
seasonal variance (Krost and Schubert 2006), atédbto differences in exposure to
ultra-violet light, fluctuations in diet and inféatis disease cycles; exposure to
various teratogens, including cigarette smoke,raanutil-vitamins and anti-
epilepsy drugs (Wyszynski and Beaty 1996; ShawlLamdmer 1999; Heilbronner
2005).

Various genetic risk factors have also been diseal/€l.3.38), but it must be
remembered that inheritance of cleft palate is ifiagkiorial and as such, the effect of
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environmental factors and genetic susceptibilitg theft palate must be considered
together. Despite this, gene-environment studiesmne relatively few and difficult to
interpret given the nature of these studies whemany unknown variables can
influence findings. Indeed, whilst one study hasvam the incidence of cleft palate to
be higher in children born with a mutation in theftcpalate candidate gefié&Fa if
they had a maternal parent who smoked (Séal. 1996), other studies have shown
no such association between these two factors yeeat. 1997; Christenseet al.
1999; Zeigekt al.2005).

B. GENETICFACTORS

It was postulated relatively early that CL/P maydan hereditary component (Fogh-
Anderson 1942). Reports have shown that gendedéetermining factor; with cleft

lip and palate being more common in males than liesrend cleft palate only, being
more likely to be seen in females than males (Fre8#0). In the most recent, and
largest study to date, studied data from a Daroslot of over 54000 relatives of
individuals with an oral cleft (Grosest al.2009), the risk of oral cleft recurrence
between first, second and third degree relativesegtablished. This study found that
recurrence of a non-syndromic isolated cleft ligpalate between first degree
relatives was 2.7%, with a relative risk — theaati the probability of a first degree
relative of an individual with non-syndromic cléft being born with the same
condition to that of the probability an individuaging born with the condition in the
background population — of 13. This effectively me#hat a first degree relative of
an individual with isolated cleft palate would k& times more likely to be born with
the same malformation. Relative risk for first dsgrelatives were established for
non-syndromic cleft lip and palate (risk — 3.5%atee risk 17) and non-syndromic
isolated cleft palate (risk 3.1%, relative risk {8yosenret al.2009). Relative risks
were also calculated for second and third degreéives. Such information is
invaluable in the counselling of families with teesonditions (Gagnoet al.2009),
however with more complete understanding of theeges involved in the

inheritance of an oro-facial cleft, more accurakeglations of the risk of recurrence

can be made e.g. depending on the specific gemstiactor involved.
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To date, there have been 12 distinct loci idesdifior non-syndromic CL/P
designated orofacial cleft (OFC) 1-12 (Table 4) andome of these cases a specific
gene has been identified (Stanier and Moore 2084n€l et al.2007). Of the six
genes that have been confirmed as being causagaresain CL/P, four of those are
also involved in syndromic CL/P diseases.

OFC1 119530 6p23-p24
OFC2 602966 TGFa ? 2p13
OFC3 600757 BLes? 19q13
IPVRPPVRL2
OFC4 608371 SCD5? 4g21-31
OFC5 608874 MSX1# 4p16.1
OFC6 608864 IRF6# 1032-g41
OFC7 225060 PVRL1# 11g23.3
OFC8 129400 * TP63# 3027
OFC9 610361 13933.1-34
OFC10 601912 SUMO1 2033
OFC11 600625 BMP4 14422-23
OFC12 612858 824.31

Table 4: A list of known loci for CL/P (Adapted from Carincet al.
2007 and OMIM [ttp://www.ncbi.nim.nih.gov/omimj28 Feb 2010]). A
? denotes that linkage studies have suggeste# bdimeen CL/P and

that gene in the region, but has not been confiroethte. # denotes that
this gene has also been implicated in a syndrorhi® Condition, *
denotes that the MIM number actually refers toradsgme in which an
orofacial cleft is a feature of the phenotype, thetentry also includes

reference to the highlighted non-syndromic OFC.loci
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Of particular interest is the OFC10 locsspall ubiquitin-like modifier 1
SUMO1 The SUMO1 protein is known to target specifiotpms through a process
known as sumoylation. This is a reversible acteamable of modifying the protein in
guestion altering protein stability, facilitatingubscriptional regulation and nuclear
transport and apoptosis(Su and Li 2002; MeulmeestérMelchior 2008). There are
4 knownSUMOgenes in humargUMO21 SUMO2 SUMO3(Su and Li 2002and
SUMO4(Bohrenet al.2004). A balanced translocation in BgMO1gene was
identified in individual with non-syndromic clefpland palate (Alkuraya et al. 2006).
Further evidence of the importance of SUMOL in fmagjanesis has been provided by
gene expression studies in mice, which demonstthla@UMO1is expressed within
the primary and secondary palate and in the deirejdip (Alkurayaet al.2006).
Moreover, a number of the heterozygous Suffibinice displayed a cleft palate or
oblique facial cleft and iSumof"*; Eyal " compound heterozygotes the occurrence
of cleft palate (36%) was significantly increas@dk(iraya et al. 2006). However, a
separat&Sumolgene trap mutant generated phenotypically normeénsiuggesting
that SUMO proteins may compensate for one anothetdkimov et al. 2008).
SUMOL1 has been shown to interact with other pretemnplicated in palate
formation, including SATB2, SMAD, MSX1, SOX9, EYAIp53, p63 and TBX22
(Rodriguezet al. 1999; Dobrevaet al.2003; FitzPatriclet al.2003; Linet al.2003;
Huanget al.2004; Taylor and Labonne 2005; Alkuragtaal. 2006; Gupta and Bei
2006; Andreotet al.2007) and reviewed in (Pauws and Stanier 200ti-Gimde
2008). This extensive number of proteins pointsa@s a common genetic pathway
regulating palatogenesis. Interestingly, sumogtatias been shown to be affected by
various environmental factors including: heat shacdative and osmotic stress and
viral infection (Meulmeester and Melchior 2008)yslproviding a link between the

known genetic and environmental influences involwethe CL/P.

Although the known causative loci for non-syndroménes is still relatively limited
(Table 4), there are other genes that have beelicatgd in human non-syndromic
oro-facial clefts on the basis of human gene lirkkagsociation studies, gene
expression and phenotypic analysis gained from almnodels and mutants
(reviewed in Gritli-Linde 2008; Jugesseiral.2009) and shown in Table 5.
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Gene References Gene References
CHD7 (Felix et al.2006) PDGFC (Ding et al.2004)
CRISPLD2 | (Chiguetet al.2007) PVRL1 (Suzukiet al.2000)
ESR1 (Osoegawaet al.2008) PVRL2 (Warringtonet al.2006)
ESCO2 (Vegaet al.2005) RARA (Chenevix-Trenclet al. 1993)
FGF3 (Riley et al.2007a) RUNX?2 (Sull et al.2008a)
FGF8 (Riley et al.2007a) RYK Watanabe et al., 2006
FGF10 (Riley et al.2007a) (Breweret al. 1999; FitzPatriclet
FGF18 (Riley et al.2007a) SATB2 al. 2003; Vieiraet al.2005)
FGFR1 (Riley et al.2007a) SKiI (Vieira et al.2005)
(Riley et al.2007a; Rileyet al. SPRY?2 (Vieira et al.2005)
FGFR2 2007b; Osoegawet al.2008) (Yagi et al.2003; Payloet al.2006;
FGFR3 (Riley et al.2007a) TBX1 Zweieret al.2007)
FOXE1 (Vieira et al.2005) TBX10 (Vieira et al.2005)
(Scapoliet al.2002; Inoueet al. (Braybrooket al.2002; Marcanet
GABRB3 2008) TBX22 al. 2004)
GAD1 (Kannoet al.2004) TCOF1 (Sull et al.2008b)
GLI2 (Vieira et al.2005) TFAP2A (Milunsky et al.2008)
IRF6 (Kondoet al.2002) TGFA (Carteret al.2010)
JAG2 (Vieira et al.2005) (Nawshacdet al.2004; Stollet al.
LHX8 (Vieira et al.2005) TGFB1 2004)
MSX1 (van den Boogaarelt al. 2000) TGFB3 (Lidral et al.1998)
MSX?2 (Vieira et al.2005) (Celli et al.1999; McGratlet al.
MYH9 (Martinelli et al.2007) TP63 (p63) | 2001)
(Mansillaet al.2006; Carteket al. WNT3A (Chiquetet al.2008)
PTCH 2010) WNT5A (Chiquetet al.2008)
PAX9 (Ichikawaet al.2006) WNT11 (Chiquetet al.2008)
PVR (Warringtonet al.2006) WNTO9B (Juriloff et al. 2006)

Table 5: Genes implicated in human syndromic orofaal clefting based on evidence from human genetituglies,
mouse models, and expression data in orofacial priondial (from Gritli-Linde 2008; Jugessur et al.2009).
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Although there are fewer loci genes identified @, the first reported study
suggesting that the genetic heredity of cleft mataty follow an X-linked pattern was
described in 1966 (Weinstein and Cohen 1966); aihaleft palate was not the only
clinical feature present in this family. An X-linkenheritance for CPI was described
in an British Colombia Indian family (Lowry 1970pe then a single causative gene
for non-syndromic cleft palate was eventually mapjmea locus on the X
chromosome in an Icelandic population (Moetel.1987; Bjornssort al. 1989). In
affected individuals in the Icelandic pedigreesspraing with problems of the
secondary palate, the severity varied from a cotegeft of the secondary palate,
through a fused but sumbmucous cleft with an aasedtibifid uvula, to a high
vaulted palate. In some cases there was no obpmate cleft at all, but patients
showed signs of ankyloglossia. Indeed, ankylogéog&is often seen in many cases in
conjunction with the observed secondary palateomalations and it was therefore
speculated that the cleft palate may in fact becasdary consequence caused by
inappropriate cell death in the tongue during pajahesis (Gorslat al. 1992; Stanier
et al.1993). As the inheritance of this trait followad X-linked pattern, the disease
was given the notation CPX — X-linked cleft pal@#M# 303400). Linkage

analysis mapped the CPX locus to marker DXYS1X (M@t al. 1991) on the long
arm of the X chromosome in the region Xq21.1. T#X locus was then further
refined (Gorskiet al.1992; Stanieet al. 1993; Gorskeet al.1994) and finallyTBX22
was identified as the causative gene (Braybretodd. 2001). Usually affected males
are seen with cleft palate and ankyloglossia (CRAhough they do present CPI
17%, and rarely with ankyloglossia alone 4%. Ferpaleers vary from being fully
affected, to displaying an entirely normal phenety[CPA 11%, CPI 6%,
ankyloglossia alone 43% and unaffected 40% (figtne@®a Stanier and Moore 2004).
Loss-of-function mutations have been found in cgdegions offBX22in CPX
patients (Braybrookt al.2002; Marcanet al.2004; Suphapeetipoet al.2007). A
haplotype containing risk single nucleotide polyptosms within the promoter
region of theTBX22gene and consequently reducing transcription o228 has also
been associated with cleft palate and ankyloglqgsaawset al.2009b). The severity
of the palate cleft seen in these CPX patientesagreatly, with the most severe
cases presenting with a complete cleft of bothhtrel and soft palate, whilst others
display a submucous cleft palate (SMCP), a contlittbere a layer of mucosa covers

the roof of the mouth, but the underlying musclesdt join correctly leading to
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velopharngeal insufficiency. SMCP may also preseétit uvula bifida — a splitting of
the uvula, or a v-shaped notch in the hard patategnslucent line in the midline of
the soft palate and a short palate (Wafeal.2009). Cases where a SMCP has not
given rise to velopharyngeal insufficiency are redd to as occult SMCP (Pauws
al. 2009a). CPX patients may also present with ankygksig together with any of

these features, or indeed it may be the only dirfeature present.

There is also statistical evidence for a secondl@fis at 2932 (Breweat al. 1999).
Two genes in this region have been suggested agpmsandidatesFGFa and
SATB2 Several studies have tried to lillcFa andSATB2to CPI with varying
degrees of success (FitzPatretkal. 2003; Vieira 2006; Leoyklangt al.2007). It is
likely that sampling biases lack of statistical goywand genuine population diversity
have all contributed to the various studies leadiindiffering conclusions as to

whether or not these genes are implicated in CPI.

As previously mentioned all of the syndromic case€L/P must be considered as
potential candidates for non-syndromic CL/P to@(&ir and Moore 2004). Due to
the mutilfactorial nature of CL/P, different gemedr environmental modifiers could
affect the clinical presentation of a mutationucls a gene. As well as the known
syndromic and non-syndromic CL/P causing genegetad gene disruption in animal
models provide us with yet more possible CL/P cdaigi genes, as do gene
expression profiles that reveal genes which areesged in the facial prominences

during development.
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1.3.4 Detection, Treatment and Outcomes

In countries where routine antenatal ultrasounatkfi@are common place, an oral
cleft is often detected prior to birth. Even whargenatal ultrasound checks are not
routine, a cleft lip being an external feature Wil recognised immediately after birth.
However a cleft palate, particularly a sumbmucdat palate, in isolation is
sometimes harder to detect and is sometimes nghaolsed until some weeks after
birth. However, with the arrival of 3-dimensiondtrasound techniques, antenatal
diagnosis is improving (Maars al.2010). Suckling problems and faltering weight
gain in children born with a CL/P are common (Beantr2008) and advice is often
given by a specialised health practitioner on teges to help mothers breastfeed
and specialist aids can be offered to assist With(Coleet al.2009). In some cases,
particularly with children born with a cleft of tteecondary palate, children are
unable to produce sufficient negative pressuréenaral cavity and therefore cannot
move the bolus backward to the pharynx; rendenirflsng impossible. In such
cases the child will be fitted with a palatal bibturator to aid nutritional intake prior
to surgery (Karayazgaet al.2009). In extreme cases feeding via a nasogdstrecis

necessary (Oliver and Jones 1997).

After a period of around three to six months swabrepair of the cleft can be
undertaken (De Megt al.2009). Follow up surgery is also sometimes requaned a
bone graft may be required in later childhood. gndficantly higher proportion of
children born with a facial cleft present with itedia with effusion, or glue ear,
than children who do not have a facial cleft (Flwtral.2009). This often leads to
long term hearing difficulties, even following sessful palate repair (Sharma and
Nanda 2009)and may require separate surgical gnéon and/or require the use of a
hearing aid (Zambonatet al.2009).

Whilst children born with a cleft lip usually dewgl speech normally, those born with
a cleft palate are more likely to experience diffiies with speech development. Such
speech development problems have also shown tct #ifiler intelligibility, social
competence and emotional development (Redlal.2009), although the intervention

of a speech therapist can reduce these effects.
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Many cleft palate diseases are also associatedt@ath abnormalities (van den
Boogaarcet al.2000)and children often have to undergo orthodantiatment to
correct for teeth malformations. A higher propantmf tooth decay has also been
observed in children born with a cleft lip or paléihan those without (Al-Dajani
2009).

The emotional and physiological impairment to ddchorn with an oro-facial cleft is
not to be underestimated. Their physical appearandesocial embarrassment from
not being understood contribute to reducing, tyvay degrees, their quality of life
into adulthood even following a complete treatn@anh including surgery, speech
therapy and audiology management (Meainal. 2010). The reality exists that whilst
children born in the Western World receive intemi@mfrom multidisciplinary teams
offering both primary and secondary care (Austiml.2010), many of those children
born with a cleft in underdeveloped countries Wwéldenied access to any of this
treatment due to the prohibitive costs of treatmemthese countries. Left untreated
these unfortunate children are often destined fde &f rejection due to social
ignorance of their deformity and many never godoo®l. Without education and
lacking social skills these children grow up nelveing unable to find employment
(Mendoza 2009).
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1.4 AIMS AND STRUCTURE OF THETHESIS

The overarching goal of the thesis is to increaseuaderstanding of the role that

TBX22plays during normal development and in CPX.

There are four specific aims of this thesis:

1. To investigate the spatial and temporal expressiarBX22during
early human development, with a particular focushendeveloping
face and palate (Chapter 2). Potential functidriBBX22can be
postulated from the timing of and tissue type wheBX22is

expressed.

2. To synthesise a TBX22 protein, in its native confation, so that it
can be used in functional studies to determinesgepential DNA
binding site for TBX22 (Chapter 3). Finding genleattcontain this
sequence is one approach to identifying potentairgstream
targets of TBX22.

3. To define potential TBX22 downstream targets amdest their
promotersn silico for the presence of possible TBX22 binding sites
(Chapter 4). Identifying potential downstream tasgeill suggest
pathways in which TBX22 may be involved and hengssible

mechanisms for its action(s).

4. To investigate the possibility that one of the genkentified by the
in silico search is a TBX22 downstream targetivo (Chapterb).
Characterising the interaction of TBX22 and on¢hefpotential
downstream targets will validate the results gainesilico and

provide stronger evidence for one possible roleldx22.
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CHAPTER 2

EXPRESSION OF TBX22 DURING EARLY HUMAN
DEVELOPMENT

2.1 INTRODUCTION

Since mutations in thEBX22gene had been shown to cause CPX ((Braybebak.
2001); reviewed in Chapterl) it was likely that TBXplayed a significant role in the
normal development of the palate. Elucidating ¥gression pattern would be an
important first step towards understanding exaetign and where TBX22 could be
exerting its effect(s). It might distinguish, foraample, between the possibilities that
the cleft palate seen in CPX arose as a secondasequence of the incorrect
separation of the tongue from the floor of the rhadiiring palatogenesis (leading to a
decrease in the amount of space available in #ecavity to allow correct fusion of
the shelves) or alternatively, if the cleft miglet dhue to a failure of the growth or

fusion of the palatal shelves themselves (see)1.3.2

TBX22expression was examined at the RNA level by tigsséu hybridisation.
Studying the RNA, rather than the protein, hasatiheantage that primers or probes
can be easily synthesised to be specific for aquéat region of the mRNA. Although
when working with RNA, the additional technicaluss of eliminating RNase
contamination become important. There are varioehaus to study the RNA
expression profile of a gene of interest. RT-PCRl#res cDNA which has been
generated from RNA within the sample tissue udiegreverse transcriptase enzyme
with specific primers ensuring detection of thegehinterest. However, this
approach only gives a “yes or no” answer as to kadrein mRNA is present in the
experimental sample or not. Any indication of tissue specificity of expression is
dependent on the degree to which the tissue saraplbe sub-divided by dissection
but there is no indication of cellular distributiohthe RNA within the dissected
tissue. As detection is performed by amplificatiohthe RNA within tissues, some

low level transcripts or even cross-contaminatimmf nearby tissues can produce
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unexpected results. Early RT-PCR studies of tHddnfth TBX22transcript

indicated thalf BX22was expressed in all of the fetal tissues exam({Bealybrooket

al. 2001), perhaps indicating thBBX22did not have a tissue specific expression.
Real time quantitative PCR (Chiaegal. 1996; Gibsoret al. 1996; Heidet al. 1996),
whilst still being limited to the same sample gigstraints as traditional RT-PCR has,
as the name suggests, the additional benefit ofuneg the abundance of an RNA
transcript within a particular sample allowing teeel of expression in one tissue to

be compared to that of another.

Insights into whether there are different RNA ti@aigs within a tissue may be
gained by Northern blot (Alwinet al. 1977). This entails blotting a labelled probe to
a membrane blot of an RNA gel of a tissue samplerination about the spatial
distribution is again limited by the range of tissuested and the specificity of the
tissue sample dissections. This was highlightedwheTBX22gene was first

cloned. As tissue from the palate was not includdtie test tissues, no mRNA
transcript was detected in any of the human aduktal tissues tested in a northern
blot hybridisation (Laugier-Anfossi and Villard 200 However, this technique does

give insights into the size and number of RNA traupds (Lawet al. 1998).

Originally using RNA or DNA probes to detect specDNA molecules within a
tissue sample, tissue situ hybridisation, first described in 1969 (Gall anddree
1969; Pardue and Gall 1969) enabled detectionttireithin a histological sample.
There have been many refinements to the technigue $969, including the use of
RNA probes to detect RNA molecules within tissuetisas and as whole-mount
preparations (Hargravet al.2006). By directly hybridising probes to tissue
preparations of various ages, the temporal andadgxipression patterns can be
visualised in the host tissue. Hence, this tecleigas chosen to characterise the

temporospatial expression patternf@&X22during facial development.

It was important that this study be undertakenatliygn human. It has been shown
that although a gene’s coding sequence may beyhogimserved during evolution,
this does not necessarily indicate that its exjpwagsattern will also be conserved
(Fougerousset al.2000). It has also been noted that there arerdiftes between

gene expression patterns in human and other vateshi~or exampld,bx5
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expression has been shown to be heart chambefispeahick and mouse (Bruneau
et al. 1999) although this specificity has not been reggbm humans (Let al. 1997).
Despite potential differences in expression pastéetween, for example, mouse and
human, the expression profiles of many genes haga btudied using other species
as a model for human development, partly due todlative ease with which such
tissue is available to researchers and to thetyaaia extent of experimental studies
that can be performed. To facilitate cross-spempasparisons, studies have defined
equivalent developmental stages in different spe@e@mmarised in Table 6 and see
http://embryology.med.unsw.edu.au/) although treseestimates based on the
development of a number of organ systems and $pecgans and tissues may
develop at differential rates across species (Flanal.2001; Clancyet al.2007)
including the formation of the face and secondaiate (see 1.2).

Much valuable information has been obtained byystgimouse gene expression
patterns (Buslet al.2002; Herret al.2003; Kimet al.2009b; Pauwst al.2009a).
However, in some aspects mouse is not an ideal lnnbti@man oral development.
For example, although displaying a fused pala@htdevelopment differs and they
only have one set of teeth. The formation of rugdech have been proposed as a
signalling centre determining anterior and postgpadate (Pantalacet al. 2008;
Welsh and O'Brien 2009), occurs during palatalfgrewth in mice but are only

reported in humans after fusion has occurred (Ba#l.2008).

Animal models, especially mouse, have provided mesgful tools for the
understanding of human disease, for example bykingout, reducing or altering
the expression of specific genes. However, thetasuphenotypes do not always
match the human disorder they were designed to enimieed, th&@bx22mouse null
mutant displayed differences to the human CPX plypeat models (Pauwst al.
2009a). A major phenotypic feature of this mutaaswhoanal atresia, which has not
been described in the CPX phenotype. Also, ankgksga was found in all of the
Thx22mutants examined. Ankyloglossia is variably pesr@tand often not seen at all
in CPX. Therefore comparing the expression patéhuman to that of mouse will
help to assess how much reliance can be placedaipwuse model of CPX.
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TBX22expression was investigated during the time wherfdce is forming, from

~33 days — 9 weeks (see 1.2). Particular attentespaid to the formation of the

palatal shelves; as developmental delays in thedton of the shelves are thought to

determine whether a cleft of the secondary patsseen in CPX patients, will occur

(see 1.2.3).
Human Mouse Chick
Carnegie Age Theiler Age Hamburger-Hamilton | Age

Stage (dpo) Stage (dpc) (HH) Stages (dpc)
9 20 12 8 7-8 1
10 22 13 8.5 9-10 1.5
11 24 14 9 11-13 2
12 28 15 9.5 14-17 2.25
13 30 16 10 18-21 2.5
14 33 17 10.5 21-22 3
15 36 18 11 23-24 3.25
16 40 19 11.5 24-25 3.79
17 42 20 12 26 4.75
18 44 21 13 27-28 5.5
19 48 22 14 29 6.25
20 52 23 15 30 7.25
21 54 24 16 31-32 7.75
22 55 25 17 33-38 8.5
23 58 26 18 39-44 10

Table €: A cross-species comparison of developmental timin¢(Butler and
Juurlink 1987; O'Rahilly and Muller 1987; Hamburged Hamilton 1992)
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2.2 MATERIALS AND METHODS

Tissuein situ hybridisation (TISH) using®S-UTP labelled riboprobes was employed
to determine the temporal and spatial mMRNA expoasgattern off BX22directly in
human embryonic tissue. These expression studiesunelertaken using material
made available from the MRC-Wellcome Trust Humandd@pmental Biology

Resource (www.HDBR.org).

2.2.1 Embryo collection and Processing

Human embryonic and fetal tissues were collectetheyMRC-Wellcome Trust
Human Developmental Biology Resource (HDBR) in Nasite (Lindsay and Copp
2005), with ethical approval by the Newcastle amdith Tyneside Local Research
Ethics Committee and appropriate maternal cons@tfiowing either surgical or
medically induced termination of pregnancy (Bulidral. 1998), embryos were
staged using the Carnegie stage classificationgubie definitions in Table 7, which
is taken from the staging guidelines in (Bullen &idson 1997). These staging
guidelines are a revision of the original definigoof (O'Rahilly and Muller 1987)
and are based on external characteristics of serglaryos, rather than a comparison
of several embryos at the same Carnegie stagesfidygsig system describes
specimens prior to fixation, a process that ofeausé to artificial changes in
morphology and is especially useful as no disseaimecessary and minimal
manipulation of the embryo is needed in order &ageatit, which is obviously desirable

given the delicate nature of the unfixed embryo.

The fetal human samples (those older than CS28wére collected were staged
using the guidelines set out in Table 8. The fetadjing guide uses foot and knee to

heel lengths to estimate developmental age andbigtad from (Hern 1984).

Where possible, all embryos are subjected to kgpgoainalysis using a small amount
of placental tissue or, in cases where there ifficgent tissue, a skin sample from
the embryo itself. Only embryos that have a norchabmosomal complement and
arrangement are used in this study and two emlanesased at each stage to verify
the findings.
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The embryos were fixed in 4% PFA/PBS for 24 howd @hen transferred to 70%
ethanol. After successive changes through a graeleels of 80%, 90% and 100%

ethanol (AnalaR, BDH) the embryos were then embeddgaraffin wax (Fibrowax,

BDH). Serial sections were taken using a standacdotome at &m intervals and

mounted onto Marienfeld HistoBond slides. To aithvarientation through the

embryo, every ninth section was stained with haerydinh and eosin, following the

standard procedures for paraffin sections (Wilswh@amble 2002).

Carnegie External Characteristics|-Secondary Crown — Rump
Stage | “diagnostic” features length (mm)
10 Mainly open r_1eura| groove; 15-3
up to 12 somites
11 Anterior neuropore closing, 25_45
posterior open
. - Posterior
12 No limb buds, or minimal neuropore may be| 3 — 5
upper bud
open
13 4 limb buds, tiny lowers 5-7
14 Tapering upper limb, no hanldOpen lens pit 7_9
plate
15 Hand plate now Lens pit closed 11-14
Pharyngeal arch 3
16 Foot plate and retinal pigmenteceding. Auricularn 11 - 14
hillocks
17 Digital rays of hand; full F_uII auricular 11-14
round foot plate hillocks now
18 Notched hand +/- elbow Eyelid fOId.S n 13-17
later specimens
Limbs all extended
19 Prominent toe rays nearly directly 17 - 20
forward
) . | Elbows bent.
20 Stubby fingers; toe notches; Hands still well 21 - 23
vascular plexus of head
apart
Fingers longer, getting closer,, . ”
21 Toes not just notches, may Tactile pads Y
ends of fingers
touch
Fingers touch/overlap. Ear features more
22 %, : 25-27
Vascular plexug‘up head prominent
Vascular plexus almost at | Eyelids may be 28 - 30
23 vertex. Limbs generally more starting to fuse at

mature.

margins

Table 7: Embryo staging guide(from Bullen and Wilson, 1997)
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Fetal Age Developmental Age Foot length| Knee — heel
(completed (weeks post (mm) length
menstrual weeks) fertilisation) (mm)
10 8 (CS23) 5-6 8

11 9 (F1) 7 11

12 10 (F2) 8-9 13

13 11 (F3) 10-12 17
14 12 (F4) 13-16 24
15 13 (F5) 17 - 19 31
16 14 F6) 20 - 22 36
17 15 (F7) 23 - 24 40
18 16 (F8) 25 - 27 43
Table 8: Fetal staging guidgfrom Hern, 1984)

2.2.2 Tissue in Situ

TISH was performed using radio labelled RNA proaed visualised by coating the
slides with a photo-sensitive emulsion. The methad devised by Moorman and his
colleagues (Moormaat al. 1993) and is described below. For this procedlire a

glassware was pre baked at 4B8@or 4 hours to denature any potential contanmggati

RNase enzymes.

Hybridisation

A. DNA TEMPLATE PREPARATION

A 336-bp fragment (nucleotides 640-976 of Genbardession no. NM_016954) -

which includes regions of exon 6 and 7 outsidéhefT-box domain to increase
specificity - was cloned into a pGEM-T vector betwehe T3 and T7 RNA
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polymerase promoter sites. This plasmid was a gifidrom Dr. Laurent Villard and
was used as a template to synthesise RNA probgflplasmid DNA were digested
to completion with either Sall restriction enzyniR¥dmega) to generate the sense
probe, or Apal (Promega) to generate the antisprid®e. The sequences of both the
sense and antisense probes were determined (312@flied Biosystems) and then
verified using the BLAST alignment program (Altsttet al, 1990), housed at the
National Centre for Biological Information (NCBIt{h://www.ncbi.nlm.nih. gov/)) to
ensure that they were specifictBX22mRNA and that there was minimal similarity
to other sequences. As expected 100% similarityseas between the probe template
sequence and all thr@@BX22mRNA transcripts, with 94% similarity between the
probe and the TBX22 genomic sequence. The highmgasty of the probe to a
sequence other than TBX22 was to a 61 nucleotgiemeof TBX1 (NM_ 005992
797-857). As TBX22 shares the highest sequence logyto TBX15 and TBX18
(see 1.1), the probe sequence was blasted digegainst the mMRNA sequences of
these genes (NM_152380 and NM_001080508). Thidtessun a 74% match
covering 250 nucleotides for tiIBX15mRNA and 68% similarity over a 231
nucleotide region fofBX18 These results meant that it was very unlikely #iidoer

sense or antisense probe would cross-hybridisthar &NA targets.

The DNA was purified by 1:1 phenol/chloroform extiian, precipitated with 96%
ethanol and 0.3M NaAc, washed with 70% ethanolrasdspended in 10TE buffer
(10mM Tris, ImM EDTA, pH 7.6). The linearised pladrdNA was verified by
visualisation on 1% agarose check gel, and thedditee linearised DNA was
confirmed by comparison to a 1kb ladder (PromelD&)A concentration was
estimated by comparing the intensity of the elgttayesed DNA band to a known
amount of phage DNA pre-digested to completion with a Hihddktriction enzyme

(Promega).

B. RNA TRANSCRIPTION ANDINCORPORATION OFRADIOACTIVE 3°S-UTP

The linearised template DNA was used to synthessese and antisense RNA probes
via transcription with either T3 or T7 RNA polymsearespectively. 500ng of
linearised template DNA was added to a transcmptéaction containing a final
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concentration of 50(M ATP (Roche), 500M CTP(Roche), 500M GTP(Roche),
500 M (50 Ci)3S-UTP (Amersham Biosciences), 1X RNA transcriptoiffer
(Roche), 1U/I RNAsin (RNAase inhibitor, Sigma), 58 DTT, 1U specific RNA
polymerase (Roche) and double distilled DEPC tckBk® in a 10| volume. The
reaction was incubated at’&7for 2 hours, and then the DNA template was degkst
by the addition of 1U DNAse (Roche) and incubate87aC for a further 15 minutes.
Unincorporated NTPs and the template DNA fragmesmie removed by adjusting
the volume to 100, adding the equivalent volume of 1:1 ratio phenol
(Sigma)/chloroform (BDH), mixing and following cetftigation at 120009 for 5
minutes in a microcentrifuge, applying the aqueghase to a NICK column
(Amersham). The probe was eluted from the columthbyaddition of TE buffer and
further purified by ethanol precipitation (see 2.2) with the addition of 1l Yeast
tRNA (Sigma) as a carrier, and finally resuspendetD | TE/10mM DDT.

C. QUANTIFICATION

The amount of RNA probe used in each experimentadassted to a standard
working concentration, based on the incorporatibit®UTP. This was achieved by
measuring 0.5 aliquots of the probe in 1ml of scintillation ftband counting the
isotopic activity using a liquid scintillation cotan (Camberra-Parkard, Tricarb
2100TR) and adjusting the volume of TE buffer utitd probe reached a

concentration of 10cpm/ |.

D. PROBEHYBRIDISATION

DEPC treated Milli-Q water was added to the requamount of probe estimated to
give 5x1d cpm/ | and the RNA probe denatured by heating for 5 neisiat 96C.
The denatured probe was added to a hybridisatiarofrfinal concentration; 50%
deionised formamide, 10% dextran sulphate, 2X SXenhardt’s solution
(Sigma) , 0.1% Triton X-100 (Sigma), 10mM DTT (Sigyrand 2000ng/ml salmon
sperm DNA (Sigma).
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Paraffin was removed from the tissue sections byensing the slides in 3 changes of
xylene for 5 minutes and rinsing for 3 minutes ih fylene/ethanol and twice in
absolute ethanol. The slides were dried for 1 hefiore being soaked in 2N HCI for
20 minutes, rinsed in water and washed in 2X SSIf& for 10 minutes. The tissue
was the subjected to proteolytic digestion in agepsin solution at 3T for varying
times dependent upon the age of the tissue: CShidtes; CS17, 3.5 minutes;
CS19, 4 minutes; CS20, 4.5 minutes; CS23, 6 mirartd9 week fetal, 6.5 minutes.
This was necessary to permeate the cells to inerbasaccessibility of the target
MRNA. The pepsin was neutralised by rinsing in220glycine/PBS solution. The
sections were then fixed in 4% PFA/PBS for 20 nmesuto maintain the localisation
of the nucleic acids, before being air-driedi &f the probe/hybridisation mix was
placed onto each section and hybridised in a hdi@itichamber at SZ overnight.

E. POSTHYBRIDISATION WASHES

Following hybridisation, the sections were rinsathvdX SSC and washed twice
with 50% formamide/1X SSC 10mM DTT and once with&XC 10mM DTT for 15
minutes at 5Z. Slides were next washed in RNAse buffer 8C3hen transferred
to fresh 1X RNAse buffer containing 1U RNAse forBthutes at 3%C. Finally the
slides were washed with 1X SSC, then 0.1X SSC%anihutes each at 82. The
slides were then dried in a filtered airstreamIfdrour.

F. VISUALISATION

The dry slides were coated in liford K5 photograpémulsion under dark room
conditions. The coated slides were then exposétetemulsion for ten days. The
emulsion was developed using Kodak D-19 developérfixed in 30%

N&S,05.5H,0. The sections were then counter stained wit®®riuclear fast red
kernechtrot (R. A. Lamb) with 5% aluminium sulphatehydrated in ethanol, cleared

in xylene and mounted in mananol (Klinipath) angered with a glass cover slip.

G. IMAGING
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The glass mounted slides were examined usingss 2eiioplan microscope
using a dark field viewing stage and illuminatideica). Whole embryos were
viewed using a Zeiss stereo-microscope MC80. Oh bmtroscopes digital images

were recorded using an Axicocam camera and Axionigversion 3.2) software

package (Imaging Associates).
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2.3 RESULTS

The sense probe did not show any signal in anlgehtsitu hybridisation
experiments (Fig. 11f and Fig. 12e and f and datashown). During the early
formation of the jaw and palate, at CS14 and C$BX22was not detected, or was
expressed at levels below those which could bectitdoyin situ hybridisation (Fig.
11).
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Figure 11: TBX22is not detected at CS14 or C$5. A CS14 embryo, sagittal
section & andb) and transverse sectior);(a CS15 embryo sectioned
transverselyd —f). aandd are bright field images of haematoxylin and eosin
stained section$,, cande are dark-field images of antisenEBX22probef is

a dark-field images of sense probe. Arrow, mandibptocess; arrow head,
maxillary process; 1, first pharyngeal arch; s, esn sc, spinal cord. Bar =
100pum.
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It was not until CS16 that the first definitive egpsion ofTBX22during the

formation of the face was detected (Fig. 12). Txgression in the CS16 embryo was
detected most strongly in the maxillary process étrow in Fig. 12) and appeared
stronger in lateral (Fig. 12c¢) than medial sectiiig. 12d), although weaker
expression was seen surrounding the nasal pittinrbedial and lateral sections (Fig.

12c and d).
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Figure 12: TBX22 is expressed in the nasal and maxillary processeta
CS16 embryo.Transverse sections of a CS16 embryo, lateya §4nde) and
midline sectionsk{, d andf). a andb are bright field images of haematoxylin
and eosin stained sectioiesandd are dark-field images of antisenEBX22
probe ance andf are dark-field images of sense probe. Bar = 100yopnasal
pit; arrow, maxillary process; arrow head, mandabylrocess; p2, second
pharyngeal arch.
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The site of this expression in the CS16 embryoesponded to the maxillary process
and also the area surrounding the nasal pit. Tlwageno obvious expression detected
in the mandibular process in any of the embryotages studied (figs. 11 — 16 and
data not shown).

At CS17, strong, restricted expression was obsedrvéte mesenchyme of the medial
and lateral nasal processes and the lateral palate¢sses (Fig. 13). Signal was also
detected in the frenulum of the tongue and the nedgane of the future skull

beneath the forebrain and surrounding the eye. &tpsession was observed in the
medial and lateral nasal processes at the frotiteostomodeum in the CS19 embryo

(Fig. 14e), as they swelled to form the nasal sacsthe primary palate. (see 1.2.2).
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Figure 13: Expression ofTBX22in the CS17 embry. TBX22is
expressed in the maxillary processes and medialedeichl nasal
processes. Transverse sections of a C&lénd p) and CS17d) and
(d) though the stomodeuna)(and(c) are dark-field images of
antisensd BX22probe andlf) and ¢) are bright field images of
haematoxylin and eosin stained sections. Bar = aD@pax, maxillary
process; man, mandibular process; p2, second pieayarch; Ipp,
lateral palatal process; m, medial nasal procetstelral nasal process;
t, tongue. No expression was seen with sense pfda&snot shown).
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Figure 14: TBX22 is expressed during the formation of the primary ad
secondary palateTransverse sections of a CS19 embryo, at the lzaakd
b), middle € andd) and front of the stomodeura &nd f). (a), (c) and €) are
dark-field images of antisen3&X22probe andl), (d) and {) are bright
field images of haematoxylin and eosin stainedicest Bar = 400um. Ipp,
lateral palatal process; m, medial nasal procetstelral nasal process; t,
tongue. No expression was seen with sense proh&srfdt shown).
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Very intense expression was detected in the swgsllaf the lateral palatal processes
of the CS19 embryos (Fig. 14c). The regions ofntiagillary processes where the
palatine processes were not expanding showed rédxgeession (figs. 14a and e);
although localised expression was detected in #senmchyme surrounding the nasal
pit (Fig. 14e) and the region where the maxillang anandibular processes will fuse
along the nasolacrimal groove (Fig. 14a, see Id.thore detail). The signal in the
base of the tongue, first seen at CS17 (Fig. X2c)tinued to be detected at CS19
(figs. 1c and e).
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Figure 15: TBX22 expression in the extending palatal shelves and the
frenulum of the tongue.Transverse sections of a CS2) &nd p) and a
CS21 €) and @) embryo. &) and €) are dark-field images of antiserniBBX22
probe andlf) and () are bright field images of haematoxylin and eosin
stained sections. Bar = 1000um. ns, nasal septshmgtatal shelf; t, tongue.
No expression was seen with sense probes (dathoaih).
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By CS20 (figs. 15a and b) and CS21 (figs. 15¢ gnthtense expression was most
evident in the regions closest to the oral cavitthe vertically extending palatal
shelves and the floor of the tongue, which hasdwy mostly separated from the

mandible.

At CS23, TBX22 expression was down regulated inpddatal shelves (figs. 16a);
although, there was a clear band of expressiomemtesenchyme of the nasal septum
adjacent to the epithelial cells where fusion wita palatal shelves will occur (Fig.
16e). After 9 weeks of development the shelves liased and'BX22was

completely undetected in the palatal shelves (Fog.and e). At this time the

restricted expression seen at the base of the ¢omad become more widespread
through the whole of the tongue and the expressitime nasal septum was now seen
throughout the nasal cartilage. The forming odoatigymesenchyme was now
expressing BX22as well as the regions where cartilage will fomhe septum and

wings of the nose (om in Fig. 16d).
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Figure 16: TBX22 is down regulated as the palatal shelves fuse.
Transverse sections of a CS23 emb@)aafd ), and a 9 week foetus ¢

f). (@), (c) and ) are dark-field images of antisenBBX22probe andly),

(d) and ) are bright field images of haematoxylin and eas&ined sections.
Bar = 1000um. ns, nasal septum; ps, palatal shétingue. No expression
was seen with sense probes (data not shogyanf ¢l) are sections through
the anterior region of the stomodeum in the regibiine pre-maxilla andef
and ) are more posterior sections through the seconulatg.
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2.4 DISCUSSION

As TBX22 functions as a transcription factor (seB,lthe ideal methodology to
reveal the tissues where TBX22 was exerting itso¢fivould be by investigating the
protein expression pattern, using an antibody $ipdoithe TBX22 protein. However,
at the time of performing these studies no suitablamercial antibody was available
to do this. Such antibodies are now available paiffh they have not been validated
for use in immmunohistochemistry experiments. Tiugeg there were two options
available: either produce an antibody to use fr plarpose, or use an alternative
method. A major obstacle in the production of amiipis to verify its specificity,
especially in relation to other related proteinkjch in this case would be other T-
box family members. To allay doubts as to crossddidgation with other T-box
proteins and to ensure that an accurate tempodat@atial expression pattern was
determined, rather than investigate the TBX22 pnag&pression, the alternative
approach of determining tAidBBX22mRNA was undertaken. A probe was designed
such that only 74% similarity existed between tharast human T-box homologs
TBX15/18and then only over a 250 nucleotide region of ar338eotide probe.
Although radioactive tissue situ hybridisation was undertaken to study the
expression oTfBX22 non-radioactive methods have now been develdpath et

al. 2009) which retain the sensitivity of radioactimethods but have the added
advantage of cellular resolution. This would nowtloe method of choice and was

employed in later tissua situ hybridisation experiments (Chapter 4).

Unlike the results of the RT-PCR screen in whidhis$ues examined showed
expression o BX22(Braybrooket al.2001), tissue in situ hybridisation revealed a
very specific expression profile in the developingnan. Expression is observed
from an early period in craniofacial developmemigipto the formation of the palatal
processes and then in the mesenchyme of the emtgpdiatal shelves until fusion.
Significantly, strong expression is also detectethe floor of the tongue. This
expression pattern correlates well with the obsgpleenotype in the CPX disorder: a
cleft of the secondary palate and ankyloglossiavéier, there are also regions of
TBX22expression in tissues other than those assoaateCPX and this will be

discussed in section 2.4.3.
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2.4.1 TBX22 Expression correlates with the CPX phenotype

TBX22expression was first detected at CS16, in the llaaxprocesses as they
extend from the first pharyngeal arch (Fig. 12¢hrf this stage until fusio,BX22

is expressed in the mesenchyme of all developiogawsal processes: the medial and
lateral nasal processes and the palatal shelgss (f2 — 16). This is most evident in
the palatal shelves where the expression is sebe &ip of the expanding shelves as

they extend into the oral cavity.

Just prior to fusion of the shelves at CS23, th@ression in the palatal shelves is
down regulated and the expression is restrictedtton band in the nasal septum
where it will fuse with the shelves. Post fusiortlué shelves, after approximately 9
weeks of development, the expression in the paladbses is completely undetectable
as it is in the region where they have fused withriasal septum. Throughout the
formation of the secondary palate, strong expressiaetected at the base of the
tongue in the region where cell apoptosis is otegrio enable the tongue to separate
from the floor of the mouth. This is consistenthwtihe ankyloglossia phenotype seen
in CPX patients, whereby ttieenulum linguaedoes not recede sufficiently and

instead continues to extend the full length ofttregue (Bjornssoet al. 1989).

2.4.2 A Mechanism for a Cleft Palate

As expression is observed in both the palatal gisedwid at the base of the tongue, it
is likely that the cleft palate and the ankylogladsatures observed in CPX are
independent of each other and that the cleft pakega in CPX patients is not due to
incorrect movement or position of the tongue dupatatogenesis, but involves errors
in the growth or fusion of the palatal shelves thelves.TBX22within the palatal
shelves is only present during the extension optiatal shelves and after fusion an
MRNA transcript is no longer detected. In the 9 kveetus after the shelves have
fused and the medial edge epithelia (MEE) is tramsing to mesenchyme (Fig. 16e
and f), TBX22expression is no longer evident in the shelveggassting thal BX22
has no direct function in this process. The expoess the palatal shelves is at its
most prominent in the mesenchymal tissue duringpdited when they are extending
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(figs. 12-15) and the expression appears to be deguated as this process nears
completion (Fig. 16). Thus, from the expressiorfifg@f TBX22in the palatal
shelves during palatogenesis, it would appearttteatleft palate in the CPX is a
consequence of insufficient growth of the palakedlges and not as a result of
incorrect fusion of the shelves. However, studieggheTBX22mutant mouse (Pauws
et al. 2009a) revealed that the major role played by TBH@ring palatogenesis is in
orchestrating osteoblast formation, although studieghe chick do suggest that
TBX22 does also have a role in regulating prolifiera(Higashihoriet al. 2010).

A. A POSSIBLEFUNCTION OFTBX22

As expression of BX22is not detected until the formation of the maxylarocesses
(Fig. 12, earlier stages not shown), it would appedikely that TBX22 has a role in
directing neural crest cells to the first pharyrigeah. It would seem that TBX22
exerts its influence on palate formation at a latage of development, perhaps in the
mesenchyme cells in the region in which it is egpeel. Due to the intense expression
during the extension of the palatal shelves (figs15) and subsequent down
regulation just prior to fusion of the shelves (Fi§), it does suggest, that TBX22 has
an influence on a gene or genes which are invalveither establishing or
maintaining cell proliferation during the initiatiaand/or extension of the palatal
shelves until such time that the two shelves hateneled far enough that fusion
between them is possible. While it might be pos@alahat TBX22 is regulating a
pathway of cell proliferation during the establigtmhand extension of the medial and
lateral nasal processes and the palatal shelwesuitli seem that the reverse might be
true where expression is seen in the region ofitioe of the tongue. At this stage of
embryonic development, the cells in this regionwardergoing apoptosis. This may
suggest that: TBX22 is in fact a regulator of pesgmed cell death; however, if this
was true in the palatal shelves, one would envisiagtea mutation iTBX22leading

to a loss of protein function (Braybrook et al.02pwould give rise to an over
enlarged palate rather than the underdevelopetepatiserved in the CPX phenotype.
One explanation is that TBX22 has more than orgetait may act to regulate
different pathways in different tissues. Indeedhas been shown that T-box genes
have several different downstream targets. XéeopuBrachyury protein (Xbra), for

example, has been shown to have at least 3 diffdreact target gene&ix1 (Tadaet
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al. 1998);Bix4 (Caseyet al. 1999) anceFGF (Caseyet al. 1998). Another screen
identified a possible 4 additional targets (Sakal.2000). As the TBX22 protein is
known to contain both repression and activation @os(Andreoiet al.2007), the
regulation of more then one genetic pathway issagble theory.

Another possibility is that TBX22 may function asegressor or an activator
depending on which co-factors are interacting witAnother transcription factor -
the Mga protein — which contains a T-box domairs, b@en shown to repress the
expression of reporter genes containing a BrachBNj binding site and also act as
a transcription activator when tested with repogemes carrying a Brachyury and a
Myc-like basic helix-loop-helix leucine zipper miotHurlin et al. 1999). Interaction

of T-box proteins with different cofactors has beown to change the specificity of
binding to target genes and hence the same praensapable of regulating different

pathways during cardiac formation (Boogetdl.2009).
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2.4.3 Expression outside of the palate

The typical phenotype of a CPX patient has neigheleft of the primary palate (the
most anterior region of the future hard palate,clvhincludes the first four incisors
and extends back to the incisive foramen (seemedtR), nor a cleft lip. However,
TBX22is expressed during the expansion of the medthlateral nasal process,
which when fused with each other and the maxilfagcess forms the primary palate
and the upper lip (see 1.2). A cleft of the primpajate or of the lip is caused by
failure of mesodermal delivery and proliferatioarfr the maxillary and nasal
processes (Talmant 2006). ABX22is expressed in the maxillary and nasal
processes (Fig. 13) one might expect that a dignuptf the TBX22 protein would
have an effect on these structures also. Howelddt lip is not evident in classical

CPX and the mouse knockout also does not havdtdipl@Pauwset al.2009a).

However, it has been reported that an individushwieft lip and cleft palate was
found in a family which displayed CPX and carribd same mutation in theBX22
gene as other family members who only had a chdétp (Braybroolet al.2001).
Also, it has been shown that susceptibility to sgndromic cleft lip may be linked to
the X chromosome. There is also evidence that WiBXR22is virally over-expressed
in the frontonasal process in chick, a cleft lipeafresults (Higashihogt al). It has
been suggested that genetic or environmental disrum the upstream regulation of
TBX22 such that a gain of function of TBX22 was broughout, may cause a cleft
lip phenotype in human (Higashihati al.2010).

Alterations inTBX22in the maxillary process of CPX patients may rethtical to
the correct formation of the lip as other T-boxtpnas may be able to functionally
compensate for TBX22 during the development ofuiyger lip. RNAIn situ
hybridisation experiments in mouse have shownTHabx genes other tharbx22

are expressed in the maxillary process: Thx1, ThkX18 and Thx19 (Kraust al.
2001a; Buslet al.2003; Grayet al.2004) and perhaps this may explain why,
althoughTBX22is expressed in the maxillary process, a clefislipot an observed
clinical feature of CPX. It has been shoimrvitro at least that the binding sites of all

T-box proteins share a similar recognition sequé(iteda and Smith 2001) and
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references therein) and the possibility of trantsration of the same downstream

target genes cannot be disregarded.

There are other sites of expression, as well asetdscussed above, primarily in the
region surrounding the eye and at the base ofrdie rom CS17 — 19 (figs. 13 and
14). Following fusion of the palatal shelves thganaites of expression are the nasal
cartilage and the forming orthodontic mesenchynmuvéler, none of the individuals
with CPX have been reported with malformationshef ¢ye, skull or tooth
development (Lowry 1970; Moot al. 1987; Bjornssoret al. 1989) and
compensation by other T-box genes may be the redefects of these structures have

not been reported in CPX patients.

As has already been stated, tongue-tie (ankyloglpssnot always observed in CPX
patients (see 1.3.3.B). Again a compensation effg@nother T-box gene could
explain this observation. It has been suggestechitk at least, that the cells
expressing bx3in the tongue (Huangt al. 1999) are the same cells that express
Thx22(Haeniget al.2002). If the expression patterns are similarumhn, then one
could envisage that TBX3 was able to functionatiynpensate for the lack of TBX22

in those CPX patients where tongue tie was notesxid
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2.4.4 Comparison with Mouse and Chick Thx22 expregm

Expression studies have shown that the expressaditepof mouse (Braybrookt al.
2002; Buskhet al.2002; Herret al.2003) and chick (Haenigt al.2002)Tbx22closely
resembles that of humamBX22and in all species the expression is always oestti
to mesenchymal tissue. However, there are sulffereinces in the expression of
Thx22in each of the three species. Table 9 shows a @aosgm amongst these three
species and the sitesbx22expression during development, reference to Table

may be needed to compare equivalent human, moudseh#ck stages.

In both chick and mousEbx22expression was detected much earlier in developmen
with expression seen in the emerging somites ins@at E9.25 before being then
down-regulated in newly formed somites and thergplated once more in more
mature somites at E10.5. The expression in thetesmias also detected in the
studies in chick from HH stage 7 through to latagss becoming restricted to the
myotome around E3. ThEbx22expression seen in the mature somites in the E10.5
mouse and E3 chick was not evident in the equivddeman stage, the CS14 embryo
(Fig. 11b).

Even earlier expression ®bx22has been reported during chick development, with
signal detected in the mesoderm surrounding theifive streak as early as HH stage
4 (c.f. mouse ~ 7 dpc, Thieller stagel10; and hum&B8 dpo, Carnegie stage 8),
however comparative stage mouse studies are notteep Due to the constraints
working with human material, very early tissuensredibly hard to obtain and

whetherTBX22is expressed in these structures at this time farsunknown.

Another notable difference in the expression patb&tween chick and human is in
the developing limbsl'bx22expression in both the hind and forelimbs is saehe
E4 chick, which is certainly absent in the hindliattan equivalent human stage (Fig.

12) although expression in the forelimb was nonaxad.
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Tissue Human Mouse Chick
Mesoderm surrounding
o ? ? From HH stage 4
the primitive streak
) ) Evident at HH
Nascent somites ? Evident at E9.25
stage 7
X :
_ ) ) Evident at HH
Newly formed somites ? No signal in E10.5
stage 13
newly formed
somites
X

Mature somites

No signal in CS14
embryo (Fig. 11)

Evident at E10.5

Restricted to

myotome E3

Mandibular Process

At the tongue

boundary only

At the tongue

boundary only

Evident at E5

Maxillary
Process/Palatal Shelvé¢

Evident from CS16

2S (Fig. 12)

Evident from E10.5

Evident from HH
stage 18

Medial and Lateral

nasal Processes

Evident from CS17
(Fig. 13)

Evident from E10.5

Evident from HH
stage 18

Mesenchyme Evident from CS17 _ Evident from HH
_ _ Evident from E13.5
surrounding the eye (Fig. 13) stage 18
X

No signal in CS15 o

Hindlimb . ? Evident from E4
CS16 embryo (figs.
11 and 12)
Forelimb ? ? Evident from E4

|
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Table 9: Sites ofTbx22 expression during development of the human,
mouse and chick Mouse data from Busét al.2002 and chick data from
Haeniget al.2002. ? signifies that expression in that tissagnh been

reported in that species and an X indicates exjoress not detected in
that tissue in that species.
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In all three species during the formation of théafe, a remarkably similar
TBX22expression pattern is observed. This gives credanthe possibility that the
role of TBX22 in the formation of the secondaryatalhas been conserved through
evolution. This conservation, in turn, suggests T&X22 is critical for correct palate
development and that TBX22 has a function that ceha compensated for by other
proteins. This may also form part of the explamats to why the observed clinical
feature of CPX is solely a cleft of the secondalafe, despite expression seen in
other tissues.

It appears that the evolutionary pressure to comsitie presence of the protein in
regions outside the palate (wh@i@X22expression differs across species) has not
been as great - suggesting that it may not beitgsatin the formation other tissues.
The absence afBX22expression in the limbs and somites which is seehick and
mouse may be due to other T-box proteins replatiagunction offBX22in these

tissues in human.

81



CHAPTER 3

THE TBX22 DNA BINDING SEQUENCE

3.1 INTRODUCTION

Understanding the interaction between the vari@netc factors involved in the
formation of the palate is fundamental to establiglihow normal palatogenesis
occurs, which in itself is a necessary prerequitites are to fully appreciate how
disruptions to these processes may result in & élkfcidating the roles of
transcription factors and the genes that theyegalating within these genetic
pathways is one of the steps necessary to achhesgdal. Following the discovery
thatTBX22is expressed throughout the facial processesglpatate formation
(Braybrooket al.2002) and that mutations in thi@&X22gene lead to CPX
(Braybrooket al.2001; Chaabouret al.2005; Andreotet al.2007), establishing
which genes TBX22 may regulate during palatogengsidd not only provide
insights into the genetic factors involved in nokpaatogenesis, but also further our
understanding of the aetiology of CPX. Furthermdnmay suggest other candidate
genes for cleft palate disorders. AlthougBX22has been shown to be directly
regulated by MN1(Litet al.2008), to date the only gene that TBX22 has baews
specifically totransregulate iSTBX22itself (Andreouet al.2007), although there is
evidence suggesting that it may regule®X2andDLX5 (Higashihori et al 2009).

3.1.1 T-box domains

In a similar manner to other T-box family membdm®X22 is likely to bind to the
DNA sequences of the genes it is regulating vialti®x domain. The specific DNA
sequence or T-box element (TBE) that TBX22 bindsdetermine which genes it

will regulate. Finding the genes that TBX22 regeaivould be greatly aided by
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knowing the TBE to which it binds, as it would bepected that this TBE, or similar

sequence to it, would be found within the regulategions of such genes.

Preferential DNA binding sequences have been reddal several T-box proteins
(Table 10) and all have been shown to bind to @ E0MA sequence similar to that
found for the original Brachyury protein (Kispetal. 1995). However, slight
variations in the preferred DNA binding sequenespecially in the flanking
nucleotides, have been observed for several T-bobeips and it is postulated that
these slight variations in DNA binding sequenceris mechanism by which

functional specificity of different T-box proteirs conferred (Conloet al.2001).

The original Brachyury protein was shown to prefeigly bind to the 20 nucleotide
DNA sequence TTTCACACCTAGGTGTGAAA (Kispeet al.1995). This is a
palindromic sequence comprised of two 10 bp hadfssivhich are the reverse
complement of each other. Since the identificadbthis DNA binding site several
other T-box proteins have been shown to bind to Bidguences similar to either this
full length 20 bp sequence (T-site) or one halt ¢T*/,-site). Table 10 summarises
the experimentally determined variety of T-box DRiding sites. In some cases the
standard IUPAC notation (IUPAC-IUB 1971) has besadito represent ambiguous
nucleotides and these definitions are shown in& afl

Whilst the T-box domain is a highly conserved regioroughout all of the T-box
protein family, the way in which these differenbfains bind to DNA has been shown
to be varied and T-box proteins have been rep@sdainding to DNA as either a
monomer or a dimer (see 3.4). If the protein bitodhe DNA as a dimer, then a full
length T-site recognition sequence is needed; samtomer binding to one half of the
sequence as is the case with Brachyury (Papapet@iul997). However, if the
protein binds as a monomer, then only a half sitrience (¥.-site) is required for
the protein to bind to DNA, as has been revealed BX2 and Thx3 proteins (Sinha
et al. 2000; Carlsoret al.2001).
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Species | Protein DNA Binding Sequence Reference
Human Brachyury A T |GJAJAJA ||(Papapetrou et al. 1997)
Human TBX1 A|G|G|T|G|T|G|A|A|A ||(Sinha et al. 2000)

Human TBX2 A|G|G|T|G|T|G|A|A|A [|(Sinha et al. 2000; Lingbeek et al. 2002)
Human TBX3 T|G|G|T|G|C|C|A|A|A ||(Lingbeek et al. 2002)

Human TBX5 R|G|G|T|G|T |B |R|N|N||(Ghosh et al. 2001)

Mouse Brachyury AIGIGITIGITIGIAIAIA ||(Kispertet al.1995)

Mouse Thx6 A|G|G[T|G[T |B |R|N|N ||(White and Chapman 2005)
Xenopus [VegT (Casey et al. 1999)

Xenopus |VegT A|G|G T |G|A|A|G||(Hyde and Old 2000)
Xenopus |Xbra C (Casey et al. 1998)

Xenopus |[Xbra GJAICIAICIC (Casey et al. 1999)

Ciona Ci-Bra (Di Gregorio and Levine 1999)

Table 10: A summary of different experimentally deermined T-box

protein DNA binding sites. The DNA binding sequences of the

different T-box proteins shown in this table inaduaboth the preferreid

vitro DNA binding sites and knowim vivotarget sequences. Standard

IUPAC abbreviations have been used to represenigaimis bases (see

Table 11).
UPAC
nucleotide A W|K|M|B|D|H]|V]|] N
code
C|A| A A
A|G|A|or|or| or |or An
Base Adenine | Cytosine orforjor|G|G| C |C y
Base
T|C|lor|or| or |or
T|T| T |G

Table 11: The recommended IUPAC abbreviations for acleic acids

(IUPAC-IUB 1971).




3.1.2 Generating the TBX22 protein

In order to study the DNA binding properties of TBX a suitable TBX22 protein
must be synthesised. However, not only must TBX2&gn be generated, it must be
prepared in a suitable manner such that it carsbd un protein function studies; that
is, a biologically functional TBX22 protein must peoduced. This essentially means
that protein conformation must be similar to thersn vitro. To achieve this aim,

the protein must be recovered under native buffeditions which do not alter the
structure of the protein or else the protein mastdrovered and then correctly re-

folded back to its native state.

Two methodologies were investigated to produceti@edBX22 protein: a bacterial
cell approach, whereby the TBX22 protein is exprddsy the bacteriophage T7,
which can be induced in the BL21 star (DE3) Hesbli strain (Invitrogen) in the
presence of IPTG; and a coupled cell-free transonfiranslation approach whereby
plasmid DNA is first transcribed by the additionaobacteriophage RNA polymerase,
and the resultant RNA is then translated into pnadsing the translation machinery
from a Rabbit Reticulate Lysate SystenN{TT7 Coupled Reticulocyte Lysate
System; Promega). The bacterial cell system caweatted considerably greater yield,
but the recombinant protein is often difficult tcover from the cell lysate in a native
form, whereas the Rabbit Reticulate Lysate methaiammes this problem as cells
are pre-lysed, but the amount of protein generatéis way is usually much less
(Hurstet al.1996).
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3.2 MATERIALS AND METHODS

3.2.1 Producing TBX22 Protein with an N-terminal 6Xis tag in E. coli

TBX22with an N-terminal 6 amino acid Histidine tag (6gHwas expressed in
Escherichia colby cloning the TBX22 coding sequence (see 3.2bkIBw) into a
pPET100/D-TOPO vector (Invitrogen). The pET100/D-T@®ector contains the

DNA coding sequence for a 6xHis tag which is plaiceflame, upstream of the
cloned insert. Thus when translated an RNA trapscontaining the coding sequence
for a 6xHis tagged TBX22 protein is generated.

The 6xHis tag was necessary to aid subsequentegcand purification of the
plasmid by Ni-NTA. Another reason to generate aixdgged protein was that
although commercial antibodies to TBX22 are avd@athe majority have only been
tested for use in Western blot applications. Agaualies to a 6xHis tag have been
used successfully in several applications, inclgdise in gel-shift assays of T-box
genes (Ghoskbkt al.2001) verification of the presence of a His taggestein using an
anti-6xHis tag antibody should be possible.

The protein was synthesised in bacteria becawgasitpossible to generate a large
yield of recombinant protein. The pET100/D-TOPOtwecitilises a T7 bacteriophage
promoter site to drive the expression of the cloD®&tA insert in the presence of a T7
RNA polymerase. BL21 Star (DE3) cells (Invitrogevgre used to express the
recombinant 6xHis tagged TBX22 protein. BL21 SI2EB) cells contain the DE3
bacteriophage lambd&@E3) lysogen. Thé DE3 lysogen contains a T7 RNA
polymerase gene under the control ofldeJV5 promoter. Addition of isopropy-
D-thiogalactoside (IPTG) can induce expressiorhefRNA polymerase by the
lacUV5 promoter, and therefore drive the expression @BtkHis-TBX22 protein

from the T7 promoter.
As the 6xHis-TBX22 protein is foreign to the hostlcit is potentially toxic and

could reduce growth of the bacterial culture inathit is expressed. It is preferable to

only express the 6xHis-TBX22 protein following sigrant growth of the bacterial
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culture, thereby limiting these potential effe¢i®wever, there will always be some
basal level expression of the RNA polymerase froelacUV5 promoter. To help
prevent the expression of 6xHis-TBX22 protein frims basal expression of T7

RNA polymerase, the pET100/D-TOPO hda@operator sequence placed
immediately down stream of the T7 RNA polymerasanoter site, prior to the
6xHis-TBX2Zoding sequence. Tla&c operator sequence is a binding site for the lac
repressor which when bound to the DNA is capablerefenting the T7 RNA
polymerase from binding to DNA and transcribing @xélis-TBX22sequence
downstream. Within theDE3 lysogen is th&ac | gene which encodes for the lac
repressor. The lac repressor is removed fronfeihieperator sequence in the presence
of IPTG, allowing the T7 RNA polymerase to bindie DNA and transcribe the
6xHis-TBX2Z2equence.

A. PRIMER DESIGN AND SYNTHESIS

Primer pairs were designed using the software pragiVeb primer”
(http://seq.yeastgenome.org/cgi-bin/web-primer) wede commercially synthesised
by MWG Biotech. The oligonucleotides were receidediccated and were
reconstituted using Milli-Q water to stock concaiibn of 100pmol/ul, based on the
concentration supplied by the manufacture. Theingetemperature for each
oligonucleotide was also specified by the supphgpendix 1 summarises all the

primer pairs used in these studies.

B. POLYMERASE CHAIN REACTION

The polymerase chain reaction (Mulisal. 1986) was used to amplify tR&X22
coding sequence from a plasmid containingtB&X22cDNA (clone BC014194;
[.M.A.G.E. Consortium) using a Dyad MJ Reasearbkrmo Cycle instrument. A
reaction mix contained a final concentration of A@@lasmid DNA, 10mMINTPs
(Fermentas), 1X PFU polymerase buffer (20mM TriskiE 8.8 at 25°C), 10mM
KCI, 10mM (NHy)2SQ,, 2mM MgSQ, 0.1% Triton X-100, 0.1mg/ml nuclease-free
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BSA; Promega), 1.25U Pfu DNA polymerase (Promegd)@5uM forward and

reverse primers made to a final volume of 50ul gidiilli-Q water.

The Thermo cycler was programmed to perform amairdenaturation step of 5
minutes at 9%C, followed by 25 cycles of 96 denaturation for 1 minute, | minute at
the specific annealing temperature, followed bystension time of 3 minutes. The
annealing temperature was determined specificatigach primer pair (Appendix 1
gives details of the primer pairs). To begin withiaitial annealing temperature 5°C
lower than the lowest melting temperature of prisetrwas used for the reaction. If
non-specific PCR products were produced, the amesdmperature was increased
stepwise by 1-2°C. If however, the desired prodvat not obtained, then the
annealing temperature was reduced stepwise by 14@fiCa single, discrete product

could be visualised by UV illumination followingestrophoresis on a 1% agarose

gel.

An amplicon consisting of thEBX22coding sequence - Genbank Accession number
NM_016954, nucleotides 28-1560 (http://www.ncbi.mih.gov) was synthesised
using a forward primer BZACCATGGCTCTGAGCTCTCGGGS3 and reverse

primer 5-CTAAAGGTAATGGTTAATTGCTGG-3 using I.M.A.G.E. clone
BC014194 (Geneservice) as a DNA template.

C. CLONING THE PCRPRrRODUCT

TheTBX22coding sequence was cloned in frame into a pED-0@PO
(Invitrogen) plasmid expression vector. The ini@ACC at the 5
primer immediately prior to the ATG initiation cadof theTBX22coding sequence
enables the resultant PCR product to anneal t&i@G overhang of the cloning
vector increasing the likelihood of correct origia of the insert into the vector. The
pPET100/D-TOPO vector utilises the DNA binding caipaibs of Topoisomerase |
from theVacciniavirus, enabling the insert to be cloned into teetor without the
need of a ligation reaction. Following PCR, theemsvas cloned into the pET100/D-
TOPO according to the manufacturer’s protocol, gsir2:1 molar ration of PCR

product: TOPO cloning vector, calculated usingftrenula:-
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Xng PCR product = (Y bp PCR product) (Z ng vector)
(Z bp vector)

Where X is the amount of PCR product needed fafankert:vector molar ratio. For
a molar ration of 2:1, X is multiplied by a factir2.

D. TRANSFORMATION OF THE PLASMIDDNA

The expression plasmid construct was transformedTi@P10E. coli chemically
competent cells (Invitrogen). A vial of TOP10 cellas thawed on ice. 3ul of the
TOPO cloning reaction was added to the vial andin@asbated on ice for 30
minutes. The cells were heat shocked for 30 secatdiZC and were then placed in
ice water. 250ul of sterilised S.0.C media (2% Toye, 0.5% Yeast Extract, 0.05%
NaCl, 20mM glucose, 2.5mM KCI, 10mM MgCl, pH 7.5asvadded to the vial and
incubated horizontally at 3T in a shaking incubator with a rotation speedQff 2
rpm for 1 hour. 100ul and 200ul volumes of the $farmation were plated on to
Petri dishes containing Luria-Bertani (LB) medi&d1ryptone; 1% NaCl; 0.5% Yeast
Extract pH 7.0) with 1.5% agar and with 50pg/ml &arycin (Sigma) as a selective
antibiotic and incubated overnight at’G7

E. DNA PLASMID PREPARATION

Single bacterial colonies were picked from the dele plates and inoculated in a 5ml
culture containing LB and 50ug/ml kanamycin (Sigraadl incubated at 3¢ for 16
hours in a shacking incubator at 200 rpm. The batteells were harvested by
centrifugation in a Beckman Gene Genius gel dotesy$rom Syngene at 6000g for
10 minutes at 4C. Following centrifugation, the plasmid DNA froradierial pellet
was recovered using a Miniprep Kit (Qiagen) in @nmcentrifuge, in accordance with

the manufacturer’s instructions.
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F. DNA SEQUENCING

DNA from each of the clones was sequenced by tegtlite of Human Genetics
sequencing service, performed using a MegaBACE {A6trsham/GE Healthcare)
machine using T7 promoter and T7 Reverse primedsST&X22 sequencing primers
(see Appendix 1). The resulting sequence file veeverted to FASTA format using
the software programme Chromas (http://www.techsiaiyi.com.au/chromas.html)
from Technelysium Pty Ltd and aligned against thgeeted sequence using BLAST
(Altschul et al. 1990). Clones containing the correct plasmid segeievere used for

subsequent protein expression.

G. INDUCING EXPRESSIONOF RECOMBINANT PROTEININ E. CcOLI

5ny of the purified plasmid DNA was used to transfane vial of BL21 Star (DE3)
cells, following the transformation protocol in 32, except that the transformation
reaction was not plated onto a Petri dish. Instdedentire reaction volume was used
to inoculate 10ml of LB containing 50ug/ml ampiciland was incubated in a
shaking incubator, at 8, 250 rpm, overnight until the QR was in the range of 1-
2.

For initial pilot studies, 10ml LB containing 50pg)/ampicillin was inoculated with
500ul of this overnight culture. In purificationmeriments the volume was increased
to 50ml of LB. The bacterial culture was then inatéal at 37C with shaking at 250
rpm until the cells were in mid-log phase (§3&= 0.6). At this point the pilot study
cultures were split into two 5ml volumes, one ofiehwas induced with IPTG, the
other was uninduced to serve as a negative coRinbwing addition of 1ImM IPTG
to induce expression of tlxHis TBX22plasmid; the cultures were replaced into the
shaking incubator under the same conditions asqusly. The cultures were grown
for the optimum time determined using the time seuypilot study (see 3.2H). At

this point the cells were harvested by centrifugratit 40009 for 15 minutes &Gt

and stored at -2C.
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H. TIME COURSEPROTEIN EXPRESSIONPILOT STUDY

In order to establish the optimum growth time fog bacteria following induction,
500ul samples were taken from the induced and weed growing cultures
immediately after the addition of IPTG and therea, 4 and 6 hours. The cells were
harvested by centrifugation at 130009 in a micrtdeige and stored at

-20°C.

The cells were then thawed on ice and resuspemdiegkis buffer 1 (50mM
potassium phosphate, 400mM NaCl, 100mM KCI, 10%eigl, 0.5% Triton X-100,
10mM imidazole, 8M urea). The cells were then froma dry ice and thawed at°@2
and then re-frozen and thawed again before beingifteged at 130009 in a
microcentrifuge at 4C for 1 minute. The supernatant was collected hadésultant
pellet was resuspended in 500ul of 1X SDS. 6.5jthefsupernatant was added to
sample running buffer and 10ul of the resuspendd#ldtwithout the addition of

sample running buffer) was separated on a polyagrge gel (see 3.28.

I. NI-NTA PURIFICATION

A Nickel-Nitrolotriacetic acid (Ni-NTA) affinity ctumn (Qiagen) was chosen for the
recovery of the 6xHis tagged protein. This purifica system is centred upon the
high affinity for histidine residues to nickel iom#ich are bound to a NTA resin.
However, to be employed successfully, a run ofdirst residues must be
incorporated into the protein. This histidine tagommonly placed at either the N- or
C-terminal of the recombinant protein. The decisi@s taken to place a 6x histidine
tag at the N-terminal of the TBX22 protein using gET100/D-TOPO from

Invtrogen as it is possible to cleave the N-terrnktia tag from the expressed protein.
It is possible that the addition of a His tag foratein may affect the natural
biological function of the protein, so the possipito remove it was an attractive

feature.

Several cell lysate, wash and elution buffers veangloyed in order to purify the
6xHis tagged TBX22 protein under native conditiangjally however, the cells
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harvested from a 10ml culture were lysed under weimg conditions. The cell lysate
was resuspended in 1ml urea buffer (8M urea, 0.1AHMNPO,, 0.01M Tris-Cl, pH

8.0) loaded onto the Ni-NTA spin column; washedrea buffer, pH 6.3; and eluted
in urea buffer, pH 4.5; following the manufactueedirections. By reducing the pH of
the sample buffer, the affinity of the polyhistiditag to the Ni-NTA column is
reduced, making purification of the 6xHis tag pnofgossible.

Samples of the original un-purified cell lysate @he flow-through following each
wash and elution step were collected and analysed@oomassie stained PAGE gel
(see 3.2.3.A). The resultant single band in thal fatution step was excised from the
PAGE gel and used for verification by MALDI-TOF dysis (3.2.3.C).

The samples were also used in a second PAGE amaliigth was subsequently used
for a Western transfer (see 3.2.3.B) to a PVDF mramdand the N-Terminal 6xHis
tag was detected using an Anti-HisG-HRP Antibocdhyitrogen).

In order to purify the 6xHis tagged TBX22 proteimder native conditions, various
different cell lysis buffers were evaluated foritrability to lyse the bacterial cells
and solubilise the 6xHis tagged TBX22 protein. &eihg lysis, a sample of the cell

lysate was analysed for the presence of the 6xdiged fusion protein.

The cell culture volume for these experiments wasaased to 50ml and following
centrifugation to harvest the bacterial cells, bihe various lysis buffers was used
to resuspend the cells. To aid cell lysis undesehailder conditions, 1mg/ml
lysozyme (Sigma) was added to the lysis buffertaedccells were sonicated on ice
using a Sonics Vibra Cell machine for six sets@&&conds, with 5 second pauses in
between each sonication. The various lysis bufisesl in this study are detailed in
Table 12.
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Lysis Buffer Composition Reference

Sodium dihydrogen 50 mM NaHPQ,, 300 mM| Ni-NTA Spin Handbook
Phosphate * NaCl (pH 8.0) (Qiagen)
Tris-Cl *

50 mM Tris-ClI (pH 7.6) (Silvaet al.2003)

140 mM NacCl, 2.7 mM HisPur Ni-NTA Resin

PBS * KCI, 10 mM NaHPO,, Instructions (Thermo
1.8 mM KH,PO, Scientific)
Cell Lysis buffer from IP Kit Handbook (Sigma-

IP-50 Lysis buffer Immuno Precipitation Kit | Aldrich)

Table 12: Cell lysis buffers used to solubilise théxHis tagged protein
under native conditions The conditions used for lysing the cells under
native conditions. * These lysis buffers were useparately with the
addition of 5SmM -mercaptoethanol (Merck) and 0.5% Tween (Sigma).

J. ON CoLuMN REe-FoOLDING

The bacterial cells were lysed in cell lysis buffé urea, 0.1M NAHPQ,, 0.01M
Tris-Cl, 5mM -mercaptoethanol) and the cell lysate appliedXp-BTA spin
column. The bound 6xHis tag protein was then waghéde lysis buffer with a
gradual lowering of the urea concentration in tlaskvbuffer, in a 0.5M step-wise
gradient until the urea was completely removed ftbenwash solution. This was
performed at ZC using a previously published protocol (Oganesstaa. 2005).

3.2.2 Rabbit Reticulocyte Transcription translation

The TNT Coupled Reticulocyte Lysate System from Promegtbkes the

transcription and translation of plasmid DNA. THagmid must contain a prokaryotic
phage RNA polymerase promoter upstream of a protmiimg sequence, this RNA
polymerase is utilised by an RNA polymerase whe&chdded to a rabbit reticulocyte
lysate, to transcribe the DNA template. The raldtitulocyte lysate contains all of

the necessary components for the translation sfRINA to protein.
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1ug of purified 6xHis tagged TBX22 pET100/D-TOPQtae DNA was used in a
transcription translation reaction mix containi@gul TNT Rabbit reticulocyte lysate;
2ul TNT Reaction buffer; 1l T7 RNA polymerase; 0.3mM amino acid mix
(minus leucine); 0.5ul 2ImM amino acid mix (minustimenine); brought to a final

volume of 50ul with nuclease free water and incebatt 36C for 90 minutes.

For use in the EMSA binding studies (see 3.2.8)lBX22coding sequence
was cloned into pTNT vector (Promega). This waseadd by amplifying the cDNA
sequence, including the 6xHis tag from the pET100MPO TBX22 expression
vector (3.2.1) using primers incorporatiBgll andXhol restriction enzyme sites
respectively (see Appendix 1). Following separatelde digestion reactions
according to the manufactures’ instructions usSia$j andXhol restriction enzymes
(Promega) of the PCR fragment and pTNT vectorpthsmid was ligated (see
3.2.1.C). The plasmid sequence was verified usihfpiward and reverse primers
and the TBX22 sequencing primers outlined in Appedd The pTNT vector, like
the that of the pET100/D-TOPO vector contains &&NA polymerase binding site
ahead of the multiple coding region, but with tkeition of the Suntranslated region
from the 5 -globin gene positioned upstream of the clonedrires®d synthetic
poly(A)so tail downstream of it. These two elements havé beten shown to increase
the translation activity (Annweileat al. 1991; Wakiyamaet al. 1997). The
transcription/translation reaction using this plasmias performed in exactly the

same way as outlined above.
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3.2.3 Protein Verification

A. POLYACRYLAMIDE GEL ELECTROPHORESISPAGE)

An XCell Surelockelectrophoresis mini-gel tank (Invitrogen) wasdiga the
electrophoresis and Western transfer of proteinpsesnAll of the gels used
conatined 12% bis-acrylamide and were precastli?dalmm well format (NUPAGE
Mini-Gel; Invitrogen) and were performed under deniag conditions. An
appropriate concentration of protein sample to aimam of 6.5ul was mixed with
sample running buffer (2.5ul 4X NUPAGE LDS Sampléfdr (Invitrogen) and 1ul
10X NuPAGE Reducing Agent (Invitrogen) and broughiOul with Milli-Q water.
The samples were then heated for 10 minutes°& Z0d loaded onto a 12% bis-tris
10X 1mm well NuPAGE Mini-Gel (Invitrogen) togetheith 6l of Page Ruler
Unstained Protein Ladder 10-200 KDa (Fermentasivhad been heated to 4D
for 5 minutes. The gels ran with 200ml 1X NuPAGE MBuffer (Invitrogen)
containing 500ul NUPAGE Antioxidant (Invitrogen)time upper chamber and 200mi
1X NuPAGE MES Buffer (Invitrogen) in the lower chher for 35 minutes at a
constant 200 Volts.

To visualise the gel, the gel was removed fronaisaratus and covered with
Coomassie stain (0.5 % Coomassie Blue R-250 in #@¥hanol, 10% acetic acid in
Milli-Q water) for 30 minutes with gentle shakirifhe gel was then destained in
several changes of 40% methanol, 10% acetic a¢idgentle agitation until the
background was reduced to an acceptable levelgéheas then transferred to 5%
acetic acid and imaged using Gene Genius gel dsiemyfrom Syngene with a UV

filter.

B. WESTERNTRANSFER ANDIMMUNO-BLOTTING

The PAGE gel was transferred to a blotting membresieg the XCell 11 Blot Module
(Invitrogen). Following the electrophoresis, the®Agel was removed from its
housing cassette and placed adjacent to a polydeng difluoride (PVDF,
Invitrogen) membrane which had been pre-soake8@a@econds in methanol, rinsed
in deionised HO and then soaked in NUPAGE transfer buffer (logén) for 10

minutes. Filter paper was rinsed in NUPAGE tranbktdfer and placed either side of
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the gel and PVDF membrane. Two foam blotting paesevplaced in 1X NUPAGE
transfer buffer and squeezed whilst submergednmve all of the trapped air. The
blotting pads were then placed on both sides ofiltiee paper to securely fix the gel
and PDVF membrane during protein transfer. The e/hssembly was then inserted
into the XCell Il Bot Module such that the gel wassitioned nearest the cathode and
the PDVF membrane closest to the anode. The assdrnlit module was then
placed into the XCell SureLock mini-cell and secuweth the fixing wedge. The blot
module was filled with transfer buffer (1X NuPAGHnsfer buffer with 10%
methanol and 1% NuPAGE antioxidant) and the oatek thamber was filled with
H.O, to act as a coolant during transfer. The protgia then transferred to the

membrane by applying a constant 30V across theaskgmbly for 1 hour.

Following transfer, the assembly was dismantledtard®VDF membrane was
transferred to a small tray and covered with 10B&P (PBS containing 0.05%
Tween-20 (Sigma-Aldrich)) and 0.5% Bovine Serumuitiin (BSA, Sigma-Aldrich)
as a blocking solution. The membrane was wash#éddrsolution for 1 hour with
gentle agitation, then the solution was removedthadnembrane was washed in two
20ml washes of PBST for 5 minutes, again usinglgeitation. The Anti-6xHis
antibody (Invitrogen) was diluted 1:5000 in PBSTw0.5% Bovine Serum Albumin
(Sigma-Aldrich) and 10ml of the diluted antibodysxadded to the to the tray
containing the membrane. The antibody was incubfatet.5 hours at room
temperature with gentle agitation on a rocker. ahigbody solution was removed
from the tray and the membrane was again wash&abi20m| washes of PBST for 5
minutes with gentle agitation. The membrane was thansferred to a new tray
containing a DAB tablet (Amersham) diluted in 10vhH,O with 10% HO,. The
membrane was incubated in this solution for 10 mes@nd was washed in three
rinses of HO for 5 minutes each. The membrane was then addmd imaged using
a Polaroid digital camera.

C. MADLI-TOF

Following the identification of a single band oRAGE gel after Coomassie staining

(see 3.2.3.A), the band was excised from the giluaed for protein verification in a
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Matrix-assisted laser desorption/ionization-Timelight (MALDI-TOF)
measurement. The measurement, which was perfdogédte PINNACLE
proteomics service at Newcastle University usindpgager DE-STR mass
spectrometer (Applied Biosystems), enabled a $§itzlby/ significant match to the

human TBX22 protein to be made.
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3.2.4In Vitro Oligonucleotide Selection Assay

An in vitro oligonucleotide selection assay was employed ¢ebland Treisman
1990) to identify the preferential TBX22 DNA bindjsite, as this method had
previously been successful in identifying the DNidibg consensus sites for other T-
box family members (Kispert and Herrmann 1993; Gleisal.2001). The assay
involves the selection of a particular DNA sequefmom a pool of random

oligonucleotides, based upon the binding of a T+patein to that DNA sequence.

A. SYNTHESIS OFDOUBLE STRANDED RANDOM OLIGONUCLEOTIDES

A forward primer (Forward_Rand) GCTGCAGTTGCACTGAATGCCT and
reverse primer (Reverse_Rand) CAGGTCAGTTCAGCGGATGCTG were
synthesised by MWG- Biotech and used in a PCRima(tee 3.2.1.B) to amplify a
oligonucleotide, also synthesised by MWG-Biotechsisting of 5
GCTGCAGTTGCACTGAATTCGCCTC(NNNNNNNNNNNNNNNNNNNNNNNN
NN)GACAGGATCCGCTGAACTGACCTG-3. At each of the 26 “N” bases all four
possible nucleotides were represented, thus a 26andom oligonucleotide was
synthesised with known &nd 3 end sequences.

10ng of the random oligonucleotide was used amaltge in a 561 PCR reaction
using 0.2M of the Forward_Rand and Reverse_Rand primerfowiog PCR the
DNA was phenol/chloroform extracted and ethanotipitated (see 2.2.2.A) to
remove the protein and salt from the solution. DINA was then incubated with 10U
S1 Nuclease (Promega) in 1X reaction buffer (0.9liwem acetate pH 4.5, 2.8M
NaCl, 45mM ZnSO0) at 3T for 30 minutes to degrade the single-stranded DNA
molecules. The nicked, single-stranded DNA was tieemoved from the solution by
applying the DNA solution to a QIAquick Nucleoti®emoval Kit (Qiagen)

following the manufacturer’s instructions.

B. PROTEINOLIGONUCLEOTIDE BINDING REACTIONS

A protein/DNA binding reaction containing ti0of the transcription/translation

reaction (see 3.2.2) was incubated with 200pg@fémdom oligonucleotide in the
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presence of 1X Binding buffer (5X Binding bufferomega: 20% glycerol, 5mM
MgCl,, 2.5mM EDTA, 2.5mM DTT, 250mM NacCl, 50mM Tris-QiKl 7.5),
0.25mg/ml poly(dI-dCpoly(dI-dC) in a 2@ reaction volume and incubated af@5

for 30 minutes.

C. Co-IMMUNOPRECIPITATION

A Protein G Immuno-Precipitation kit (Sigma) wagdgo recover the bound
TBX22/DNA complexes. The entire protein/oligonudide binding reaction was
incubated in an IP spin column (Sigma), preprepasegder the manufacturer’s
instructions, with the addition oy Anti-6xHisG antibody (Invitrogen) and D
protease inhibitor cocktail (Sigma). This was mageo a final volume of 60 with
1X IP buffer (Sigma). The spin column was incubatedrnight at AC with

inversion.

The following day the spin-column was washed inm@d 1X IP buffer and spun in
a bench microcentrifuge at 12,0009 for 30 secohd®a This wash and
centrifugation step was repeated through 5 funtbends, with a final wash of 0.1%
IP buffer and centrifugation at 12,0009 for 30 setat 4C. The bound
protein/DNA was eluted from the spin columns by dlelition of 40ul of 1X
modified Laemelli sample buffer (2% SDS, 15%nercaptoethanol, 10% glycerol,
60mM Tris-Cl pH 7.0) and heating the column t§®%or 5 minutes, before
centrifugation at 12,0009 for 30 seconds.

D. DNA BINDING SITE ISOLATION

The DNA was recovered from the solution by pherdddimform extraction, with the
addition of 10ug glycogen (VWR) as a carrier, andsequent ethanol precipitation
(see 2.2.2\) then resuspended in 10p3®1 The DNA was then re-amplified by PCR
using 150ng of the forward and reverse primerd &cycles (see 3.28) using 1U
Tag polymerase (Promega). This amplified DNA wanthsed as the substrate for
further rounds of protein/DNA binding selectionags Following PCR amplification
from the fifth round of the binding selection assine DNA was cloned into a pCRII-
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TOPO vector from Invitrogen (see 3.2.1.C) and ti@msed into Invitrogen’s TOP 10
E. coli competent cells (see 3.2.1.D). The entire t@nsition reaction was plated
onto LB plates containing 50ug/ml ampicillin whibkad been previously spread with
40ul of 40mg/ml X-gal (Fermentas) in dimethylformdm Transformants were
picked and cultured, the DNA midi prepped and saged by the IHG sequencing

service using the M13 forward and reverse primeee 3.2.1.E and F).
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3.2.5 Electrophoretic Mobility Shift Assay (EMSA)
A. 5 END LABELLING

Oligonucleotides were synthesised by MWG-Biotecth @atonstituted in Milli-Q KO
according to the suppliers’ directions. Four dotgitanded oligonucleotides were
generated: W=T_oligo — which represented the TBRRA binding consensus
sequence and contains a thymine base at'tipe$ition of the TBX22 consensus
sequence (the “W” at this position within the TBX@hsensus sequence implies that
this position can be represented equally by edhiymine or an adenine base). The
515-20_oligo — which was clone 515-20 from ihe&itro binding assay (see Table
14), is identical to the TBX22 consensus bindingussice at 8 of the 10 positions: the
exceptions are a guanine base at thpasition (instead of a cytosine) and a cytosine
residue at the bposition (in place of an adenine). THR@sition is an adenine base

(this position can be either an adenine or thynmnée TBX22 DNA binding

consensus sequence). The Mut_oligo correspontie toBX22 DNA binding

consensus sequence, except that the guanine resititre 2 and 3 position in the

consensus sequence were replaced by adenine iesigdieontains an adenine base

at the “W” position of the TBX22 consensus sequefaally, Cont_oligo is a

positive control oligo which had previously beewh to bind TBX22 (Andreoet

al. 2007). The oligos used are shown in Table 13.

ds Oligo Oligo 1 Oligo 2
Cont_oligo CTAGCAAGGTGTGAAATTGTCACCTCAA | GTTCCACACTTTAACAGTGGAGTTCGA
W=T _oligo CGAGAGGTGTCTTA CGAG CTCGTAAGACACCTCTCG
515-20_oligo CGAGAGGTGT GATCCGAG CTCGGATCACACCTCTCG
Mut_oligo CGAGAAATGTCATA CGAG CTCGTATGACATTTCTCG
TBX22 DNA
binding consensus AGGTGTCWTA
sequence

Table 13: The oligonucleotides used to generate tld@uble-stranded oligos used in

the electrophoretic mobility shift assay of TBX22 potein. The position of the TBX22
DNA binding sequence within Oligo 1 of the W=T_aigp15-20_ oligo and Mut_oligo

Is shown in bold and variations from this sequeareechighlighted in red.
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To generate the double-stranded oligos W=T, 519v&@,and Cont, the paired oligos
(oligos 1 and 2 from Table 13) were heated t6CGabove their melting temperature
for 30 minutes and allowed to anneal by cooliraywy to room temperature. They
were then treated with 1U of S1 Nuclease (Promfage80 minutes at 3T and
purified through a QIAquick nucleotide removal {@iagen) following the

manufacturer’s instructions.

2pmol of the double-stranded oligonucleotides vieead-labelled using 10U of T4
polynucleotide kinase (PNK; Promega) in a 10ul tieaccontaining 1X PNK buffer:
50mM Tris-Cl pH 7.5, 10mM MgG) 5mM DTT, 0.1mM spermidine (Promega) and
1pl of [ **P]ATP, 3000Ci/mmol at LomCi/ml (Amersham Biosciesjcd he reaction
was incubated at 8C for 10 minutes after which time the reaction wapped with
the addition of 1ul 5mM EDTA and the PNK enzymethieactivated by incubation
at 70C for 10 minutes. The volume was adjusted to 10@{H the addition of TE
buffer.

B. ELECTROPHORETIGMOBILITY SHIFT ASSAY (EMSA)

TBX22 protein/DNA binding site reactions were sebypcombining the TBX22

PTNT rabbit reticulocyte lysate withénd-labelled oligonucleotide (3.245. A

binding reaction was setup by adding 2ul of théitateticulate lysate with 2ul of 5X
binding buffer. In initial experiments the bindibgffer was that supplied from the
Promega Gel Shift Kit, however in later experimehis was substituted for a binding
buffer as described in (Andre@t al.2007). For the positive competitor reaction,
2pmol of unlabeled consensus TBX22 oligonucleofitleT_oligo) was also added
to this reaction. To serve as negative controfgrther reaction containing 2ul lysate
that contained the pTNT vector which lacked TX22coding sequence insert and
another in which the lysate was absent were alsopsd-or use in competition
experiments 2pmol of the W=T_oligo was also incthdethe binding reaction. In all
cases, the reaction volume was adjusted to 9ulnvuithease free water and incubated
in a water bath at 26 for 20 mins.

An anti-TBX22 antibody (sc-17862>Santa-Cruz) was used for super shift

experiments. This antibody was specifically choggthe manufactrer's advise using
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this antibody for gel super shift experiments. Héyg of the TBX22 antibody was
added to the EMSA binding reaction containing 2ithe TBX22 pTNT rabbit
reticulocyte lysate from the transcription/ tratisia and 2l of the 5X binding buffer.
This volume was adjusted to 9ul withHand incubated at 26 for 20 mins.
Following this, 1ul of the labelled oligonucleotidas added and the reaction was

incubated for an additional 30 minutes al@5

C. VISUALISING THEEMSA

5ul of the reaction from 3.2.5.B was added to 3jillit® H,0 and 3ul of Novex Hi-
Density TBE sample buffer (Invitrogen) and thended on a pre-cast 6% Novex
DNA retardation gel (Invitrogen). The samples welextrophoresed at 300V in 0.5X
TBE buffer (5X TBE = 5.4% Tris base, 2.75% boricda®©.29% EDTA — free acid,
pH 8.3; Invitrogen) using the XCeflurelocksystem described in 3.2.3.A, until the
marker dye had migrated, of the way down the gel.

The gel was removed from the gel plates and tramesf¢o a sheet of 3MM filter
paper (Whatman) overlaid with a thin plastic wraggpand dried using a Flowgen gel
drier. Once dry the gel was exposed to Biomax MR+ay film (Kodac) overnight.
The X-ray film was then developed using Xographsrpact X4 machine according
to the manufacturer’s instructions using Devaleamd Fixaplus reagents from
Champion. The developed X-ray film was imaged usingiP Scanjet 4850 Photo

Scanner (Hewlett Packard).
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3.3 RESULTS

3.3.1 Producing a TBX22 protein

The optimum growth time for the bacterial cultufeléowing induced expression by
IPTG was determined by taking samples from indg&d?2, 14, 16) and uninduced
control cultures (UO, U2,U4, U6) following the atdn of IPTG to induce the
expression of the recombinant 6xHis-TBX22 prot&amples were taken from the
growing induced and uninduced cultures immedidt@lpwing the addition of IPTG
and then after 2, 4 and 6 hours, lysed using atdeng lysis buffer containing 8M
urea and analysed by PAGE (Fig. 17).

T, . LI TR
Figure 17: Recombinant TBX22 protein expressio. IPTG was used to
induce the expression of recombinant 6xHis-TBX2&gin inE.coli.
Cultures were lysed using 8M urea and proteins weparated on a 129
bis-tris PAGE gel and stained with coomassie bége Section 3.2.3).
Samples were removed from bacterial cultures aiced (10, 12, 14, 16)
and uninduced cultures (UO, U2, U4, U6) 0, 2, 4 Gmburs after
induction. (M, protein mass markers (SM0671, Fetiagnwith the
approximate mass sizes indicated. The arrow ingsctiite position of the
6xHis-TBX22 protein on the gel.

R
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A strong band of approximately 70kDa is presentntenPAGE gel in lanes 12, 14
and 16 but not lanes U0, U2, U4 and U6 (Fig. 1@)oidder to verify that the protein
corresponding to this band was indeed the overesspd 6xHis-TBX22 tagged
protein; a larger 50nm@xHis-TBX22plasmid culture was grown, harvested and
purified using a Ni-NTA column (Fig. 18). The siedband (lane E2 in Fig. 18) was
excised and verified as TBX22 by MALDI-TOF (see.3.2, Fig. 19 and Appendix
2).

Figure 18: Purification of the 6xHis-TBX22 proteinby Ni-NTA
affinity column. Bacterial cultures expressing the recombinant proty
plasmid were lysed using 8M urea and purified usiidj-NTA spin
column. Samples were taken from the initial ceskite (CL), following
the first flow-through from the column (FT), aftée first wash (W1),
second wash (W2) and final wash (W3) and from tiiected elution
(E1) and (E2). M is a protein mass marker with agpnate sizes
indicated. The proteins were separated on a 12%ibigel and stained
with coomassie blue (see 3.2.3).
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Using the Mowse scoring algorithm (Pappiral. 1993), it was confirmed that
the protein in the sample matches the human TBXa@&im sequence. The scores
from this test show that the probability of detelgpeptides matching the human
TBX22 protein sequence is much higher than wouleéXpected by chance. A Mowse
score of anything greater than 78 indicates thexetis less than a 0.05% likelihood of
the protein in the sample being the TBX22 proteiguence by chance alone. The
highest Mowse score from the output of the MALDIH @xperiment (Fig. 19, full
report in Appendix 2) is 141 and matches to theganosequence AAK63189, which
is human TBX22. All of the other matches lie belihe accepted threshold of

significance.

Figure 19: A Probability based Mowse score of therptein samples
compared to the human TBX22 protein sequenceThe shaded region
shows those scores where p>0.05. The highest Msggse is 141 and
can therefore be considered to be a significantimdtor full report see
Appendix 2
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Having established that a human TBX22 protein ctaldiosynthesised usirkg

coli, a number of different buffers were used to lysedells and solubilise the
protein under native conditions. Samples were tdik@n the cell cultures lysed using
the different native buffers (see 3.2.1.1) and gs&d on a denaturing PAGE gel for

the presence of a 70kDa over-expressed protein ZBig

Figure 20: Lysing the bacterial cultures under nondenaturing
conditions. A coomassie blue stained PAGE gel of bacterial
expression cultures lysed using the buffers fromld42. S, Sodium
dihydrogen Phosphate; S+, Sodium dihydrogen PhospbaM -
mercaptoethanol;T, Tris-Cl; T+, Tris-Cl, 5mMmercaptoethanol; B,
PBS, P+, PBS, 5mM-mercaptoethanol; IP, IP-50. U is 8M urea and
M is a protein mass marker SM0661 from Fermentéh, thve
approximate mass sizes indicated. Electrophoresistining
conditions are outlined in 3.2.3.
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No band was detected on the PAGE gel from aretlifferent native buffer
lysates employed (lanes S-IP in Fig. 20) correspantb the over-expressed protein
observed in the urea buffer lysate (lane U in E@). The protein had been produced,
as could be seen from the 70kDa band on the PAGHaoge the urea lysed cells, but
could not be solubilised using the native bufferd was therefore absent from the

PAGE gel in these lanes.

As the TBX22 protein could be detected in the lysad cells, the denatured TBX22
protein from this sample was applied to a NI-NTAucon; while the protein was
attached to the column, urea was gradually reménesd the buffer (see 3.2.1.A).
However, when the urea concentration in the wastebbecame less than ~3.5M the
protein come out of solution and blocked the pamdke spin column. Thus, this

approach would not be suitable for the re-foldifithe TBX22 recombinant protein.

The 6xHis-TBX22 pET100/D-TOPO plasmid was exprdssea Rabbit
Reticulocyte Transcription/Translation System (3&22). The presence of the 6xHis-
TBX22 protein in the cell lysate could be deteatada Western blot using an anti-
6xHis tag antibody (see 3.3.3.B). Samples werentéicen the rabbit reticulate lysate
following the transcription/translation reactiordegmalysed against a control rabbit
reticulate cell lysate that had not been incubatitll the 6xHis-TBX22 expression
vector (Fig. 21). Using an anti-6xHis antibody, tkeombinant protein was detected
in the cell lysate that had been incubated withTtBX22 expression plasmid (lane T

in Fig. 21) but was absent from the cell lysateydldne RL in Fig. 21).
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Figure 21: Detection of the 6xHis-TBX22 protein fran a rabbit
reticulocyte lysate. An ~ 70kDa protein was detected by an anti-6xH
antibody by Western blot. Lane T is the lysate bated with théxHis-
TBX22plasmid, RL is the lysate only, M is a pre-staifedtein marker
with approximate sizes indicated. Visualisatiorihef antibody was
achieved using HRP and DAB staining (see 3.2.3).

3.3.2 Determining a TBX22 preferential DNA bindingsequence

Utilising the 6xHis-TBX22 protein produced by thariscription/translation system,
an i vitro oligonucleotide selection assay using the doufséanded random
oligonucleotides was performed as described in@eét2.4. Following five rounds
of selection and amplification using the binding Selection assay, the resulting

clones containing the oligonucleotide DNA to whidBX22 bound were sequenced.

These sequences or their complement were aligned annsensus sequence
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identified (see Table 14). An example chromotagaauth complete alignment of the

full 26 base random oligonucleotides are presemmtégppendix 4.

Clone ID Sequence
Base Position 1 2 3 4 5 6 7 8 |9 10
515-1 c |G |G |T |G |[C |G |A |C |C
515-2 cC |G |G |T |G |A |T |A|T |G
515-3 A |C |G |T |G |T |[C |T |[T |A
515-4 T |G |G |T |G |T |T |A |A |C
515-6 A |C |G |T |G |T |[C |T |T |A
515-8 G |[C |G |T |G |T |C |C |A |A
515-12 A |G |G |T |G |[C |T |G |T |C
515-14 A |G |G |T |G |[T |[C |C |G |A
515-15 A |C |G |T |G |T |C |T |T |A
515-17 T [G |G |T |G |T |G |G |A |A
515-19 A |G |G |T |G |T |C |T |T |A
515-20 A |G |G |T |G |T |G |A|T |C
515-21 A |G |G |T |G |T |[C |T |T |A
515-23 A |G |G |T |G |T |C |T |T |A
515-24 A |G |G |T |G |T |[C |T |T |A
515-25 A |C |G |T |G |T |C |T |T |A
515-27 A |C |G |T |G |[C |A |A |C |A
515-28 A |G |G |T |G |A |[C |G |C |A
515-29 cC |G |G |T |G |T |G |A |C |G
515-30 A |G |G |T |G |[T |G |[C |G |T
Base Nucleotide Frequency
A 14 0| O 0 0 2 1| 6 3] 13
C 3 6| O 0 0 3] 11| 3| 4| 4
G 1| 14| 20 0] 20 0 5| 3 2 2
T 2 O 0] 20 0| 15 3| 8] 11 1
TBX22 Consensus A G G [T G [T c W [ A
Brachyury % site A G 6 T 6 T G A A A

Table 14: Determining the TBX22 binding site. The aligned sequences of the
cloned DNA isolated from the DNA binding site s¢iec assay following five
rounds of selection are shown, with red nucleottdgklighting a direct match with
the Barchyury DNA 1/,-site. The frequency of each nucleotide at thaitjposin

the binding sequence is shown in the lower hatheftable. The TBX22 binding
site was determined from the consensus sequeribe afigned clones. W=Aor T
as per the standard IUPAC codes (IUPAC-IUB 197hg position of each
nucleotide within the aligned sequence is showthanfirst row of the table.
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The consensus TBX22 binding site - AGGTGTCWTA - waesntified by aligning
the DNA sequences of the 20 clones (Table 14).l&ctrmobility shift assay
(EMSA) was used to verify that TBX22 did indeeddio this consensus DNA
binding site (see 3.2.5), using the rabbit reticyte cell lysate and the pTNT-TBX22
protein. The resulting EMSA can be seen in Figire 2

Figure 22: An electromobility shift assay of the TEX22 protein. TBX22
protein is able to bind to and cause a band shifie lane containing DNA
probes of the determined TBX22 consensus sequeWéeT _oligo and a
previously reported TBX22 DNA binding sequence dfeouet al. 2007)
— Cont_oligo. 1 — W=T _oligo only, 2 — W=T_oligo arabbit reticulocyte
lysate control, 3 — W=T_oligo and TBX22 lysate, A4M=T_oligo and
TBX22 lysate with anti-TBX22 antibody, 5 - Cont_gii and rabbit
reticulocyte lysate control, 6 — Cont_oligo and TBAysate, 7 —
Cont_oligo and TBX22 lysate with anti-TBX22 antilyod

RRL — rabbit reticulocyte lysate; TBX22 — rabbiticalocyte lysate
containing TBX22 protein; W=T — W=T_oligo; Cont -ef_oligo;a-
TBX22 = anti-TBX22 antibody. The black and cleamoars indicate
possible shifted bands.
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The derived TBX22 DNA binding sequence oligo (W=sligo, lane 3 in Fig.
22) is shown to bind to a protein within the lysetataining the TBX22 protein
which results in a shifted band on the gel (positialicated by the black arrow in
Fig. 22). A similar shift can be seen in lane &@f. 22 (Cont_oligo), which shows
the shift by an oligonucleotide that has alreadsnbghown to bind TBX22 (Andreou
et al.2007) and serves as a positive control for thpeerment. The cell lysate that
did not contain the over expressed TBX22 protaandl|2in Fig. 22) did not display
this shifted band illustrating the specificity betW=T_oligo for a target site that is
present within the cell lysate containing the 6xHBX22 protein and which is not
present in the rabbit reticulocyte lysate aloneaddition to this shifted band, both the
W=T_oligo and the Cont_oligo show a more intengiéi molecular weight band on
the EMSA (position indicated by clear arrow in F2g) in the presence of the lysate
containing the TBX22 protein (lanes 3 and 6 in Ri&) when compared to the cell
lysate only lane (lanes 2 and 5 in Fig. 22). jtassible that this more intense band is
actually caused by binding of the W=T_oligo and Coligo to a full length TBX22
protein and that the lower shifted band is dueindibg of the oligos to a smaller,
incompletely transcribed or translatedTBX22 polyjmg An alternative explanation
for the presence of the high molecular weight harttat the W=T_oligo and
Cont_oligo are binding with additional proteins lnit the lysate containing the
TBX22 protein. Further work would be required tsaiminate between these two

possibilities.

Further support of the specificity of the W=T_olifpy a target site within the lysate
containing the TBX22 protein is demonstrated byahiity of an unlabelled
oligonucleotide, with the same sequence as théiteofonsensus TBX22 binding site,
to completely compete out the shift of the labetiido (lane 4 in Fig. 23). The cold
W=T _oligo was also able to remove the higher mdéroweight band (position

indicated by a clear arrow) seen in lanes 2, 35and
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Figure 23: TBX22 DNA binding consensus sequence binds specdily to
lysate containing TBX22 proteina. The shifted band (black arrow) seen with

the W=T _oligo (lane 2) is not seen with the Mutgolwhich contains 2 changes$

for the DNA consensus sequence in positions essdatibinding with TBX22
(lane 3). A cold W=T_oligo (lane 4) is able to catgout the band shift seen
with the labelled W=T _oligo. Specificity of the W=dligo to shift TBX22 is
retained in the presence of an unlabelled non-Bpecmpetitor Mut_oligo (lane
5). Lane 1 is the W=T _oligo only, lane 6 is the Maligo only.

b. Lanes with both the W=T oligo (lane 8) and th&-2D oligo (lane 10) show
shifts with the lysate with TBX22 protein in comjsan to the lysate alone (lang
7 and 11). Lane 9 is W=T oligo only.

a. andb. were electrophoresed on separate gels but tks ke labelled in
consecutive order to assist identification withe text.

RRL — rabbit reticulocyte lysate; TBX22 — rabbiticalocyte lysate containing
TBX22 protein; W=T — W=T oligo; Cold W=T — unlabetl W=T oligo; Mut —
Mut_oligo; Cold Mut = unlabelled Mut_oligo; 515-20515-20 oligo. The black
and clear arrows indicate the position of possshiéts on the gel.

v

S

Specificity is further confirmed by the failure ¢ompete out this shift (lane 5 in Fig.

23a) by an unlabelled mutant oligonucleotide tteet &in identical sequence to the
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consensus TBX22 binding site, except at bases 3amavhich the guanine bases
have been replaced with adenine bases. The Mub algp differs from the
W=T_oligo, but not the actual TBX22 consensus seqgegewhich can be either an
adenine or thymine at the 8th base position, ashiise is an adenine base as opposed
to the thymine residue of the W=T oligo (see Tdl3g Unfortunately the absence of
the rabbit reticulocyte lysate only control landhe first gel of Fig. 23 somewhat
hinders direct comparison with the effects of thet Mligo on the lysate containing
TBX22 protein (lane 3). However, taken all togethkis experiment suggests that a
protein within the lysate containing TBX22 can biodhe derived consensus
sequence (W=T oligo). As the only known differebeéween the rabbit reticulocyte
lysate and the lysate containing TBX22 proteirhiss TBX22 protein, this supports
the argument that the TBX22 protein can bind towheT oligo.

In order to confirm this, a super-shift experimasing an anti-TBX22 antibody was
required. However, the anti-TBX22 antibody was uedb super-shift the
“TBX22"/W=T_oligo complex (lane 4 in Fig. 22) or¢éHTBX22"/Cont_oligo (lane 7
in Fig. 22). Similarly the anti-His antibody als@mlahot super-shift the complex under
the same conditions (data not shown). Whilst thityabf the anti-TBX22 antibody
to bind to 6xHis-TBX22 protein has not been testhd,anti-His antibody has been
demonstrated to bind to this protein (Fig. 21}h# anti-His antibody had been
employed using different experimental conditioreshaps a super-shift confirming
the specificity of the TBX22 DNA binding site toefTBX22 protein would have
been achieved. However, in the absence of this dlat@nnot be excluded that both
the W=T_oligo and Cont_oligo are actually bindiagd hence shifting, a protein
other than the 6xHis-TBX22 protein.

The fact that shifts with the TBX22 DNA binding a@nsus sequence (W=T oligo)
were seen in these experiments partially authees8dae co-immunoprecipitation
experiments (3.2.4). As the consensus DNA bindeguence was also the most
represented sequence in the list of clones seqddraa thein vitro oligonucleotide
selection assay: six of the twenty clones sequeacethin a sequence that is identical
to the TBX22 consensus binding site, whereas fiv@clones had thymine at the
eighth position (oligos 515-15, 515-19, 515-21,285and 515-14 (see Table 14).

Further justification of the results of thevitro oligonucleotide selection assay can be
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seen in Fig. 23. The 515-20_oligo, which contaiaestquence identified in tive
vitro oligonucleotide selection assay, but which diffei®m the TBX22 consensus
sequence at two bases, was also capable of causimff with the TBXB2 protein
(lane 10 in Fig. 23). It appears that the highelemdar weight band (clear arrow)
seen with the W=T_oligo (lane 8 in Fig 23) is no#gent in the lane containing the
515-20 _oligo (lane 10 in Fig. 23). The absencéisf band may reflect a genuine
difference in the binding capability of the 515-&ligo compared to the W=T_oligo
or Cont_oligo, or may be due to an artefact ofekgeriment, perhaps due to
radioactive incorporation variances between thieht oligonucleotides. If the
result reflects a genuine deficiency in the bindighe 515-20_oligo to a protein
within the lysate containing TBX22 then four po$sibxplanations are put forward
below:

The 515-20_oligo binds more specifically to théd&«TBX22 protein then either the
W=T_oligo or Cont_oligo. If this is the case, thteée higher molecular weight band
that appears in the lanes with the lysate contgiiBX22 protein and the W=T_oligo
and Cont_oligo (indicated by the clear arrows ig. 22 and Fig. 23), could be due to
the oligos binding to other proteins in the lysateis is less likely because the higher
bands are not seen with the rabbit reticulocytaty/slone (compare lanes 2 & 3 and
lanes 5 & 6, Fig. 22). However, there is perhapsiadaupport for this explanation in
the fact that the 515-20_oligo contains a singleAl¥dquence that bound to the
6xHis-TBX22 protein, as opposed to a consensusesegucomposed of several
combined sequences for the other two oligos whathidcaccount for the non-
specificity of these oligos to the 6xHis-TBX22 pwt. A second hypothesis is that
the W=T_oligo and Cont_oligo are binding to the &¢<fBX22 protein which is
complexed to other biomolecules, thus increasiegiblecular weight and showing
as a higher band on the EMSA. If this complex ianging the conformation of the
6xHis-TBX22 in such a way that the 515-20_oligo carlonger bind, no
corresponding band would be seen on an EMSA angdtbellower shifted band
(indicated by the black arrow) would be visible do¢he binding to the “free” 6xHis-
TBX22 protein. If either of these two possible expdtions are correct, then this
would give further credence that the shift in F2®.and 23 indicted by the black
arrow is due to binding of the TBX22 protein to th#erent oligonucleotides (W=T,;
Cont_Oligo; 515-20).
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A third possible reason to explain an absencehoglaer band in the 515-20_oligo
lane may be due to the fact that both the W=T_adigd Cont_oligo are able to
concatamerize and then bind multiple copies of TBX2vhich appears as a higher
band on a gel - which the 515-20_oligo is not céabdoing. A fourth explanation
for this missing band may be that, as has beenqusly stated, it cannot be
definitely concluded that the oligonucleotides actually binding to the TBX22
protein as a super-shift was not detected withatitdodies and conditions tested. It
could be argued then, that the different bandsctiedan the EMSA experiments
when using the various oligonucleotides are ndaat due to binding with 6xHis-
TBX22 protein, but result from DNA binding to vedyfferent proteins within the
rabbit reticulocyte cell lysate.
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3.4 DISCUSSION

X-ray crystallography has shown how T-box protdimgl to their DNA recognition
sites (Muller and Herrmann 1997; Cellal.2002). Contact is made at specific sites
between the T-box protein and the DNA molecule .(B#), although X-ray
crystallography studies have yet to detail the ersechanism for the TBX22 protein

and the DNA molecule.

The T-box protein binds to the DNA as either a dimnaath specific interaction
between each dimer, as is the case with the Braghpyotein (Fig. 24a) or as a single
monomer, as is the case with TBX3 (Fig. 24b). thezi case, if the protein was
folded such that these recognition sites were eitbeaccessible to the DNA or the
structure of the protein was physically altereat@in binding to the DNA would not
be possible. Therefore it is essential that angygpeton of recombinant protein that

will be used for functional studies preserves tagve protein structure.

One of the greatest challenges in isolating aivelgtpure synthetic protein is
maintaining the native protein conformation or whthis can not be achieved easily,

the re-folding of a denatured protein back to @tve state.

Figure 24: T-box proteins contact DNA at specificecognition
sites.X-ray crystallographic images of a) tkenopusT protein
(Muller and Herrmann 1997) atd human TBX3 (Colkt al.2002)
bound to DNA.
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Expression irE.coli has been successfully employed as a strategydagortiduction

of other functionally active T-box proteins (Singiaal. 2000; Ghoslet al.2001) and
was an obvious approach to produce TBX22. The iahdatf a fusion tag to the

protein not only aids the purification (especiatiythe absence of a specific antibody
to the protein of interest), but also can helptabiise the expression of recombinant
proteins and may also assist in re-folding theginoif required. The two most
common fusion tags are glutathione S-transfera§3j@nd 6 histidine residues
(6xHis). 6xHis was chosen as the preferred tag lassi the advantage of being a small
tag and therefore being less likely to interferénwiine structure and function of the

TBX22 protein and can be purified in a one-stepvecy process (Hochuli 1988).

Induction of the 6xHis-TBX22 expression vector B\ G drove the production of an
over-expressed additional protein, absent in thedwted cultures, which could
clearly be seen in the cell lysates on a coomasaired denaturing PAGE gel (Fig.
17). This band migrates to just below 70kDa onRA&E gel when compared with
the marker protein ladder. However, the predictedecular weight of the 6xHis-
TBX22 fusion protein using the online protein maikee weight prediction tool
hosted by the bioinformatics organisation (httpaimbioinformatics .org/sms/prot
_mw.html) is 62.05 kDa (theTBX22 protein and DNAjgences can be seen in
Appendix 3). This molecular weight prediction does account for any post-
translational modification of the protein that n@ocur and therefore taking this into
account the over-expressed band in the inducedreslis migrating to approximately

the expected position on the PAGE gel.

Following Ni-NTA spin column purification, the owexpressed band seen in the
induced cell lysate (Fig. 17) was isolated and apguktas a single band on a
denaturing PAGE gel (Fig. 18), thus verifying tha¢ over-expressed protein
contained a 6xHis tag that was accessible by tARd T column and was therefore
likely to be accessible to an anti-6xHis antibadyuture experiments. MALDI-TOF
mass fingerprinting analysis of the excised bamer 8i-NTA purification revealed
that the protein was unquestionably that of humBX22 (Fig. 19 and Appendix 2).
All of the other matches in the sample fell beldw threshold level of significance
showing that the 6xHis-TBX22 protein had been sgsitted and successfully
purified.
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Although a 6xHis-TBX22 protein had been succesgiotbduced and recovered by
over-expression in bacterial cells and purificatbona Ni-NTA column, doing so
under non-denaturing conditions could not be addesasily (Fig. 20). The 6xHis-
TBX22 protein could not be solubilised using maiffedent lysis buffers (Table 12).
This is a common problem when producing recombipaatieins in this manner
(Caseyet al. 1998) as the over-expressed protein is often agtated as insoluble
protein aggregates known as inclusion bodies witlenhost bacterial cells
(Villaverde and Carrio 2003; Ventura and Villave206). Whilst it is theoretically
possible to re-fold the denatured protein once gurified, it is not always achievable.
Attempts to re-fold the 6xHis-TBX22 protein whilsbund to the NI-NTA column, a
method used to re-fold a 6xHis-TBX5 protein (Gheslal.2001), proved
unsuccessful. Once the urea in the buffer soludgtrbelow ~ 3.5M the protein was
no-longer soluble and came out of solution, blogkime column. Another approach
was investigated, party due to the difficultieserfolding the denatured protein and
partly because re-folding a denatured protein do¢slways return the protein to its
true native state (Shortle 1996).

An in vitro transcription/translation (IT) system (see 3.2.2) was able to express the
same plasmid used in the bacterial cell expresstiaties. This method uses pre-lysed
cell extracts, meaning the recovery of the proigimot needed in applications where
the whole cell lysate can be used. This is anapmeapproach to use as it
eliminates the need to solubilise or re-fold thet@in. However, due to the limitations
of the TNT technology, a much reduced protein yield is ot#di This has the
consequence that there is insufficient sampletteeesee a band on a coomassie
stained gel or, more importantly to use in a MALDDF mass fingerprint

experiment. Nevertheless, by using an anti-6xHi®ady, a protein can be detected
by Western blot (lane T in Fig. 21). This protesmbot present in the cell lysate that
does not contain the 6xHis-TBX22 pET100/D-TOPO esgpion vector (lane RL in
Fig. 21), showing that this protein is being expessby the plasmid in thenT cell
lysate system. This protein shows a similar migratvhen compared to a protein
marker by Western blot following denaturing PAGEg(R21) to the migration seen
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by the 6xHis-TBX22 protein expressed by the baateells when run on a
denaturing PAGE gel (figs. 17 and 18).

Is the protein detected by Western blot (Fig. B&)@xHis-TBX22 protein, and is the
protein in its native state? The evidence wouldyesgthat both are likely to be the
case. Although this protein cannot be verified b&LDI-TOF analysis due to the
low sample yield, it is being expressed from th@esgplasmid that was used in the
bacterial expression system and that protein waBaceby MALDI-TOF analysis to
be 6xHis-TBX22. As the protein synthesised by thd Tethod was detected using
an anti-6xHis antibody, one can be assured thatlttesminal 6xHis tag is present.
Furthermore, the over-expressed proteins genenateath bacterial and mammalian
cells have similar sizes as shown by their miggatonthe same extent on a PAGE gel.
As the proteins expressed by theTTsystem are produced in a pre cell lysed
environment and if the whole cell lysate can beluse additional recovery process
will be required which will make it more likely thehe protein will retain its native
conformation. Taken together there is satisfacsoiyport that the protein produced
by the TNT system is 6xHis-TBX22 protein and will be suilibr use in further
functional studies, provided that using the whak lysate -which will include the

6xHis-TBX22 protein — will not compromise such sasl

There are additional benefits to using thel'system over the bacterial expression
method. As the NIT system employs mammalian cells, the post-trainsigdrotein
modifications produced by this approach will beseloto then vivo TBX22 protein
than could be achieved by the prokaryote bactsystem, which has different post-

translation mechanisms.

Using the protein expressed by the TNT systemnaaitro oligonucleotide selection
assay Yyielded a TBX22 preferential DNA binding satte: AGGTGTCWTA, where
W is either an adenine or thymine (Table 14). Timeling specificity of TBX22 to

this sequence was confirmed when cold specific atitgp reduced the binding of
TBX22 to the DNA consensus oligonucleotide (lane Big. 23a) and TBX22 was
shown not to bind to an oligonucleotide with a $gamsequence that differed at 2 key
bases (Mut_oligo, lane 3 in Fig. 23a). Althougtv#ts not possible to show a super-
shift using a TBX22 antibody (lareFig. 22), this may be because the antibody used
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was not actually binding to the protein at all. ihodies are notoriously fragile in
their ability to bind to their ligand when used endlifferent environmental
conditions. Although the antibody used in this gthdd been specifically designed
for use in gel-shift experiments, the manufactemrld not guarantee that it would
successfully bind to a TBX22 protein produced usirigabbit Reticulocyte
Transcription/Translation System or in cell lysataditions. If an antibody that could
bind TBX22 under the conditions used in this stugye available, then a super-shift
of consensus DNA binding sequence may well be ebgeAs no super-shift could
be demonstrated in an EMSA experiment, the barftsshitnessed in the EMSA
experiments could possibly be caused by bindin@bligos to proteins other than
the TBX22 protein. Although an anti-His antibodynaenstrated that a protein
containing a 6xHis tag was being synthesised byrtfiesystem (Fig. 21), due to the
lack of a super-shift even using this same antibodan EMSA (results not shown), it

is possible that the shifted bands may be due pera®ental artefact.

The derived TBX22 DNA binding sequence is simitattie Brachyury ¥.-site,
expect for slight deviations at theeéhd of the sequence (Table 14). In comparative
binding studies thre¥enopugproteins Xbra, VegT and Eomesodermin whilst all
showing binding to the same core Brachyuti-ite, all showed binding to various
deviations from this sequence, most frequentlyaffanking ends of this motif
(Conlonet al, 2001). A study by another group reported that ZBXreferentially
binds to the sequence AGGTGTGAAATTGTCACCT (Andrexiwal, 2007), which

is orientated such that the secorly-Eite is inverted compared to the Brachyury T-
site. However, the authors found that binding te ®,-site was possible, albeit in
the presence of an antibody to help stabilise tbeep/DNA complex. It has been
previously noted that variations in binding assagditions can influence T-box
binding to DNA: one study reports that Xbra caniod to a F/,-site (Caset al,
1998), whereas two separate studies reportedrttiaed it can (Carreiret al, 1998;
Sinhaet al, 2000). Sinah and colleagues, point to salt amdspecific competitor
concentrations as being a likely explanation ferdifferences between the reported
findings of the three binding studies. These expental differences could also be an
explanation as to why the preferential TBX22 DNAding site of this study and that
of Andreou and colleagues do not exactly matcladdition, the authors of the latter

study report that the full length inverted palinaiio DNA binding sequence they
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have derived for TBX22 is a sequence that is ntiradly present in the human
genome and propose it is more likely that theivoDNA binding site is a half site
(Andreouet al, 2007). Therefore, both that study and the dagagmted here suggest
that the DNA binding element of potential targenge for TBX22 is likely to contain

a sequence similar to a Brachyur¥y,Tsite.

The identified TBX22 binding sequence is similaotee half of the Brachyury DNA
binding sequence, except that the seventh positibith is a guanine residue in the
Brachyury target sequence, is replaced by a gydsase in the TBX22 binding
sequence. Also at the eighth and ninth positiomere/the Brachyury protein
preferentially binds to an adenine base, TBX22 seempable of binding to either an
adenine or a thymine residue at the eighth posamhhas a preference for a thymine

residue at the ninth position (see Table 14).
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CHAPTER 4

TBX22 DOWNSTREAM TARGETS

4.1 INTRODUCTION

Thein vitro techniques described in Chapter 3 identified a ZBXinding sequence
which can be used to search sequences of potdotiaistream target genes. The
results of these searches can then be experimewtaified to reveal genuine T-box
target genes. Such an approach has uncovered IsBrachyury targets (Caset al.
1998; Caset al.1999) as well as for other T-box proteins (Gheshl.2001;
Garnettet al.2009).

Even after the identification of potential downsimetarget genes, validating them can
still be an arduous task. Brachyury was the firsiok protein for which a preferential
DNA binding sequence was identified (Kispert andrit@nn 1993) but it took a
further five years before a downstream target gesereported (Casest al. 1998).
Therefore, if TBX22 target genes were to be idedifcareful consideration would
have to be given to how the search was performddbo to exactly which genes

would be included in the screen.

Although a DNA binding consensus sequence thatsivaiar to the Brachyury -
site had been determined for TBX22 (Chapter 3)idtnot necessarily mean that this
sequence would be the exatvitro target for TBX22. For example, it had been
shown that although the original T protein, Braatyywvould preferentially bind to
the sequence — TTTCACACCTAGGTGTGAA, the DNA bindsitg in ann vivo
target for thexenopusBrachyury homologue Xbra, was — ATTCACACGT (Tada
al., 1998). This sequence, whist being very similah®Brachyury ¥.-site, was not
identical, showing that the actualvivo T-box targets may show some degree of
divergence from the preferential DNA binding sitgatmined by am vitro

oligonucleotide selection assay.
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A search strategy is needed that balances usiagratssequence that is flexible
enough not to miss potential targets, and usirggaence that is too encompassing
which would lead to excessive numbers of matchéartet sequences, potentially

generating many false positives.

With this in mind, a more generic binding site thha consensus TBX22 DNA
binding site was constructed by compiling the bigdsequences of other known T-
box target sequences and incorporating the prefat@BX22 binding site

determined in Chapter 3. This sequence is reféaed the “generic T-box binding
site”. The promiscuity of different T-box proteitsstheir DNA target sequences has
been demonstrated several times (for review sea &ad Smith 2001). Indeed all T-
box proteins tested have been reported to binket®@tachyury target sequence, even
if the experimentally derived DNA binding sequeace the preferreBrachyury

DNA binding site were not exactly alike (Sinagal.2000; Conloret al.2001).

As TBX22is disrupted in CPX (Braybroakt al.2001; Marcanet al.2004;
Chaabounet al.2005; Suphapeetipoet al.2007; Pauwet al.2009b), one could
reasonably assume that when TBX22 downstream tgeyeds are disrupted, they too
may give rise to a similar cleft palate phenotyfieerefore, all genes shown to
underlie a cleft palate disorder would be candslatevhich to screen for the
presence of the identified preferential TBX22 bimglsite and the generic T-box
binding site. Following the identification of a patial TBX22 target by such a
screen, further evidence would be needed to determhether the gene could be a
TBX22 targetin viva information gained from gene expression studiagnal
models, gene function and involvement in humanatisevill be invaluable in
supporting, or indeed dismissing, any of the gedestified from the screening
procedure as having the potential to be an actBXIZP downstream target.
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4.2 MATERIALS AND METHODS

4.2.1 Electrophoretic Mobility Shift Assay of anMSX1 oligonucleotide

An EMSA was performed in the same way as detaied2.5, with an
additional double-stranded oligonucleotide contagrthe exact sequence found in the
MSX1promoter (MSX1_oligo). This was prepared by aningaihe oligonucleotides
5 -CGAGAGGTGTTGAGCGAG-3and 5-CTCGCTCAACACCT CTCG-3 which
was 5end labelled using F*P]JATP as in 3.2.5.A. For competition studies, alcol
MSX1_oligo was also prepared by annealing the saligenucleotides, but was not
5 end labelled. The cold MSX1_oligo was used in atessg ratio of 100:1 with the
labelled MSX1_oligo added to the binding reactiseg(3.2.5). The sequences of the
MSX1_oligo and the W=T_oligo also used are givemglwith all the other double-
stranded oligonucleotide and PCR primers are givéppendix 1.

4.2.2 Non-radioactivein situ Hybridisation

Paraffin sections of human embryonic tissue weegl tis determine the expression

pattern ofMSX1 The material was prepared in the same manneuthsen in 2.2.1.

A. DNA TEMPLATE PREPARATION AND RNA TRANSCRIPTION

Forward and reverse primers fdiSX1containing a T7 RNA polymerase sequence
and an SP6 RNA polymerase sequence respectivayAfgeendix 1 for primer
sequence) were used to generate a DNA templat€BRy(Bee 3.2.1.B) using 25
cycles and an annealing temperature 3062 he resulting amplicon was extracted
from a 1% agarose gel and purified by elution tgfoa gel extraction column

(Qiagen) following the manufacturer’s instructions.

Using a DIG-labelling kit (Roche Applied-Sciencehse and antisense riboprobes
were synthesised using T7 and SP6 RNA polymerasgectively from the purified
DNA template following the manufacturer’s directsprexcept 75ngf PCR

fragment, rather than 1ug of plasmid DNA was usethé reaction.
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B. PROBEVERIFICATION AND QUANTIFICATION

All probe concentrations were confirmed using aaguaop instrument
(Thermo) and the probe length was verified by etgtioresis on an agarose-
formamide gel. Here, the agarose gel is prepareatiding 1g agarose to 41ml of
DEPC treated kD and dissolved by heating in a microwave and jeséed to 41ml.
9ml 37% formamide (Merk) is then added to the cdafexture and the gel is poured
into a casting mould containing a comb. RNA samplas an RNA ladder are heated
to 70°C cooled on ice and RNA loading buffer (Fermenisisidded to the samples to
a final concentration of 1X. 6ul of ladder and stemgre electrophoresed on the gel in
1X MOPS—-EDTA (Sigma) running buffer for 2 hoursb@. The gel is then removed
from the tank and cassette and transferred to S&B#n (Molecular Probes) for 15
minutes with agitation, rinsed in,B@ and the migration of the samples compared to
the RNA ladder under UV illumination.

C. PROBEHYBRIDISATION

All solutions used were made using DEPC treatgd &f PBS and all
glassware used to contain these solutions was KERD°C for 4 hours before use to
denature RNAses. To remove the paraffin wax tlieeslcontaining the sectioned
material were transferred to metal racks and takeugh three 5 minute changes of
xylene. The xylene was then removed from the sestity 3 minute washes in 1:1
xylene/ethanol, two changes in 100% and then 9@ and 50% ethanol washes.
The ethanol was removed from the sections by twarsgée 2 minute washes in PBS
and then the sections were subjected to protealigiestion by 2Qg/ml Proteinase K
(Sigma) in PBS at 37°C. The sections were theredrisr 30 seconds in PBS and
then fixed in 4% PFA for 20 minutes at room tempae Following fixation, the
sections were rinsed in 2 changes of PBS and tleee placed in a 0.1M
triethanolamine pH 8.0, 0.25% acetic anhydride/BBI&tion for 10 minutes. The
sections were then given two more rinses in PBSrbdfeing dehydrated in 50%,
70%, 90% and finally two 100% ethanol washes fori@s each. The sections were

then air dried under a filtered air stream.
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A hybridisation mix is prepared by first heatitngglabelled probe (4.2.2.A) to
70°C for five minutes and then cooling on ice. Forteskide, 100ul Dig Easy Hyb
Mix (Roche Applied Sciences) containing 300ng & pnepared RNA probe is used
to cover the slide and a glass cover-slip is plaagdfully on top. The slides are then
placed inside plastic trays and the plastic trdgsqa inside a hybridisation chamber
with a paper towel soaked in 2X SSC. The hybrithsais performed overnight at
68°C.

D. POSTHYBRIDISATION WASHES

Following hybridisation, the slides were taken oluthe hybridisation oven
and removed from the trays. The cover-slips wenmgoked by rinsing the slides in 5X
SSC, pre warmed to 60°C, and the slides placethstip slide racks. The slides were
then washed in two 10 minute washes of 5X SSC % 60llowed two 10 minute

washes in 2X SSC first at 8D and then at room temperature.

E. ANTIBODY DETECTION

The slides were removed from the hybridisationwasd given three 10
minute washes in wash buffer (0.1M Tris (pH 7.615M NaCl). The slides were
then covered in a blocking solution of 10% fetdf sarum (Sigma; previously heat
inactivated at 58°C for 30mins) diluted in the lbotly detection buffer (0.1M Tris
(pH 7.6), 0.15M NacCl, 2% fetal calf serum) and feft 1 hour at room temperature.
Next, the blocking solution was poured from theledi and 150ul anti-DIG antibody
(Roche Applied-Science) diluted 1:1000 in 2% fetdf serum/antibody detection
buffer was placed directly onto the slide and cedewrith pieces of laboratory
parafilm (Pechiney Plastic Packaging Company). Jlides were then incubated
overnight at 4°C.
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F. Signal Detection

The parafilm covers were removed from the slidesnsing in the antibody
detection buffer and performing three 10 minutetveasin this buffer. The slides
were then transferred to a signal detection bi§@ierM Tris (pH 9.5), 0.1M NaCl)
and three further 5 minute washes were performékisrbuffer. NBT/BCIP (Roche
Applied Science) was diluted to 20ul/ml in the sigdetection buffer and the reaction
left to develop in the dark overnight. The followiday the slides were rinsed in
several changes of;B and mounted using Aquamount (VWR) and cover slgded.

Images were taken as described in 2.2.2.G
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4.3 RESULTS

4.3.1 Computational Search for Potential TBX22 Targt Genes

A. GENERATING A GENERICT-BOX BINDING SITE

In an attempt not to excluded possibtaa fideTBX22 downstream target genes that
did not exactly match the derived TBX22 DNA bindisitg, a generic T-box binding
site was compiled by combining the TBX22 DNA bingliconsensus sequence
(Chapter 3) with the sequences, or reverse compieaid -box half sites with which
it showed similarity (see Table 15 below and TdlfleChapter 3). All of the
nucleotides that occurred more than once in theegamsition when these sequences
were aligned were included in the generic T-box DiAding sequence. However, in
the binding sequences identified for human TBX5d§tet al.2001) and mouse
Thx6 (White and Chapman 2005) any nucleotide mayds#ioned at the final two
nucleotide positions (RGGTGTBRNN and AGGTGTBRNNpedtively).
Incorporating N at positions 9 and 10 in the gen&rbox binding site would
effectively have given a search sequence of jggtteiucleotides. Therefore, the
information from human TBX5 and mouse Thx6 at posg 9 and 10 was not
included when compiling the sequences used tométerthe generic T-box binding

site.

This gave a final generic T-box binding sequencAGGTGTBDWR, which
provided a more flexible binding site target seaqugetinan the identified TBX22
binding site alone (Chapter 3), but one that shetildbe specific enough not to
generate large numbers of false positive results.
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Species | Protein DNA Binding Site References
Human Brachyury G|G|T|G|T|G|A (Papapetrou et al. 1997)
Human TBX1 G|G|T|G|T|G|A (Sinha et al. 2000)

(Sinha et al. 2000; Lingbeek et al.

Human TBX2 G|G|T|G|T|G]|A 2002)
Human TBX3 G|G|T|G|C|C|A (Lingbeek et al. 2002)
Human TBX5 G|G|T|G|T|B|R (Ghosh et al. 2001)
Human TBX22 G|G|T|G|T|G|A (Andreou et al. 2007)
Mouse Brachyury G|G|T|G|T|G|A (Kispert et al. 1995)
Mouse Thx6 G|G|T|G|T|B|R (White and Chapman 2005)
Xenopus VegT G|G|T|G|T|C|T (Casey et al. 1999)
Xenopus VegT G|G|T|G|T|G|A (Hyde and Old 2000)
Xenopus Xbra G|G|T|G|T|G|A (Casey et al. 1998)
Xenopus Xbra G|G|T|G|T|C|T (Casey et al. 1999)
Ciona Ci-Bra G|G|A|G|G|T|G (Di Gregorio and Levine 1999)
Human TBX22 G|G|T|G|T|C|W See Chapter 3

ek aloleT]c|T 8|0

Table 15: Sequences of T-box protein DNA binding t@s included when

determining the generic T-box binding site. The DNA binding sequences of the
different T-box proteins shown in this table inaduabth the preferreid vitro DNA
binding sites and knowin vivotarget sequences. Standard IUPAC abbreviations
have been used to represent ambiguous bases (@eelTaChapter 3). One of the
half-sites of the TBX22 binding site identified Bypdreouet al. 2007is shown. The

other has a similar sequence but is in the opposigatation.
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B. SEARCHING HUMAN CLEFT PALATE GENES FOR AGENERICT-BOX BINDING SITE

Single genes that had been shown to underlie askgghenotype that included a cleft
palate were identified from OMIM (Online Mendeliarheritance in Man;

http://www.ncbi.nlm.nih.gov/omin/ Genes shown to be implicated in a cleft palate

phenotype by linkage analysis, but were not spelfi shown to be disrupted in an
individual with a cleft palate, were not includ&imilarly, instances where large
DNA regions or chromosome abnormalities were ingtéd in cleft palate disorders
were also not included. Appendix 5 gives the fisll bf genes screened. As of the
tenth of February 2010, data mining the OMIM dassbi@evealed 132 genes that had
been shown to cause a human genetic abnormalitynitiaded a cleft palate (first
column of Appendix 5).

Having compiled a list of known human cleft pales&ising genes, the 2kb sequence
upstream from the start of transcription of eacthefgenes identified was used to
search for the presence of the TBX22 consensusregand the generic T-box
binding sequence. 2kb were selected as the sithee gfequence to screen, following
the protocol of a previous T-box gene study (Ghetsél. 2001). The DNA sequence
used for the search and also the position of ém st transcription was based upon
that given by the gene reference sequence arcimvbe RefSeq depository at the
NCBI (http://www.ncbi.nlm.nih.gov/RefSel/The current RefSeq sequence (Preifitt

al. 2007) of these genes and the position of the gethén the GenBank accession
numbers (Bensoat al.2008) used are highlighted in the second columiyppiendix
5. Entries with a suffix “complement” denote thia¢ gene is transcribed from the
other strand to that given by the GenBank accessiomber stated. The third column
of Appendix 5 shows the 2kb sequence which waskedrfor the presence of the
derived TBX22 DNA binding consensus sequence (AGGT®TA) and the generic
T-box binding site (AGGTGTBDWR).

A web based version of Fuzznuc, housed by Anabenkthe molecular
biology tools (http://anabench.bcm.umontreal.cadenah/index.jsp), was used to
perform the search for the presence of poteitigitro binding sites in the isolated
2kb region upstream of the cleft palate causingegeRuzznuc was developed as part
of the EMBOSS package (Riet al.2000) and is a bioinformatics tool which allows
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the user to search longer sequences for the preséstort sequences containing
ambiguous nucleotides at the same position ing¢hech sequence.

A screen of the 2kb promoter regions of theseid8@atified genes for the presence
of the derived TBX22 DNA binding consensus seque&hdenot uncover any
matches. The list included tA@X22gene itself, to which TBX22 is known to bind
(Andreouet al.2007). A search for the generic T-box binding sitecGTGTBDWR
- was performed both with a limit of no mis-matclaesl also allowing for 1 mis-

match to the search sequence.

Twelve genes were identified as having the genetiox binding sequence (allowing
no mis-matches) present in the 2kb search reganrtm 4 in Appendix 5 and

summarised in Table 16).

Sequence of match to the

generic T-box site and

Position from start of nucleotide position within

Gene transcription binding site

1 2 3 4 5 6 7 8 9 10
ESCO2 1501-1510 AGGTGTTAA G
FOXC2 124-133 A G GTGTG GG GA A
FTO 1677-1687 AGGTGTT CTT G
GPC3 473-482 A GGTGTTAAG
KIAA1279 196-205 A GGTGTG GG GT G
MSX1 1166-1175 AGGTGTTGT G
POMT2 1648-1657 A GGTGTT CTA A
PTCH2 383-392 A GGTGTG GG GT G
RAPSN 53-62 AGGTGTG GG GT G
RPS19 731-720 AGGTGTG GG GT G
SPINT2 870-879 A GGTGTG GG GT G
SUMO1 71-80 A G GTGTGAAG
Sequence of generic T-box bindingsite |A G G T G T B D W R

Table 16: A list of the human cleft palate genes ataining a hit to the generic T-box
binding site. The numbers show the nucleotide position upstrieam the start of
transcription and the specific sequence at thatisshown.B=CorGorT;D=Aor G
orT;R=AorG; W=Tor A (see Table 11).
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However, none of these identified genes had a seguiat matched directly with

any of the clones sequenced from the oligonucleatelection assay (see Table 14).
This is perhaps due to the differences betweefypiadect” target site identified from
every single possible DNA sequence using such sayyamder experimental
conditions and the true gene target sites that Exigvo. Similarly, none of these
sequences were an exact match to the TBX22 DNAigntbnsensus sequence
identified in Chapter SC0O2andPOMT2had the closest matches to this sequence,
differing by only one base in each case; the remgiten genes all differed from the
derived TBX22 DNA binding sequence at three badesvever, all of these base
differences were outside of the core sequencaditammon amongst all of the

known T-box DNA binding sequences (see Table 15).

The results when this search was performed allowmgmis-match can be seen in
column 5 of Appendix 5. This less stringent seaashinay have been expected,
produced many hits. Indeed, all but 30 of the 182e3 showed a hit to the search
sequence. Several genes showed more than oneiglogemteric T-box binding site
and sixteen had three or more sites detected tiseng) mis-match search criterion.
These genes are shown in Table 17 and incliBdé22for which four binding sites

were identified.

Further evidence that a gene identified fromithsilico search might be a TBX22
downstream target was sought from mouse modelshiiman cleft palate genes
identified in 4.3.1.B were used to search the Mdaesaome Database (MGD)
database (http://www.informatics.jax.org) for thregence of a cleft palate phenotype
in the mutant mouse with a disruption in those gefiee MGD (Bultet al. 2008;

Blake et al.2009) is an electronic depository for the genomienotypic and gene
expression information gathered from mutant mousdets for the purpose of
investigation of human genetic disease. Of thetiBfan cleft palate genes, a mouse
model for that gene had been reported in the titeesfor 108 and of these 108
mutants, 39 were reported to have a cleft palata@type (final column, Appendix

5).
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Gene

Position

from start of
transcription

Sequence of 1 mis-match to
the generic T-box site

(=Y
o

BMP4

617-626
705-714
1390-1399
1583-1592

COL2A1

260-269

586-595

927-936
1383-1392
1820-1829

EFNB1

178-187
914-923
1239-1248

GDF1

355-364
926-935
1599-1608

GLI2

674-683
1196-1205
1472-1481

HOXA2

61-70
550-559
740-749

1597-1606
1657-1666

MKS1

27-36
441-450
930-939
525-534

PEX7

26-35
569-578
1804-1813
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continued overleaf ...
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Position
from start of
transcription

Sequence of 1 mis-match to
the generic T-box site
Gene

(=Y
o

249-258
615- 624
626-635
669-67/8
834-843
PROKR2 895-904
1406-1415
355-364
977-986
1242-1251
1678-1687
1862-1871
1893-1902
170-179
RPL5 1124-1133
1220-1229
534-543
SLC26A2 | 1015-1024
1157-1166
991-1000
1044-1053
1094-1103
1461-1470
631-640
TNNT3 853-852
1519-1528
284-293
ZEB2 1057-1066
1410-1419

PROK2

RAPSN

TBX22
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Table 17: Human cleft palate genes showing three anore generic T-box
binding sites with a one base mis-matchl'he position upstream from the start
of transcription and the specific sequence at #itat is shown along with the

nucleotide position of each base.
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Combining the information from the genes that aord a hit to the generic
T-box sequence or to a minimum of three hits toltimis-match sequence within
their promoter sequence with the information frév@ iImouse mutants increased the
likelihood of identifying biologically relevant cdidates for downstream targets of
TBX22. Of the 132 identified human cleft palate siag genes, 10 fell into this

category and are summarised in Table 18.

FOi(E:g E Table 18: The known human cleft palate causing gese
I\S/ISI\>/(I:(L)1 that contain either an exact match to the generic -box
COL2A1 binding site, or at least 3 copies of a 1 base msatch to
EFNB1 L , -

GLI2 it, in a 2kb region from the start of transcription and
rﬂiéﬁz also give rise to a cleft palate phenotype when dispted
TBX22 in mouse.

ZEB2

One of the genes from Table 1B1SX1- was then examined further as a candidate
TBX22 downstream target. The reasoning behind guoestbn to examin®SX1as a
potential candidate and the exclusion of the offesres is expanded upon in the
Discussion at the end of this chapter. Briefly, wirdormation from known gene
expression patterns, function and available eviddéram mouse mutants was
examined two genes remained as strong candiddi®x1andSUMO1 TBX22 had
already been shown to undergo sumoylation (Andet@l.2007) and so it was
decided to pursuRISX1 To verify whether the generic T-box binding seuree
identified within theMSX1promoter (see Table 16) could bind the TBX22 pmtan
EMSA (section 3.2.5) was performed using an oligheotide containing this
sequence — MSX1 oligo (section 4.2.1). A band shiftn EMSA was seen with the
MSX1_oligo (lane 2) similar to that seen with theeW oligo (lane 5). Furthermore,
specificity of the binding of the MSX1_oligo to agtein within the lysate containing
the TBX22 protein is confirmed by a cold MSX1_oligpmpeting out the shifted
band (lane 4). This cold competitor can also rentbeehigher band (indicated by the
clear arrow) seen in lanes 2, 3 and 4 as did th& Wmpetitor oligo (see lane 4 Fig.
23a in Chapter 3).
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Figure 25: The cell lysate containing TBX22 proteircauses a band shift with
an oligo to the TBX22 binding site identified by te in silico screen of 2kb of
the MSX1 promoter (MSX1_oligo). The MSX1_oligo (lane 2) and W=T_oligo
(lane 5) bind to a protein in the lysate contairtimg TBX22 protein and cause &
shift on the gel when compared to the rabbit réticyte lysate control (lane 3). A
cold MSX1 _oligo is able to compete with the labe&IMSX1 oligo and eliminate
the shift (lane 4). Lane 1 is the labelled MSX1golonly and lane 6 is the
W=T_oligo only.

RRL — rabbit reticulocyte lysate; TBX22 — lysatentauning the TBX22 protein;
W=T — W=T_oligo; MSX1 — MSX1_oligo; Cold MSX1 — walbelled MSX1
oligo. The black and clear arrows indicate the fpmsiof potential shifts.
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In common with the EMSA studies in Chapter 3, expents using ant-TBX22
antibodies did not produce a super-shift (datashotvn) and so it could not be
confirmed directly that the MSX1_oligo was indeedding to the TBX22 protein.
However, the results from this EMSA experiment@esistent with the possibility of
MSX1being a candidate as a downstream TBX22 targed. gdre expression of
MSX1was compared to that ®BX22during human palatogenesis.
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Figure 26: mRNA expression oMSX1 and TBX22in the developing
palate. The expression dfISX1is revealed by non-radioactivre situ
hybridisation (a, ¢ and d) and is shown in relatmithe expression of
TBX22by radioactiven situ hybridisation (b, d and f). The images show
the expression detected by the antisense probegtise probe gave no
detectable signal for either gene (data not showypridisation of the
antisense probe is to a CS18 (a, ¢ and d) and @58%nd f) human
embryo sectioned in the sagittal plane through @raige regions in both
embryos. The rectangles shown on images a, b, d degict the
approximate area highlighted in the image direlodiow it.

t — tongue, mand — mandible, n — nasal pit, mnpediah nasal process,
ps — palatal shelf.

Bar =1000um in that and the image adjacent to it.
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From the low power magnification images of the esgion oMSX1andTBX22(a
andb in Fig. 26) it can be seen that both genes has@eate regions of expression in
the developing embryonic face. In the higher magatiion imagesd andf in Fig.

26) TBX22 as was seen in the transverse sections at C&LA(F Chapter 2), is
weakly expressed at the base of the tongue. lirasirio thisMSX1is expressed
more strongly in the mesenchyme of the mandibkn@e in Fig. 26), as can be seen

from the position of the signal in relation to tloh{TBX22

StrongefTBX22expression is seen within the mesenchyme surragritle nasal pit
with the most intense signal being restricted te@nehyme immediately adjacent to
the epithelial cell layer posterior to the nasal phe expression df1ISX1is restricted
to the mesenchyme within the most anterior regicth® palate. Close comparison of
this same region hybridised with th@&X22antisense probe in the CS19 embryo
shows thaTBX22is not being expresseflif Fig. 26). Similarly, in the mesenchyme
in the region below the forebrain and above thaingis, where lower levels of
TBX22are expressed, idSX1lexpression is detected. These data indicateMBat1
andTBX22may be expressed in a complementary pattern wilti@reveloping

palate and other facial structures; whe€BX22is detectedSX1is absent and vice

versa.

The experiments for the two genes have been coaducdifferent human embryos
which are of slightly different ages (CSISXland CS197BX22 and which have
been sectioned at slightly different angles. Asilibe morphology of the facial
structures (see 1.2) and the expression pattefB¥22(see Chapter 2) are changing
rapidly during this stage of development, the dg&fie conclusion thaT BX22and
MSX1are indeed expressed in a complementary pattermotaot be made.
Additionally, the two experiments have been conddcatsing different techniques —
TBX22by radioactiven situandMSX1using a non-radioactive labelling method. To
increase confidence when drawing such a conclugiiesamen situ method
performed on consecutive sections should be emgldyewever, to definitively
show that TBX22 protein is present in the samescell those adjacent to those that
are transcribing1SX1, an immunohistochemistry methodology using an-aBi22
antibody in the same embryo section asiargitu probe forMSX1would be required.

However, this is difficult due to the previouslysdussed problems with antibodies for
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TBX22 (section 3.3.2 and 3.4).
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4.4 DISCUSSION

Searching promoter regions of 132 known human plaite causing genes for the
presence of the TBX22 DNA consensus sequence digield any hits. However
screening the same set of genes with a genericxbimoling sequence produced
several potential matches. This is perhaps notisimg given that a search for targets
of the T-box gene, T-bet, by chromatin immunoprieatn, identified 832 protein
coding target genes in human Th1l cells (Jeehat.2009). However, only the first
2kb region upstream relative to the start of trapson was examined for the
presence of potential TBX22 binding sites. It isrdfore possible that potential
TBX22 binding sites present in areas that exteryoe this region have been
missed, as the promoter can extend for severddsles upstream of the start of
transcription (for review see Levine and Tjian 2D@&milarly, any intronic
regulatory regions within the gene which act asling sites would also not be

detected.

Whilst ten genes were found to contain a directchnéd the generic T-box binding
sequence within the 2kb region examined (Table ré&xing the conditions to allow

a 1 base mis-match to the generic binding sequamckiced more gene hits.
Relaxing the stringency of the binding site sea®fjuence in this manner produced a
hit in 102 of the 132 genes investigated. Whils ppossible that all of these genes are
downstream targets of TBX22, for this study twalier criteria were used to refine
the search. Firstly, as it has been shown thatifuma T-box binding sites are often
found together in clusters (Barrehal.2005; Garnetet al.2009), genes that
contained 3 or more of these hits (Table 17) w&se eonsidered with those genes

that contained a direct match.

Secondly, further evidence of possible TBX22 taggries was sought from mouse
mutants. Of the 132 genes examined only 39 had tegemted to display a cleft plate
when disrupted in the mouse mutant. It has beewsiseveral times that oral clefts
are not always present when a single gene is destuput when a compound mutant
is generated with another developmental craniofgeae a cleft palate phenotype
arises (Beverdarat al.2001; Dinget al.2004; Alkurayeet al.2006). In cases where
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a single gene disruption does cause a cleft palatant phenotype, generating
compound mutants with other clefting genes oftengases the frequency and/or the
severity of the cleft (Alkurayat al.2006; Nakatomet al.2010).

Possible TBX22 downstream targets, therefore, waenetified if they met the
following criteria:

a) the promoter region screened contained eitleegémeric T-box binding sequence
or at least three copies of the “1 mis-match” segaeand b) a mouse mutant for that
gene displayed a cleft palate phenotype. This geéeerlO candidate genes for
consideration, one of which was already known ta G#X22 target IBX22
(Andreouet al.2007). From the remaining nine genes (Table M&X1was chosen
for further study as being the most likely to bEBX22 target gene for the following

reasons:

Mutations in theZEB2gene give rise to Mowat-Wilson syndrome (Cacheual.
2001). This is a complex syndrome where mentatdataon and impaired motor
development are prominent features (Mowfadl. 2003). Whilst there has been little
to suggest thalEB2has a significant role in craniofacial developmamnteractions
with TGF 1 have been demonstrated (Gregetryal. 2008) and associations to CL/P
andTGF 1 have been made (Stelt al.2004). TheZebI”; Zeb2" compound mutant
was reported as having a cleft of the maxilla (Miyicet al.2006). However, as the
cleft seen in CPX is of the secondary palate, Z&8& not considered as being a
good candidate as a TBX22 target geviKS1is the gene disrupted in Meckel
syndrome (Kyttalaet al. 2006). The protein encoded MKS1has been shown to be
associated with cilia formation in most tissues @itierbeeet al.2009) and as such
was not considered to have a specific role in pgktesis and therefore interaction
with TBX22 was considered unlikely. Whistibxa2mutant has a cleft plate
phenotype (Barrow and Capecchi 1999) the expresdibioxa2in developing
pharyngeal arches (Barrost al. 2000; Trainor and Krumlauf 2001; Creurttal.
2005) precedes that ®BX22and is therefore unlikely to be downstream of TBX2

Three of the ten genes identified as potential TBX@ndidate targets (see Table 18)
have been shown to have a role in cartilage or bdferentiation -FOXC2 COL2A1
andEFNB1(Vandenberget al.1991; Moet al. 1997; Barbierit al.2003; Compagni
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et al.2003; Kimet al.2009a). This is interesting given that the mage of TBX22
based on phenotypic observation of TiEX22null mutant mouse was adjudged to be
in osteoblast formation (Pauwes al.2009a) EFNB1is the gene mutated in
craniofrontonasal syndrome (Twigg al.2004; Wielancet al.2005; Toriiet al.

2007). EphBZEphB3receptor mutants have a cleft palate phenotypeotret
abnormal ossification patterns (Compagni et al.320BlouseEfnblis expressed in
neural crest cells that have migrated to the froaisal process (Twiget al.2004). As
this expression would precede thalf@X22 EFNB1was not considered further as a

target gene.

A FOXC2mutation was reported in a patient with Lymphedelséichiasis
syndrome (Tanpaibooet al.2010), one of the characteristics of which beirieft
palate. Moreover, the palatal shelves of f@XC2null mutants failed to fuse (De
Feliceet al. 1998). However as FOXC2 has been shown to beveddh
mesenchymal-epithelial transformation (Hadeal.2010) it could be postulated that
the failure of the palatal shelves to fuse wastduacorrect mesenchymal-epithelial
transformation of the MEE (see 1.2.5). However,gkpression pattern giBX22
seen in Chapter 2, suggests that TBX22 has andleeiproliferation of the
mesenchyme within the palatal shelves and on #ssbOXC2was not taken
forward for further investigation as a TBX22 target

Although mutations i€COL2Al1cause Stickler syndrome (Vintinet al. 1991), an
association betweedOL2Aland non-syndromic cleft palate has also been
established (Melkoniernet al.2003). The finding that COL2A1 has a role in
chondrocyte differentiation (Vandenbestal. 1991; Barbieriet al.2003) made this
genes less likely to be a TBX22 target for the sagasons as fafOXC2 namely
that the TBX22 expression patterns suggests timtikely to have a role in

mesenchyme proliferation.

Point mutations irGLI2 have been suggested to cause non-syndromic CL#iRd\ét
al. 2005). AdditionallyGli2 has been shown to be expressed in mouse palataésh
andGli2 mutant mice have a severe cleft secondary paléaes al. 1997). In these
mice, the palatal shelves are sometimes completelging or else palatal shelf

elevation was delayed. As mesenchyme-epitheliakitian was unaffected (Met al.
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1997) this points towards a role in proliferatiosimilar to the expected role of
TBX22 based upon the gene expression results (EhaptHowever th&li2 mutant
has other skeletal abnormalities indicating tRa2 hasa more general role in skeletal
development, rather than in palatogenesis speltyfico Gli2 was not chosen for

further investigation.

Of the ten genes identified from thresilico screen (Table 18) two were known to
cause non-syndromic CL/P causing (see Table 4,t€hap namel\sUMO1land
MSX1 These genes therefore were the strongest caadiftatbeing authentic
TBX22 targets. While it can be hypothesised thaXZB may targeBUMO1in auto-
regulatory manner, an interaction between TBX223dt¥O1 had already been
demonstrated: TBX22 undergoes sumoylation; (Andedal.2007). The remaining

gene MSX1, was therefore chosen for further investigation.

The heterozygouslsx1™ knockout mouse has a cleft of the secondary palate
(Satokata and Maas 1994). The palatal shelvegofthtant are correctly elevated,
but have not fused with each other or with the hsejatum, correlating with the sites
of TBX22expression (see Chapter 2). The authors postihatehe failure of the
palatal shelves to fuse in tMsxI/MsxI mutant is a consequence of insufficient
accumulation of mesenchymal tissue within the pakttelves.

Msx1has been shown to be expressed in the mandibulaoathe developing mouse
embryo byin situ hybridisation (Robergt al. 1989) and was shown by northern blot
to be expressed in the developing palate and margi cultures of murine embryonic
palate mesenchymal cells (Nugent and Greene 1B8&)x it was reported thdsx1

in the developing mouse face was exclusively exggeé$n the mesenchyme of the
medial nasal, lateral nasal, maxillary and mandibptocesses (Mackenze¢ al.

1991; Jowetet al.1993). The evidence from tissuresitu hybridisation to human
sections is consistent with this (Fig. 26), and eoeer the expression would appear to
be complementary to that ®8X22(see Chapter 2 and Fig. 26). The expression
profile of theTBX22andMSX1genes was examined in separate embryos and at
slightly different developmental stages which ologly hinders the extent to which
conclusions concerning the relative localisatiothefse genes can be made. These

problems are always more difficult to overcome wiemking directly in human
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rather than animal models due to the restrictedahbty of the material to perform
such experiments. As a consequence of the limede availability, repeating the
same gene expression patterns in similar stageyess not always possible.
International coordination in creating and popu@thuman gene expression
databases has long since been identified as ormtamp way to try and address
theses issues (Stracheinal. 1997). The aim would be to provide the comparisbn
gene expression patterns from as large a data getssible, whilst making the most
effective use of this limited and valuable material

Despite the limitations of working with human maaéand the differences in embryo
sections and stages used in the experiments hergehe expression patterns of
humanTBX22andMSX1would appear to correlate with what has been shiawn
mouse. In the mousk|sxlis restricted to the anterior region of the palstelves
(Welsh and O'Brien 2009) arfidbx22is restricted to the posterior region of the lat
shelves (Pantalacet al.2008; Welsh and O'Brien 2009). An equivalent eggpien
pattern of these genes is also seen in human phattopment (Fig. 26 and, for
TBX220nly, Baybrook et al 2001) and it could be poesitbhatMSX1expression was

being restricted to the anterior palateTBiX22regulation.

Interaction of MSX1 and T-box proteins at a protpintein level has already been
demonstrated (Boogest al.2008). In addition, althoughBX22itself is not the
causative gene in a Brazilian family displaying yoglossia and tooth anomalies
(Acevedoet al.2010), the authors do suggest that a downstream el BX22

could be responsible. MutationsM5X1have been shown to cause tooth
abnormalities (van den Boogaatial. 2000) and tooth deformities are also seen, in
addition to a cleft palate, in the P&%9Msx1"" compound mutant mouse (Nakatomi
et al.2010), perhaps suggesting a combined role foetgeses in tooth formation as

well as palatogenesis.

To verify that theViSX1gene had the potential to be regulated by TBXBZEBMSA
was performed using an oligonucleotide containirgggeneric T-box binding
sequence as found in tMSX1promoter (Table 16). The results of this EMSA
showed thatin vitro, this sequence could bind to the lysate contaifiB¥22 protein
(Fig. 25) and therefore supported the idea thamB&1gene could be a TBX22
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target. The promoter region of tMSX1gene in which the T-box binding site was
found is known to contain several transcriptiortdadinding elements and to show
extensive conservation with the moldsx1promoter, including many of the
consensus binding sites (Shen et al. 1994; Gonealaiz 1998). The identified
generic T-box binding site in tidSX1promoter (AGGTGTTGTG) is positioned 834
bases upstream from start of transcription. A sinsequence (AGGTCTTCTG) was
found 1103 bases upstream from the start of trgptgur of the mous@disxlgene. In
the 8" and &' positions in the site there is a change from G%@he of the binding
sites shown in Table 15 have a C in either fhers8" position of the binding sitesn(
vitro established an vivowhere known) for a number of T-box genkesvivo

binding sites have been shown to be different dselestablisheid vitro in several
cases (Casegt al. 1998; Casewt al. 1999) so the significance of the G>C change at
two positions is not clear. There are differencesxpression and regulation of
orthologues in mouse and human (for example segdfousset al.2000) and
presumably such differences, in at least some cagpkiin why no cleft palate is
seen in 69 of the 108 mouse mutants for genes yimdghuman cleft palate
disorders (Appendix 5). The presence of a simitarte the generic T-box binding
site within theMsx1promoter, however, supports the possibility M&X1is a

downstream target gene.

The results from the EMSA studies using the MSXifjog together with the
expression data and the malformations seen iMi#& mutant mouse (Satokata and
Maas 1994) go some way in providing evidence fergbssibility thaMSX1is
regulated by TBX22. Therefore, furthervitro experiments were carried out to see if
MSX1were indeed a true TBX22 downstream target (Ch&pte

The generic T-box binding sequence was generatedidnying all of the known T-
box DNA binding sites. The TBX22 preferential DNAling sequence, identified in
Chapter 3, was also included when compiling theege-box binding sequence.
However, even if this sequence was not known theesgeneric T-box binding site
would have been compiled (see Table 15). On this bé&shis and the fact that all T-
box proteins are known to bind to a similar DNA sewce (Sinhat al.2000; Tada
and Smith 2001), the identification of timevitro preferential DNA binding site may
well be redundant. Indeed, a previous study idiedti& preferential 20 base DNA
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binding sequence for TBX22 (Andreetial.2007). This sequence consisted of 2 half
binding sites in opposite orientations separate@ hycleotides (Table 15), although
this sequence as a whole is not actually preseghtthe genome. Including the half-
site does not change the generic T-box bindinggaterated (Table 15). In fact, with
advances in chromatin immunoprecipitation techrnsqu€hlP, reviewed in (Horak
and Snyder 2002; Wong and Wei 2009), the DNA bigdiaquence has, to some
extent, become incidental as protein-DNA interadioan be investigated directly
within the cell. Using this approach would ident#gtual transcription factor target
genes directly, although confirmation of thesenatéons is still needed by othier

vitro methods (Garnett al.2009).
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CHAPTER 5

MSX1: A POTENTIAL TBX22 TARGET GENE

5.1 INTRODUCTION

As has previously been described, the possibifignointeraction between TBX22
andMSX1is supported by their abutting expression pattarrise palatal shelves in
human (Chapter 4); a similar restricted expresgiagither the anterior or posterior
poles of the palatal shelves in mouse (Li and 28Q7; Pantalacat al.2008); both
Thx22(Satokata and Maas 1994; Pawetsl.2009a)Msx1 mutant mice displaying a
cleft palate, and the fact that mutations in bdtthese genes result in non-syndromic
cleft palate in human (van den Boogaatal.2000; Braybroolet al.2001) . Also of
note, is the fact that both MSX1 and TBX22 protdiase been shown to undergo
post-translational modification by SUMO1 (Gupta & 2006; Andreowet al.

2007), which is interesting as haploinsufficien¢yie SUMO1gene causes non-
syndromic CL/P (Alkurayat al.2006). Direct protein-protein interaction of MSX1
and T-box proteins has also been reported to exgheir respective homeobox and
T-box domains, (Boogeret al.2008).

With the results form the EMSA study in Chaptervegncouragement that TBX22
may binding to an oligonucleotide with a sequermentl in theMSX1promoter,, this
increased support fdMSX1being a possible downstream target gene of TBX22.
However, further investigation as to whetM®X1was indeed aim vivo TBX22
target was still needed. Therefore, the effectvairexpressed TBX22 on a reporter
gene, fused downstream of thiSX1promoter region (containing the potential

TBX22 binding site), was explored in human celebn

Initially, it had been planned to perform the tf@ation studies using the human
embryonic palatal mesenchyme (HEPM) cell line (ECA0. 90120505). The
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rationale behind this being that if TBX22 were iadecapable afransregulation of
theMSX1gene during palatogenesis, then the best mod{diore this would be to
utilise those cells where this would take placteivo - the embryonic palate
mesenchyme. However, following several unsuccesgfempts using several
different transfection reagents, the decision waderto change to another cell line

that was known to transfect easily.

Previous studies had shown that TBX22 was endogyedpressed in several cell
lines that could easily be transfected (Andrebal.2007) meaning that these cells
should be capable of transcribing and translatitrgrasfected TBX22 plasmid.
However, in the same study, it was reported thaXdBrepressed the transcription of
TBX22in an autoregulatory manner. This posed a potigmbdlem: if one was to
over-express a TBX22 protein in a cell that hadogethous TBX22 expression, due
to transcriptional repression of the endogenBX22by the transfected TBX22, the
net effect could in fact be a reduction in the ltd&X22 protein in the cell. To
account for this, experiments were performed in ¢elblines — one which had been
shown to endogenously express TBX22 — HelLa, andvmeh did not — 293T.

The HelLa cell line is derived from cervical caramm epithelial cells (Gegt al.

1952) from a woman named Henrietta Lacks, from wiioencell line name is taken
(Joneset al.1971). They are an immortal aneuploid cell lind are widely used in
functional studies, including the study of th@nsregulation of reporter genes by the
Brachyury protein (Kispert al. 1995). HEK 293T cells are a highly transfectable
derivative of 293 cells, a hypo-triploid human egtdic kidney cell line, into which

the gene for SV40 T-antigen has been inserted.

A Dual Reporter system was used to visualize thecebf TBX22 on arMSX1
promoter. This system employs two separate lu@&raporter genes: one as an
experimental reporter, the other being used astamial control. The benefit of
having an internal control reporter means that expental variance, arising from
differences in cell density, cell viability and misdection efficiency can be eliminated.
The experimental reporter is a fireflgt{otinus pyrali¥ luciferase which is cloned
downstream of thi1SX1promoter sequence. The internal control Reailla

reniformisluciferase under the control of a Herpes Simplexi¥thymidine kinase
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(HSV-TK) promoter. Both luciferase gene construats co-transfected and the
resultant protein for which they code can be assagguentially. This is possible as
each luciferase enzyme can be activated by sepaurbstrates to emit a
bioluminescent signal. The amount of luminescerazeegated is proportional to the
amount of luciferase enzyme present. To accounhter-experimental differences,
the assay is normalised using the ratio of the@stcence generated by the firefly to

that of theRenillaluciferases.

The effect of TBX22 on th®ISX1reporter plasmid was assessed by comparing the
normalised result of the luciferase assay for aalsransfected with either 26.7ng or
53.4ng of the TBX22 expression plasmid, or the splagmid lacking the TBX22
coding sequence. This plasmid was co-transfectddanfirefly luciferase gene under
the control of aMSX1promoter fragment and thenillareporter control. Th#SX1
reporter contained the TBX22 binding site and al®eered the region of tHdSX1
promoter which had previously been shown to corttagminimal elements required
to drive expression of the MSX1 gene (Gonzakeal.1998). An overview of the
experiment and the different plasmids used in ¢atsfection is shown in Table 19,
section 5.2.2.B.
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5.2 MATERIALS AND METHODS

5.2.1 Preparation of the Expression and Reporteranstructs
A. PREPARATION OF THE ER3.1_TBX22EXPRESSION PLASMID

A 1566bp fragment (bases 132-1697 of GenBank aicceb®. NM_001109878)
which included the entiréBX22coding sequence and Kozac initiation sequence was
PCR amplified (see 3.2H), using the Pfu DNA polymerase and forward prifer
GGGATGGCTCTGAGCTCTC-3and reverse primerb
CATAAGGTAATGGTTAATTGCTGAA-3 with 50ng of .LM.A.G.E. clone
BC014194 (Geneservice) as a starting templateFary2les with an annealing
temperature 5%. After the PCR reaction, the tubes were placet®@and 1 unit of
Taq polymerase was added to the reaction and pladeat block at 72C for 10
minutes. This was necessary in order to produceadeéhosine residue to the
fragment to assist with the ligation of the ingetod the plasmid vector. The DNA was
then phenol-chloroform extracted/ethanol precipilaisee 2.2.2.A) and re-suspended
in 30ul TE buffer. An approximate 2 molar excessorof insert:vector was used for
the ligation (see 3.2.1.C). A 10ul ligation reantmontaining 1pl 10X ligation buffer
(60mM Tris-Cl, pH 7.5, 500mM KCI, 25 mM MgClI2, 0.%ilgelatin), 60ng pCR3.1
cloning vector (Invitrogen), 40ng DNA fragment ahdnits of T4 DNA ligase
(Invitrogen) was incubated overnight afC52pl of the ligation reaction was
transformed into One Shot TOP10F' competent chllgttogen) as per the heat
shock method described in 3.21.

The pCR3.1 cloning vector is an eukaryotic expmssiector that drives expression
of a cloned gene product using the promoter/enlaegeon from the human
cytomegalovirus, CMV (Thomsest al. 1984). In addition, the cloning vector confers
a polyadenylation signal to produce a 3 -A tail to the transcribed gene insert to
reduce degradation of the recombinant protein mRIN@ facilitates translation
(Manguset al.2003).

For use as a control plasmid, the cloning sitdhnefgdCR3.1 vector was removed by

enzymatic digestion usirgcoRI(Promega) following the manufacturer’s guidelines.
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The DNA was then gel purified using a Qiagen Ger&otion Kit following the
manufacturer’s directions and the plasmid was lggdted using 4 units of T4 DNA
ligase and 1ul 10X ligation buffer (see above) vi@g@img of the digested vector in a
10ul reaction at 1% overnight. The ligation reaction was then transfed as per the

TBX22 expression plasmid above.

B. PREPARATION OF THEMSX1 REPORTER PLASMID(M-PROM)

983 bp of theViSX1promoter (947860-948820 of GenBank accession No.
NT_006051.17) was cloned commercially by the GeripS€Corporation into a
pUC57 vector between tt&aclandHindlll restriction enzyme sites of the multiple
cloning site (see Fig. 27). The fragment was extcisem the plasmid by double
digestion with these enzymes in the Multi Core buffom Promega according to the
manufacturer’'s recommended guidelines. The pGL{u&ZNeo] vector (Promega)
was similarly double digested with both of theseyemes and products of both
reactions were electrophoresed on a 1% agarosé&lgelesulting lower molecular
weight band from the pUC57 vector and the ~ 5.h&ihd from the
pGL4.17Juc2/Neo] vector were excised from the gel and purifisthg a Qiagen gel
extraction kit following the manufacturer’s insttioms. A ligation reaction and
subsequent transformation into TOP10F competdid w@as then performed using
the digested1SX1promoter fragment and pGL4.17¢2/Neo] vector, as described
for the TBX22 expression construct above (54,10 generate theISX1promoter
reporter plasmid M_prom: the pGL4.17¢2/Neo] vector carrying the firefly

luciferase gentic2 cloned downstream of tidSX1promoter fragment.

C. PREPARATION OF THERENILLA INTERNAL CONTROL REPORTER PLASMID
(PGL4.74HRLUC/TK).

An internal control reporter plasmid pGL4.A&RIudTK] was supplied by the
manufacturer (Promega) as pure plasmid DNA anddcbelused directly in the
transfection studies. The pGL4.AMRludTK] plasmid carries th&enillahRluc
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luciferase gene, which is driven by the Herpes &mp'irus thymidine kinase (HSV-
TK) promoter (Wigleret al.1979).

Figure 27: A schematic diagram showing the positionf the 983bp
fragment from the MSX1 promoter within the pUC57 cloning vector.
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5.2.2 Co-transfection of the Expression and Repaat constructs

A. CELL CULTURE PROPAGATION

HelLa cells ECACC No. 93021013 and 239T cells ATC& GRL-11268 were
propagated in culture medium containing minimuneasal medium (MEM) with
non-essential amino acids (NEAA) and Earle’s S&@ibco) with 2mM L-glutamine
(Gibco) and 10% fetal bovine serum (FBS, Sigma 5% CQ incubator at 37C.

The cultures were subcultured by splitting themwki&n they reached 70-80%
confluence by removing the culture media and wagttie cells in PBS (Gibco) and
then adding 0.5g/L of trypsin and 0.2g/L of EDTAIl§Go) and allowing the cells to
detach from the culture vessel. Fresh culture rmeduas then added and the cultures

were aspirated into new culture flasks at the gmeite dilution.

For transfection, the HeLa cells were seeded anaity of 1 X 10 cells per well and
the 293T cells at 2 X f@ells per well, as per the directions given inftemega
transfection database for each cell line (http:Mnpromega.com/techserv/
tools/fugenehdtool/), in a clear bottom 96-well Bptilux plates (BD Falcon) in a
100pl volume. The resultant cultures obtained 5% t@nfluence in 24 hours.

B. TRANSFECTIONPROCEDURE

Transfection grade DNA was obtained by culturing titansformed TOP10F
competent cells containing each of the 4 sepataserpds (pCR3.1_TBX22;
PCR3.1_Null; M_prom or pGL4.74[hRluc/TK]) using theethod described in 5.2.1,
and preparing plasmid DNA using a plasmid mini(kitagen), following the
manufacturer’s instructions and eluting in 20uluok of Milli-Q H,O. The
concentration and purity were verified by a Nan@dspectrophotometer. The insert
sequence and orientation of the TBX22 expressiasmid was verified by
sequencing analysis usingBPAATACGACTCACTATAGGG- 3 5-
TAGAAGGCACAGTCGAGG-3. The sequence of tiMSX1reporter insert was
verified using sequencing primers-ETAGCAAAATAGGCTGTCCC-3 5 -
TCGATATGTGCGTCGGTAAA-3. (see 3.2.1.F).
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A third internal reporter was transfected into tledls alongside the TBX22
expression anMSX1promoter reporter plasmids. This control plasnudtained the

RenillahRlucgene which is driven by the HSV-TK promoter.

The FUGENE HD transfection reagent (Promega) wead tesco-transfect the cells
with either: a no TBX22 control (53.4ng pCR3.1_Nu#6.7ng pCR3.1_TBX22, or
53.4ng pCR3.1_TBX22 expression plasmid, togeth#r 26.7ng of the M_prom and
26.7ng of the pGL4.74RIudTK] reporter plasmids per well. In each case the
required amount of each plasmid DNA was addedItdetl FUGENE HD as per the
manufacturer’s directions, the tubes were tappeadygt mix the contents and
incubated at room temperature for 20 minutes beéptef the transfection reagent
and DNA were pipetted directly into the wells oétHelLa or 293T cells. Each of the

transfections is detailed below and an overviegiven in Table 19:-

No TBX22 Control
1100ng pCR3.1_Null, 550ng M_prom and 550ng pGLaRAIITK] was
added to 103ul bO and 6.6ul of FUGENE HD reagent.

5ul of the transfection mix was added to each well.

26.7ng TBX22
550ng pCR3.1_TBX22, 550ng M_prom and 550ng pGIERAIITK] was
added to 103ul bO and 6.6ul of FUGENE HD reagent.

4.95ul of the transfection mix was added to each we

53.4ng TBX22
1100ng pCR3.1_TBX22, 550ng M_prom and 550ng pGIbRAJdTK] was
added to 103ul D and 6.6ul of FUGENE HD reagent.

5ul of the transfection mix was added to each well.
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pCR3.1_TBX22 None Over-expression of
TBX22
Experimental M_prom
Transfection (pGL4.17Juc2/Neo] Firefly Expression of firefly
(26.7ng TBX22 vector withMSX1 luciferase reporter gene
or 53.4ng promoter)
TBX22) Renilla Expression of
pGL4.2hRIudTK] luciferase Renillacontrol
reporter gene
pCR3.1_Null None No recombinant
expression of TBX22
M_prom
(pGL4.17Juc2/Neo] Firefly Expression of firefly
Control . .
_ vector withMSX1 luciferase reporter gene
Transfection
promoter)
Renilla Expression of
pGL4.2hRIudTK] luciferase Renillacontrol
reporter gene
No luciferase
expression. Value tc
Blank ) )
_ No Plasmids None which lumenesence
Transfection

assays can be
blanked

Table 19: A summary of the plasmids used in the trasfection

experiments

The cells had been seeded the previous day apthveiate cell density described

above, so that they were 50-70% confluent. 5pbocheof the transfection

reagent:DNA complexes was added to separate wedl®6-well plate. For both cell

lines, three independent experiments were perfoused different 96-well plates

with four-to-six replicates in each of the transiee conditions (ie control
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transfection with pCR3.1_Null; transfection with.26g pCR3.1_TBX22 or
transfection with 53.4ng pCR3.1_TBX22 together vathtransfection with 26.7ng
M_prom and 26.7ng pGL4.BRIudTK]). Once the transfection reagents had been
added to the wells containing the cells, the calplates were returned to the
incubator and incubated for a further 24 hours teebeing lysed and luciferase levels

determined.

The six 96-well plates used for these experimemrtevarranged as described in Fig.
28. Cells were not grown in the outside wells (omhs 1 and 12 and rows A and H)
so as to reduce the light interference from withim luminometer. The cells were also
spaced so that a row of blank wells was positidmed/een each of the 3 transfection
conditions so as to reduce the effects of crossftedwanet al.2005) between wells.
The cultures in one of the wells of each 96-weadkt@lwas left free from transfection
reagents and served as a blank in the luciferasey §5.2.2.D.) Following luciferase
detection using a luminometer (see 5.2.2.C), igmerimentaRenillaluciferase

value was not statistically different from tRenillaluciferase of this blank assay,
then it was considered that the transfection hagd@and hence that whole column
(including results for the other experimental coiotis) were excluded. This was

done in order to retain the same number of sanfpte=ach condition.

1,2 3] 4] 5] 6] 7/ 8§ 9 101112

ITOMMOO|m >

Figure 28: A representation of the layout of the 96vell plate used for each
transfection experiment.For both the HeLa and 293T cells, 3 separate @rpats
were performed, each using a different 96-wellglaetup similar to that above. For
every experiment, three rows of cells containing wells of growing cells were
transfected with one of the transfection conditid&7ng pCR3.1_Null (black dots);
26.7ng pCR3.1_TBX22 (red dots) or 53.4ng pCR3.1_ZBXblue dots). All three
transfections were co-transfected with 26.7ng Mnpamd 26.7ng pGL4.BRIudTK].
A blank transfection was also prepared for eacleewent (yellow dot
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C. LUCIFERASEASSAY

The culture medium was aspirated from the wellstaedcells rinsed with PBS to
remove detached cells and residual growth media.PBS was then completely
removed and 20ul of 1X Passive Lysis buffer (PLEyrRega) was added to each well
and the plate agitated on a gentle rocker at remnpérature for 15 minutes.

The injector tips of a Fluoroskan Ascent FL lumireter (Thermo) were cleaned by
rinsing in Milli-Q H.O and then soaked in 70% ethanol overnight, bdfeneg
thoroughly rinsed with Milli-Q HO. Luciferase assay reagent Il (LARII, Promega)
and the Stop & Glo reagent (Promega) were predatieiving the manufacturer’s
instructions and placed in separate injectors, whiere primed before use. For each
well that was to be measured, the luminometer wagrammed to perform a 2
second premeasurement delay; inject 100ul LARIItakd a 10 second measurement
of the luminescence, wait 2 seconds, inject 100the Stop & Glo reagent and then
take a 10 second reading of the luminescence, dedpeating this cycle at the next
marked well. Statistical analysis of the results \warformed using Minitab 15.1.0.0
(Microsoft).

Pilot data generated from previous experimentsgulsieLa cells only is

shown in Appendix 7.
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5.2.3 Detection offTBX22 and MSX1 expression in HeLa and 293T cells
A. RNA ISOLATION

HelLa and 293T cells growing in a T75 culture flagke lysed directly in the culture
vessel by the addition of 7.5ml TRIzol reagent (iogen) and passing the cell lysate
through the pipette tip several times to homogethisecells. The cells were incubated
in this reagent for 5 minutes and then transfetoem 15ml Falcon tube. 1.5ml of
chloroform was added to the solution and mixeddhbghly by shaking the tube and
left to incubate at room temperature for 3 minugedicro Centaur (Sanyo) bench
top centrifuge was used throughout this procedncetlhe sample was phase
separated by centrifugation at 12,0009 for 15 neisatt 4C in this instrument.
Following centrifugation, the RNA was collectedrfrdhe upper aqueous phase and
transferred to a separate tube. 3.75ml isopropaasladded to the aqueous phase and
incubated at room temperature for 10 minutes toipitate the RNA. The samples
were then centrifuged at 12,000g for 15 minute®@tand the supernatant removed.
8ml 75% ethanol was added to the RNA pellet, mwét a vortex and centrifuged
once more at 7,500g for 5 minutes &€ 4The supernatant was again removed from
the sample and the pellet was left to air dry foniGutes. The RNA was redissolved
using 100ul of RNase free Milli-Q 4.

B. FIRST STRAND AONA SYNTHESIS

First strand cDNA was synthesised by adding 1pug RiA the lysed cells (5.28)

to 2.5uM anchored oligo(dg primer (Roche), 60 M random hexamer primer
(Roche) and brought to a total of 13ul with RNase Milli-Q H,O. The reaction was
heated in a hot-block for 10 minutes af@&%&nd then immediately placed on ice. 4pl
5X Transcriptor Reverse Transcriptase reactiondo8X buffer: 250mM Tris-Cl,
150mM KCI, 40 mM MgClJ, pH 8.5; Roche), 0.5ul Protector RNase Inhibitor
(40U/ul; Roche), 2ul dNTP’s mix (10mM ATP, CTP, GCRCP; Roche) and 0.5ul
Transcriptor Reverse Transcriptase (20U/ul; Rogvexe then added to the vial and
the contents mixed gently. The tubes were thersteared to a Dyad MJ Research
thermocycler and incubated for 10 minutes &C2®llowed by incubation at 3G for

1 hour. The Reverse Transcriptase enzyme was Va#eti by a final incubation at
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85°C for 5 minutes. The tubes were then cooled ominckstored at -2&. A control

reaction using no Transcriptor Reverse Transcrgpéazyme was also performed.

c. DETECTION BYRT-PCR

The presence of BBX22andMSX1cDNA fragment was determined using a PCR
reaction (3.2.1.B), with 2ul of the first stranchlyesis and reverse transcriptase
negative reactions (5.2.3.B) as template DNAAAGCGGGCAGGCGGATGTTC -
3 5- AGGTCTCTCCCGAGCAGGGT -3primers were used to detdddX22
with an annealing temperature of°6]1 primers 5> AGAAGATGCGCTCGTCAAAG
-3 and 5 CCATATCTTCACCTGCGTCTC -3were used foMSX1with an
annealing temperature of ®and primers 5 TGCACCACCAACTGCTTAGC -3
and 5- GGCATGGACTGTGGTCATGAG -3were used fo6APDHwith an
annealing temperature of &3 Details of these primers are given in Appendix 1
Electrophoresis was then performed using 5ul oRMePCR reaction on a 1.2%
agarose gel and visualised under UV light. Thelteguimage was captured using a
Gene Genius (Syngen) system.

5.2.4 Detection of luciferase by Western blot

In order to determine that thSX1promoter was capable of driving the expression
of the luciferase gene, the cells transfected utiteno TBX22 conditions (i.e. with
pCR3.1_Null , M_prom andpGL4.RRIudTK]) were lysed as in 5.2.2.C and then
assayed for the presence of the luciferase proteiWestern blot (see 3.2.3.B) using
an anti-luciferase antibody (Promega), at a comagah of 1 g/ml, followed by a

secondary anti-goat HRP antibody (Vector Labora®rused at a dilution of 1:200.
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5.3 RESULTS

All the sets of primer pairs used amplify regiongheir respective genes that bridge
exon/intron boundaries, ensuring that the amphifocaof MSX1andTBX22cannot be
from genomic DNA contamination. Fragments amplifiexdn genomic DNA using
these primers would be unlikely to result in thegm@tion of amplicons, due to the
significant distance between the two primer anngadites (2479 bp forBX22pair
and 2608bp foMSX1pair). Lanes 2, 7 and 12 in Fig. 29 are a PCRticacasing
cDNA samples prepared from the RNA of HeLa celld Emes 3, 8 and 13 from
RNA samples from HelLa cells without the additiortltd Reverse Transcriptase
enzyme which serve as a negative control for tipeement. Similarly, lanes 4, 9 and
14 shown the result of a PCR reaction using cDNAas prepared from the RNA
of 293T cells and lanes 5, 10 and 15 from RNA sasifiom 293T cells without the

addition of the Reverse Transcriptase enzyme.

As MSXlandTBX22are both expressed around CS18 (see Fig. 26, &héphnd
Chapter 2 Fig 13 and 14 féoBX22 , whole embryonic RNA prepared from a CS18
embryo (supplied by the HDBR, see 1.2) was usedmssitive control for both
primer pairs (Fig. 29 lanes 1 and 6). AdditionaAPDH primers were also used
(see Appendix 1 for sequence) as a positive cofdrdhe RNA from each of the
samples (Fig. 29 lane 11 - CS18 cDNA,; lane 12 —&delDNA,; lane 14 — 293T

cDNA) which generates an amplicon of 86bp.

The RT-PCR using primers TBX22gave a positive band for the HelLa cell line
(lane 2 in Fig. 29)but did not produce product from the 293T cells (lane 4 in Fig.
29). The migration of the fragment on the agaradegrresponds to that expected by
amplification of the cDNA of 219bp, showing thas, lsas been previously reported
(Andreouet al.2007), HelLa cells endogenously expréBx22and 293T cells do

not.

RT-PCR using primers tolSX1gave a positive band for both HeLa and 293T cell
lines (lanes 7 and 9 respectively in Fig. Z20plifying a product of the expected
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271bp. Thus, it may be concluded that both the Helch293T cell lines used in these

experiments expreddSX1mRNA transcripts.

Figure 29: HelLa cells express endogenod8X22 and MSX1, 239T cells express
MSX1 only. TheTBX22primers amplified a 219 bp product in the con@€&18
cDNA (lane 1) and HeLa cDNA (lane 2), but no amphigs detected in cDNA from
293T cells (lane 4). No product is detected inRlegerse Transcriptase negative
samples from either HeLa (lane 3) or 239T cells€18).

A 271 bp product is amplified by tiMSX1primers from the cDNA of the control
CS18 (lane 6), HelLa cells (lane 7) and the 293IE ¢kelne 9). No amplification was
seen in the Reverse Transcriptase negative safnpiedielLa (lane 8) or 239T cells
(lane 10).

A positive controlGAPDH primer pair amplified a product of the expectext of
86bp in the cDNA of the CS18 (lane 11), HelLa (la@¢ and 293T cells (lane 14). N¢
product was detected in the Reverse Transcripiegative samples from HelLa (lane
13) or 239T cells (lane 15).

TBX22 — amplified usingrBX22primers (lanes 1-5MSX1 — amplified usingSX1
primers (lanes 6-101APDH — amplified usingSAPDH primers (lanes 11-15).
CS18 — cDNA from whole CS18 embryo; HeLa — cDNAnfréleLa cells; HeLa RT- -
Reverse Transcriptase negative samples prepamadHfeba RNA; 293T — cDNA
from 239T cells; 293T RT- —Reverse Transcriptaggatiee samples prepared from
293T cell RNA. L is a 100bp DNA mass marker (Proajegith approximate sizes
indicated.

&
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If a luciferase assay was going to provide nregfai data to compare the
effects of over-expressing TBX22, it was importentletermine that thRISX1
promoter reporter plasmid (M_prom) was capablervimh expression of the
luciferase protein. Figure 30 shows the preserbeijtavery weakly, of luciferase
protein in transfected HelLa (lane 5 in Fig. 30a) transfected 293T cells (lane 6 in
Fig. 30a) compared to the untransfected cells §i@&and 4 in Fig. 30a). The
predicted protein of 550 amino acid residues hawkecular weight of 60.64 kDa
(sequence information from Promega website - itpiv.promega.com/vectors/
pgl4.17.txt;luc2 gene nucleotides 100-1752 were translated usm&xPASy online
translation tool hosted by the Swiss Institute mfiformatics -

http://www.expasy.ch/tools/dna.html).

Although the luciferase protein seen in the tractsie HeLa cells (lane 5 Fig. 30)
appears weaker than that seen in the 293T cefis @&Fig. 30), this may be due to the
difference in seeding densities: HeLa cells seedddX 10 cells per well and the
293T cells at 2 X 1Dcells per well (see 5.2.2).

As the M_prom plasmid was expressing the lucifepaséein in both cell types, the
effect of over-expressing TBX22 protein in thesksaen the amount of luciferase
produced would be predicted to indicate any reguyagffect of TBX22 on th#/1SX1
promoter fragment. This experiment was done byguailuminometer to measure the
amount of luminescence emitted by the transfeotdld after the addition of a
suitable substrate for the luciferase protein. f@port from the Fluoroskan
luminometer showing the absolute values for athefreplicates from each of the 3
independent experiments at each transfection dondmo TBX22, 26.7ng TBX22 or
53.4ng of TBX22 plasmid) is shown in Appendix 6 dhe successful transfections
are summarised in Tables 20 and 21.
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Figure 30: Luciferase expression driven by th&1SX1 promoter in
HelLa and 293T cells.a. Luciferase protein is detected in HeLa cells
(lane 5) and 239T cells (lane 6) transfected wigh1100ng
pCR3.1_Null, 550ng M_prom and 550ng pGLAR[udTK] using an
anti-luciferase antibody (see 5.2.4). The dottex-4imws the region
shown inb, which shows lanes 3 - 6 at higher magnificatiod a
increased contrast to aid identification. The ladtene 7) is a PageRule
Prestained Protein Ladder (SM0671; Fermentas) twérapproximate
migration of protein molecular weights indicate®&). Lane 3 is from
untransfected Hela cells and lane 4 is untrande2®3T cells. The
luciferase protein is detected using an anti-luage antibody (see 5.2.4),
which is then visualised using HRP/DAB (see 3.2.3).
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M_prom + No TBX22 M_prom + 26.7ng TBX22 M_prom + 53.4ng TBX22 Cells alone

Experiment Lu'ziiltgl;gse LuRcﬁ‘girl!;se Ratio Lulzihr‘zl;g/se Luii‘girlfse Ratio Lu'ziiltgl;gse LuRcﬁ‘girl!;se Ratio LuRcﬁ‘girl!;se
5.945508 | 1.276604 | 4.657284 | 3.431129 | 2.157015 | 1.590684 | 7.038646 | 2.153371 | 3.268664

1 5.766866 | 0.760457 | 7.583426 | 2.500051 | 1.420697 | 1.759736 | 5.615232 | 1.727434 | 3.250620 0.294113
3.494552 | 0.773907 | 4.515471 | 1.771932 | 0.908001 | 1.951466 | 10.131340 | 2.766837 | 3.661705
10.354900 | 1.319740 | 7.846167 | 3.784751 | 2.534476 [ 1.493307 | 3.903111 | 1.189683 | 3.280799

2 14.131780 | 1.022790 | 13.816893 | 5.896039 | 1.648178 | 3.577307 | 3.326693 | 1.238724 | 2.685580 0.345382
12.511860 | 2.583470 | 4.843044 | 5.253373 | 1.932231 | 2.718812 | 3.420082 | 1.610355 | 2.123806
14.678420 | 1.317048 | 11.144939 | 5.040354 | 1.188119 | 4.242297 | 2.773540 | 1.432939 | 1.935560

3 7.049310 | 1.650263 | 4.271628 | 6.646171 | 2.227520 | 2.983664 | 5.246964 | 1.698936 | 3.088382 0.108811
5.330808 | 1.173110 | 4.544167 | 3.344198 | 0.753062 | 4.440801 | 7.771098 | 1.403407 | 5.537309

Table 20: Expression of Luciferase from the M_pronpromoter in HeLa cells. The relative light units from the firefly
luciferase, are normalised to tRenillaluciferase transfection control values (Ratio)daing transfection with either
26.7ng pCR3.1_Null plasmid (No TBX22), 26.7ng ofRZC1_TBX22 or 53.4ng pCR3.1_TBX22, together with #6.7ng
M_prom and 26.7ng pGL4.BRIudTK] control plasmid. The values for the non traattéd cell (ControRenillg) for each

experiment are also shown.
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M_prom + No TBX22 M_prom + 26.7ng TBX22 M_prom + 53.4ng TBX22 Cells alone
Lul::iiltgl;gse Luiﬁ‘re]irllfse Ratio Lul::ii][gg/se LuFf:(;zirl:fse Ratio Lulzii;g];g/se Luiﬁ‘re]irl:se Ratio LuFf:(;zirl:fse
2.401089 2.922685 0.821535 1.01768 0.476687 2.1349 2.207481 1.834464 1.203338
2.721097 1.302751 2.088731 0.756599 1.392531 0.543326 0.875337 1.267416 0.690647 0.408504
1.165447 1.693124 0.688341 0.127379 1.340891 0.094995 1.368239 1.181022 1.158521

1.45233 1.45233 1.03901 2.505352 2.384261 1.050788 2.343781 1.584134 1.479535
0.658094 0.658094 2.745829 2.052036 0.344296 5.960101 3.325981 1.246932 2.667331
2.29725 2.29725 2.116814 0.294337 2.399177 0.122682 2.070588 2.344638 0.883116 0370079
1.12741 1.12741 0.679699 1.42744 0.870507 1.639781 1.351431 2.06572 0.654218
1.4602 1.026468 1.422548 1.462127 0.629199 2.323792 1.317282 2.435744 0.540813
2.296965 1.202742 1.909774 2.79639 2.114703 1.322356 1.817282 0.536731 3.385835
0.560777 0.213527 2.626264 1.443196 0.800868 1.802039 3.217748 0.827336 3.889287 0.346546
2.655885 1.371096 1.937053 2.067135 1.280424 1.614414 1.946758 2.025865 0.960951
1.558073 1.77942 0.875607 1.385782 1.087407 1.274391 1.93726 1.66293 1.164968

Table 21: Expression ofLuciferasefrom the M_prom promoter in 239T cells The relative light units from the firefly
luciferase, are normalised to tRenillaluciferase transfection control values (Ratio)daing transfection with either
26.7ng pCR3.1_Null plasmid (No TBX22), 26.7ng ofRZC1_TBX22 or 53.4ng pCR3.1_TBX22, together with #6.7ng
M_prom and 26.7ng pGL4.BRIudTK] control plasmid. The values for the non traatséd cell (ControRenilla) for each

experiment are also shoy
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To verify that the transfections used in the expents were reliable, a student’s t-test
was employed to confirm that there was no stasikgignificance in the luminescence
emitted from the control reporter plasmid (pGL4RJinc/TK]) and each of the three
different transfection conditions.

For the 239T cells at a 95% confidence intervalstadistical significance was found
between the pCR3.1_Null plasmid and 26.7ng of pCRBBX22 plasmid (p-value =
0.430); between pCR3.1_Null plasmid and 53.4ngGRP.1_TBX22 plasmid (p-
value = 0.959); or between the 26.7ng of pCR3.1_ZBRlasmid and 53.4ng of
pCR3.1_TBX22 plasmid (p-value = 0.387). The disttibn about the mean of these
values is represented in Fig. 31a.

For the HelLa cells at a 95% confidence intervalstaistical significance was found
between the pCR3.1_Null plasmid and 26.7ng of pCRBBX22 plasmid (p-value =
0.262); between pCR3.1_Null plasmid and 53.4ngGRB.1_TBX22 plasmid (p-
value = 0.153); or between the 26.7ng of pCR3.1_ZBKlasmid and 53.4ng of
pCR3.1_TBX22 plasmid (p-value = 0.852). The disttibn about the mean of these

values is represented in Fig. 31b.

As no statistical difference was found betweentaawysfection conditions and the
luminescence emitted from the pGL4.2[hRIuc/TK] phéd, the experiments analysed
were considered successful. Therefore the ratiothéofireflyRenillaluciferase
assays were examined for statistical differencésden the no TBX22, 26.7ng
TBX22 and 53.4ng TBX22 conditions. As the comparis@s between ratios, a
Mann-WhitneyU test (Wilcoxon 1945), which is a test of medianprieferable to a
student’s t-test, which is a test of means, butkhonly be used be used when

comparing parametric data.
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Figure 31: An interval plot showing there was no gnificant
difference between absolute relative light units ertied from

the control Renilla luciferase.The results of the 293B) and
HelLa () cell transfections showing the distribution abting mean
for each of thdRenillaluciferase values for the three different
transfection conditions: No TBX22 (pCR3.1_Null ptad), 26.7ng
TBX22 or 53.4ng TBX22.
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When the results in the HelLa cells are plotted.(BR) it appears that there is
a difference between the no TBX22 and both ther®60f 53.4ng TBX22 conditions.
The median result for the no TBX22 condition is48826.7ng TBX22 - 2.719 and
53.4ng TBX22 - 3.251 (Fig. 32). The comparisonatias of firefly toRenilla
luciferase, between the no TBX22 and 26.7ng TBXg&#emental conditions is
statistically significant using a Mann-Whitney Wtat a 95% confidence interval
with a p-value = 0.0006 and the comparison betweehBX22 and 53.4ng TBX22
conditions is significant with a p-value = 0.00€fe was no statistical significance
between the 26.7ng TBX22 and the 53.4ng TBX22 dand (p-value = 0.3772).

Figure 32: A box-plot of the normalised ratios of irefly/ Renilla
luciferase for no TBX22, 26.7ng TBX22 and 53.4ng TR2 in

HelLa cells. The horizontal line in each box represents theiamed
result for each condition, the shaded box represgoes between the
25" and 7% percentile and the vertical line extends to thmyesof
values. An * denotes a statistical outlier.
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The same Mann-Whitney U test was employed towbsther there was a
statistically significant difference between thedia@s of the no TBX22, 26.7ng
TBX22 and 53.4ng TBX22 transfection conditionshe 293T cells. Using a 95%
confidence interval the difference between the BX22 and 26.7ng TBX22
conditions has a p-value = 0.7075 and betweenBX2Z2 and 53.4ng TBX22 the p-
value = 0.7508. Therefore, one must conclude tieetis not a statistically
significant difference between the no TBX22 antieitthe 53.4ng or 26.7ng TBX22
conditions. As above, the data have been reprasentebox plot, the median values
are no TBX22 — 1.666; 26.7ng TBX22 — 1.468 and B3 BBX22 — 1.162; (Fig. 33).
Figure 33 indicates visually that there are noedédhces between these three

experimental conditions.

Figure 33: A box-plot of the normalised ratios of irefly/ Renilla luciferase
for no TBX22, 26.7ng TBX22 and 53.4ng TBX22 in 293¢ells.A graphical
representation of the ratios of firefBénillaluciferase values transfected
under no TBX22, 26.7ng TBX22 and 53.4ng TBX22 ctinds. Visual
inspection suggests that there are that no sigmifidifferences between the
medians and this is confirmed using a Mann-Whitddgst (see text). The
horizontal line in each box represents the medanlt for each condition, the
shaded box represent values between the 25th @ahg&Eentile and the
vertical line extends to the range of values. Adehotes a statistical outlier.

14
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5.4 DISCUSSION

Initially it had been intended to study the effetTBX22 on theMSX1promoter in a
cell line derived from human embryonic palatal rmesgyme cells (HEPM —
[ECACC# 90120505] (Yoneda and Pratt 1981)). Thiklicee would have been
preferable to the HelLa cell line used, as they didalve been a closer model to the
environment of potential TBX2RISX linteractions in the developing palatevivo.
However, these cells proved difficult to transfesing several transfection reagents
(FUGENES6 (Roche), FUGENE HD (Promega), TransPasdNeilv England Biolabs)
- data not shown. Although mammalian non-dividiefiscare notoriously difficult
cell lines to transfect (Subramanianal. 1999), there are several dividing cell lines
that are also known to be difficult to transfeangdipid-cation based transfer, for
example the monocytic cell lines U937 and THP-1rMat et al.2003). A
transfection method that was not tested in thegmtestudy, however, was
electroporation; which has been shown to increaséransfection efficiency of cell
lines that have proven challenging to transfectlkigieyanet al. 1996). Although the
technological advancements in chemical transfe@remow generally considered to
yield superior transfection efficiency to that aohed by electroporation, it is a
method that may be capable of transfecting HEPN& eeld could be employed in

future studies.

The transfection strategy used in this study attethfp co-transfect three separate
plasmids: theviSX1reporter plasmid (M_prom; 6530bp), the internaltoarplasmid
(pGL4.2]hRIudTk]; 4237bp) and either the TBX22 expression plasm
(pPCR3.1_TBX22; 6623bp) or expression control plas(piCR3.1_Null;5045bp).
Transfection of three plasmids of such size ichrigally challenging task. However,
as the M_prom plasmid was successfully transfeatedproduced a protein which
could be detected by Western blot (Fig. 30), thés likely that the other plasmids

were also transfected successfully.
Detection of TBX22 in the transfected cells wa® attempted by Western blot using

the same antibody used in Chapter 3 (section 82.Bowever this did not result in
any detectable signal. ABX22was detected by RT-PCR (Fig. 29) in the non-
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transfected Hela cells, at least some TBX22 protginld be expected to be detected
in these cells. However, as this was not seenast assumed that either the antibody
did not function in Western blots or there werelpeos with antibody specificity as
discussed in Chapter 3. To circumvent the difficolt using an unreliable anti-
TBX22 antibody, the expression of a tagged TBX2&qin would have perhaps been
a more suitable approach. There are several antbastailable to reliably detect
protein tags, for example the 6xHis employed ingadier bacterial expression

experiments (see Chapter 3).

RT-PCR was considered to at least determine theepoe of transfected TBX22
MRNA, however as the pCR3.1_TBX22 plasmid contaimy the TBX22 cDNA,
then unless the cDNA could be prepared from RNAvaksolutely no DNA
contamination, it would have been impossible tbvilether the primers were
annealing and amplifying the cDNA from the reversmscribed RNA, or if in fact
they would be amplifying contaminating pCR3.1_TBXi#asmid DNA. As it was
considered that the preparation of cDNA could regbaranteed to be completely
devoid of DNA contamination, unfortunately, the ggRace of the transfected TBX22
protein in the 293T cells could not be verified ahd possibility exists that no
TBX22 protein is being produced by the pCR3.1_TBXR2pression vector.
Obviously if this plasmid is not driving expressiohTBX22, then one cannot draw
any conclusions from the effect TBX22 has uponttaescription levels dSX1in

this system.

The Dual Reporter system is based upon the asgaumtpat the transfection
efficiency of the internal control plasmid is proponal to that of the experimental
reporter. As th&enillacontrol plasmid (pGL4.2{RIludTk]) did not show any
significant variance between the experiments (sge3), a reliable and reproducible
transfection between experiments is occurring.Heurhore, by normalising the
results to this internal control reporter (pGLAR[udTK]) differences in transfection

efficiency between assays should be accounted for.

There are various assumptions that have been mauhg dhe interpretation of the

transfection study results, which have not beeonwaaied for as the appropriate
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controls were not incorporated into the experimletiéaign. These assumptions and
those controls that ought to have been employgéestahese assumptions are shown
in Table 22.

Consequence to
interpretation of results if
assumption is not accurate

If TBX22 is not being
produced by the expression
vector, the effects of TBX22
on the transcription d1SX1
cannot be measured using this
experiment.

Assumption being | Control to test for this assumption
made and expected outcome

Western blot using either anti-
TBX22 antibody or an antibody to ja
tagged TBX22 protein construct t

ensure TBX22 protein is being

expressed.

TBX22 protein is
being produced by
the pCR3.1_TBX22
expression plasmid

O

Replace théISX1promoter with a
TBX22 is binding to| promoter that will drive expression  If TBX22 is binding to a
theMSX1promoter | of the luciferase but does not contairregion on the M_prom vecto

and not to some a T-box binding site. Over other than thé1SX1promoter,
other region of the | expressing TBX22 should have np then TBX22 does not regulate
M_prom vector. affect upon the luciferase levels of transcription oMSX1

such a construct.

TBX22 is binding to
theMSX1promoter
at the identified T-

TBX22 does not regulate
transcription via the identified
T-box binding domain (i.e. it i§

Replace the T-box binding site of
theMSX1promoter with the

box DNA binding ?\%?ljsig(;\? t():;];g;ﬁglwtg%g)l?zoztihnathded acting non-directly via some

domain and not at EMSA studies. Over expression Cf|ntermed|ary protein(s)), or th

another region TBX22 should not alter luciferasa T-box binding domain is

outside of this site. positioned at a different
levels of theMSX1promoter location on theVSX1

containing the Mut_oligo sequenc promoter.

D

(D

Replace the TBX22 DNA binding TBX22 does not regulate
domain with a mutated sequence transcription oMSX1via the
that is known not to bind DNA. identified T-box binding

Over expressing this protein would domain (i.e. it is acting non-

not be expected to have an affect jodirectly via some intermediary
the expression of luciferase. protein(s).

Measure the amount of luciferase
produced by a luciferase reporter
construct containing the reverse
complement of th&1SX1promoter
The M_prom sequence. The level of luciferase
construct is driving | expressed by such a construct wo
the expression of the be expected to be significantly legs
luciferase. than that seen with the M_prom
vector with theViSX1promoter in
the correct orientation. TBX22
would not be anticipated to bind to
such a sequence.

Table 22: A summary of the assumptions made in thiaterpretation of results
for the transfection assay and the controls that shuld be included to verify that
they hold true. 175

TBX22 is binding to
the MSX1promoter
and altering the level
of transcription of a
reporter vector.

The apparent expression of
luciferase by the M_prom
construct is actually due to low
level expression of luciferase
Lid produced solely by the
pGL4.17 vector. In which case
altering the level of TBX22
expression will have no
detectable effect upon
transcription acting via the
MSX1promoter.




Clearly there are several further controls neg¢ded order to ascertain
whether the assumptions being made in these expetsnare valid. The lack of these
controls means that that definitive conclusionshcdtre drawn from these studies.
However, providing that the assumptions made inélaB are correct, the results of
the transfection studies would suggest that ovpression of TBX22 in the HelLa cell
line reduced the expression from i&X1reporter construct. Figure 32 shows an
overall reduction in M_prom reporter activity whem transfected with the
pCR3.1_TBX22 plasmid, compared with co-transfectiatih the pCR31._Null
plasmid. However, at the higher levels of TBX22&f@ction, the reduction of
expression appears more variable and with a sjidgigher median than is seen in
26.7ng TBX22 conditions. Whilst the Mann-Whitneytest shows that differences
seen in the medians between the 26.7ng pCR3.1_TBK&%53.4ng pCR3.1_TBX22
plasmids are not statistically significant, the Brnmerease seen in the median of the
53.4ng pCR3.1_TBX22 plasmid transfection may betdusn auto-regulatory effect
of the endogenous TBX22 (Andreetial.2007) resulting in an overall net reduction
in the amount of TBX22 protein in the cell.

The addition of TBX22 had no effect on thSX1reporter in the 293T cells. As these
cells were shown not to expreBBX22 one could postulate that other factors required
for the action of TBX22 may also be absent. SUMod example, as sumoylation of
TBX22 has been shown to be a necessary requireorento function as a repressor
(Andreouet al.2007).

The results of the transfection experiments holdheppossibility that TBX22 can
regulate the expression BISX1in HelLa cells. Evidence that TBX22 may bind to a
DNA-binding site found in thSX1promoter (Chapter 4), together with these
results suggest that regulationEX1by TBX22 may be due to direct protein-DNA
interaction. However, th&bx22null mutant mouse did not display a significant
difference in the distribution of expressionM$éx1within the developing palatal
shelves, although the authors do suggest thatca@ase irMsx2was seen in the
posterior tongue (Pauvet al.2009a). It is possible that there may be funcliona
compensation by other T-box genes in the represdidfsx1lin the palatal shelves
vivo in the absence of Tbx22, for exampleTdox1lwhich has been shown to be

necessary for secondary palate elongation (Getidy.2010). Investigations in
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development of the chick frontonasal process ifiedta role forTBX22in the
regulation of proliferation in this region (Higakbri et al.2010) and it is possible
that TBX22 exerts its effect ovéfSX1in the developing lip where both genes are
expressed (Figs.13, 14 in Chapter 2 and Fig. Zehapter 4). The authors also
suggest that as TBX22 has an involvement in pralifen within the frontonasal
prominence that subtle changes to proliferatiomivithe palatal shelves may also be
occurring in theTbx22null mouse. Therefore, the possibility exists thabtle

changes itMsx1expression may also be seen within the palatévetef theTbx22"

mutant.

Evidence already exists for transcriptional redoasby T-box genes. It has been
shown that TBX22 functions to repress expressiatseff (Andreouet al.2007) and
both TBX2 and TBX3 have been shown to repress sgpe of target genes
(Brummelkampet al.2002; Paxtoret al.2002; Princeet al.2004). Interestingly, a
conserved MSX1 binding site has been identifiedhiwithe 5-region of theTBX22
gene (Heret al.2003), raising the possibility of a regulatorydback loop between
TBX22 and MSX1. Indeed it has been proposed tlsahdar regulation both
upstream and downstream exists between TBX22 and2\{Bigashihoriet al.
2010).

The fact that a difference in the effect of TBX3%u the repression on tMSX1
reporter construct was seen between the HeLa aBitl @8l lines supports the
sensitivity and effectiveness of the Dual Repaatesay and it has been employed to
study the effects of over expressing proteins ernranscription of luciferase
promoter reporters in several studies (kfal.2008; Maet al.2008; Zhang and
Nohturfft 2008; Houwet al.2009). The repression MSX1was only seen in HeLa
cells and whilst this is derived from a human @ak, it could still be considered that
this is an artificial environment as they are aheidpcells and as such are abnormal.
However, as many functional studies have employeldat-tells in the analysis of
protein function, including that of Brachyury (Kisppet al. 1995) and also TBX22
previously (Andreotet al.2007), they remain a useful tool for understandithgt is

occurringin vivo under normal conditions.
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CHAPTER 6

CONCLUSION AND FUTURE DIRECTIONS

6.1 CONCLUSION

This thesis aimed to uncover the developmentalesgion pattern and protein-DNA
binding properties of human TBX22, identify potahtlownstream target genes and

evaluate one such gene. This has revealed sewvahsights in this field.

The spatiotemporal expression of hunf@X22during the formation of the lip and
palate was characterised and was shown to correititdeatures disrupted in CPX.
TBX22 in addition, is strongly expressed in the medral lateral nasal processes
during the formation of lip. This expression patteas now also been demonstrated
in mouse and chick (Braybroak al.2002; Bushet al.2002; Haeniget al.2002; Herr
et al.2003) and gene expression similarities withinfdrenation of the oral cavity in
zebrafish have also been uncovered (Jezegiski 2009). As a result of the common
gene expression pattern seen in human and thesalanodels, the results of
function studies of TBX22 undertaken in these ahimadels (Pauwst al.2009a;

Higashihoriet al.2010) can be reliably extrapolated to man.

Several genes expressed in the palate during esteokthe palatal shelves in mouse
have expression domains restricted to either tkerian or posterior palatal shelves.
Thx22being one such gene with restricted expressiohe@osterior palate. This has
exposed distinct regulatory pathways for the aatexnd posterior palate formation
(Li and Ding 2007; Pantalacet al.2008; Welsh and O'Brien 2009). In human the
anterior palate is proportionately smaller in congaan to the posterior palate than in
mouse. This makes it more difficult to distingulsttween expression in the primary
palate and expression in the anterior secondagateal humanTBX22is clearly
expressed in posterior secondary palate in hunmaiasto that reported for mouse
and chick (Bustet al.2002; Haeniget al.2002; Herret al.2003)
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A mouse lacking’bx22has now been created (Pawtsl.2009a) and this mutant
displays many of the phenotypic features seen X.dRe attachment of the tongue
to the mandible at a more anterior position thatméwild type mouse was seen in all
mutants, representing a mild form of ankyloglosaidjsruption to the formation of
the palatal rugae was evident; in some mutantg tivas incomplete disruption to the
oro-nasal membrane leading to choanal atresia afiéilyiresulting in post natal
lethality; in surviving mutants a notch was seethm posterior hard palate akin to
submucous cleft palate and a few of the mutantlysed were born with an overt
cleft palate. Further investigation of the secogpgmalate revealed a lack of
mineralisation of the palatal bone and under depraknt of the vomer, leading the
authors to conclude that the major rolefbk22is in the regulation of palatal
osteoblast formation (Paws et al, 2009). Howea®gFBX22was seen to be
expressed at the sites of the vertically elongatimigtal shelves (Chapter 2), a further
role for TBX22 in the regulation the proliferatiohthe mesenchyme within the
palatal shelves seems probable.

Experiments in chick have begun to uncover a fonckbr TBX22during formation
of the lip (Higashihoret al.2010), where over-expressionTdX22in the chick
frontonasal mass leads to a cleft lip. AlthougHtdlp is not a feature seen in the
classic CPX phenotype, where mutations both tatiing and promoter regions in
the affected individuals lead to an overall reducdf functionalTBX22(Braybrook
et al.2001; Braybroolet al.2002; Marcanet al.2004; Andreotet al.2007;
Suphapeetiporet al.2007; Pauwet al.2009b), Higashihori and colleagues postulate
that genetic or environmental influences affectimg regulation ofBX22 resulting

in a gain of functional TBX22, may indeed give risea cleft lip in humans. The
expression data from human would support this,rgthe strong expression seen in
the nasal processes during formation of the lipafsiér 2).

The third Chapter of this thesis identified a TBX2RA binding sequence that is
similar to the Brachyury half site (Kispert and Heann 1993) and to half of the
DNA sequence previously shown to bind to TBX22 (Pealet al.2007). Different
T-box proteins have been shown to bind to the dah& sequence: Xbra, TBX1 and
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TBX2 were all shown to bind to the same DNA seqeenBGGTGTGAAAT (Sinha
et al. 2000), although the mechanism by whichwhs achieved was different.

Whilst TBX1 bound to the DNA as a dimer in a senilmanner to that reported for
Xbra, TBX2 bound as a monomer. As the TBX22 DNAdg site reported in
Chapter 3 resembles a Brachyury half site, itkislyi that TBX22 binds to the DNA
as a monomer, although confirmation of this wowddahto be provided using X-ray
crystallography techniques, as has been showméidman Brachyury protein
(Papapetroet al. 1997). The targeting of the same DNA binding bigadifferent T-
box proteins is postulated as one mechanism byhwthiey regulate gene expression.
During cardiac development, for example, it hasg@®posed that Tbx18 competes
with Thx5 for the same binding site on thppapromoter (Fariret al.2007). Once
bound Thx18 acts as a repressor, whereas Thx5dusdas a transcriptional
activator. It would be enlightening to investigatkeether other T-box genes,
particularly the other TBX1 family genes which shawer-lapping gene expression
patterns during craniofacial development — TBX11504nd 18 (Chapmaet al.1996;
Agulnik et al.1998; Krauset al.2001a; Bustet al.2003), have a similar antagonistic

regulatory mechanism in some or all cases.

Incorporating the TBX22 DNA binding site identifiathove with all of the previously
determined T-box binding sites, a generic T-boxdlrg site was devised. An silico
screen for the presence of this site within thenmter regions of 132 potential
TBX22 target gene candidates is described in Chdptehis resulted in the
identification of 102 genes, with at least one copg sequence that exactly matched,
or had only one mis-match to the generic T-box ipig@ite in the 2kb promoter
region screened. Although only one gene was seldéotdurther analysis, it is
conceivable that all of these genes could be TBiéPgets. The actual number of
TBX22 gene targets may well turn out to be mucthéiga chromatin
immunoprecipitation (ChlP) study aiming to identifybet targets, uncovered 832
protein coding target genes in human Th1 cellsn@est al.2009) and a similar
whole genome approach at identifying TBX22 targe#y well uncover a large
number of potential target genes. However ithglico approach employed in this
study focused upon a sub-set of candidate gernesse genes which when disrupted

had been shown to cause a human cleft palate phendthis approach whilst
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identifying a number of likely TBX22 target genendadates, at the same time also
excluded some genes that one could consider ast@d{€BX22 targets based upon
known gene expression patterns, their presenaggions linked to cleft palate
disorders or that give rise to cleft palate in neohsat have not yet been shown to have
a role in human cleft palate disorders (Gritli-Len®8007; Gritli-Linde 2008; Jugessur
et al.2009). Similarly, only the first 2kb of the promotupstream for the

transcription start site was screened for the piesef the binding site and regions
outside of this region either further upstreamnaleled within intronic gene regions
would have been missed. Although it is not impalssihat all of the human cleft
palate causing genes may contain a TBX22 binditeg isiwould seem rather unlikely
that all of these are indeed trmevivo TBX22 target genes. The silico search
employed in this study was probably always goingriduce many false positive
target genes. If one assumes that each of thee$ Imequally represented throughout
the genome then the generic T-box binding sequesed to search the promoter
regions — AGGTGTBDWR - has an approximate 1:30€#nhce of appearing by
chance alone. If the human genome has approximateiljion bases, then this would
mean that there would be around 100,000 copidsi®Eequence occurring by chance
in the genome. It is fanciful to imagine that TBX2&ually has anywhere near this
number of target genes and therefore applying dssisearch strategy to the entire
genome would be unproductive and a more direcetarg approach, such as ChlP
(Horak and Snyder 2002; Weinmann 2004; Wong and20@9), is required to

extend the search genome wide for TBX22 targets.

Although many genes were identified as potentiaKZB target gene candidates
using then silico screen, only 10 of these also display a clefttpalathe known
mouse mutants for these genes (Table 18 Chaptett Appendix 5). From this sub-
set only two were known to be involved in non-symdic cleft palate and as protein-
protein interaction had already been demonstragédden one of these and TBX22

(Andreouet al.2007), the otherMSX1, was selected for further investigation.

There was evidence that the level of transcriptiom anMSX1gene reporter
(M_prom, Chapter 5) was repressed in HelLa cellghith a TBX22 expression
construct (pCR3.1_TBX22, Chapter 5) had also besmrstected. However, as several

controls were absent from the transfection stugyedrments (see Table 22), the
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mechanism responsible for the repression couldeadadentified with certainty. This
repression was seen when both 26.7ng and 53.4ihg GiBX22 expression construct
(PCR3.1_TBX22) were transfected into the HelLa cealldhhough no dosage effect
with the different amounts used was observed. ldibe repression was statistically
equal in both cases. Repression was only obsenvidélia cells - a cell line known to
endogenously express TBX22 (Andrestual. 2007) and Fig. 29, Chapter 5). There
was no difference in expression of ti&X1reporter in the presence or absence of
TBX22 in the 293T cells, a cell-line that did nbbsv endogenou§BX22expression
(Fig. 29 in Chapter5). Although it was not expenitadly confirmed, the cells lacking
endogenous TBX22 expression were postulated to@t&ahe necessary co-factors
needed for TBX22 to repress expression fromMiseX1reporter. The essential
requirement for co-factors, such as YAP and TAZyel as other interacting T-box
proteins for correct T-box protetransregulation of target genes has previously
reported (Murakami et al. 2005; Boogerd et al. 2@ gerd et al. 2009). TBX22
specifically has been shown to need modificatiorfslMMOL1 in order to be able to
repress activity of downstream target genes (Andegal. 2007).

When taken together, the data presented withinthleisis (the characterisation of the
expression pattern dBX22and ofMSX1in the palate, thm vitro studies showing
TBX22 probably binding to a DNA sequence found witthe MSX1 promoter and
then the subsequent repression oMEBX1gene reporter in HelLa cells) suggest that
TBX22 may have a role in the regulationd&X1transcription. However, the lack of
a suitable antibody has somewhat hampered the @égkehich this conclusion can
be made: a super-shift was not detected which nteahthe EMSA studies could not
convincingly show that the identified T-box bindisige within theMSX1promoter
was definitely binding to TBX22. Also, as the exgs®n of TBX22 protein from the
pCR3.1 expression vector employed in the trangfectudies (Chapter 5) could not
be verified, a completely conclusive statement T2X22 does indeed negatively

regulate transcription dflSX1cannot be made.
The work of others suggest that TBX22 regulatesemesyme cell proliferation in

the palatal shelves (see section 1.2.3) and studieée chick frontonasal mass,

suggest that TBX22 acts to negatively regulateifgraltion in these cells
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(Higashihoriet al.2010). Then vitro binding studies presented in this study point
towards a possible repression$X1by TBX22.

A model of how this interaction could be actingidgrpalatogenesis is now
discussed. However, as the DNA binding site locatigdin theMSX1promoter was
identified from a generic T-box binding site, rathg than matching the specific
TBX22 DNA binding site consensus site, it is poksibat any T-box gene maybe
influencingMSX1transcription. This would be perhaps even moragitde if the
expression of any or all of the human T-box gemeailfaproteins are shown to
overlap with that of TBX22. However, in the modedaissed below it is assumed

that the T-box gene in question is indeed TBX22.

MSX1andTBX22display complementary expression patterns in #iatal shelves:
MSX1is restricted to the anterior palal@X22to the posterior (Fig. 26, Chapter 4).
These restricted anterior/posterior expressiorepathave been suggested to underlie
the future hard and soft palate respectively (Walsth O'Brien 2009). It is possible
that TBX22, by down regulatinglSX1, assists in maintaining the distinction between
these two regions. During palatogenesis in the mahe anterior palate is extended
(see 1.2.4) by proliferation of the mesenchyme leggd by Bmp4 (Zhangt al.

2002). Bmp signalling, through ligand binding withrious Bmp-receptors, has been
shown to induce the activation of Smad8; whichummtpromotes mitogenesis (Kawai
et al.2000). The mouse null mutakisxI” has a cleft palate (Satokata and Maas
1994) that was shown to arise due to insufficiatitgroliferation in the palate
mesenchyme (Zhargt al.2002). By ectopically expressim@mp4in the palatal
mesenchyme of thiésxI”” mouse, the cleft palate phenotype was rescued. Thi
demonstrate@mp4to be downstream dfisx1(Zhanget al.2002). Furthermore, the
same authors showed that Msx1 was required foexpesssion oBmp4 Thus, by
repressingMSXlexpression in the posterior palate, TBX22 restitX1

expression, and therefore BMP4 mediated proliferetd the anterior palate. A

diagrammatic representation of this is shown iruFeg34 below.

Posterior Anterior
Palatal Palatal
Shelve Shelve
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TBX22

MSX1

Figure 34: A proposed model for repression oMSX1 by
TBX22 in the formation of the palatal shelvesTBX22
repressedISX1in the posterior palatal shelves, thus limiting
MSX1 to the anterior palate only. MSX1 is ablenduce
proliferation via BMP4, leading to extension of du&erior
palate.
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Identifying human transcription factor target gersea valuable, but challenging task
given the obvious limitations that exist comparedhte gene targeted mouse models
that can be created or transplantation experintaatan be performed in chick. This
means that there may always be a reliance uponaugstal models. However the
vitro binding studies in the cell culture based expentmesed in this thesis are
necessary to confirm that functional effects wissekin animal models are applicable
in human and to verifin vitro findings. Indeed the T-box targets identified by a
chromatin immunoprecipitation study in developimdpmfish mesoderm (Garnett et
al. 2009), were still verified using vitro DNA binding assays similar to that

employed in this study.

This present study took a candidate TBX22 targeegbased on gene expression and
other reported evidence, and tested it for possilddzaction with TBX22. However,
an alternative, and perhaps more direct strategylrage been to first uncover
possible target genes through wider reaching winatescriptome or proteome
studies. This could have been achieved by employi@9lIP (Jennest al.2009) or

by a microarray approach (Bhattachegeal.2007) — for example comparing the
gene expression profile of palate cells in whichKBB was over expressed to the
gene expression profile of an unmodified cell, anersely silenced using an RNAI,-
using a technique similar to that employed to siéethe T-box domain containing
genedDocl, 2, and3 genes in drosophila (Hamaguetial.2004). One or all of these
approaches would have been employed had the stleesibed in this thesis

commenced now.

Clearly the regulatory pathways involved in craamél development are only just
beginning to emerge, as is the role of TBX22. Hesvesince the identification of
theTBX22gene in 2000 (Laugier-Anfossi and Villard 2000gre has been
considerable progress as to the function of TBAR®.now known that mutations to
the coding region of TBX22 gave rise to CPX (Brapgk et al.2001) and that alleles
containing risk SNP’s within the promoter regionT@X22 are associated with cleft
palate and ankyloglossia (Pauetsal.2009b). The spatiotemporal expression pattern
of TBX22during craniofacial development in human and maaéinals has also been
uncovered (Braybrookt al.2002; Bushet al.2002; Haenigt al.2002; Herret al.
2003).Mn1 has been shown to be a transcriptional activdtdbg22(Liu et al.2008)
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and it can be induced by Fgf8, Fgf2 and Noggin|stfiiis repressed by Bmp4 and
Bmp7 (Higashihoret al.2010). Human TBX22 has been demonstrated to getta
for sumoylation and that this is necessary in ofdeit to exert repression on target
genes (Andreoet al.2007). To date the only downstream targets knawid BX22
itself (Andreouet al.2007) and possiblWiSX1as identified from the outcome of this
study.

Elucidating how TBX22, its target genes and the ymather genes involved in the
complex process of craniofacial development, fiiether in the signalling and
regulatory networks that are required for normaledi@oment is an admirable goal.
Not only will these interacting pathways reveal hoovmal palatogenesis proceeds,
but also how the effects of disruptions to thisgess can begin to be understood.
With this understanding, the ultimate aim of preti@n treatment and counselling of
patients with craniofacial disorders can be motly fealised. TBX22 clearly has an
important role in craniofacial development, thedfimgs that many T-box genes,
includingTBX22are expressed in both overlapping and complemeptdterns in the
very early developing somites (Wardle and Papaioar2908) and the identification
thatTBX22was often deleted in a genome-wide screen of eolal cancer biopsy
samples (Ashktorabt al.2010) points to other as yet unknown roles for PBX

outside of craniofacial development.
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6.2 FUTURE DIRECTIONS

During the formation of the palate it is becomimgparent that the palatal rugae play
an important role in both defining the anteriorfgo®r boundary and that they act as
signalling centres regulating the extension ofahterior palate (Pantalacei al.

2008; Welsh and O'Brien 2009). As with many of thadels of human development
our interpretation of this formation is based uptdormation gained from model
organisms. It would be crucial to confirm or othesy whether the formation of the
human palatal rugae are formed in a similar orcatsi manner to that observed in
mice and that the timing of palatal rugae format®oomparable to mouse.

As the search for potential TBX22 target genesinaes, a microarray based study
would certainly enhance progress in this fieldwasild the information gained
through chromatin immunoprecipitation genome-wilgation analysis or ChlP-on-
Chip (Horak and Snyder 2002; Weinmann 2004; Wortg\&ei 2009). In this
technique cells are cross-linked with formaldehtaleross-link transcription factors
whilst bound to DNA. An antibody to the transcrgstifactor is then used to
iImmunoprecipitate the protein-DNA and then the s+lisks are reversed and the
DNA purified. The purified DNA can then be labelladd used as probes to a
genomic microarray containing selected enhancetgpesmoters. This technique has
two major advantages over traditional microarraglits which rely on either the
overexpression or silencing of a transcriptiondacthe first is that, as the technique
is performed without altering the environment bifiarally expressing or silencing a
gene of interest, stoichometry of potentially bgpt@l relevant proteins will remain.
The second advantage is that ChIP-on-chip canrdaterdirect targets of the
transcription factor of interest, as opposed to dfidhe traditional methods which
cannot discriminate between direct and indireggtgenes. As ChlP-on-chip has
been successfully employed in revealing severgktarof the T-box protein T-bet
(Townsencdet al.2004), ChlIP-on-chip would seem ideally suiteddentifying
downstream TBX22 target genes. However, one esseatjuirement for a ChlP
method is a specific and reliable TBX22 antiboditjala was unfortunately lacking
during the investigations performed in this thesithough efforts such as the Human

Antibody Initiative (http://www.hupo.org/researchil), which aims to produce
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antibodies against all human proteins and thoroutgigt each one for its ability to
perform immunoprecipitation, immunoblotting and immmohistochemistry, should

address this difficulty in the future.

As well as uncovering target genes of TBX22, important to uncover protein-
protein interactions between TBX22 and other fuor@l protein partners which may
affect transcription regulation. Recently, Msx1 ansix2 have both been shown to
bind through the homeodomain to the T-box of Thw@ these proteins function in
concert to suppress the expression of Cx43 (Boogjeatl 2008). It would obviously
be very interesting to investigate whether thel@ig protein-protein interaction
between TBX22 and MSX1. Investigation into possihteractions between TBX22
and other T-box genes in the regulation of thetpadee also likely to be revealing as
has been described during cardiac formation (Babgeal.2009).
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APPENDICES

APPENDIX 1: OLIGONUCLEOTIDES ANDANTIBODIES

Primers used to generate DNA fragments, which \wgaged into
cloning vectors

Primers used to amplify TBX22 coding sequence fordation in to the pET100/D-
TOPO vector

5-(CACCATGGCTCTGAGCTCTCGGG)-3

5 -(CTAAAGGTAATGGTTAATTGCTGG)-3

Primers used to generate PCR product for ligationn to pTNT
Xhol-HisTBX22(F)
5-(CAGCACTCGAGTCACAATGGGGGGTTCTCATCATCATC)-3
Sall-HisTBX22(R)

5-(CCATGGTCGACTCGCGCTAAAGGTAATGGT TAATTGCTGGATACYH

Primers used to generate the pCR3.1_TBX22 plasmid
5-(GGGATGGCTCTGAGCTCTC)-3’
5 -(CATAAGGTAATGGTTAATTGCTGAA)-3

Primers used for RT-PCR

TBX22
5 -(AAGCGGGCAGGCGGATGTTC)-3" (481-500 NM_001109878)
5 -(AGGTCTCTCCCGAGCAG GGT)-3" (680-700 NM_001109378

MSX1
5 -(CTGGAGCGCAAGTT CCGCCA)-3" (616-637 NM_002448)
5 -(AGGCACCGTAGAG CGAGGCA)-3" (872-892 NM_002448)

GAPDH

5 -(TGCACCACCAACTGCTTAGC)-3" (556-572 NM_002046)
5 -(GGCATGGACTGTGGTCATGAG)-3" (NM_622-642 NM_002046

Sequencing primers

T7 Forward 5" (TAATACGACTCACTATAGGG) 3
T7 Reverse 5" (TATGCTAGTTATTGCTCAG) 3°

M13 Forward 5 -(CGCCAGGGTTTTCCCAGTCACGAC)-3’
M13R Reverse 5-(TCACACAGGAAACAGCTATGAC)-3’



TBX22 coding sequence

SEQ 1 5-(GGCACGAGGCAAAGAATC)-3
SEQ 2 5-(CTGAAAGTCTGGAAGAGAAAG)-3
SEQ 35 -(CGCTATAGGTACGTCTAT)-3’
SEQ_45-(AGGCCTTCTTTCACTCTC)-3"
SEQ 55-(CAGTCTTTAGCCCCACTC)-3
SEQ 6 5"-(TAAAGAAACTGAGTTCAC)-3’

pCR3.1_TBX22 Sequencing
5-TAATACGACTCACTATAGGG-3
5-TAGAAGGCACAGTCGAGG-3'

M_prom sequencing primer
5-CTAGCAAAATAGGCTGTCCC-3
5-TCGATATGTGCGTCGGTAAA-3’

Oligonucleotides used in the vitro binding selection

Random Oligo
5 -(GCTGCAGTTGCACTGAATTCGCCTC(NNNNNNNNNNNNNNNNNNNNN

NNNNN)GACAGGATCCGCTGAACTGACCTG)-3"

Randon oligo primers
5-(GCTGCAGTTGCACTGAATTCGCCT)-3
5-(CAGGTCAGTTCAGCGGATCCTGTCG)-3

Oligonucleotides used in the EMSA experiments

W=T_oligo

5-(CGAGAGGTGTCTTACGAG)-3’
5-(CTCGTAAGACACCTCTCG)-3

515-20 oligo

5-(CGAGAGGTGTCATACGAG)-3
5-(CTGGTATGACACCTCTCG)-3

Mut_oligo

5 -(CGAGAAATGTCATACGAG)-3’
5-(CTCGTATGACATTTCTCG)-3’

Cont_oligo
5-(CTAGCAAGGTGTGAAATTGTCACCTCAA)-3’
5 -(GTTCCACACTTTAACAGTGGAGTTTCGA)-3’
MSX1_oligo

5-(CGAGAGGTGTTGAGCGAG)-3’
5-(CTCGCTCAACACCTCTCG)-3



Antibodies

Anti-Luciferase pAb - Promega
Anti-HisG Antibody — Invitrogen
Anti-HisG-HRP Antibody Invitrogen

TBX22 (K-20) X sc-17862 X — Santa Cruz Biotechnolgg



APPENDIX2: MALDI-TOF ANALYSIS OF THETBX22 RECOMBINANT

PROTEIN

Appendix 2.1: The protein match to TBX22 is statigtally significant. The only matched protein in the
sample which lies beyond the level of statistiégghiicance using a Mowes probability score is TEX2
which has a probability based Mowes core of 140.



Appendix 2.2: The peptides detected by MALDI analyis. The peptides detected by MALDI analysis are
aligned to the TBX22 protein and provide 40% cogeraf the protein. The peptide identification nunsbe
correspond to those in appendix 2.3.



Appendix 2.3: A Graphical representation of the pefides detected by MALDI analysis. The molecular
mass of the peptides detected in the protein sabyldALDI are represented by their identification
number which can be found in appendix 2.2



I I I
-3 GGGatg gctctgagctctcgggcgcgtgccttctccgtggaagccttggtggggaga

MALSSRARAFSVEAL

61 agcaaaagaaaactccaagacccaatacaggcggagcagcctgagctg

20SKRKLQDPIQAEQPE
I

|
121 ggcggagaggaagaggaggagagaaggagcagcgctgcagggaagag
40 G

RSSA
I I I I

181 aaacaacctaagacagagccctcaacatctgcttcctctggctgcgg
60 KQPKTEPSTSASSGCG

241 tacggcaacagctctgaaagtctggaagagaaagatattcaaatgga
80O YGNSSESLEEKDIQME

| | | |
301 gaactgtggaaaagattccatgacatcgggactgagatgatcattac
I0ELWKRFH IGTEMIIT

| | | |
361 cggatgttcccctctgttcgggtcaaggtgaaagggttggatccagg
1200RMFPSVRVKVKGL

| | | |
421 gtggccatcgatgtggtgccggtggattccaaacgctataggtacgt
140 V DV SKRYRYYV

| | | I
481 cagtggatggtagctgggaatacagaccatttgtgcatcattcctag
IO QWMVAGNTDHLCIIPR

| | | I
541 ccggactcaccctgctcgggagagacctggatgcggcagatcatcag
180 PDSPCSGETWMRAOQII

601 aaactcaccaacaatgagatggatgacaaaggccacatcattctgca
20KLTNNEMDDKGHIILQ

661 tacaaaccccgagtgcacgtgatagagcaaggcagcagtgttgacct
20YKPRVHVIEQGSSVDL

|
721 tccttgcccactgaaggtgttaaaacattctcctttaaagaaactga
20SLPTEGVKTFSFKETE

781 acggcttaccaaaaccaacagattacgaaactaaaaatagaaagaaa
260 TAYQNOQOQITKLKIERN

| | I
841 ggatttagagatactggaagaaacaggggtgtattggatgggctttt
20 GFRDTGRNRGYV

| | | I
901 tggaggccttctttcactctcgattttaaaacctttggcgcagacac
BI0OWRPSFTLDFKTFGADT

| | | I
961 agtggctcatctccagtgacctctagtggaggggccccctctccttt
320SGSSPVTSSGGAPSPL

| I I | |-
1021 tctccactttgcttttcacctatgtttcatttacctacaagctcce
30 SPLCFSPMFHLPTSS
I I | |
1081 ccagaggcatacctgcccaatgtcaacctgectctatgctacaaga
360 PEAYLPNVNLPLCYK

I I I
1141 ttttggcaacagcaacctcttgttttaccggctcctgaaagactag
3O FWQQQPLVLPAPERL

I I I I
1201 tctcagtctttagccccactcatgatggaagtgcectatgttatctt
400 SQSLAPLMMEVPMLS

I
1261 aattcaaaaagcggttcatctgaagactccagtgatcagtatctac

APPENDIX3: THE TBX22 DNA CODING AND PROTEIN SEQUENCE

cgagccgcttgaa
EPLE

e

cagcgacagcggc
SDSG

gcttcaaggatct
LQG

taaagcgggcagg
KA

o]
gaagcagtaccat
KQYH
ctatcacagctca
YHSS
attctatgttcac
FYVH
ctttgatcgcatg
FDRM
atccatgcataag
S M HK
gtcccagattcag
SQIQ
o]
gttcaccacagta
FTTYV
tccttttgctaaa
PFAK
agagacctaccca
ETYP
e
acaaagtggaagc
QS GS
gaactccttactt
NSLL

ttggaatgcccetgt
LGMPC
tttgtccaactaat
ICPTN
e[
caagcagcaacagt
ASSNS
e[|
ccctgggggteacc
SLGVT

aagcacctaattct



420NSKSGSSEDSSDQYL QAPNS

I
1321 accaatcaaatgttatatggattacagtcacctggaaatatttttc tgccaaactccatc

440 TNQMLYGLQSPGNIF LPNSI
T ||
1381 accccagaagcacttagttgctcctttcatccttcctatgactttt atagatacaatttc
460 TPEALSCSFHPSYDF YRYNF
U o]
1441 tctatgccatctagactgataagtggttccaaccatcttaaagtga atgacgacagtcaa
480 SMPSRLISGSNHLKYV NDDSRQ
o e et ke NN e
1501 gtticttttggagaaggcaaatgtaatcatgttcatiggtatccag caattaaccattac
500VSFGEGKCNHVHWYP AINHY

1561 ctt tag 1566
520 L * 520

Appendix 3: The TBX22 DNA coding and protein sequece. The initiation and stop codons are
highlighted in bold and the three basses upstrdahedranslation start site which form part of thezac
sequence are shown in capitals. Single letter amditbabbreviations are shown below their respectiv
codons.



APPENDIX4: ALIGNMENT OF THECLONES FROM THEIN VITRODNA
BINDING ASSAY AND AN EXAMPLE CHROMATOGRAM OFCLONED DNA

FROMIN VITROOLIGONUCLEOTIDE BINDING STUDY



Appendix 4.1: An example of a chromotagram of the NA from the in vitro oligonucleotide binding assay.
The sequencing of the clone DNA was performed utiegM13 forward and reverse sequencing primers Th
chromatogram is form the clone 515-1. A Genbanknfdted sequence of this trace is shown in appehdix



515 1 941 bp

1 ATGTAATACG ACTCCGTATG GGCCCTCTAG ATGCATGCTC GAICGGCC GCCNANTGTG
61 ATGGATATCT GCAGAATTCG GCTBECTGCA GTTGCACTGA ATTCGCCTAGATTTGAAT
121 C CGGTGCGACCITCGACA GGATCCGCTG AACTGACCRMBGCCGAATT CCAGCACACT
181 GGCGGCCGTT ACTAGTGGAT CCGAGCTCGG TACCAAGCTIGGATAGC TTGAGTATTC
241 TATAGTGTCA CCTAAATAGC TTGGCGTAAT CATGGTCATA GITTCCT GTGTGAAATT
301 GTTATCCGCT CACAATTCCA CACAACATAC GAGCCGGAAGAMGTGT AAAGCCTGGG
361 GTGCCTAATG AGTGAGCTAA CTCACATTAA TTGCGTTGCG BTTGCCC GCTTTCCAGT
421 CGGGAAACCT GTCGTGCCAG CTGCATTAAT GAATCGGCCAMUIE GGG AGAGGCGGTT
481 TGCGTATTGG GCGCTCTTCC GCTTCCTCGC TCACTGACTC®&TLICTCG GTCGTTCGGC
541 TGCGGCGAGC GGTATCAGCT CACTCAAAGG CGGGTAATTATEAI CC ACAGAATTCA
601 GGGGATAACG CAGGAAAGAA CATGTGAGCC AAAGGCCCGGBBABECCA AGGAACCCGT
661 AAAAAAGGGG CCGGGTTTGC TGGGCGNTTT TTTCCCATTAGEECCG GCCCCCCTGA
721 ACGAAGCATC ACAAAAAATC CGNACGTCCA AGTCAGAAGNOGEACCN GACAGGNNNA
781 TTAAAGAAAA CAGGGTCCCC CGAANAAACA CACCGCGCNCITNGACAA CGGAGAAAAA
841 AAAGGGGACC ACACGAAAGN GAGAGNACAC AAACACCNGANAMAGA GCGTACACGG
901 GGTGTGACGC ACCGGGTATA TATTACACAC AACCCGAGGG T

Appendix 4.2: The Genbank formatted sequence of clone 515-The known 5and 3 flanking regions of the
random oligonucleotide used in the in vitro oligolawtide binding assay are highlighted in bold;skquence
used in the alignment of the cloned DNA which gatedt the TBX22 binding sequence is highlighteceih r



APPENDIX5: THE GENESSHOWN TO CAUSE A CLEFT PLATE IN HUMAN (TAKEN FROM OMIM 10 FEBRUARY 2010)

Human
Disease Gene

ACTB
ALX3

ATR
ATRX
B3GALTL
BCOR

BMP4

BRAF

BUB1B

CD96
CDH1
CHD7
CHRNG
CHST14

COL11A1

OMIM
#607371
#136760
#210600
#301040
#261540
#300166

#600625

#115150

#257300

#211750
#137215
#612370
#265000
#601776

#604841

Gene Ref Seq Nucleotides
NC_000007.12 5533312..5536747, complement
NG_012039 5000..15325
NC_000003 143650767..143780358, complement
NC_000023.9 76928375..76647012, complement
NC_000013.9 30672112..30804413
NC_000023.9 39846998..39795561, complement

NC_000014.7 53493304..53486204, complement

NG_007873.1 5001..195753

NC_000015.8 38240530..38300629

NC_000003.10 112743616..112853896
NG_008021.1 5000..103249
NG_007009.1 5000..193126
NC_000002.10 233112681..233119282
NC_000015.9 40763212..40765353

NG_008033.1 5001..237030

Region Searched
5536747..5538747
3000..5000
143780358..143782358
76928375..76930375
30670112..30672112
39846998..39848998

53493304..53495304

3001..5001

38238530..38240530

112741616..112743616
3000..5000

3000..5000
233110681..233112681
40761212..40763212

3001..5001

Allowing 1 mis-matches
from generic T-box
sequence Found &

Paosition

1238-1247 aggtttgtag
584-593 tggtgttgaa
1524-1533 aggtgttttt
710-719 ggotgtggtg
840-849 aggcgtggtg
None

1770-1779 aggggtggag
1757-1766 aggtatggag
1961-1970 aggtatttag
617-626 aggtgtataa
705-714 aagtgtcatg
1390-1399 aggtgttcta
1583-1592 aggtgtttca
53-62 aggtgccatg
1162-1171 agatgtctag
260-269 aggggtttag
679-688 aggggttaag
1121-1130 aggtggctaa
637-646 aggggtgata
1152-1161 cggtgtggtg
1319-1328 aggtgggaaa
None

569-578 agatgtggag
1303-1302 atgtgtgttg
None

Mouse Mutant has a

cleft palate
abnormality

No Cleft palate
No Cleft palate

No Cleft palate
No Cleft palate
Not Reported
Not Reported

No Cleft palate

No Cleft palate

No Cleft palate

Not Reported
No Cleft palate
Cleft palate

No Cleft palate
Not Reported

Cleft palate



COL11A2
COL2A1

DHCR24
DHCR7

EFNB1

DOK7
ERCC5
ESCO2
EVC

EXT1

EYAl
FAM20C
FANCB

FBN1
FGD1

FGFR1

FGFR2
FKRP
FKTN
FLNA

#184840
#108300

#602398
#270400

#304110

#254300
#278780
#268300
#225500

#215300

#166780
#259775
#300514

#154700
#305400

#147950

#101200
#236670
#613152
#304120

NC_000006.10 33268223..33238447, complement
NG_008072.1 5001..36538

NC_000001.9 55125509..55087888, complement
NC_000011.8 70837125..70823105, complement

NC_000023.9 67965556..67978728

NG_013072.1 5000..36176
NG_007146.1 5001..35172
NG_008117.1 5001..35368
NC_000004.10 5763825..5866932

NG_007455.1 5001..317457

NC_000008.9 72437021..72272222, complement
NC_000007.12 288052..304059
NG_007310.1 5001..34656

NC_000015.8 46725210..46487797, complement
NG_008054.1 5001..55713

NG_007729.1 5001..62697
NC_000010.9 123347962..123227845,
complement

NC_000019.8 51941143..51953582
NC_000009.10 107360232..107443220
NC_000023.9 153252845..153230091,

33268223..33270223
3001..5001

55125509..55127509
70837125..70839125

67963556..67965556

3000..5000
3001..5001
3001..5001
5761825..5763825

3001..5001

72437021..72439021
286052..288052
3001..5001

46725210..46727210
3001..5001

3001..5001

123347962..123349962
51939143..51941143

107358232..107360232
153252845..153254845

772-781 aggtggggtg
260-269 atgtgtggaa
586-595 aagtgtcaaa
927-936 aggtgaggtg
1383-1392 aggggtggag
1820-1829 aggggtggag
578-587 agctgttgtg
248-257 agatgttaaa
1718-1727 aggtgatgag
178-187 aggagtcaaa
914-923 aggtcttgtg
1239-1248 aggtgtcttt
1623-1632 gggtgtctag
None

609-618 aggtctggag
1646-1655 aggcgtggag
1870-1879 aggggtggaa
529-538 aggtctgaaa
748-757 aggtgttttc
968-977 atgtgtttta
155-164 aggggtgaag
241-250 gggtgtgaag
264-273 aggtatgaaa
1978-1987 aggtggggaa
1043-1052 aggtgggaaa
1337-1346 aggtttgaaa
None

None
None
None
388-397 acgtgtcatg

Cleft palate
Cleft palate

No Cleft palate
Cleft palate

Cleft palate

No Cleft palate
No Cleft palate
Not Reported

No Cleft palate

No Cleft palate

Cleft palate
Not Reported
No Cleft palate

No Cleft palate
No Cleft palate

Cleft palate

Cleft palate
Not Reported
No Cleft palate
Cleft palate



FLNB
FOXC2
FOXE1

FRAS1
FREM2
FTO
GDF1

GJA1

GJB2

GLI2

GLI3

GPC3
HOXA2

HYAL1
HYLS1
ICK

IRF6

#272460
#153400
#241850

#219000
#219000
#612938
#217095

#164200

#124500

#610829

#146510

#312870
#612290

#601492
#236680
#612651

#608864

complement

NC_000003.10 57969167..58133018
NC_000016.8 85158443..85159948
NC_000009.10 99655358..99658818

NC_000004.10 79198120..79684447
NG_008125.1 5001..205096

NG_012969.1 5000..415504

NC_000019.8 18842116..18840354, complement

NG_008308.1 5001..19129

NC_000013.9 19665114..19659605, complement
NC_000002.10 121266327..121466321

NC_000007.12 42243137..41967072, complement
NC_000023.9 132947332..132497439,
complement

NG_012078 5000..7421

NC_000003.10 50324816..50312324, complement
NC_000011.8 125258719..125275749
NG_012159.1 5000..65502

NG_007081.1 5001..23218

57967167..57969167
85156443..85158443
99653358..99655358

79196120..79198120
3001..5001
3000..5000
18842116..18844116

3001..5001

19659605..19661605

121264327..121266327

41967072..41969072

132947332..132949332
3000..5000

50324816..50326816
125256719..125258719
3000..5000

3001..5001

1334-1343 aggtgatgag
463-472 aggtgtgggg

18-27 aggtttttag
365-374 aggagttttg
1432-1441 cggtgtggtg
519-528 aggtticatg
1165-1174 gggtgtggtg
355-364 aggtgtcgat
926-935 ggotgtggtg
1599-1608 gggtgtgaaa
756-765 agatgttata
1454-1463 aggggttgaa
998-1007 aggtgtgcag
674-683 aggtgttacg
1196-1205 agctgtcatg
1472-1481 atgtgtgatg
805-814 cggtgtggag

526-535 gggtgtggag
61-70 agctgtcaag
550559 aggtgttatc
740-749 aggtgtggga
1597-1606 gggtgtcaaa
1657-1666 aggtgcttaa
938-947 aggtatgaaa
1934-1943 aggtgaggta
1057-1066 aagtgtcaaa
1342-1341 atgtgttata
1129-1138 aggtgggata
1309-1318 aggtgttgca

No Cleft palate
Cleft palate
Cleft palate

No Cleft palate
No Cleft palate
No Cleft palate
No Cleft palate

No Cleft palate
No Cleft palate

Cleft palate

Cleft palate

No Cleft palate
Cleft palate

No Cleft palate
Not Reported
Not Reported

Cleft palate



KAL1
KCNJ2
KIAA1279

KRAS
LARGE
LMNA
LMX1B
MAP2K1
MAP2K?2

MED12
MID1

MKS1

MKX
MSX1
MSX2

MTR
MYH3

NBN

NEB
NIPBL

NKX2-6
OFD1

+308700
#170390
#235730

#115150
#119540
#275210
#161200
#115150
#115150

#305450
*300552

#249000

*601332
#608874
#168500

1195.3
#601680

#251260

#256030
#122470

#217095
#311200

NG_007088.1 5001..208313
NC_000017.9 65677271..65687780
NC_000010.9 70418499..70446744

NG_007524.1 5001..50675

NC_000022.9 32646410..31999063, complement
NC_000001.9 154351085..154376502
NC_000009.10 128416619..128498551
NG_008305.1 5001..109672

NG_007996.1 5001..38808

NC_000023.9 70255131..70279029
NG_008197.1 5001..393135

NC_000017.9 53651665..53637797, complement

NC_000010.10 28034777..27961802, complement
NG_008121.1 5001..9272
NG_008124.1 5001..11328

NG_008959.1 5000..113700
NC_000017.9 10501340..10472568, complement

NC_000008.9 91066075..91014740, complement
NC_000002.10 152299235..152050099,
complement

NG_006987.1 4877..193937

NC_000008.9 23621070..23615909, complement
NC_000023.9 13662801..13697393

3001..5001
65675271..65677271
70416499..70418499

3001..5001
32646410..32648410
154349085..154351085
128414619..128416619
3001..5001

3001..5001

70253131..70255131
3001..5001

53651665..53653665

28036777..28034777

3001..5001

3001..5001

3000..5000

91066075..91068075

152299235..152301235
2877..4877

23621070..23623070
13660801..13662801

1341-1350 aggtggttag
410-419 agatgttaaa
602-611 aggtgtgatt
1286-1295 aggtttgtta
113-122 aggtgatgag
None

1544-1553 acgtgtggag
None

339-348 aggtgticaa
649-658 aagtgtctag
1315-1324 aggtttcata
None

1205-1214 agttgtttaa
1932-1941 aggcgtgtaa
27-36 aggtatctaa
441-450 agctgttgtg
930-939 aggtggttag
525-534 aggtctgtag

586-595 aggggtcaag
989-998 aggtgccatg
540-549 aggagttgag
1665-1674 gggtgtgatg
1866-1875 acgtgtggaa
None

1385-1394 aggtgctaaa
192-201 tggtgttgtg
254-263 acgtgtttta
None

228-237 aggtctttaa
1663-1672 aggggtggag

Not Reported
Cleft palate
Not Reported

No Cleft palate
Not Reported

No Cleft palate
No Cleft palate
No Cleft palate
No Cleft palate

Not Reported
No Cleft palate

Cleft palate

Cleft palate
Cleft palate

No Cleft palate
Not Reported

No Cleft palate

No Cleft palate
No Cleft palate

No Cleft palate
Cleft palate



PAX3
PEX7

PHF8
POMT1
POMT2
PORCN

PQBP1

PROK?2

PROKR2

PTCH1
PTCH2

PTEN
PTPN11

PVRL1
RAI1
RAPSN

#193500
#215100

#300263
#236670
#236670
#305600

#309500

#610628

#244200

#109400
#109400

#276950
#151100

#225060
#182290
#208150

NC_000002.10 222871944..222772851,
complement
NC_000006.10 137185416..137276752

NC_000023.9 54087036..53979838, complement
NC_000009.10 133368110..133389014
NC_000014.7 76856970..76811052, complement
NC_000023.9 48252315..48264146

NC_000023.9 48640139..48645364

NG_008275.1 5001..18552

NG_008132.1 5001..17330

NG_007664.1 5001..78984
NC_000001.9 45081203..45060674, complement

NG_007466.1 5001..110337
NG_007459.1 5000..96181
NC_000011.8 119104645..119014018,
complement

NG_007101.2 5001..134981
NG_008312.1 5001..16416

222871944..222873944
137183416..137185416

53979838..53981838
133366110..133368110
76811052..76813052
48250315..48252315

48638139..48640139

3001..5001

3001..5001

3001..5001
45081203..45083203

3001..5001
3000..5000

119104645..119106645
3001..5001
3001..5001

None

26-35 aggtgggatg
569-578 aggtgtgaac
1804-1813 agctgtcgta
761-770 agttgtggag
None

29-38 aggtgctgtg
765-774 aggagttttg
406-415 aggtctggtg
1264-1273 aggcgtgtta
249-258 agctgtgtaa
615- 624 acgtgtgaaa
626-635 aggtttitaa
669-678 agctgtttaa
834-843 aggtgtgctg
895-904 aggtgttggg
1406-1415 aggagtggtg
None

166-175 agttgttatg
226-235 aggtticaaa
None

None

None

None

355-364 aggcgtggtg
977-986 aggtggggaa
1242-1251 tggtgttaaa
1678-1687 gggtgtcttg
1862-1871 aggtgcctaa

No Cleft palate
No Cleft palate

Not Reported
No Cleft palate
Not Reported
Not Reported

Not Reported

No Cleft palate

No Cleft palate

No Cleft palate
No Cleft palate

No Cleft palate
No Cleft palate

No Cleft palate
No Cleft palate
No Cleft palate



RECQL4
ROR2
RPGRIP1L
RPL5

RPL11
RPS17

RPS7
RPS19
RUNX2

SATB2
SC5DL
SEMA3E
SEPT9

SHH
SHOX
SHOXY
SIX3
SIX5
SLC26A2

SLC35D1
SMS

SNX3
SOX2

#268400
#268310
#611561
#612561

#612562
#612527

#612563
#105650
#119600

#119540
#607330
#214800
#162100

#162100
#127300
#127300
#157170
#113650
#222600

#269250
#309583

%601349
#206900

NC_000008.9 145714008..145707479,
complement

NG_008089.1 5001..232561

NC_000016.8 52295272..52191319, complement
NG_011779.1 5000..14887

NG_011741.1 5000..9621
NG_009890.1 4780..8484

NG_011744.1 5000..10656

NG_007080.2 5000..16496

NG_008020.1 5001..227766

NC_000002.10 200033446..199842469,
complement

NC_000011.8 120668598..120689329
NC_000007.12 83116260..82831158, complement
NC_000017.9 72827197..73008273

NG_007504.1 5001..14410

NC_000023.9 505079..540146

NC_000024.8 505079..540146

NC_000002.10 45022541..45025894
NC_000019.8 50964152..50959884, complement
NC_000005.8 149320493..149347156

NC_000001.9 67292316..67242439, complement
NC_000023.9 21868763..21922876
NC_000006.10 108689156..108639410,
complement

NC_000003.10 182912416..182914918

145714008..145716008
3001..5001
52295272..52297272
3000..5000

3000..5000
2780..4780

3000..5000
3000..5000
3001..5001

200033446-200033446
120666598..120668598
82831158..82851158
72825197..72827197

3001..5001
503079..505079
503079..505079
45020541..45022541
50964152..50966152
149318493..149320493

67292316..67294316
21866763..21868763

108689156..108691156
182910416..182912416

1893-1902 aggtggcaag

555-564 aggagtcaag
577-586 gggtgtggaa
277-286 aggtgtattg
170-179 aggtgtgaac
1124-1133 aggtttttaa
1220-1229 aagtgtttta
371-380 gggatgtggtg
1029-1038 aggtgcgttg
1275-1284 aggtgttggg
None

1970-1979 aggagtttta

1617-1626 aggggtttaa
1031-1040 atgtgttaaa
600 609 1 aggtctgtag
641-650 aggtgccaaa
1435-1444 aagtgttttg
None

None

None

None

None

534-543 agctgttgtg
1015-1024 aggtgaggaa
1157-1166 tggtgttttg
839-848 aggtgtgaac
1698-1707 aggtgtgtgg

520-529 gggtgtcatg
1350-1359 aggttttgag

Cleft palate
Cleft palate
Cleft palate
Not Reported

Not Reported
Not Reported

Not Reported
No Cleft palate
Cleft palate

Cleft palate

Cleft palate (Scd5)

No Cleft palate
Not Reported

Cleft palate

Cleft palate (SHOX2)
Cleft palate (SHOX?2)

No Cleft palate
No Cleft palate
No Cleft palate

No Cleft palate
Not Reported

No Cleft palate
No Cleft palate



SOX9

SPINT2
STRAG

SUMO1
TBX1

TBX15

TBX22

TCOF1
TFAP2A
TGFBR1
TGFBR2
TGIF1
TNNI2
TNNT3

TP63
TRPS1
TWIST1
WNT3
WNT7A

ZEB2

#114290

#270420
#601186

%119530
#188400

#260660

#303400

#154500
#113620
#609192
#610380
#142946
#601680
#601680

#129400
#190350
#101400
#273395
#276820

#235730

NC_000017.9 67628756..67634156

NG_013372.1 5000..33156

NC_000015.8 72282245..72258860, complement

NC_000002.10 202811567..202779148,
complement
NC_000022.9 18124226..18151116

NG_013361.1 5000..111513

NC_000023.9 79156911..79173924

NC_000005.9 149737201..149779870
NG_016151.1 5000..27881
NC_000009.11 101867411..101916473
NC_000003.11 30647993..30735633
NG_007447.1 5000..51337
NG_011621.1 5000..7677
NG_013085.1 5000..24137

NG_007550.1 5000..270852
NG_012383.1 5000..265504
NG_008114 5000..7204
NC_000017.10 44896081..44841685
NC_000003.11 13921617..13860081

NW_001838859 4419110..4551938

67626756..67628756

3000..5000
72282245..72284245

202811567..202813567
18122226..18124226

3000..5000

79154911..79156911

149735201..149737201
3000-5000
101865411..101867411
30645993..30647993
3000..5000

3000..5000

3000..5000

3000..5000
3000..5000
3000..5000
44896081..44898081
13923617..13921617

4417110..4419110

121-130 aggtgtctga
915-924 aggtgtticg
1325-1334 aggtgtcttc
1260-1269 agctgttgaa

952-961 aggtttggta
1375-1384 aggtgctgtg
1985-1994 gggtgtggag
556-565 gggtgtggaa
1917-1926 aggtttggag
991-1000 aggggtttta
1044-1053 cggtgtggta
1094-1103 aggtatggtg
1461-1470 aggtgtaaag
None

456-465 aggagttaaa
935 gggtgtggtg
96-105 agctgttaaa
None

1637-1646 aggtgtggat
631 aggcgtggaa

853 aggggtggaa

1519 cggtgtctag
1614-1628 aagtgttatg
1433-1442 aggtgtccta
None

None

None

284-293 aggtgagtaa
1057-1066 agatgtggaa
1410-1419 aggtgtagag

Cleft palate

No Cleft palate
No Cleft palate

Cleft palate
Cleft palate

No Cleft palate

Cleft palate

Cleft palate

Cleft palate (Tcfap2a)
No Cleft palate

No Cleft palate

No Cleft palate

Not Reported

No Cleft palate

Cleft palate (Trp63)
No Cleft palate
Cleft palate

No Cleft palate

No Cleft palate
Cleft palate (with
zebl)



APPENDIX6: LUCIFERASEASSAY REPORT FROMFLUOROSKAN ASCENTFL

LUMINOMETER

The following reports contain the read-outs from th e Fluroskan
Ascent FL Luminometer for each of the separate tran  sfection
experiments. The first three reports are fromthet  hree independent
transfection experiments in HelLa cells and the fina | three reports
shown the data from the 293T cell transfections.

No T —is from the cells transfected with the pCR3.  1_Null plasmid
26.7 - is from cells transfected with 26.7ng of pCR  3.1_TBX22

53.4 —is from the cells transfected with 53.4ng of  pCR31.TBX22

All of these cells were co-transfected with 50ng M_ Prom plasmid
and 50ng of the pGL4.17[ luc2/Neo] plasmid.

Ctrl is a blank, untransfected cell.





















Appendix 7: Luciferase Assay Report from Fluoroskan Ascent FL
luminometer from original pilot data.









