2 Newcastle
University

Institute of
Genetic Medicine

Investigating gene regulatory networks
in aortic arch artery development

Catherine Ann Stothard

Submitted in accordance with the requirement for the degree of

Doctor of Philosophy

Institute of Genetic Medicine

Newcastle University

February 2020






Abstract

Developmental defects to the heart and aortic arch arteries are a leading cause of
morbidity and occur in 2211 deletion syndrome (22q11DS) patients. Formation of the
aortic arch arteries requires the remodelling of the pharyngeal arch arteries (PAA)
which depends on regulated gene expression and the interaction of multiple tissues.
TBX1 has been identified as a leading causative gene in 22q11DS, however, the wide
spectrum of defects present in 22q11DS patients suggests that modifier genes may
contribute to this phenotypic variation. Tbx1, Pax9 and Gbx2, all independently
required for cardiovascular development, are co-expressed in the pharyngeal
endoderm, a tissue that provides signalling cues during PAA morphogenesis. Tbx1
and Pax9 genetically interact and Gbx2 is downregulated in both Tbx7-null and
Pax9-null mice. The aim of this project was to establish the Gbx2-null phenotype and
investigate a potential interaction between Gbx2 and Pax9 in the pharyngeal endoderm

during cardiovascular development.

Gbx2-null mouse embryos presented with 4" PAA-derived defects, such as right aortic
arch, as well as outflow tract defects. Pax9*-;Gbx2*- mice were crossed to study the
interaction between these genes by generating embryos with complex genotypes. The
presentation of cardiovascular defects in Pax9*-;Gbx2*- mice showed a strong genetic
interaction. Likewise, Pax9 heterozygosity modified the Gbx2-null phenotype, both
increasing the penetrance of defects and causing the presentation of additional
abnormalities. Conditionally deleting Gbx2 from the endoderm concomitantly with the
heterozygous deletion of Pax9 resulted in cardiovascular defects, highlighting the
pharyngeal endoderm as a key tissue in PAA morphogenesis and remodelling.

Mouse models were used to study a potential Tbx7-Pax9-Gbx2 genetic network in
cardiovascular development. In vitro models were used to investigate the interaction
of Tbx1 and Pax9 with the Gbx2 coding region. The data presented in this thesis
suggests that a Tbx7-Pax9-Gbx2 genetic network exists within the pharyngeal
endoderm to control PAA morphogenesis.
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Chapter 1. Introduction

1.1 Cardiovascular development

The adult mammalian heart is a muscular pump needed to pump blood around the
body. The four chambered heart consists of two atrial chambers which drain into two
ventricles. The left ventricle connects to the aorta to deliver oxygenated blood to the
systemic circulation. The heart is the first organ to fully develop and function, required
to pump blood around the developing embryo. Genetic mutations that alter heart
development result in congenital heart defects (CHDs). CHDs are the most prevalent
birth defect, affecting nearly 1% of the population, and result in structural defects to the

heart and associated vessels (1).

Formation of the heart begins with the specification of the cardiogenic fields which
occurs during gastrulation (as reviewed in Brade et al., 2003). A schematic overview
is shown in Figure 1.1. Gastrulation occurs at embryonic day (E) 6 in mouse
development, during which the three germ layers (endoderm, ectoderm and
mesoderm) are formed. The lateral plate mesoderm (LPM) is formed by the migration
of cardiac mesoderm progenitors that migrate from the primitive steak to the anterior
portion of the embryo. The LPM is divided into the somatic and splanchnic mesoderm.
It is from the splanchnic mesoderm that the first cardiac progenitors, namely the

primary heart fields, are derived (2-4).

The bilateral primary heart fields form the primary cardiac crescent at E7.5. This then
fuses at the ventral midline at E8, forming the linear heart tube. The heart tube is
initially composed of a single lining of endothelial cells surrounded by a myocardial
layer. At E8.0 in mice, the tube has the ability to beat, irregularly, pumping oxygenated
blood and nutrients throughout the embryo (5). The proliferation of primary heart field
(PHF) cells and the addition of secondary heart field (SHF) cells causes the rapid
growth of the heart tube between E8 and E9 (6, 7).

The SHF is a second group of progenitor cells located in the splanchnic mesoderm.
These cells migrate to the heart and subsequently continue to provide progenitors to
the heart throughout embryogenesis (6, 7). Myocardial cells from the SHF contribute
to the outflow tract (OFT), right ventricle and atria, while the left ventricle is largely
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derived from the PHF. By E8.5, the common atrial chamber, primitive left ventricle and

bulbous cordis (future right ventricle) can be distinguished.

The heart tube loops rightward from E8.25, following which the atrioventricular (AV)
canal develops, separating the atrial and ventricular regions of the heart. During the
looping of the heart tube, the chambers of the heart begin to take shape as the pouches
of the heart tube balloon out due to cell proliferation (8). For the four chambers of the
heart to be defined, the formation of the endocardial cushions is required. The AV
cushions will later form the tricuspid and mitral valves. Endocardial cushions also form
in the OFT. Pairs of facing cushions extend through the OFT in a spiral formation from

the ventricle to the aortic sac, thereby forming the aortic and pulmonary valves.

The primitive heart tube consists of an outer myocardial and inner endothelial layer,
between which lies an extracellular matrix, called cardiac jelly, from which the cushions
form (9). The process of endocardial cushion formation in the AV canal and OFT occurs
via a similar process. Cushions first appear as thickenings of cardiac jelly. These
restricted swellings are consequently invaded with mesenchymal cells. The
mesenchymal cells are a result of epithelial-to-mesenchymal transition of endocardial

cells; a myocardium regulated process called EMT (10).

The primary atrial septum divides the atrial chambers. This is formed by the
proliferation of the myocardial layer and is covered by a mesenchymal cap (as
reviewed in Moorman and Christoffels, 2003). This mesenchyme fuses with the AV
cushions and the vestibular spine completing septation (11). A secondary atrial septum
is present in mammals. This is formed from a folding of the atrial wall right of the

primary septum (12).

The ventricles are largely separated by the interventricular septum, produced by
ballooning of the chambers. However, through a large portion of embryonic
development, there remains communication between the two chambers; occurring
through a gap at the tip of the incomplete interventricular septum. The completion of
ventricular septation occurs around E14.5 (equivalent to Carnegie stage (CS) 20 in
humans) with the fusion of the septum to the AV cushions and the proximal OFT
cushions; coinciding with septation of the OFT. The fusion of the cushions completes
AV and OFT septation. Myocardial cells invade the cushions and, as a result, the
mesenchyme of the cushions undergoes myocardialisation, transforming into cardiac

muscle to muscularise and support the septa (13, 14).
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As well as the SHF, there are other extracardiac contributions made to the developing
heart, one being the epicardium. As mentioned, the heart tube consists of a myocardial
and endocardial layer. The proepicardium is a cluster of cells, transiently present from
E8.5. The progenitors that arise from here form the outermost layer of the heart, called
the epicardium, as well as epicardium-derived cells (15). These epicardium-derived
cells then differentiate into various cell lineages in the heart, contributing to the

formation of fibroblasts and vascular smooth muscle cells (16).

The myocardium lies between the epicardial and endocardial layers of the heart.
Cardiomyocytes, with fully differentiated sarcomeres, exist within the chamber walls
forming the myocardium which forms two distinct layers: the compact layer and the
trabecular layer. The compact layer is a basal layer of myocardium that provides
proliferating cells for the developing heart. The thickness of this myocardial layer
increases throughout development due to a high rate of cardiomyocyte proliferation
and compaction of trabeculae (17).

Trabeculae are organised sheets of cardiomyocytes that form muscular ridges and are
lined by endocardial cells (18). They are formed by interaction with the endocardium
following the looping of the heart. Trabeculae, found in the ventricles, extend into the
cavity of the chamber and are essential in heart development and function. The layer
functions to increase surface area, thereby allowing for maximum oxygen and nutrient
delivery to the developing heart in the absence of coronary circulation (19). The
trabeculae become incorporated into the interventricular septum, papillary muscles

and the conduction system of the heart.
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Figure 1.1. Schematic overview of cardiovascular development in mouse.

a) At E6.5, the two PHFs are located laterally to the midline. These migrate to form the
cardiac crescent (b) which fuses at the midline generating the linear heart tube (c). The
heart tube loops rightward from E8.5 (d) and the AV canal forms, separating the atria
and ventricles (e). The AV and OFT endocardial cushions are formed from cardiac jelly
(f). Trabeculae form in the myocardial layer from E9.5 (g). Fusion of the endocardial
cushions and ballooning of the chambers completes AV and OFT septation, forming
the four chambered heart (h,i). Abbreviations: E, embryonic day. Adapted from High
and Epstein (2008) (20).

1.1.1 Cardiac neural crest cells

Neural crest cells (NCC) are multipotent cells that originate from the neural tube. There
are two divisions of the neural crest; the cranial and trunk. The cardiac NCC are a
subset of cranial NCC that originate from the region of the cranial neural fold between
the midotic placode and somite 3 (21). NCC migrate to the pharyngeal arches (PA)

from the midbrain and hindbrain in three distinct migration streams (22) then
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differentiate into smooth muscle to support the developing pharyngeal arch arteries
(PAA) (23). The PAA form the aortic arch and great vessels and are discussed in detail
in Section 1.2.1. NCC also migrate through the PA to the OFT where they initiate
septation (discussed in Section 1.2.2).

Neural
tube

° Cardiac

b o o8 neural crest
. (]
. '

Figure 1.2. Migration of cardiac neural crest cells at mid-embryogenesis.

a) Image of an E9.5 embryo showing the developing heart, PA and neural tube. b)
Schematic diagram of the NCC that migrate from the cardiac neural crest in the neural
tube. NCC migrate in three streams to the PA where they differentiate into smooth
muscle of the PAA (numbered). NCC migrate through the PA to the OFT of the heart.
Abbreviations: PA, pharyngeal arches. Adapted from Hutson and Kirby (2007) (24).

The role of NCC is apparent in studies in which the ablation of NCC caused both
cardiovascular and non-cardiovascular defects. Non-cardiovascular defects include
the aplasia or hypoplasia of the thymus and parathyroid glands (25). NCC contribute
to the atrioventricular and semilunar valves as they migrate from the PA into the
aorticopulmonary septum and are thereby crucial in the septation of the OFT (26). NCC
ablation results in a malpositioning of the OFT. This includes common arterial trunk
(CAT), in which OFT has failed to septate into the aorta and pulmonary trunk, and
overriding aorta with the aorta positioned centrally over the heart rather than the left
ventricle (27, 28).

NCC are also required earlier in heart development during looping of the heart tube.
SHF cells that were fated to migrate to the OFT and differentiate into myocardium fail
to do so when NCC are ablated. Instead, the SHF cells become proliferative and do

not migrate, thereby resulting in a shortened OFT and altered cardiac looping (29).
5



1.1.2 The outflow tract

In vertebrates, blood leaves the right and left ventricle of the heart via the pulmonary
trunk and ascending aorta respectively. These vessels have formed during the
septation of the common OFT, a process requiring the interaction of multiple tissues
including the myocardium, endocardium and NCC. Failure of the OFT to form correctly
results in CHDs including double outlet right ventricle (DORV), CAT and transposition
of the great arteries (TGA) (CHDs are discussed further in Section 1.4).

The OFT begins as a singular tube, connecting the primitive ventricles to the PAA. At
E9.5, prior to OFT septation, the OFT rotates anticlockwise as the great arteries
develop (30). A characteristic dog-leg bend structure is found from E10.5 (around
CS12 in humans), which separates the distal (arterial) and proximal (ventricular)

regions of the OFT.

Cushions, cardiac jelly filled ridges, form along the OFT in a spiral conformation; from
the distal end of the right ventricle to the aortic sac. NCC contribute to OFT cushion
formation by migrating through the PA of the embryo and into the OFT where they aid
in bulking the cushions. This also acts to initiate OF T septation as the cushions enlarge
and then fuse, starting from the distal end of the OFT, which begins to separate the

aorta and pulmonary trunk (27).

1.2 Development of the aortic arch arteries

1.2.1 Development and remodelling of the pharyngeal arch arteries

The great vessels and aortic arch structure form from the remodelling of the PAA. By
E13.5, the aortic arch system found in the mouse embryo closely resembles that of an
adult mouse (Figure 1.3). The ascending aorta takes oxygenated blood from the left
ventricle and is connected to the descending aorta by the aortic arch. Arising from the
arch is the brachiocephalic artery which branches into the right subclavian artery (RSA)
and the right common carotid artery (RCC). The left common carotid (LCC) is the third
branch of the aortic arch and the left subclavian artery (LSA) is the fourth. The
pulmonary arteries branch from the pulmonary trunk which arises from the right
ventricle. The arterial duct connects the pulmonary trunk to the dorsal aorta, allowing
blood to bypass the non-functioning lungs during embryogenesis and closes shortly
after birth.



The PAA form within the PA of the embryo. There are 5 pairs of PAA, numbered 1
through 4 and 6 according to their corresponding PA. Through evolution, the number
of PAA has reduced. The 5" PAA does not form in mammals, existing only transiently
during embryogenesis (31). This series of symmetrical pairs of vessels arise from the
aortic sac and connect to the dorsal aortae. They asymmetrically remodel to form the

double circulatory system.

Prior to E9.5, the arterial trunk extends from the cardiac tube of the heart and splits
into paired ventral aortae which connect to the dorsal aortae via a loop, termed the
primitive aortic arch. The ventral and dorsal aorta are connected in this way until the
15 somite stage (32). The PAA then form in a cranial to caudal order at the early stages
of E9.5 (21-23 somites), with the 3" clearly present by mid E9.5 (24-26 somites). The
18t and 2" PAA then regress before E10.5, with the distal portion of the 15t becoming
the maxillary process and the 2" PAA forming a capillary plexus. During the regression
of the 15t and 2"9, the 3" becomes thicker and the 4™ is forming at 27-29 somites. The
final, and most caudal, PAA to form is the 6™, appearing from 31-34 somite stage. By
E10.5 (around 34 somites), 3 pairs of fully-formed vessels (namely the 39, 4" and 6™)

can be seen connecting the aortic sac to the dorsal aorta (Figure 3).
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Figure 1.3. Structure of the pharyngeal arch arteries and mature aortic arch.

a) Bilaterally symmetrical structure of the PAA (numbered) at E10.5 prior to
remodelling. The PAA remodel asymmetrically from E11.5 to form the mature aortic
arch structure (b,c) by E13.5. The left ventricle connects to the aorta which arches
leftward to a left sided dorsal aorta (dAo). The brachiocephalic artery (BA) arises from
the arch, branching into the RSA and RCC. The LCC and LSA then branch from the
arch. The pulmonary arteries (pa) split from the pulmonary trunk (Pt) which connects
to the RV. Abbreviations: Ao, aorta; BA, brachiocephalic artery; dAo, dorsal aorta;
LCC, left common carotid artery; LSA, left common carotid artery; LV, left ventricle; pa,
pulmonary arteries; Pt, pulmonary trunk; RCC, right common carotid artery; RSA, right
subclavian artery; RV, right ventricle.

The arrangement of the PAA remains bilaterally symmetrical until E11.5 (41-50
somites), at which point complex remodelling occurs to form the asymmetrical structure
of the mature aortic arch (Figure 1.4). The aortic and pulmonary trunk are present at
the proximal portion of the aortic sac at E11.5. The distal portion of the aortic sac
becomes T-shaped with left and right horns which will form part of the aortic arch and
brachiocephalic artery respectively. It is from these horns that the 3@ and 4" PAA
dorsally branch while the right 6" PAA begins to regress at this stage. This regression
occurs with an increase in apoptosis that spreads from the mesoderm of the PA to the
smooth muscle layer of the PAA (33). The portion of the dorsal aorta between the 3™
and 4™ PAA (the carotid duct), diminishes by around E12.5 and the right dorsal aorta
becomes thin by this stage and has regressed completely by E13. This leaves a

bilaterally asymmetrical structure with a single dorsal aorta.



The contribution of each PAA to the aortic arch are shown in Figure 1.4. The left and
right common carotid arteries form from the remodelling of the 3@ PAA. The
brachiocephalic artery is formed from the right horn of the aortic sac. The proximal
portion of the RSA branching from the brachiocephalic artery is formed from the right
4th PAA. The aortic arch forms from the left horn of the aortic sac and the left 4" PAA.

While the right 6" regresses, the left 6" forms the arterial duct.

Carotid
duct

RdAo LdAo
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Figure 1.4. Remodelling of the pharyngeal arch arteries to the aortic arch.

The symmetrical structure of the PAA at E10.5 (a), which remodel to form the aortic
arch structure. By E11.5 (b) the proximal portion of the aortic sac has septated into the
aorta and pulmonary trunk. The 3™ and 4" PAA branch from the horns of the distal
aortic sac. The right 6" PAA has regressed and the carotid duct between the 3™ and
4t PAA has started to thin. The right dorsal aorta is regressing by E12.5 (c) and is
completely absent by E13.5 (d) showing the mature aortic arch structure.
Abbreviations: Ao, aorta; AoA, aortic arch; BA, brachiocephalic artery; dAo, dorsal
aorta; isa, intersegmental arteries; LCC, left common carotid artery; LSA, left common
carotid artery; LV, left ventricle; pa, pulmonary arteries; Pt, pulmonary trunk; RCC, right
common carotid artery; RSA, right subclavian artery; RV, right ventricle. Adapted from
Papangeli and Scambler (2012) (34).

1.2.2 The pharyngeal arches

The PAA form within the PA, a transient series of protrusions that form in a cranial to
caudal sequence along the embryo (as reviewed by Graham et al., 2001). There are 5
PA, numbered 1-4 and 6, comprised of multiple tissue types, namely the pharyngeal
endoderm, ectoderm, mesoderm and NCC (Figure 1.5). The core of each arch is
mesenchyme, derived from mesoderm cells and NCC that migrate into the PA. This

core is surrounded by epithelial layers, the pharyngeal endoderm on the internal lining
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and ectoderm on the outer lining. The epithelial layers form pharyngeal pouches

(endoderm) and clefts (ectoderm) between each PA.

_Bth PA b

Endoderm .Ectoderm NCC  Mesoderm . PAA

Figure 1.5. Structure of the pharyngeal arches.

(@) The PA (numbered) are visible externally on the embryo. Red dashed line
represents the coronal section to obtain (b) a schematic of the structure of PA 3-6.
Each arch is composed of an inner lining of endoderm, outer lining of ectoderm. The
endoderm forms pouches between the PA and the ectoderm forms clefts. The PAA is
within the mesodermal core which is surrounded by NCC. Abbreviations: PA,
pharyngeal arches; PAA, pharyngeal arch arteries.

The developing PAA reside in the mesodermal core of the PA. The developing vessels
are composed of a layer of endothelial cells surrounded by smooth muscle. The muscle
is provided by the differentiation of NCC that migrate into the PA (35). However, the
mechanism of the formation of the endothelial lumen is unknown. The reasoning of
angiogenesis or vasculogenesis remains an ongoing debate (36, 37). The
angiogenesis model proposes that the PAA arise from the dorsal aortae, OFT or
another pre-existing vessel. The vasculogenesis models suggests that the endothelial
cells arise from de novo differentiation in the mesodermal core of the PA.

Prior to the formation of the endothelial lumen, the endothelial cells form a plexus in
the PA that is then thought to give rise to the PAA lumen (38, 39). The endothelial
plexus is present from 18 somites in the region corresponding to the future caudal PAA
(40). It was postulated that the cells of the endothelial plexus arise from the dorsal
aorta (36). The 15t and 2" PAA, were shown to share common progenitors with the

dorsal aorta, aortic sac and endocardium, however the caudal PAA (3-6") did not
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(40). The endothelium of the cranial and caudal PAA arise from a different origin and

mechanism.

In the caudal PAA (37-6"), the endothelial cells are mesoderm derived, largely
originating from the SHF, but the mechanism whereby these progenitors are recruited
to the PA is unknown (40-42). The SHF extends cellular processes towards the gut
endoderm which migrate to form the endothelial plexus. Between 30-34 somites, the
plexus begins to remodel and the cells coalesce in to the PAA lumen (40). The
endothelial cells migrate as angiogenic sprouts to eventually connect the aortic sac to
the dorsal aortae (37). The caudal PAA appear to originate through vasculogenesis
then grow through angiogenesis. Multiple genes have been implicated in the formation
of the caudal PAAs (discussed in Sections 1.6, 1.7 and 1.8), however, the exact

mechanism of how these genes direct PAA formation is unknown.

1.2.3 Derivative of the pharyngeal arches

Each of the PAs, as well as the pouches and clefts, contribute to the development of
different parts of the body (as reviewed in Grevellec and Tucker, 2010). In vertebrates,
the 1st arch forms the jaw and Meckel’s cartilage, which will form part of the ear. The
1st cleft and pouch contribute to the eardrum and Eustachian tube of the ear,
respectively. The 2" and 3" arch provide skeletal structures of the ear and also the
hyoid apparatus which anchors the tongue and larynx. The 2" pouch forms the
epithelium of the palatine tonsil, a lymphoid organ. The 4" and 6" PA form the thyroid,
arytenoid and cricoid cartilage and the laryngeal muscles. The 3™ and 4" pouches

become the thymus, parathyroid glands and the ultimobranchial body.

The neural crest also contributes to the derivatives of the PA, for example in the
formation of the connective tissue around the thymus and parathyroid glands (43).
NCC ablation results in abnormal thymus and parathyroid development (25), however,
it has been shown that the endoderm alone can give rise to the thymus (44).
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1.2.4 The role of the pharyngeal endoderm

The development of various structures from the PA requires the interaction between
the layers of the arches. It was previously thought that the precise patterning of the
arches relied on the neural crest (45). However, the formation of the PA in the absence
of the neural crest, as well as their normal patterning, show this not to be the case (46).

The pharyngeal endoderm is required for the patterning and segmentation of the PA
and expresses key genes to provide signalling cues during development (47). The
pharyngeal pouches are highly regionalised with precise gene expression in different
pouches (46). For example Sonic hedgehog (Shh) is expressed in the 2" pouch (46)
and is required to communicate with the head ectoderm to induce patterning of this
tissue (48).

Models with altered gene expression within the pharyngeal endoderm have defects to
the structure of the PA. This occurs because the formation of the PA relies on the
segmentation of the pharyngeal endoderm. This was shown in zebrafish with the van
gogh (vgo) mutant in which the PA did not form. This was independent of NCC defects
but occurred with failed pouch segmentation (49). Vgo encodes for the zebrafish
orthologue of T-box 1 (Thx17), a transcription factor required in cardiovascular

development.

Thbx1 is expressed in the pharyngeal endoderm, ectoderm and mesoderm of the PA.
In Tbx1- mice, the pouches do not form and the caudal PAs are absent. This causes
defects in the organs derived from the PA, including the thymus and the aortic arch
(50). Conditional homozygous Tbx7 deletion from the pharyngeal endoderm
recapitulates the Tbx7-null phenotype with failed formation of the caudal PA thereby

showing the necessity of the pharyngeal endoderm in PA organisation (51, 52).

The endothelium of the caudal PAA is derived from SHF-mesoderm (40) and the
endoderm provides signalling cues to this tissue in PAA formation. Thx7 has been
shown to induce signals from the endoderm that are then transferred to the underlying
mesenchyme to direct PAA development via fibroblast growth factor (Fgf) signalling
(53).

The endoderm influences NCC through the expression of the Fgf gene family (as
discussed in Graham et al., 2005). NCC rely on cues from signalling molecules for
migration into the PA. Loss of the Fgf receptor, Fgfr1, specifically from the pharyngeal
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epithelium resulted in failed NCC migration and craniofacial defects (54). Fgf3 and Fgf8
signalling from the pharyngeal endoderm is needed to induce NCC (55). Supporting
the role of the endoderm in PA development was a study by Couly et al. (2002) which
ablated pharyngeal endoderm domains early in chick embryogenesis. The endoderm
was found to be essential in providing cues for the specification of facial skeletal

elements formed from NCC-derived mesenchyme.

The pharyngeal endoderm is hence a key region in the governing the development of
the PAA and other PA derivatives. However, the formation of these tissues is also
dependent on gene expression in the other tissues of the PA. Further work is required
to infer the tissue specific role of the pharyngeal endoderm.

1.3 Signalling pathways in cardiovascular development

There are multiple signalling pathways implicated in cardiovascular development,
including cell-cell signalling or the secretion of signalling proteins (as reviewed in
Cesario et al., 2015). This is required for communication between tissue types. For
example, the PAA are within the mesoderm and rely on signalling from the surrounding

epithelial layers during their formation and remodelling (47, 56).

1.3.1 Notch signalling

Notch is a highly conserved signalling pathway which allows short-range
communication between adjacent cells. This communication relies on the expression
of transmembrane proteins; Notch receptors and ligands. There are four members of
the Notch family of receptors expressed in mammals (Notch1-4). The five ligands
expressed by mammals are divided into two families namely Delta-like (consisting of
Delta-like 1,3,4) and Jagged (consisting of Jagged1, 2) (as reviewed in High et al.,
2007). Upon ligand binding, the Notch receptor is cleaved thereby releasing the Notch
intracellular domain (NICD) into the cytoplasm. After translocating to the nucleus, the
NICD forms, along with other molecules, a transcriptional complex to activate gene

expression of its targets to elicit various downstream responses.

Notch, expressed in the endothelium and NCC, has been implicated in multiple stages

during embryogenesis including cell proliferation, differentiation and migration (20). In
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the context of cardiovascular development, loss of Notch signalling in the NCC results
in aortic arch defects and ventricular septal defects. The abnormal aortic arch
patterning arises due to the aberrant NCC migration and reduced differentiation of

NCC into smooth muscle cells surrounding the PAA (57).

1.3.2 Fibroblast growth factor signalling

Fgf signalling functions via secreted proteins that can act in a paracrine or endocrine
fashion, for local or long-range signalling respectively (58). There are 22 members
within the Fgf family in mice and, of the Fgf genes, Fgf8 expression is critical in the
development of the PA and their derivatives; required in cardiovascular and

craniofacial development.

Fgf8 is expressed prior to gastrulation and complete Fgf8 knockouts die during this
stage (59). By E9.5, Fgf8 is expressed in the pharyngeal endoderm and ectoderm of
the PA (59). Fgf8 hypomorphic mutants have absent teeth and a truncated tongue,
among defects to other craniofacial structures formed from the 15t PA (60). Loss of
Fgf8 also results increased apoptosis of migrating NCC and consequent defects to the
cardiovascular OFT such as TGA and DORYV (61) (defects are discussed in Section
1.4).

1.3.3 Sonic hedgehog signalling

Of the mammalian hedgehog signalling genes, sonic hedgehog (Shh) is the only gene
expressed within the PA (62). Shh is expressed in the pharyngeal endoderm and
Shh” mice have hypoplastic PA (63). These mutants consequently show severe
craniofacial defects in which the eyes, nose and oral features are unidentifiable (64).
The hypoplasia of the PA in Shh”- mice causes defects to the PAA and the caudal
vessels fail to form (65). The NCC migration streams are also abnormal and in later
development these embryos present with common arterial trunk and defects to the
aortic arch (65).
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1.3.4 Bone morphogenetic protein signalling

Bone morphogenetic proteins (BMPs) belong to the transforming growth factor-$
(TGF-B) family of proteins. There are over 20 identified Bmps, six of which are
expressed in the developing heart (as reviewed in Yuasa et al., 2008). Loss of Bmp
signalling in mice, via disruption of the BMP type Il receptor, resulted in common
arterial trunk, absent semilunar valves and interruption of the aortic arch (66). The lack
of OFT septation occurred due to abnormalities in the OFT cushions. The cushions
enlarge and fuse to separate the aorta and pulmonary trunk during normal

development however, in the Bmp mouse mutants, the cushions are smaller.

Bmp4 has been shown to be required in the formation of the OFT and aortic arch.
Bmp4 is expressed in the splanchnic mesoderm, pharyngeal mesoderm and the OFT
myocardium (67, 68). The loss of Bmp4 from the mesoderm using Nkx2.5Cre caused
PAA remodelling defects and embryos had interrupted aortic arch and abnormal origin
of the carotid arteries (68). Defects to the PAA were present at E10.5 in Bmp4 mutants,
with failed smooth muscle recruitment around the vessels, suggesting that Bmp4 is

needed for NCC function.

1.3.5 Wnt signalling

There are 19 identified WNT genes in human and mouse which encode secreted
glycoproteins that bind receptors to induce intracellular pathways (as reviewed in
Komiya and Habas, 2008). There are two division of Wnt signalling, canonical and
non-canonical, which are dependent or independent of B-catenin respectively. The
non-canonical pathway is independent of B-catenin but the canonical relies on
B-catenin to activate target gene expression. The canonical pathways controls gene
expression within the epithelial layers of the PA, including Shh, Fgf8 and Bmp4

expression (69).

The canonical Wnt signalling pathway is active in NCC that migrate to the PA (70) and
the survival of NCC depends on this signalling (71). The loss of 3-catenin, and hence
canonical Wnt signalling, in NCC resulted in severe abnormalities in craniofacial
development (72). Inactivation of B-catenin in the mesenchyme of the PA caused
defects to the derivatives of the PA, including the thymus, parathyroid glands and the
aortic arch arteries (73). These mouse mutants presented with a hypoplastic aorta and
aberrant subclavian arteries as well as OFT defects including CAT and DORV (73).
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1.4 Congenital heart defects

As the most prevalent birth defect, CHDs are a major cause of morbidity and are
caused by both genetic and environmental factors (1, 74). CHDs are structural

abnormalities that can affect the heart or the aortic arch arteries.

Conotruncal defects, affecting the OFT and great vessels of the heart, are of the most
frequent form of heart defect, present in 30% of CHD cases (75). During development,
the common OFT septates into the aorta and pulmonary trunk. The aorta takes
oxygenated blood from the left ventricle to deliver to the systemic circulation and the
pulmonary trunk takes deoxygenated blood from the right ventricle to deliver to the
lungs via the pulmonary arteries. There are multiple CHDs that affect the septation,

alignment and overall structure of the OFT and the great vessels.

These defects frequently occur with a ventricular septal defect (VSD), also referred to
as an interventricular communication (IVC). The interventricular septum is formed
during ballooning of the heart chambers and separates the ventricles (13). The failed
fusion of the septum with the endocardial cushions results in communication between
the ventricles and the mixing of oxygenated and deoxygenated blood. This results in
cyanosis and poor oxygenation in the patient. VSD is a haemodynamic necessity with
the conotruncal defect DORV. In DORV, both the aorta and pulmonary trunk are
aligned to the right ventricle (76) (Figure 1.6). A deviation of this defect is overriding
aorta, in which the aorta is positioned centrally, above the interventricular septum. This
also occurs with a VSD resulting in the delivery of poorly oxygenated blood to the

systemic circulation.
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IVC/VSD

Normal heart DORYV with IVC

Figure 1.6. Schematic showing double outlet right ventricle with an
interventricular communication.

Normal heart (a) with a complete interventricular septum (IVS) separating the right and
left ventricles. The aorta and pulmonary trunk arise from the left and right ventricle
respectively. Heart with DORV (b) with both the aorta and pulmonary trunk connecting
to the right ventricle. The IVS has failed to completely form and there is communication
between the ventricles. Abbreviations: Ao, aorta; DORV, double outlet right ventricle;
IVC, interventricular communication; IVS, interventricular septum; LA, left atrium; LV,
left ventricle; pa, pulmonary arteries; Pt, pulmonary trunk; RA, right atrium; RV, right
ventricle; VSD ventricular septal defect.

TGA is one of the most common CHDs, accounting for 34% of conotruncal defects
(77). In vertebrates, the aorta and pulmonary trunk are aligned to their respective
ventricles following septation and rotation of the common OFT. TGA occurs as a result
of this failed rotation causing the misalignment of the vessels; with the aorta arising
from the right ventricle and the pulmonary trunk from the left ventricle. Consequently,
deoxygenated blood is delivered to the systemic circulation and oxygenated blood is
directed to the lungs. VSD is essential for survival in the case of TGA to allow for the
mixing of oxygenated and deoxygenated blood heart, as, otherwise, the aorta would
carry only deoxygenated blood to the systemic circulation.

CHDs can also occur due to the aberrant formation and remodelling of the PAA. There
are 5 pairs of PAA which asymmetrically remodel for form the mature aortic arch
structure (discussed in Section 1.2.1). Defects to the 4" PAA are most frequent which

therefore affects the derivatives of this vessel (Figure 1.7).
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The left 4" PAA contributes to the distal region of the aortic arch. Therefore the
absence or hypoplasticity of the left 4" results in interrupted aortic arch (IAA) in which
the ascending aorta fails to connect to the descending aorta. There are three forms of
IAA depending on the location of the interruption (78). With IAA-A this region is distal
to the LSA, in IAA-B, the most common form, the interruption is between the LCC and
LSA and IAA-C occurs when the region between the brachiocephalic artery and LCC
is interrupted. Right aortic arch (RAA) is another defect that arises due to left 4" PAA
abnormalities and the resulting aortic arch extends to the right side of the body (79). In
cervical aortic arch (CoAoA), the arch extends abnormally high in the neck and this

more commonly occurs with a right sided arch (80) .

A less severe CHD that occurs as a results of the incorrect development of the right
4t PAA is the aberrant origin of the subclavian arteries and often occurs
simultaneously with aortic arch defects (79). There are multiple forms of aberrant right
subclavian artery (ARSA). The RSA usually branches from the brachiocephalic artery
however, in retro-oesophageal RSA (RE-RSA), the RSA branches from a distal portion
of the aortic arch then extends to the right side of the body, passing dorsally behind
the oesophagus. This defect is viable, although it can result in the compression of the
oesophagus and trachea. In isolated RSA (IRSA), the RSA branches from the
pulmonary trunk. Cervical origin of the RSA (CoRSA) occurs with the absence of the
right 4" PAA and the abnormal persistence of the carotid duct (81). A CoRSA branches
as a trifurcation from the RCC high in the neck. The aforementioned subclavian artery
defects can also affect the LSA. Aberrant left subclavian artery (ALSA) is frequent with
a RAA (79).
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Figure 1.7. Defects derived from the abnormal development of the 4" pharyngeal
arch artery.

Normal structure of the aortic arch is shown. Defects to the right 4" PAA affect the
subclavian arteries. In RE-RSA, the RSA branches from a distal region of the arch and
extends to the right side of the body by passing dorsal to the oesophagus. The RSA
branches from the pulmonary trunk in IRSA. A CoRSA branches from the
brachiocephalic artery abnormally high in the neck. Defects to the left 4" PAA affect
the aortic arch such as IAA with a missing portion of the arch. The arch can be right
sided (RAA) or located abnormally high in the neck (CoAoA). Abbreviations: Ao, aorta;
AoA, aortic arch; AD, arterial duct; ARSA, aberrant right subclavian artery; dAo, dorsal
aorta; CoAoA, cervical aortic arch; CoRSA, cervical right subclavian artery; 1AA,
interrupted aortic arch; IRSA, isolated right subclavian artery; LCC, left common carotid
artery; LSA, left common carotid artery; Pt, pulmonary trunk; RAA, right aortic arch;
RE-RSA, retro-oesophageal right subclavian artery; RCC, right common carotid artery;
RSA, right subclavian artery.
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1.4.1 22q11 deletion syndrome

CHDs occur in 22q11.2 deletion syndrome (DS) which is the most common
microdeletion in humans, presenting approximately every 1:4000 live births (82). This
microdeletion is linked with several syndromes including DiGeorge Syndrome,
velo-cardial syndrome as well as psychiatric disorders (as reviewed in Morrow et al.,
2018). The disorder is characterised by facial dysmorphisms, palatal defects,
immunodeficiency, speech and learning disabilities as well as cardiovascular defects.
Thymus defects are present in 22g11DS which results in immunodeficiency in patients.
Parathyroid and endocrine glands, required in calcium and phosphate homeostasis,

are also abnormal in 22g11DS patients which results in hypocalcemia.

As the main cause of mortality in 22q11DS, approximately 75% of 22q11DS patients
suffer from cardiovascular defects (83, 84). Cardiovascular abnormalities most
frequently observed include CAT, tetralogy of Fallot, IAA and VSD (83, 85). The
cardiovascular phenotype of 22q11DS patients is varied. In addition to the
aforementioned abnormalities, other defects have been observed at a lower frequency
including RAA, defects to the subclavian arteries, DORV and TGA (85-89).

In most individuals 22q11DS is a result of a de novo deletion between 1.5-3Mb (million
base pair) (90). This in turn usually arises due to the non-allelic homologous
recombination of low copy repeats (LCRs) on chromosome 22q11.2 (91). Figure 1.8
shows the 22q11.2 region. There are eight LCRs in total (named LCR22A-H) spanning
the 22g11.2 region, with 4 LCRs (LCR22A-D) mapping to the 3Mb deletion region. The
most common deletion is the 3Mb hemizygous deletion termed LCR22A-D deletion, in
which region between LCR22A and LCR22D is lost. This is followed by the shorter
1.5Mb LCR22A-B deletion. 56 protein-encoding genes are known to map to the 3Mb
deletion region (92). In addition to this there are seven miRNAs and 10 non-coding
genes (91, 92). Of the protein coding genes within this region, TBX7, when mutated,
has been identified as a leading gene to cause the cardiovascular phenotype in
22911DS patients (as discussed in section 1.6.2).
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Figure 1.8. The 22q11.2 deletion region.

Schematic of the human 22911 region showing the location of the LCRs and the
common deletions. The reported frequency of the deletions is indicated (91). The 3Mb
deletion (LCR22A-D) is the most common in patients. 56 protein-coding genes are
included in this deletion, the location of TBX1, DGCR8 and CRKL are shown. Adapted
from Lindsay et al., 2001, McDonald-McGinn et al., 2015 and Morrow et al., 2018 (91,
93, 94).

DGCRS, located between LCR22A and LCR22B, is required in the biogenesis of
miRNAs. Haploinsufficiency of this gene results in dysregulated miRNA expression in
22q11DS patients therefore disrupting global gene expression. It was proposed that
the deletion of DGCRS8 contributes to the neurocognitive, thyroid and cardiovascular

defects observed in patients (95).

Another gene of importance in the manifestation of the 22q11DS phenotype is CRK
like proto-oncogene (CRKL). CRKL encodes an adapter protein found within the 3Mb
deletion (specifically within the LCR22C-D region) and is required for heart, aortic arch,
thymus and parathyroid gland development. Mice null for Crkl presented with similar
defects found in Thbx7-null mice, with CoRSA, IAA and thymus defects, however the
4t PAA-derived defects occurred at a reduced frequency (96). Both these genes are
expressed in the PA and it was found that the heterozygous deletion Tbx7 and Crkl in
mouse resulted in 22q11DS typical defects (97). The evidence that these genes
genetically interact indicates that they act via the same genetic pathway in the

manifestiation of 22q11DS.

TBX1 was confirmed as the most likely candidate gene using transgenic mouse
models. The Df1 and Lgdel mouse construct has a deletion of over 15 genes, including

Tbx1, overlapping with the human 22g11 deletion (98-100). Mice heterozygous for
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either deletion presented with defects that largely recapitulated the 22q11DS
phenotype, with VSD, ARSA and IAA, at a lower penetrance (99, 100). Of the genes
in this mouse deletion, Tbx7 was identified as the cause of the defects as Tbx71
heterozygosity in mice recapitulated the Df7 and Lgdel heterozygous phenotypes (98,
100).

The large number of genes mutated in the 22q11DS suggests that the phenotype is
the result of complex genetic interactions. Approximately 86% of 22q11DS patients
have a similar 3Mb deletion however there is high phenotypic variability (91). It has
been suggested that there are modifier genes lying outside of this deletion region that
contribute to this (101). Further investigations of the genes within and outside of the
deletion region are required to investigate the genotype to phenotype relationship of
22q11DS.

1.5 Left-right patterning

Visceral and abdominal organs in vertebrates are positioned asymmetrically, termed
situs solitus (Figure 1.9). Left-right (L-R) patterning is determined early in
embryogenesis and refers to the breaking of symmetry across the L-R body axis
(reviewed in Blum et al., 2014). Perturbations in L-R patterning result in defects in the
arrangement and structure of these organs, termed heterotaxy. Situs inversus,
occurring rarely, is the complete mirror arrangement of the visceral and abdominal
organs. Situs ambiguous is the incomplete reversal of these organs. Heterotaxy can
affect the cardiovascular and respiratory system. For example, with right atrial and
pulmonary isomerism, the left side of the heart and lungs have failed to adopt their
left sided identity. As a result, these organs have a symmetrical structure, both

adopting a right sided structure.
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Situs solitus Situs inversus Situs ambiguous
(thoracic) (abdominal)

Figure 1.9. Schematic diagram of the left-right body asymmetry and patterning
defects.

The normal asymmetric positioning of visceral and abdominal organs is termed situs
solitus. Situs inversus is the complete mirror image reversal of situs solitus. Situs
ambigious is the incomplete reversal of normal organ positions, with only a portion of
organs affected. Adapted from Fliegauf et al., 2007 (102).

L-R patterning defects are closely linked with CHDs for example TGA frequently occurs
with heterotaxy and has also been linked with 22q11DS (77, 103). Due to inconsistency
in the presentation of TGA, its etiology remains uncertain. However, animal models
have shown that genes required in L-R patterning are also implicated in the
manifestation of TGA (104, 105). Retinoic acid is a signalling molecule necessary for
vertebrate development. Altered levels of retinoic acid during embryogenesis have

been shown to result in cardiovascular defects; including TGA and DORV (106).

Laterality is established via transient, asymmetric expression of transforming growth
factor beta (TGF-B) related proteins. L-R axis determination is initiated via rotating
ciliated cells, found at the node of the primitive streak, which cause a leftward nodal
flow at E7.5. This nodal flow is required to break symmetry and its absence causes

randomised laterality of visceral organs (107, 108).

The induction of signalling molecules within the node activates specific signalling
pathways which then allow for the asymmetric morphogenesis of visceral organs.
Signals from the node are transferred to the left lateral plate mesoderm (LLPM), where
they induce the asymmetric expression of TGF-f related proteins; namely Nodal and
Lefty (as reviewed in Shiratori et al.,, 2014). Nodal and Lefty are expressed
asymmetrically between 2-6 somites in mice. There are two Lefty genes in vertebrates,
Lefty1, expressed at the midline, and Lefty2, in the LLPM. Nodal is a left side
determinant and its expression in the LLPM induces expression of Lefty1 and Lefty2.
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The transient asymmetric expression between these genes is maintained through their
stimulatory and antagonist feedback interactions. Nodal positively regulates Nodal and
Lefty expression while Nodal is restricted to the left side via antagonism from Lefty.
Therefore, as Lefty expression increases, it will eventually prevent their expression
through repressing Nodal.

Nodal initiates signalling via TGF-f3 receptors resulting in the expression of paired-like
homeodomain transcription factor 2 (Pitx2), among other key genes. Three isoforms
are encoded by the Pitx2 gene; Pitx2a-c. Of these transcripts, Pitx2c is expressed
asymmetrically and is responsible for L-R determination (109). Nodal induces Pitx2c
in the LLPM and its expression is maintained throughout development by Nkx2 (110).
Pitx2c expression in cells causes their derivatives to adopt a left sided morphology
(111). Loss of Pitx2c results in right isomerism of bilateral organs as well as malposition
of the great arteries, including TGA (30, 112). However, Nodal is able to act
independently of Pitx2 via other pathways as mice with a homozygous Pitx2 mutation

can present with normal heart looping and positioning of the stomach (113).

Nodal has other downstream targets including Cited2. Cited2” mice present with
abnormal cardiovascular and aortic arch development as well as L-R patterning
defects including right atrial and pulmonary isomerism (114). In Cited2”- mice, Nodal
and Pitx2 expression in the LLPM was absent, among other key factors of the L-R
determinant signalling pathway. Cited2 is a downstream target of Nodal and is also

able to feedback to components of the pathway.

Zic3 is another downstream target of Nodal. Patients with X-linked heterotaxy have
loss of function mutations in ZIC3. Zic3 is symmetrically expressed in the node and
mice deficient for Zic3 have cardiovascular and L-R patterning defects (115). A subset
of Zic37 mice presented with abnormal Nodal and Pitx2 expression.

Nodal signalling induces a cascade of lateral pathways with multiple components. Bmp
signalling is needed for formation of the node and expression of Nodal and Lefty (116,
117). Adding to the complexity is the involvement of Notch signalling, which is required

upstream to induce Nodal expression (118).

Figure 1.10 shows the simplified genetic pathways in L-R patterning. Establishment of

laterality is a complex process occurring early in embryogenesis. The manifestation of
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L-R patterning defects is therefore not straight forward and could arise at multiple levels

of these pathways.

Node otch
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Figure 1.10. Genetic pathway in left-right patterning.

Schematic showing the establishment of laterality initiated in early embryogenesis at
the node. Ciliated cells at the primitive streak cause leftward flow which induces
signalling pathways from the node. This results in Nodal expression in the LLPM which
requires Notch and BMP4 signalling. Nodal causes Lefty1 and Lefty2 expression at the
midline and LLPM respectively. Lefty antagonises Nodal expression. Nodal initiates
lateral pathways affecting expression of multiple downstream effectors, including Zic3,
Pitx2c and Cited2. Adapted from Shiratori et al., 2006 (119).

1.6 Thx1

1.6.1 The T-box gene family

Of the genes in the 22q11DS deletion region, mutations in TBX71 have been identified
as the leading cause of the cardiovascular phenotype. TBX17 is a member of the T-box
gene family which encode transcription factors and are characterised by the T-box
domain a conserved DNA-binding domain of 17-26 kilodaltons (kDa) (120, 121). This
T-box binding domain binds the T-half site (also termed the T-box binding element), a
palindromic consensus sequence (122). The T-box genes each show varying inducing
activities which may in part be due to the different preferences for a T-half site of a

particular spacing or orientation for each of the T-box proteins (122, 123). T-box genes
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generally bind palindromic sequences of the T-box site, however Tbx1 preferentially

binds tandem repeats of the sequence (124).

Mutations in T-box genes often result in developmental defects, with the cardiovascular
system frequently affected. Mutations in TBX5 result in Holt-Oram syndrome, in which
patients suffer from skeletal and cardiac defects (125). Likewise, TBX3 mutations are
associated with ulnar mammary syndrome which includes cardiac conduction defects
(126) and patients with a TBX20 mutation have atrial septal defect (127). TBX1

haploinsufficiency, as mentioned, as has been extensively linked with 22q11DS.

Thbx1 is required at multiple stages of development and is expressed throughout
embryogenesis. Tbx1 expression in mice is localised to the mesoderm at E7.5 (128).
Thx1 is then expressed in the otic vesicle and PA from E8, in the mesoderm, ectoderm
and endoderm of the developing embryo (128, 129). Expression is lower at E7.5-8.5
and vastly increases at E9.5 (120), coinciding with the formation of the PAA.

1.6.2 Tbx1 in 22q11 deletion syndrome and cardiovascular development

The necessity of Thx7 in embryogenesis has been studied using Tbx7 mouse models.
Thbx1 deletions result in defects to the cardiovascular system, great arteries,
craniofacial region and the thymus, all of which are observed in the 22911DS
phenotype (50, 98, 100). All Tbx71-- mice die at birth with CAT, a severe cardiovascular
defect in which the OFT has failed to septate and RAA was also observed (50).
Additionally, homozygous mutants had a cleft palate, absent thymus and parathyroid
glands. Craniofacial defects affecting the neck region, facial structure and ears were

present.

These defects occur due to the failed segmentation of the PA, from which the
craniofacial region, thymus and great vessels form (50). The 3, 4" and 6™ PAA fail to
form in Tbx1/ mutants and the dorsal aorta connects directly to the aortic sac (Figure
1.11).
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Figure 1.11. Pharyngeal arch and pharyngeal arch artery defects in Thx7-null
mice.

The PA are externally visible in the wild type embryo at E10.5 (a). The caudal PA are
absent in Thx71--embryos (b) due to failed segmentation of the PA. Lateral view of wild
type embryo with intracardiac ink injection showing the PAA (numbered) at E10.5 (c)
with a diagram of this structure (c’). In Tbx77- embryos (d), the PAA do not form and a
single OFT connects the aortic sac to the dorsal aorta (d’). Abbreviations: aa, aortic
arch; da, dorsal aorta; h, heart; hl, hind limb; o, outflow tract; ov, otic vesicle. Adapted
from Jerome and Papaioannou (2001) (50).

The Tbx71- mouse model presents with the phenotypic characteristics observed in the
spectrum of defects associated with 22q11DS, however the defects that occur in this
mouse are more severe than observed in patients. The Tbx7 heterozygous mouse

model is arguably more reflective of the phenotype observed in patients.

Tbx1*- mice present with thymus and cardiovascular defects typical of 22q11DS,
though at a reduced penetrance when compared to Thx77- mutants (53, 97, 130-134).
Tbx1*- mice largely have non-lethal defects and are consequently viable. Aberrant
origin of the subclavian arteries, with RE-RSA and CoRSA, are frequent defects in
Tbx1*-mice. Severe defects, such as IAA, occur in these mice at a reduced frequency.
These defects are derived from abnormal 4" PAA development which are hypoplastic
or absent in Tbx7*- mutants (34, 50, 53, 98, 129, 130). Defects to the left and right 4"
PAA results in IAA and abnormal RSA, respectively.

These defects to the 4" PAA in Thx7*- mice occur due to the failed formation of smooth
muscle around the vessel (130). Tbx7 is required to signal to post-migratory NCC in
the PA to induce differentiation of NCC into smooth muscle cells (23, 135). This lack
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of signal in Tbx1*- mutants results in the complete loss or delayed formation of smooth

muscle cells around the 4th PAA.

In the Thx7*- mutants, the frequency of 4% PAA defects is greater at
mid-embryogenesis than the aortic arch defects observed later in development. This
decrease in defects is well documented in the literature and indicates that the 4" PAA
is able to recover during embryogenesis (130). Table 1.1 summarises the penetrance
of defects in Thx7*-mutants throughout development in published data. From E10.5,
the penetrance of 4" PAA defects decreases during development, and by
E14.5-neonate stage, the penetrance of defects is significantly reduced (chi-squared,
p<0.00001).

Table 1.1. Penetrance of 4" pharyngeal arch artery defects in Thx7*- mutants
during embryogenesis from published data.

Penetrance of defects are presented as the mean penetrance from the available
studies with 95% confidence intervals.

Stage Penetrance of defects Reference
E10.5-11 82% (63%-100%) (56, 97, 130-134)
n=127
E11.5 63% (51%-74%) (34, 130)
n=76
E12.5 53% (125)
n=30
E13.5 46% (34)
n=30
E14.5-P2 33% (22-44%) (34, 56, 97, 129, 131-
n=181 134)

This phenotypic recovery is specific to cardiovascular defects but not to other
22q11DS-typical features. The Dff mouse presents with cardiovascular defects at a

reduced penetrance compared to that observed in 22q11DS patients, however the
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penetrance of thymus and craniofacial defects between the mouse model and patients

does not vary (136).

As Tbx1 is expressed in the all layers of the PA, excluding the NCC, it was unknown
as to which specific tissue Tbx7 expression is required in PAA morphogenesis.
Previous studies have investigated the role of Thx71 expression within the tissues of
the PA using mouse models with the conditional heterozygous deletion of Tbx7 using
different Cre lines (129, 134). Table 1.2 summarises the published data showing the

penetrance of 4" PAA defects at E10.5 in these conditional mutants.

Table 1.2. Penetrance of 4" pharyngeal arch artery defects observed in
conditional heterozygous Tbx7 mutants at E10.5 in published data.

Tissue with Tbx1 heterozygous Penetrance
deletion of 41" PAA
Genotype defects Reference
Endoderm | Ectoderm | Mesoderm
Thx1*"- Y Y Y 82% (56, 97,
130-134)
(n=127)
Tbx1* ;:Mesp1Cre Y 0 (129)
(n=19)
Tbx1*;Fgf15Cre Y Y 20% (129)
(n=34)
Tbx1*f;AP2aCre Y 75% (132)
(n=17)
Tbx1*;Pax9Cre Y 94% (134)
(n=17)

Combining previously published data, 82% of Tbx7*- mutants (n=127) have 4" PAA
defects at E10.5 (53, 56, 97, 130-134). The heterozygous deletion of Tbx7 from the
mesoderm using Mesp1Cre did not result in any 4" PAA defects suggesting that the
expression within the mesoderm is not essential for 4" PAA formation (129). Fgf15Cre
was used to delete Tbx7 from the endoderm and ectoderm, resulting in 20% of
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embryos (n=34 examined) with a 4" PAA defect (129). This shows that Tbhx7

expression in the pharyngeal epithelia contributes to 4" PAA formation.

Tbx1*%:AP2aCre embryos had 4" PAA defects at a penetrance of 75% (n=17
examined), similar to that observed in global Tbx7*- mutants. AP2aCre is expressed
in the pharyngeal ectoderm and NCC, however as Tbx1 is not expressed in NCC (128)
any defects that occurred can be attributed to the deletion from the ectoderm. Deletion
of Tbx1 from the pharyngeal endoderm using Pax9Cre also recapitulated the
penetrance of 4" PAA defects in Thx7*-mutants (134).

The Tbx1*:AP2aCre and Tbx1*:Pax9Cre mutants were also assessed at E15.5
(Table 1.3). All conditional ectoderm mutants (Tbx1*;AP2aCre) had normal
cardiovascular defects, while 44% of endoderm mutants (Tbx71*;Pax9Cre) were
abnormal. The decrease in defects from mid-embryogenesis to late development is
likely due to the recovery of the 4" PAA phenotype (130). At late development and
neonatal stages, 33% (n=181 collectively examined) of Thbx7*- had cardiovascular
defects. Therefore, of these mutants, deletion of Thx7 from the pharyngeal endoderm
using Pax9Cre most closely recapitulated the Tbx71*- phenotype. Tbx1*;Pax9Cre mice
are also heterozygous for Pax9, and the interaction between Tbx7 and Pax9 likely
increased the penetrance of defects. Nonetheless, this suggests that Tbx7 and Pax9

interact in the endoderm during 4" PAA morphogenesis.

30



Table 1.3. Penetrance of cardiovascular defects observed in conditional
heterozygous Thx71 mutants at E15.5-P2 in published data.

Tissue with Tbx1 heterozygous Penetrance | Reference
deletion of defects
Genotype
at E15.5-P2
Endoderm | Ectoderm | Mesoderm
Thx1*- Y Y Y 33% (34, 56, 97,
129, 131-
(n=181)
134)
Tbx1*;AP2aCre Y 0 (132)
(n=9)
Thx1*f;Pax9Cre Y 44% (134)
(n=34)

The varied phenotype observed in 22q11DS patients has led to the suggestion that
there are additional genes present outside the deletion region that are also involved in
the disorder (101). Transcriptome analysis of the PA of Tbx77 mice identified
differentially expressed genes that were affected by the loss of Tbhx7 (137). This
included the downregulation of paired box 9 (Pax9) and gastrulation brain homeobox

2 (Gbx2), transcription factors located outside of the 22q11 deletion region.

1.7 Pax9

1.7.1 The paired box gene family

PAX9, found on ch.14g13.3 in humans, belongs to the PAX family of transcription
factors which are required during mammalian embryonic development (138). PAX
genes are primarily expressed during embryogenesis. There are nine genes identified,
divided into four groups, all of which share a common motif (139). This maotif, the
DNA-binding paired domain, is 128 amino acids long and binds specific sequences of
DNA (140).
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The PAX genes vary in the presence of other conserved regions, namely the full
homeodomain, the partial homeodomain and the octapeptide motif, which determines
to which subgroup they belong (141). Subgroup 1 consisting of Pax1 and Pax9 have
the octapeptide sequence. Pax3 and Pax7, subgroup 2, encode the full homeodomain
and the octapeptide sequence. Subgroup 3 consists of Pax2, Pax5 and Pax8, which
have a partial homeodomain and the octapeptide motif. The 4" subgroup consists of
Pax4 and Pax6, which lack the octapeptide sequence but encodes the full
homeodomain (141). The domains present in the PAX proteins allows them bind
enhancers to modify downstream transcriptional activity. Table 1.4 summarises the

subclasses of PAX genes and their chromosome locations.

Table 1.4. Summary of the nine PAX genes showing which structural regions are
present in each and their chromosomal locations in human and mouse.

Chromosomal locations taken from Wang et al., 2008 (142).

PAX | Subgroup Structural regions present Chromosomal
gene location
Paired Full Partial | Octapeptide | Human | Mouse
domain | homeo- | homeo- motif
domain | domain
1 I + - - + 20p11 2
2 1] + - + + 10925 19
3 Il + + - + 2935 1
4 v + + - - 7q32 6
5 1] + - + + 9p13 4
6 v + + - - 11p12 2
7 Il + + - + 1p36.2 4
8 1] + - + + 2912- 2
14
9 I + - - + 14912- 12
13
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The PAX genes are required for organogenesis during development. The analysis of
human disease and the use of mouse models has implicated various PAX genes in the
manifestation of genetic syndromes. For example, PAX2 is needed in the development
of the urogenital tract, eyes, ears and central nervous system and Pax2 knockout mice
have hypoplastic kidneys, among other defects to the urogenital tract (143). Patients
with heterozygous PAX2 mutations have renal hypoplasia (144). PAX3 mutations
result in Waardenburg syndrome, characterised by deafness and pigment alterations
(145, 146). Chromosomal deletions and mutations that include PAX9 have resulted in

hypodontia, oligodontia, cleft palate and hypothyroidism (147, 148).

Pax9 is a 5 exon gene that maps to ch.12 in mice (149). Exon 3 contains the largest
coding region and the paired domain, required for DNA binding. This transcription
factor is expressed during embryogenesis and, to a lesser extent, in the adult thymus
(150, 151). Pax9 is expressed from E8.5 in the pharyngeal endoderm, which is required
in the formation of the thymus, parathyroid gland and ultimobranchial bodies,
structures that fail to form in Pax97 mice (151, 152). Pax9 is also expressed in the
vertebral column, somites, limb buds, developing nasal process and the NCC-derived
mesenchyme that forms the craniofacial regions (151-153). Pax9 has a role in limb,
craniofacial and tooth development and Pax97 mice die at birth with cleft palate,
oligodontia and a supernumary preaxial digit (152). Figure 1.12 shows the defects

present in Pax9” mice.
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Figure 1.12. Non-cardiovascular defects present in Pax9” mice.

Skeletal staining of mouse forelimbs (a,b) shows pre-axial digit duplication in Pax9-"
mice (b). Coronal sections of wild type embryo (c) shows fused palatal shelves (ps)
and tooth (to) formation. The palatal shelves fail to fuse in Pax97- mice resulting in a
cleft palate and tooth development is abnormal (d). The bilobed thymus (th) is normal
in wild type embryo (e) but absent in Pax9- mice (f). Abbreviations: ps, palatal shelf;
th, thymus; to, tooth. Adapted from Peters et al., 1998 (152).

1.7.2 Pax9 in cardiovascular development

As well as resulting in oligodontia and craniofacial defects, mutations in PAX9 have
also been implicated in cardiovascular defects. A patient presented with both IAA and
the heterozygous deletion of PAX9 (147). The patient had a small deletion of only three
genes (PAX9, NKX2.1, NKX2.8) and had severe cardiovascular defects which included
IAA-B, VSD and hypoplasia of the aorta. As Nkx2.1 and Nkx2.8 deletions do not result
in cardiovascular defects in mice, these genes were excluded as the cause of the
cardiovascular phenotype in the patient (154, 155). Schuffenhauer et al. (1999)
additionally describe a patient with a proximal ch.14q deletion, which includes PAX9,

which presented with CAT and pulmonary stenosis.

Previous work in the laboratory used a Pax9”- mouse model to determine the role of
Pax9 in cardiovascular development (134). Analysis of mutant embryos confirmed

cardiovascular defects to be the cause of death in these mice. All Pax9”/- mice had
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cardiovascular defects including: IAA, hypoplastic aorta, ARSA or IRSA, DORYV, VSD
and absent common carotid arteries (Figure 1.13). These defects overlap with the

phenotype of the patient described above.

The defects to the great arteries stemmed from the aberrant formation of the PAAs. By
E10.5 in normal development, the 15t and 29 PAA have regressed leaving the
bilaterally symmetrical 3, 4" and 6" PAAs. In Pax97 mice, the 4" PAA was absent at
E10.5, resulting in ARSA and IAA later in development. The 3" PAA was hypoplastic
and the 15t and 2" PAA were abnormally persistent which resulted in the absence of
the common carotid arteries. The internal and external carotid arteries branch directly
from the great arteries as a result.

| MRI reconstruction |

Patency to ink

Figure 1.13. Cardiovascular and pharyngeal arch artery defects in Pax9-null
mice.

Pax97- mice have IAA, ARSA, DORV with IVC and absent common carotid arteries
resulting in the internal and external carotid arteries branching directly from the great
arteries (b). Mutants also have IRSA at a reduced penetrance (c). These defects stem
from the aberrant formation of the PAA as shown by intracardiac ink injection. The 4t
is absent and the 3 is frequently hypoplastic in mutants (e,f). The 1t and 2" PAA
regress by E10.5 in wild type mice (d) while they abnormally persist in Pax97 mice (f).
Abbreviations: AD, arterial duct; ALSA, aberrant left subclavian artery; Ao, aorta;
ARSA, aberrant right subclavian artery; dAo, dorsal aorta; DORYV, double outlet right
ventricle; eLCA, external left carotid artery; eRCA, external right carotid artery; 1AA,
interrupted aortic arch; iLCA, internal left carortid artery; iRCA, internal right carotid
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artery; IVC, interventricular communication; LCC, left common carotid artery; LSA, left
subclavian artery; LV, left ventricle; RAA, right aortic arch; RCC, right common carotid
artery; RSA, right subclavian artery; RV, right ventricle. Adapted from Phillips et al.,
2019 (134).

The defects to the caudal PAAs occurred due to reduced smooth muscle investment
around these vessels at mid-embryogenesis. NCC differentiate into smooth muscle to
support the developing PAA (23) and there were fewer NCC in the 3™ and 4™ PA of
Pax9 embryos at E10.5 (134). Consequently, the hypoplastic 3@ PAA was
unsupported and collapsed during development. This data confirms the necessity of

Pax9 in PAA morphogenesis and cardiovascular development.

RNA-seq analysis of the pharyngeal region in Pax97- mice revealed 3863 significantly
differentially expressed genes, including the downregulation of Tbx7 (134). Likewise,
Pax9 was downregulated in Thx7- mice (137). Combining the transcriptome analysis
of these mutants identified 342 significantly differentiated genes which showed
common targets of Tbx7 and Pax9 and suggests that these genes act through a

common genetic network (134).

This interaction during cardiovascular development was investigated using
Tbx1*-;Pax9*- mice, which presented with a significantly increased penetrance of 4t
PAA defects, including IAA, compared to Tbx7*- mice (134). Tbx1*-;Pax9*- mice
presented with similar defects to Thx7*- mice (Figure 1.14), including ARSA, but to a

higher penetrance.

Tbx1 is expressed in the endoderm, ectoderm and mesoderm of the PA (128), while
Pax9 is only expressed in the pharyngeal endoderm (134). As both of these genes are
expressed in the pharyngeal endoderm of the PA, it was inferred that these genes may
function cell-autonomously within this tissue during 4" PAA morphogenesis. The
conditional heterozygous deletion of Thx7 and Pax9 in the pharyngeal endoderm in
Tbx1*F:Pax9Cre mice recapitulated the 4" PAA defects in Tbx71*-;Pax9*- mice,
confirming the role of the pharyngeal endoderm in cardiovascular development (134)
(Figure 1.14). This phenotyping and transcriptome analysis suggest that Thx7 and
Pax9 function non-hierarchically in 4" PAA morphogenesis and implicates Pax9 as a

22q11DS phenotype modifier.

36



| Wild type I Tbx1*" | 7Tbx1*:Pax9* || Tbx1*Pax9Cre |

|| MRI reconstruction

Patency to ink

Figure 1.14. Tbx1 and Pax9 interact in the pharyngeal endoderm during
cardiovascular development.

Tbx1*-;Pax9*-mice (e) had a greater incidence of IAA compared to Tbx7*- mice (c).
Pax9 heterozygosity resulted in a more severe 4" PAA defect in double heterozygous
mice (f) compared to Tbx7*- mice (d). The heterozygous deletion of Thx7 and Pax9 in
the pharyngeal endoderm (g,h) recapitulated the defects observed in the
Tbx1*-;Pax9*- global mutants. Adapted from Phillips et al., 2019 (134).

Transcriptome analysis showed the significant downregulation of Gbx2 in Tbx1+ and
Pax9” mice, suggesting that this gene is a shared downstream target (134, 137). Gbx2
is a transcription factor expressed in the PA during development with multiple roles in

embryogenesis, discussed in the next section.

1.8 Gbx2

1.8.1 The gastrulation homeobox gene family

Gbx2 encodes a homeodomain transcription factor. The homeobox, first identified in
drosophila, is a DNA sequence of 180 base pairs (156). Homeobox genes encode
transcription factors and are characterised by a conserved 60 amino acid DNA-binding
domain, termed the homeodomain (157). GBX7 and GBX2 are homeobox genes
mapped to human ch.7q36 and ch.22q37 respectively that are required in the

regulation of embryonic central nervous system development (158).
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Gbx1, mapping to ch.5 in mice, is expressed in the developing central nervous system
from E8.25, at the ventral zone of the spinal cord at E10.5 and then becomes restricted
to the dorsal mantle zone by E12.5 (159). Gbx1 is needed in the development of the
interneurons and motor neurons. Gbx717 mice survive development but display

locomotive defects due to disorganised sensory circuitry in the spinal cord (160, 161).

Gbx2 has 2 exons, with the homeodomain located in exon 2 (162) and is mapped to
ch.1in mice. Gbx2 is expressed early in embryogenesis during gastrulation at E6 in all
germ layers of the posterior region of the embryo (163, 164). From E8.5 Gbx2 is
evident in the pharyngeal endoderm and ectoderm of the PA as well as the
mid-hindbrain boundary. From E11.5 Gbx2 expression is essentially restricted to the

central nervous system (163).

To date, there are no cases reported that link human GBX2 mutations to defects or
syndromes. However, mutation studies in mouse embryos have shown that Gbx2 is
required for the specification of the mid-hindbrain; needed for both the correct
specification and the normal proliferation of anterior hindbrain precursors at the neural
plate stage (165). Gbx2-null mice die shortly after birth with irregular brain development
including an absent cerebellum. The deletion of Gbx2 also modified the expression of

Fgf8 and Wnt1, both required for the development of the mid-hindbrain organiser.

1.8.2 Gbx2 in cardiovascular development

Investigation of the Gbx27- mouse has also shown a role of Gbx2 in cardiovascular
development and formation of the great arteries (133, 166). Gbx2*- mice have normal
development, but the homozygous deletion of Gbx2 results in IAA, RAA and ARSA in
late term embryos, correlating with absent and hypoplastic 4" PAAs found at E10.5
(133, 166). DORV with IVC was also present in Gbx27- mutants.

Byrd and Myers (2005) reported NCC migration defects in Gbx2-nulls, in which the
NCC migrations streams from the spinal cord to the PA were fused and there was
consequently fewer NCC in the 4" PA. This disrupted NCC migration did not result in
reduced smooth muscle around the PAA, however there was disorganisation of the

endothelial cells of the 4" PAA which results in defects to these vessels.

Gbx2 is expressed in the pharyngeal endoderm and ectoderm of the PA (164). Calmont
et al. (2009) used conditional mutants to investigate the role of Gbx2 expression in the
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PA epithelia. Table 1.5 summarises the frequency of 4" PAA defects at E10.5 in the

Gbx27 global and conditional mutants.

Table 1.5. Penetrance of 4" pharyngeal arch artery defects observed in
conditional homozygous Gbx2 mutants at E10.5 in published data.

Tissue with Gbx2 Penetrance
homozygous deletion of 4t PAA
Genotype Reference
defects

Endoderm | Ectoderm

Gbx2" Y Y 50% (n=12)
Gbx2";Tbx1Cre Y Y 27% (n=11) | Calmont et al.,
2009
Gbx2";AP2aCre Y 47% (n=15)

Tbx1Cre was used to remove Gbx2 expression from Tbhx1 expression domains, the
endoderm, ectoderm and mesoderm of the PA. As Gbx2 is not expressed in the
pharyngeal mesoderm, any 4" PAA defects present were attributed to the loss of
expression from the epithelial layers (164). The frequency of 4" PAA defects in
Gbx2"7;Tbx1Cre mice (27%, n=11 examined) did not recapitulate the defects observed
in Gbx2”- mice (50%, n=12 examined). This was likely due to the low efficiency of
Tbx1Cre recombination in the epithelial layers, which showed chimeric expression of
this transgene (133).

The conditional deletion of Gbx2 from the pharyngeal ectoderm was sufficient to
recapitulate the 4" PAA defects observed in global Gbx2 mutants, with 47% (n=15
examined) of Gbx27;AP2aCre mice showing 4" PAA defects (133). AP2aCre is
expressed in the pharyngeal ectoderm and NCC, however Gbx2 is not expressed in
NCC (164). The defects in NCC migration observed in Gbx27- mice were also present
in the conditional ectoderm mutants, suggesting that ectodermal Gbx2 expression is
essential in 4" PAA morphogenesis (133). However, the study chose not investigate
the conditional ectoderm mutants later in development, reasoning that the 4" PAA
phenotype recovers overtime (130). The deletion of Gbx2 from the ectoderm may not
recapitulate the defects observed in late gestation of Gbx27 mice. Additionally, in
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Tbx17- embryos, the downregulation of Gbx2 is more specific to the endoderm (133,

137), therefore the role of the endoderm cannot be excluded.

Gbx2 interacts with other genes known to be required in cardiovascular development
(166). Fgf8, part of the extracellular signalling Fgf family, has many roles in
embryogenesis including heart development and is expressed with Gbx2 in the
pharyngeal endoderm and ectoderm (166). Fgf8 mutants have OFT defects including
DORV and TGA, as well as 4" PAA defects, such as IAA, RAA and ARSA (61). Gbx2
has been identified as a downstream target of Fgf8 as Fgf8 heterozygosity increased
the penetrance of cardiovascular defects in Gbx2-- mice. Additionally, while Gbx2+-
and Fgf8*- mice show normal development, the combined heterozygosity in
Gbx2*-;Fgf8*- mice resulted in cardiovascular defects, such as RAA and ARSA (166).
This is reminiscent of the interaction between Tbx7 and Fgf8, as Fgf8 heterozygosity

increased the severity of the Thx71*- cardiovascular phenotype in mice (56).

Gbx2 and Thx1 are both expressed in the pharyngeal epithelial layers, and Gbx2 is a
confirmed a downstream target of Tbx7 (128, 166). As mentioned, Gbx2 is
downregulated in the PA of Thx77- mice (137). Calmont et al. (2009) investigated the
interaction between these genes in heart development, observing an increase in 4"

PAA and cardiovascular defects in Tbx7*-;Gbx2*- mice compared to Thx7*- mice.

T-box sites have been identified within the Gbx2 locus through which Tbx1 can regulate
Gbx2 expression (167). Caprio et al. (2014) identified a T-box site in Gbx2 that Thx1
occupies to control Gbx2 expression by regulating the interaction of transcription
factors with Gbx2. This region also contains a P53 binding site, through which P53
binds to recruit polycomb repressive complex and the resulting histone methylation
causes the silencing of Gbx2 expression (167). This binding of P53 was dependent on
the presence of Thx1 suggesting that Thx71 occupies Gbx2 to facilitate transcription
factor binding to Gbx2.

Pax9 is required in cardiovascular development and has been identified as a potential
modifier of the 22q11DS phenotype based on its interaction with Thx7 (as discussed
in section 1.7.2). Gbx2 is shared target of Tbx71 and Pax9, downregulated in both
Tbx17 and Pax97 mutants (134, 137). Pax9 is also expressed in the pharyngeal
endoderm with Gbx2 however the interaction between these genes has not been

investigated.
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There is an extensive genetic network within the PA required for PAA morphogenesis
and cardiovascular development. Collectively, the studies discussed here have
identified the independent requirement of Thx7, Pax9 and Gbx2 in the morphogenesis
and remodelling of the PAA to form the aortic arch system. As Tbx1, Pax9 and Gbx2
mutants share an overlapping phenotype with defects primarily affecting the 4" PAA,
it could be postulated that these genes share a common network during PAA formation

and remodelling.

In the context of the Gbx2 deletion, the requirement of the ectoderm as a signalling
centre has been a point of focus, however the role of Gbx2 within the pharyngeal
endoderm is yet to be studied. As Pax9 is expressed in only the endoderm of the PA,
it is likely that expression in this domain has a key involvement in cardiovascular
development. Tbx7 is also expressed in the endoderm and this tissue provides
signalling cues during development (discussed in section 1.2.4). Studies have
identified an interaction of Pax9 and Gbx2 with Tbx1, however the interaction between
Pax9 and Gbx2, along with the role of the pharyngeal endoderm, remains

undetermined.
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1.9 Aims and hypothesis

Patients with 22911DS present with a broad spectrum of defects, it is therefore
postulated that modifier genes lie outside of the deletion region to affect the phenotype.
Gbx2 and Pax9 have been confirmed to be implicated in cardiovascular development,
required for the remodelling of the PAA into the aortic arch system. The precise
pathways required during vessel morphogenesis is not completely understood, this
project aims to elucidate the complex Tbx7-Pax9-Gbx2 genetic network and
interactions required for the correct development of the cardiovascular system with
greater focus on the interaction between Gbx2 and Pax9, within the pharyngeal

endoderm, in the formation of the aortic arch arteries.

It is hypothesised that:

Gbx2 and Pax9 interact cell-autonomously, as part of the Tbx7 network, within the

pharyngeal endoderm in the formation and remodelling of the PAA.

Tbx1 <> Pax9

/
i
\a’ -

Gbx2

Figure 1.15. Graphical hypothesis.

It is hypothesised that a Thx7-Pax9-Gbx2 genetic network exists within the pharyngeal
endoderm to control the morphogenesis of the 41" PAA.
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The aims of this project are:

1) To establish the Gbx2”- phenotype on an enriched C57BI/6 background
Embryos will be collected at mid-embryogenesis (E10.5) and later in development

(E15.5) to perform an in-depth assessment of the PAA and cardiovascular structure.

2) Investigate the interaction between Pax9 and Gbx2 in cardiovascular
development
Wild type, Pax9” and Gbx27- embryos will be collected at mid-embryogenesis to
analyse Pax9 and Gbx2 expression at the time of PAA development to determine gene

expression in these mutants.

Embryos with the simultaneous deletion of Pax9 and Gbx2 will be collected at E15.5

and E10.5 for phenotyping analysis, the following comparisons will be made:

e Pax9*;Gbx2*- with Pax9*- and Gbx2*-, does the combined heterozygosity of
Pax9 and Gbx2 result in cardiovascular defects?

e Pax9*;Gbx2" with Gbx27, does Pax9 heterozygosity modify the Gbx2"
phenotype?

e Pax97;Gbx2*- with Pax97, does Gbx2 heterozygosity modify the Pax9"
phenotype?

o Pax97;Gbx27 with Pax9” and Gbx2"-, do double homozygous mutants

display a different phenotype to Pax97- and Gbx2-- mice?

3) Investigate the role of Pax9 and Gbx2 expression in the pharyngeal
endoderm and validate the Pax9Cre allele
The Pax9Cre allele will be used with the Gbx2-flox allele to remove Gbx2 expression
from the pharyngeal endoderm. The Pax9Cre allele will be validated to ensure its
specific and successful recombination of floxed alleles. Gbx2-flox;Pax9Cre embryos
will be collected at E15.5 and E10.5 and compared to Pax9*-;Gbx27- embryos (the

global genotype equivalent).

43



4) Investigate the Tbx71-Pax9-Gbx2 network
Wild type, Tbx17, Pax97- and Gbx2-- embryos will be collected at mid-embryogenesis
to analyse Thbx1, Pax9 and Gbx2 expression at the time of PAA development and

determine gene expression in these mutants.

Tbx1*-;,Pax9*-;Gbx2* triple heterozygous embryos will be collected at E15.5 to assess
the cardiovascular phenotype and determine if Gbx2 modifies the Tbx71*-;Pax9*
phenotype.

An in vitro luciferase assay and in vivo chromatin immunoprecipitation assay using
mouse embryos will be used to determine if Tbx1 and Pax9 can bind and activate the

Gbx2 gene.
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Chapter 2. Materials and Methods

2.1 Mouse strains and breeding

Mice were maintained on a C57BI/6J background and obtained from Jackson
Laboratories, unless otherwise stated. All mice were euthanised according to the

requirements of the Animals (Scientific Procedures) Act 1986 of the UK government.

2.1.1 Gbx2 mice

Schematic diagrams of the Gbx2 alleles are shown in Figure 2.1. The Gbx2 floxed
allele has been previously described (168). To create the Gbx2 floxed allele, a
neomycin cassette was used for gene targeting. This neomycin cassette was flanked
with Frt sites and was removed by Flpe-mediated DNA recombination to create the

floxed allele.

The Gbx2 floxed allele functions as a wild type allele (168). loxP sites are positioned
in-between exon 1 and 2 and in the non-coding region of exon 2. Cre-mediated
recombination of the floxed allele results in the generation of the delete allele in which

the majority of exon 2, including the homeodomain, is deleted.

To create the Gbx2 delete (Gbx2-) allele, mice carrying a Gbx2 floxed allele were
crossed with Sox2Cre transgenic mice. Sox2Cre mice express Cre recombinase under
the control of the Sox2 promoter, which is active at gastrulation in all embryonic tissues.
Mice carrying the Gbx2 delete allele were then crossed with wild type mice to
propagate the Gbx2 delete allele through the germline and breed out the Sox2Cre

allele.
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Figure 2.1. Schematic diagrams of the Gbx2 alleles.

a) Wild type allele with 2 exons. The homeobox is located in exon 2. b) The Gbx2
floxed allele with a loxP site in-between the two exons and a /oxP site in exon 2. The
floxed allele undergoes Cre-mediated recombination to create the delete allele (c). The
majority of exon 2, including the homeobox, have been deleted. Adapted from Li et al.,
2002 (168).

2.1.2 Pax9 mice

Schematic diagrams of the Pax9 alleles are shown in Figure 2.2. Pax9lacZ mice (152)
were obtained from Dr Heiko Peters (Newcastle University, UK). To generate the
Pax9lacZ allele, the promoterless Escherichia coli ATG-lacZ-neomycin-poly(A)
cassette was introduced into the ATG-containing exon of Pax9. This allowed for lacZ
expression under the control of the Pax9 promoter and resulted in a functionally null
allele of Pax9. Pax9*- mice carry one copy of the wild type allele and one copy of the

Pax9-lacZ allele.

ATG

a Paxdwidtype allele — 1 |—I 2.

ATG

b PaxdlacZ allele =

. Exon I:' Untranslated region I Paired box domain — Genomic DNA

neomycin cassette lacZ cassette

Figure 2.2. Schematic diagrams of the Pax9 alleles.

a) Wild type Pax9 allele with 5 exons. The paired box domain is located in exon 3. b)
Pax9lacZ allele with the lacZ and neomycin cassette inserted in-between the ATG-
containing exon 2 and exon 3.
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2.1.3 Pax9Cre mice

The Pax9Cre mouse (134) was obtained from Dr Heiko Peters (Newcastle University,
UK). Schematic diagrams of the Pax9Cre allele are shown in Figure 2-3. The
promoterless Cre recombinase gene was inserted, removing the second half of exon
2 and the first half of exon 3. A consensus Kozak sequence was upstream of the Cre
recombinase gene and Cre recombinase is expressed under the control of the Pax9

promoter. This also generates a functionally null allele of Pax9.

ATG

a Paxgwid type alldle — 1 —{2 |

b Pax9Cre allele — 1 2| cre

. Exon |:| Untranslated region I Paired box domain — Genomic DNA

Figure 2.3. Schematic diagrams of the Pax9Cre allele.

a) Wild type Pax9 allele with 5 exons. The paired box domain is located in exon 3. b)
Pax9Cre allele with the Cre recombinase gene inserted. This removes the second half
of exon 2 and the first half of exon 3, including the paired box.

2.1.4 Tbx1 mice

The Tbx1*-mouse has been previously described (50). Thx1 expression was disrupted
by inserting a loxP-flanked neomycin cassette into the coding region of Thx71. The
targeting cassette replaced the whole Tbx7 coding region apart from the first 20 amino

acids.

2.1.5 eYFP mice

Enhanced yellow fluorescent protein (e YFP) reporter mice (R26ReYFP) were crossed
with Pax9Cre mice for the tissue specific investigations of the pharyngeal endoderm.
The e YFP construct was inserted into the Rosa26 locus (169) and the stop sequence
was flanked by loxP sites. Following Cre-mediated recombination, the stop codon is

removed and eYFP is expressed in the Cre expressing tissues.
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2.1.6 lacZ mice

The R26RlacZ reporter mouse (170) was used to study the expression of Pax9Cre.
This mouse contains a lacZ construct which has a stop codon flanked by /oxP sites.
Following Cre-mediated recombination, the stop codon is removed and /acZ is
expressed in the Cre expressing tissues.

2.2 Embryo dissection

Embryos were collected at time points specific to each experiment with E0.5 defined
as noon of the day the vaginal plug was detected. Pregnant females were euthanised
according to Schedule 1 via cervical dislocation. The uterus was then dissected and
collected in phosphate buffered saline (PBS, pH7.0) or pre-warmed balance HANK
solution with EDTA for magnetic resonance imaging (MRI). For E8.5-E11.5 embryos,
somites were counted for stage matching. Embryos were imaged using a Leica MZ6
microscope, to detect any externally visible defects, or, for detection of eYFP

fluorescence, on a Stemi Axioplan microscope.

2.3 Genotyping

2.3.1 DNA extraction
DNA was extracted from: the yolk sac of embryos aged E9.5-E12.5, the upper limb of
embryos aged above E13.5, a section of the tail of euthanised pups or ear notches

from adult mice.

For embryonic or neonatal samples, proteinase K was used for DNA extraction.
Proteinase K (Sigma), 30ul diluted in 1ml of lysis buffer (50mM KCI, 1.5mM MgClz,
10mM Tris, 0.45% NP-40, 0.45% Tween-20), was added to samples and incubated at
56°C for 2 hours then at 95°C for 10 minutes to inactivate proteinase K. For volumes
of lysis buffer added to samples see Table 2.1. Samples were centrifuged for 1 minute
at 1500rpm and stored at 4°C.
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Table 2.1. Volume of lysis buffer added to samples for DNA extraction using the
proteinase K method.

Sample Volume of lysis buffer (ul)

E8.5yolksac |25

E9.5 yolk sac | 50

E10.5 yolk sac | 100

E13.5 forelimb | 300

E15.5 forelimb | 400

Tail 400

For ear notches of adult mice, HotShot DNA extraction was used. 75yl of lysis reagent
(0.5mM NaOH, 0.2mM EDTA, pH12) was added to samples then incubated at 95°C
for 1 hour. After incubating at room temperature for 10 minutes, 75ul neutralising
reagent (Tris-HCI 40mM, pH5.5) was added. Samples were centrifuged for 1 minute at
1500rpm and stored at 4°C.

2.3.2 Polymerase Chain Reaction

2yl of product from DNA extraction was used in each polymerase chain reaction (PCR)
for genotyping. A master mix containing the following was made up to amplify the DNA:
GoTaq polymerase (Promega), 1x GoTaq reaction buffer (Promega), 0.25mM of each
deoxyribnucleotide (dNTP) triphosphate (dATP, dTTP, dGTP, dCTP; Promega),
forward and reverse primers specific for each reaction (0.5um each) and ddH20 up to
a final volume of 20ul. The primers used in PCR reactions for each gene are listed in
Table 2.2.

A Veriti Thermal Cycler (Applied Biosystems) was used to carry out the PCR reaction.
All reactions, consisting of 30-35 cycles, had a 2 minute denaturation step at 94°C, a
30-40 second annealing step (annealing temperatures listed in Table 2.2) and

elongation for 30-40 seconds at 72°C.
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Table 2.2. Primer sequences used for genotyping.

Gene Primer Sequence Tm (°C) | Number of cycles | Product Size

Gbx2 Gbx2 Lox1-F | GGAATAGCTGGAGGAGTTGCG 58 35 Wild type: 1615bp

(delete allele) | Gbx2 Lox2-R | TGCTTGGATGTCCACATCTAGG Mutant: 268bp

Gbx2 Gbx2 Lox2-F | CTGTTCACGTTAGCAGGTTCGC 58 35 Wild type: 183bp

(floxed allele) | Gbx2 Lox2-R | TGCTTGGATGTCCACATCTAGG Mutant: 220bp

Pax9 P9-Gen2-F1 ACT CAC CGG CCT GCA CCAATTAC |58 35 Wild type: 268bp
P9-Gen2-R1 | TTG TTC TCA CTG AGC CGGCCTGT Mutant: 350bp
P9-Gen2-R2 | GGA TGT GCT GCA AGG CGATTAAG

Pax9Cre P9-Cre F1 ACTCAAGCCTCTTTCAGCCC 60 35 Wild type: 200bp
P9Cre R1 GTTGCATCGACCGGTAATGC Mutant: ~250bp
P9-Gen2-R1 | GGA TGT GCT GCA AGG CGATTAAG

Thx1 Tbx1.1 TGCATGCCAAATGTTTCCCTG 58 35 Wild type: 196bp
Tbx1.2 GATAGTCTAGGCTCCAGTCCA Mutant: 450bp
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Tbx1.3

AGGGCCAGCTCATTCCTCCCAC

Cre S1X-A GCATAACCAGTGAAACAGCATTGCTG | 55 30 Mutant ~500bp
S1X-B GGACATGTTCAGGGATCGCCAGGCG

eYFP eYFP r1 AAAGTCGCTCTGAGTTGTTAT 59 30 Wild type: 500bp
eYFP r2 GCGAAGAGTTTGTCCTCAACC Mutant: 250bp
eYFP r3 GGAGCGGGAGAAATGGATATG
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PCR products were then visualised via gel electrophoresis. 2% (w/v) agarose gels in
1x TAE buffer (40mM Tris, 20mM acetic acid, TmM EDTA) with 0.5ug/ml ethidium
bromide were ran for 40 minutes at 100V then viewed through a UV light

transilluminator.

2.4 Histology

2.4.1 Embryo embedding and sectioning

For histological analysis, embryos were fixed in 4% paraformaldehyde (PFA) at 4°C,
then washed in PBS before dehydrating through a graded series of increasing ethanol
concentrations, all at room temperature. Prior to wax embedding, embryos were
incubated in histoclear (National Diagnostics) at room temperature and then several
paraffin wax washes at 60°C. The incubation times for the different embryonic ages

are shown in Table 2.3.

8um sections were taken using a microtome (Leica, RM 2235) and placed on
microscope slides covered with warmed water at 37°C. Once the sections had spread,
the water was removed and slides were incubated at 37°C overnight to dry.
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Table 2.3. Protocol for processing embryos for wax embedding.

Abbreviations: PBS, phosphate buffered saline; PFA, paraformaldehyde.
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E9.5 E10.5 E11.5 E15.5
4% PFA 1 night 1 night 1 night 3 nights
PBS 5 minutes 5 minutes 5 minutes 5 minutes

5 minutes 5 minutes 5 minutes 5 minutes
50% Ethanol 30 minutes 30 minutes 1 hour 3 hours
70% Ethanol 30 minutes 30 minutes 1 hour 3 hours

30 minutes 30 minutes 1 hour 3 hours
95% Ethanol 30 minutes 30 minutes 1 hour 3 hours
100% Ethanol | 30 minutes 30 minutes 1 hour 3 hours

30 minutes 1 hour 1 hour Overnight
Histoclear 10 minutes 15 minutes 20 minutes 30 minutes

10 minutes 15 minutes 20 minutes 30 minutes
Histoclear/Wax | 15 minutes 20 minutes 20 minutes 1 hour
Wax 20 minutes 30 minutes 40 minutes 1 hour

20 minutes 30 minutes 40 minutes 1 hour

20 minutes 30 minutes 40 minutes 1 hour

1 hour




2.4.2 Haematoxylin and eosin staining

8um sections were stained with haematoxylin and eosin for histological analysis. Wax
was removed from the sections by washing in Histoclear for 10 minutes, twice. The
sections were then incubated in 100% ethanol twice for 3 minutes and rehydrated in
decreasing ethanol concentrations (90%, 70% and 50%) for 2 minutes each. After a 2
minute wash in H20, slides were stained with haematoxylin for 10 minutes then rinsed
under running water for 5 minutes to remove excess stain. Sections were dipped 4
times in a solution of 1% v/v hydrochloric acid in 70% ethanol. After another wash
under running water, slides were stained with eosin (ThermoFisher) for 5 minutes and
washed again under running water. Sections were dehydrated by 3 dips in each
solution of increasing ethanol concentrations (50%, 70% and 90%) and then incubated
twice in 100% ethanol for 3 minutes. Following another two washes in Histoclear for
10 minutes, slides were mounted with Histomount (National Diagnostics) and imaged

with a Zeiss Axioplan microscope.

2.5 Imaging

2.5.1 Magnetic resonance imaging

Embryos subject to MRI were aged E15.5. The protocol for MRI has previously been
described (171). Embryos were bled out prior to MRI to prevent the high contrast signal
from blood interfering with the analysis. Embryos were collected in pre-warmed
HANK’s solution with 5mM EDTA (10ml/L of HANK’s solution). During the bleeding out
process, embryos were kept warm via a heat mat to aid bleeding.

Embryos were fixed in 4% PFA at 4°C for at least 3 days prior to imaging then
incubated for a further 4 days in 1ml of 4% PFA containing 4ul of magnevist contrast

agent (gadopentetate dimeglumine, Gd-DTPA).

Embryos were fixed in place in a glass tube using 1% agarose made up with water and
Gd-DPTA (4pl/ml). A total of 32 embryos, in 8 layers of 4, were stacked in the tube. All
embryos had the left forelimb removed to define the left side but in order to identify
embryos within each layer, other limbs or the tail were removed from each of the
embryos. Embryos were imaged using a 9.4T MR system (Varian, US) (Professor
Jurgen Schneider, British Heart Foundation MRI unit, University of Oxford, UK).
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To assess the phenotype of the embryos and reconstruct MRI data in a 3-dimensional
(3D) model, Amira software (ThermoFisher Scientific) was used, with the voxel size of
X-25.4,Y-25.4 and Z-24.4. Following disassembly of the MRI tube, in cases where the
analysis was unclear, embryos were embedded, sectioned and stained by H and E
staining, as previously described (Section 2.4.2), to ascertain the phenotype and

provide finer detail.

2.5.2 High Resolution Episcopic Microscopy

High-resolution episcopic microscopy (HREM) was used to view the structure of the
PAA in E10.5 and E11.5 embryos. Embryos were dissected in PBS, fixed in 4% PFA
overnight at 4°C, processed to 70% ethanol at room temperature (described in Section
2.4.1) and embedded in histological embedding material before being subject to
imaging (Dr Tim Mohun, Francis Crick Institute). HREM files were analysed using the

Amira software (Thermofisher Scientific) to create 3-D reconstructions.

2.6 Ink injection

Intra-cardiac ink injection was used to visualise the PAA at E10.5. Embryos were
collected and dissected in PBS. Somites were counted to stage the embryos, with
31-40 somites confirming E10.5. Embryos were pinned in a petri dish filled with 1%
agarose and PBS. The peritoneal membrane was removed and Indian ink (diluted 1:1
in water) was injected into the OFT of the heart. Injection was performed using a pulled
glass pipette attached to a mouthpiece. Embryos were then imaged on each side using

a Leica MZ6 microscope (Leica, Stemi 2000).

2.7 Whole mount in situ hybridisation

2.7.1 Probe digoxygenin labelling

The Gbx2 plasmid probe, Pax9 plasmid probe and Pitx2 plasmid probe were donated
by Dr Alexandra Joyner (Sloan Kettering Institute, USA), Dr Ralf Kist (Newcastle
University, UK) and Dr Dorota Szumska (University of Oxford, UK) respectively.

Plasmid probes contained the full cDNA sequence of their respective target genes.

Plasmid probes were linearised with specific restriction enzymes (Table 2.4). 50pul of
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digested product was diluted 1:1 in water and an equal volume of phenol chloroform
was added. Following centrifugation, chloroform was added to the upper aqueous
phase and centrifuged for 5 minutes at 1200rpm. 100% ethanol and 10ul of 3M
ammonium chloride was added. The product was centrifuged at 1300rpm for 30
minutes at 4°C and the pellet was washed with 70% ethanol then resuspended in
ddH20.

Probes were generated from linearised plasmids using a specific RNA polymerase
(Table 2.4). Products were labelled with digoxygenin (DIG) according to
manufacturer’s protocol (Roche) using a mix containing digNTPs, buffer, RNase
inhibitor, RNA polymerase, DTT (100mM) to a total volume of 30pl with nuclease free

water.

Probes were treated with DNase A for 10 minutes at 37°C before an overnight
incubation with lithium chloride at -20°C. The pellet was collected by centrifugation for
30 minutes at 13000rpm at 4°C and washed with 70% ethanol (diethylpyrocarbonate,
DEPC). The pellet was resuspended in nuclease free water. An equal volume of
formamide was added to stabilise the RNA.

Probes were quantified using a Nanodrop spectrophotometer and ran on a 1% gel at
150V for 10 minutes. Probes were stored at -80°C and denatured at 100°C for 5

minutes in hybridisation solution prior to hybridisation.

Table 2.4. Restriction enzymes and RNA polymerases used to generate in situ
hybridisation probes.

Gene | Probe Restriction enzyme | RNA polymerase
Gbx2 | Antisense | Hind llI T7
Sense Kpn | T3
Pax9 | Antisense | Eco Rl T7
Sense BamHl| T3
Pitx2 | Antisense | Sacl T3
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2.7.2 Hybridisation
Prior to hybridisation, all solutions were treated with DEPC and all tools and materials
to be used were treated with RNase Away (ThermoFisher). This removes RNases

which would otherwise degrade the RNA probes and RNA of interest.

Embryos were collected at E8.5-9.5 depending on the experiment and dissected in
ice-cold DEPC-PBS then fixed overnight in 4% DEPC-PFA. Embryos were washed in
DEPC-PBS then dehydrated through a series of increasing methanol solutions (25%,
50%, 75% and 100%, 10 minutes per solution) and stored at -20°C in 100% methanol.

For hybridisation, embryos were rehydrated in a series of methanol solutions (75%,
50% and 25%, 5 minutes per solution) then washed twice in DEPC-PBT (DEPC-PBS,
Tween-20) for 5 minutes. Embryos were bleached for 1 hour at room temperature in
6% hydrogen peroxide in DEPC-PBT then washed three times in DEPC-PBT for 5
minutes. Embryos were permeabilised via a 15 minute incubation with proteinase K
(10pg/ml, DEPC-PBT) and washed in glycine (2mg/ml, DEPC-PBT) for 5 minutes to
inactivate proteinase K and prevent over-digestion of the embryos. Following two 5
minute washes in DEPC-PBT, embryos were fixed for 20 minutes in 0.2%
glutaraldehyde/4% DEPC-PFA at room temperature. Embryos were washed again for
5 minutes in DEPC-PBT, twice.

Embryos were transferred to cryovials and incubated with prehybridisation solution
(50% formamide, 5x SSC, 0.1% Tween, 50ug/ml Heparin, DEPC-H20) for 1 hour at
70°C with gentle rocking. Probes were denatured at 100°C for 5 minutes in
hybridisation solution (1ug/ml probe, 50% formamide, 5x SSC pH4.5, 0.1%
Tween-20, 50ug/ml Heparin, 50ug/ml yeast tRNA, 100ug/ml salmon sperm DNA,
DEPC-H20). Hybridisation was performed overnight at 70°C with gentle agitation.

Embryos were washed twice at room temperature for 30 minutes in prewarmed (70°C)
solution | (50% Formamide, 5x SSC, 1% SDS, DEPC-H20). Solution | was then mixed
(1:1 v/v) with solution Il (0.5M sodium chloride, 0.01M Tris pH 7.5, 0.1% Tween-20)

and the embryos were incubated with this solution for 10 minutes at 70°C .

This was followed by three 5 minute washes in solution Il at room temperature, and
then 2 incubations with RNase A (100ug/ml, solution II) for 30 minutes at 37°C. 5
minute washes of solution Il then solution Il (50% formamide, 5x SSC, 0.2% SDS,

DEPC-H20) at room temperature were performed. This was followed by two 30 minute
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washes in solution Il at 65°C and three 5 minute rinses in TBST (0.05M Tris pH7.5,
0.15M NaCl, 0.05% Tween-20) at room temperature.

Embryos were blocked with 10% fetal bovine serum (FBS) in TBST for 2.5 hours at
room temperature. The block was removed and embryos were incubated overnight at
4°C with 0.5pl/ml Anti-Digoxigenin-AP Fab fragments (Roche) diluted in 1%
FBS/TBST.

The following day embryos were washed 5 times in TBST for 1 hour at room
temperature and a final wash at 4°C overnight. Five 10 minute washes in NTMT (100M
NaCl, 0.1M Tris pH 9.5, 0.1% Tween-20) were performed at room temperature.
Development was performed in the dark at room temperature by incubating the
embryos in the developing solution (5M NaCl, 2M Tris pH 9.5, 0.1% Tween-20, 20ul/ml
NBT/BCIP). Embryos were checked throughout and images of each side of the embryo
were taken using a Leica MZ6 microscope (Leica), when development was judged to

be complete.

2.8 Immunohistochemistry

Immunofluorescence staining was performed on paraffin sections of E10.5 embryos
(embryo preparation is described in Section 2.4.1). Slides were incubated in Histoclear
twice for 10 minutes before rehydrating through a graded ethanol series (100%, 100%,
90%, 70% and 50%) for 2 minutes per solution. Slides were washed in PBS for 5
minutes. Antigen retrieval was performed in a pressure cooker for 5 minutes in citrate
buffer (0.01M citric acid, pH6). After rinsing slides in running water, slides were washed

3 times in PBS for 5 minutes.

Sections were blocked in 10% FBS/PBS for 30 minutes at room temperature. Primary
antibodies (Table 2.5) were diluted in 2% FBS/PBS and incubated on the sections
overnight at 4°C in a humid chamber.

Slides were washed 3 times in PBS for 5 minutes then incubated in secondary
antibodies (Table 2.5) diluted 1:200 in 2% FBS in PBS. Slides were incubated in a

humid chamber at room temperature for 2 hours.
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After washing 3 times in PBS for 5 minutes each, slides were mounted with vectashield
with 4’,6-diamidino-2-phenylindole (DAPI, Vector laboratories LTD) and stored at 4°C.

Slides were imaged using a Zeiss Axiomager.

Table 2.5. Primary and secondary antibodies used for immunohistochemistry.

Primary | Species Manufacturer | Dilution | Secondary Manufacturer

antibody | and type antibody

ERG1 Rabbit Abcam 1:1000 | Donkey anti- | ThermoFisher
monoclonal | (ab92513) rabbit 594 (A21207)

2.9 RNAScope

RNAScope was performed according to manufacturer’s protocol (ACDBio) on paraffin
sections of E9.5 and E10.5 embryos (preparation described in Section 2.4.1).
Incubations at 40°C were performed using the HybEZ oven to maintain humidity.

Paraffin sections were baked at 60°C for 90 minutes then washed twice for 5 minutes
each in Histoclear to remove the wax. Slides were washed twice for 2 minutes in 100%
ethanol and air dried. RNAScope hydrogen peroxide was added to sections and
incubated at room temperature for 10 minutes. Slides were dipped 5 times in distilled

water.

Target retrieval was performed by boiling the slides between 100-104°C in 1X target
retrieval buffer (ACDBIo) for 5 minutes. Slides were rinsed 3 times in distilled water for
15 seconds then 100% ethanol for 3 minutes before air drying. RNAScope protease
plus was added to sections and slides were incubated at 40°C for 5 minutes. Slides

were washed 5 times in distilled water.

Probes were warmed to 40°C and left to cool to room temperature before adding to
sections and incubating for 2 hours at 40°C. Probes used are listed in Table 2.6. C1
probes were added directly to sections, C2 and C3 probes were diluted 1:50 in probe

diluent or in C1 probes before adding to sections.
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Table 2.6. Probes used in RNAScope assays.

Probe | Probe type | ACDBio Reference number
Tbx1 | C1 481911
Pax9 |C2 454321
Gbx2 |C3 314351
Cre C1 312281

Slides were washed in 1X wash buffer (ACDBio) for 2 minutes then incubated overnight
in 5X SSC (750mM sodium chloride, 75mM sodium citrate) at room temperature. After
two washes in wash buffer, the amplification solutions were hybridised to sections.
RNAScope multiplex FL v2 AMP1 was added to sections and incubated at 40°C for 30
minutes then washed twice for 2 minutes in 1X wash buffer. This was repeated with
RNAScope multiplex FL v2 AMP2 and finally with a 15 minute incubation with
RNAScope multiplex FL v2 AMP3.

Slides were washed twice for 2 minutes then the probe signal was developed. Each
probe signal was developed individually by incubating sections with specific HRP
solutions (HRP-C1, -C2 or -C3, depending on the probe types used in each assay) for

15 minutes at 40°C. Slides were washed twice in wash buffer for 2 minutes.

Tyramide signal amplification (TSA) kit (Perkin EImer) was used to amplify the signal.
TSA fluorphores (either cyanine 3 or cyanine 5) were diluted 1:1500 in TSA dilution
buffer (ACDBio) and incubated on the sections for 30 minutes at 40°C. Slides were
washed twice in wash buffer for 2 minutes then blocked for 15 minutes with RNAScope
multiplex Fl v2 HRP blocker at 40°C. Blocking solution was removed by washing twice
in wash buffer for 2 minutes. For experiments that required multiple probes on one

slide, this process was repeated using the alternative TSA fluorophore.

DAPI (ACDBIo) was added to sections for 30 seconds then slides were immediately
mounted using antifade prolong gold mounting media and stored at 4°C. Slides were
imaged using a Zeiss Axioimager.
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2.10 Whole mount lacZ Stain

This project used the Pax9Cre allele to remove gene expression from the Pax9
expression domains. To validate this allele, lacZ staining of whole mount embryos was
performed. Pax9Cre males were crossed with Rosa26R-lacZ reporter females and
embryos were collected at E8.5 to E11.5. These female mice carry the bacterial lacZ
gene which, following Cre-mediated recombination, allows the expression of
B-galactosidase. This B-galactosidase activity results in the cleaving and oxidation of
X-gal in Pax9 expressing cells, forming a blue product to allow the visualisation of
Pax9Cre expression.

Embryos were collected and dissected in ice-cold PBS. Following two 5 minute washes
in PBS at 4°C, embryos were briefly fixed at room temperature in 4% PFA, the duration
of which depended on the age of the embryo (Table 2.7). Embryos were washed three
times for 5 minutes in PBS at room temperature then incubated with a staining solution
(0.1M phosphate buffer, 0.2M K-ferricyanide, 20mg/ml X-Gal) for 4 hours at 37°C.
Embryos were washed again in PBS three times for 5 minutes and imaged using an

MZ6 microscope (Leica).

Table 2.7. Duration of PFA fix for lacZ staining.

Age of embryo (E) | Duration of fix (minutes)
8.5 4

9.5 5

10.5 15

11.5 15

2.11 Quantitative Polymerase Chain Reaction of flow sorted cells

To analyse gene expression within the tissues of the PA, cells were dissociated from
the PA of Pax9Cre;e YFPX/Kl embryos and flow sorted based on Cre-mediated eYFP

expression. RNA was extracted from the sorted cells and analysed by quantitative
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polymerase chain reaction (QPCR). Figure 2.4 shows the breakdown of this

experiment.

Pax9Cre| |eYFPKXI
| |

|
| Pax9Cre;e YFP¥KI |

eYFP
—>» positive cells
(pharyngeal endoderm‘
Cell Pax9
. . — gPCR— Gbx2
dissociation / e YFP
L 5 eYFP

negative cells

Figure 2.4. Schematic showing the experiment plan for qPCR analysis of the
pharyngeal arch cells.

Pax9Cre males were crossed with e YFPX/KI females and embryos were collected at
E9.5. Cells were dissociated from the PA region of Pax9Cre;eYFP*K embryos and
flow sorted based on eYFP expression. Each cell population was analysed by gqPCR
for Pax9, Gbx2 and eYFP.

2.11.1 Cell dissociation and flow sort
Pax9Cre males were crossed with e YFPK/Kl females and embryos were collected at
E9.5 in ice-cold PBS. Somites were counted for stage matching and the yolk sac was

used for genotyping (described in Section 2.3).

eYFP expressing embryos were identified using a GFP filter on a Stemi Axioplan
microscope. The pharyngeal region of fluorescent embryos was dissected (Figure 2.4)

for cell dissociation.

Each sample was incubated with 100ul of Accumax (eBioscience) at 37°C with
vigorous shaking for 35 minutes. The reaction was stopped by adding 10% FBS/PBS
and samples were centrifuged for 5 minutes at 1200rpm then resuspended in filtered
10% FBS/PBS.
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Approximate cell count of each sample was determined using a TALI Image-Based
Cytometer (ThermoFisher). Cells were stained with propidium iodide (Pl) at a
concentration of approximately 10ul per million cells. Pl was used to mark non-viable

cells.

Live eYFP positive and live e YFP negative cells were sorted fluorescently at 4°C using
a Becton Dickinson FACS Aria Il with a 100um nozzle and 20psi sheath pressure. Cells
were first gated using FSC-A vs SSC-A then by FSC-A vs FSC-H and FSC-A vs
SSC-W to sort singlets. Live cells were collected in 1ml of TRIzol LS (ThermoFisher),

ensuring that the volume of cells did not exceed 30% of the volume of TRIzol.

2.11.2 RNA extraction
Sorted cells were incubated with TRIzol LS for 5 minutes at room temperature. 0.2
volumes of chloroform were added to the homogenate, and samples were shaken

vigorously for 15 seconds and incubated at room temperature for 3 minutes.

Samples were centrifuged at 120009 for 15 minutes at 4°C. The upper aqueous phase
was collected and 1 volume of isopropanol and 2l of glycogen was added. Following
a 10 minute incubation at room temperature, samples were centrifuged at 12000g for
10 minutes at 4°C.

The pellet was washed with 75% ethanol and centrifuged again at 75009 for 5 minutes
at 4°C. The ethanol was removed and the pellets were air dried before dissolving in

RNase free water and stored at -80°C.

2.11.3 cDNA synthesis

To remove potential DNA contamination, 0.5ug of RNA was incubated with
1ul DNase | (ThermoFisher), DNase | reaction buffer, and DEPC treated water up to
10ul for 15 minutes at room temperature. 1yl EDTA (25mM) was used to inactivate
DNase and the sample was heated for 10 minutes at 65°C.

To synthesise the cDNA, 1ul of random primers (Promega) and 1ul dNTPs (10mM,
Promega) were added to each sample. This was heated at 65°C for 5 minutes then

incubated on ice for at least 1 minute.
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First strand buffer, DTT (100mM) and 1pl RNase OUT recombinant RNase inhibitor
(Invitrogen) were added, followed by 1ul Superscript Ill Reverse Transcriptase
(ThermoFisher). The reaction mixture was incubated at room temperature for 10
minutes then for 1 hour at 50°C. The reaction was inactivated at 70°C for 15 minutes,
briefly centrifuged and stored at -20°C.

2.11.4 Quantitative polymerase chain reaction

Primers to detect mMRNA expression using gPCR were designed using PRIMER 3 and
specific selection criteria, including: 40-60% guanine-cytosine content, 65-120 base
product size and 18-23 base primer size. Specificity was checked using Primer Blast.
Primers were tested initially by PCR using water, cDNA and a negative control.
Negative controls were generated during cDNA synthesis by omitting the addition of
reverse transcriptase. Following the detection of the gene of interest by PCR, gPCR

was used to determine primer efficiency.

For each gene analysed a master mix was prepared containing 0.5ul forward primer,
0.5pl reverse primer, 5ul SYBR green master mix (ThermoFisher). Primers targeting
GAPDH were used as a housekeeping gene. The primer sequences used are listed in

Table 2.1. A negative control using a water template was also used.

For each reaction, 8ul master mix was added to 2ul cDNA and run on a QuantStudio7
Flex Real-Time PCR System (ThermoFisher) on the following protocol: 95°C for 20
seconds then 40 cycles of 1 second at 95°C and 20 seconds at 60°C, followed by a

continuous cycle of 15 seconds at 95°C and 1 minute at 60°C.

The comparative CT method was used to determine relative gene expression. Each
sample was run in triplicate. The triplicate values were averaged and normalised to the
average CT of GAPDH for each sample and ACT was calculated.
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Table 2.8. Primers used for qPCR analysis.

Gene Forward primer sequence Reverse primer sequence

GAPDH TGTGCAGTGCCAGCCTCGTC | TGACCAGGCGCCCAATACGG

eYFP AGAACGGCATCAAGGTGAACT | GGGGTGTTCTGCTGGTAGTG
Gbx2 CTCGCTGCTCGCTTTCTCT CTCGTCTTTCCCTTGCCCTC
Pax9 GACCAAGGAGTGAGCGACAG | CCAATCCATTCACTGCGTGC

2.12 Luciferase Assays

2.12.1 JEG3 Cell Culture

Human placental choriocarcinoma (JEG3) cells (ATCC) were used for dual luciferase
assays (DLA). Cells were cultured at 37°C with 5% CO2 and high humidity. High
glucose Dulbecco’s modified eagle medium (Life Technologies) supplemented with
10% (v/v) FBS (Life Technologies) and 100units/ml of Penicillin and 100ug/ml of
Streptomycin (Life Technologies) were used to culture the cells, this was changed

every three days.

Cells were cultured in T75 flasks at a density of 15,000 cells/cm? and passaged when
80% confluent. The media was removed and the cells were washed with PBS. Cells
were detached by 5 minute incubation with 0.05% trypsin in EDTA (Life Technologies)
at 37°C. Media was added to deactivate trypsin and cells were collected and

centrifuged at 1200rpm for 5 minutes.

2.12.2 Luciferase Assays
Luciferase assays were used to determine if Pax9 and Tbx1 activate the Gbx2
enhancer region. Assays were performed according to the Dual-Luciferase Reporter

Assay System (Promega) manufacturer’s protocol.

JEGS3 cells were seeded at a density of 100,000 cells per well in 24-well plates in 1ml
of media and incubated at 37°C for 24 hours prior to transfection. Transfections were
performed in triplicate containing: a DNA mix of plasmids specified for each experiment

(Table 2.9 and Table 2.10), Renilla luciferase vector (5ng, as a transfection control),
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transfection reagent (jetPrime) in a 2:1 ratio (reagent:DNA) and transfection buffer

(jetPrime) up to a total volume of 300ul.

Once the transfection reagent was added to the transfection mix, the mix was
incubated at room temperature for 10 minutes prior to adding 100ul, dropwise, to each

well for transfection.

The following day, growth media was removed from cultured cells and cells were
washed in PBS. Lysis was performed by incubating each well with 100yl of passive
lysis buffer (Promega) with gentle rocking for 15 minutes at room temperature. In the
case of non-efficient lysis, cells were actively lysed through pipetting. 20ul of the lysate

of each well was transferred to an opaque 96-well plate.

The DLA was performed on a GloMax-Multi Detection System (Promega) according to
manufacturer’s protocol to measure Renilla and Firefly luciferase. 50ul of luciferase
assay substrate (Promega) was dispensed into each well and Firefly luciferase was
immediately measured. Renilla luciferase was then measured after adding 50ul of Stop
and Glo reagent (Promega). Firefly luciferase measurements were normalised against

Renilla luciferase measurements.

Each transfection DNA mix included a firefly luciferase expression plasmid (reporter
construct) which differed between experiments. Reporter constructs containing a
synthetic T-site or Pax binding site were used as a positive control for TBX1 (2xTtkGI2)
(172) and PAX9 (BMP4) (173) activity, respectively. A vector lacking these synthetic
binding sites (tkGI2) was used as a negative control for both TBX1 and PAX9 activity.
Table 2.9 shows the plasmids used in each control assay. Transfection was also
performed without any DNA or with the empty pcDNA3.1 vector as negative controls.

Additionally, the assay was carried out on a media only control.
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Table 2.9. Plasmids used for each control assay.

0.5ug PAX9 TBX1
luciferase
Condition cDNA cDNA pcDNA3.1
plasmid
plasmid | plasmid
Tbx1 positive | No addition 2xTtkGlI2 - - 0.50ug
control
Tbhx1 2xTtkGI2 - 0.25ug 0.25ug
Pax9 positive | No addition BMP4 - - 0.50ug
control
Pax9 BMP4 0.25ug - 0.25ug
Tbx1/Pax9 No addition tkGI2 - - 0.50ug
negative
Tbhx1 tkGI2 - 0.25ug 0.25ug
control
Pax9 tkGI2 0.25ug - 0.25ug

To determine if Tbx1 and Pax9 could activate the Gbx2 conserved region, TBX1 and/or

a PAX9 cDNA expressing plasmids together with a reporter construct containing the

Gbx2 enhancer region (Gbx2-LUC) were in the transfection mix. 0.5ug of a Firefly

luciferase expression construct was used in each experiment. The backbone of the

plasmid constructs (pcDNA3.1) was used to bring the total DNA to 1ug per transfection

mix. Specific plasmids for each experimental condition are shown in Table 2.10.
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Table 2.10. Plasmids used in each luciferase experiment investigating the

interaction of Tbx1 and Pax9 with the Gbx2 enhancer region.

Condition 5ug luciferase | PAX9 TBX1 pcDNA
plasmid . . 3.1
cDNA plasmid | cDNA plasmid
No addition GBX2-LUC - - 0.50pg
Tbx1 GBX2-LUC - 0.25ug 0.25pg
Pax9 GBX2-LUC 0.25pg - 0.25pg
Tbx1 and Pax9 | GBX2-LUC 0.25pg 0.25ug -

2.12.3 Chromatin Imnmunoprecipitation Assays
For the chromatin immunoprecipitation (ChIP) assays, wild type CD1 embryos were
collected at E9.5 and E10.5 in ice cold PBS and pooled for each experiment; nine

embryos at E9.5 and four embryos at E10.5.

Pooled embryos were homogenised in ice cold PBS containing protease inhibitors
(Sigma; 1:100) then fixed in 37% formaldehyde for 10 minutes at room temperature.

Samples were neutralised in 125mM glycine for 10 minutes at room temperature.

Samples were centrifuged at 4°C for 1 minute at 1200rpm. The pellet was washed
twice in PBS and resuspended in 100ul of ChlP lysis buffer (1% SDS, 50mM Tris-HCI,
10mM EDTA) with protease inhibitors (1:100). After incubating for 10 minutes at room
temperature, chromatin was sonicated using a Biorupter sonicator (diagenode) for 15
cycles to 200-600bp; assessed by gel electrophoresis. Sonicated samples were
centrifuged for 10 minutes at 4°C and the supernatant was collected. Samples were
diluted in ChlIP lysis buffer to a total volume of 900pul. 10% of the sample was taken for

input and stored at -80°C.

Protein G Dynabeads (ThermoFisher) were used for immunoprecipitation (IP). Beads
were vortexed prior to use and blocked in blocking buffer (0.5% bovine serum albumin,
BSA, in PBS) for 1 hour at 4°C. 200pul blocking buffer as added to the remaining
sonicated chromatin and incubated with 100ul of blocked beads for 1 hour at 4°C to
preclear the sample. The precleared sample was divided equally into the number of

required immunoprecipitations and controls (i.e. Tbx1, Pax9, H3K27ac, IgG, beads
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only control). The relevant antibodies were each diluted in 250ul of blocking buffer and
incubated with the precleared sample overnight at 4°C. Table 2.11 shows the

antibodies used for each immunoprecipitation.

Table 2.11. Antibodies used in chromatin immunoprecipitation assays.

Immunoprecipitation Manufacturer Antibody used per

immunoprecipitation (ug)

Tbx1 Abcam, ab18530 5
Pax9 Abcam, ab28538 5
H3K27ac Abcam, ab4729 3
IgG Abcam, ab171870 |1

The following day, 30ul of blocked beads were added to each immunoprecipitation
sample and incubated overnight at 4°C. Prior to elution, each sample was washed 4
times in cold wash buffer (60mM Hepes pH7.6, 500mM LiCIl, 1TmM EDTA, 0.7% NP-
40) and once in TE buffer (10mM Tris pH 8, 1mM EDTA) containing 50mM NaCl.
Samples were centrifuged at 300g for 3 minutes at 4°C and any remaining TE buffer

was removed.

Samples were eluted in 210ul ChIP elution buffer (50mM Tris-HCI pH8, 10mM EDTA,
1% SDS) for 30 minutes at 65°C 1200rpm. Samples were centrifuged at 160009 for 1

minute and the supernatant was collected.

DNA was extracted from the immunoprecipitation samples and the input. 2ul
proteinase K was added to each sample and incubated at 65°C for 2 hours. 200ul PCI
(phenol:chloroform:isoamyl alcohol, 25:24:1) was added and the samples were briefly
vortexed then centrifuged at 16000g for 5 minutes at room temperature. The upper
aqueous phase was collected. 2ul glycoblue (ThermoFisher), 0.5 volumes of 7.5M
ammonium acetate and 3.75 volumes of 100% ethanol were added before incubating

overnight at 4°C.
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Samples were centrifuged for 30 minutes 16000g at 4°C. The pellet was washed twice
in 70% ethanol then dried at 42°C. The pellet was resuspended in TE buffer containing
0.1mg/ml RNase A and incubated at 30 minutes at 37°C. Samples were stored at

-20°C ready for analysis by gPCR.

Primers were designed to target the Gbx2 conserved region (forward primer:
CAGAGCCCAGATCCCAAGG, reverse primer: TGTGACTCATTAGGCAGCCA). A
master mix was prepared containing 0.5ul forward primer, 0.5ul reverse primer, 5ul
SYBR green master mix (ThermoFisher). For each reaction, 8ul master mix was added
to 2ul DNA and run on a QuantStudio7 Flex Real-Time PCR System (ThermoFisher)
on the following protocol: 95°C for 20 seconds then 40 cycles of 1 second at 95°C and
20 seconds at 60°C, followed by a continuous cycle of 15 seconds at 95°C and 1

minute at 60°C.

The percentage of input method was used for analysis. Each sample was run in
triplicate. The average CT value was normalised to the input sample by subtracting the
average CT from the adjusted input value, giving the ACT. Percentage of input was
then calculated using 100*22CT. These values were compared to the IgG negative
control to determine if the Gbx2 conserved region was enriched for Tbx1, Pax9 or
H3K27ac.

2.14 Statistical analysis

Statistical significance was assigned with a p value of less than or equal to 0.05.

2.14.1 Chi-squared test

Statistical differences in the penetrance of defects in embryos of different genotypes
was calculated using a chi-squared test for associations using IBM SPSS Statistics 25
software. Chi-squared was also used to determine statistical differences in genotype

frequency data from mouse crosses using Microsoft Excel.
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2.14.2 Unpaired t-test and one-way ANOVA
An unpaired t-test or one-way ANOVA was used to analyse gPCR, DLA and ChIP data
using the GraphPad Prism 8 software. If two groups were compared, a t-test was used

and if three or more groups were compared, a one-way ANOVA was used.

Data was first tested using a Shapiro-Wilk test to confirm Gaussian distribution of the
data. If data passed the normality test, a parametric t-test or one-way ANOVA were
used. If data did not pass the normality test, nonparametric tests were used, with a
Mann-Whitney test for comparing two groups and a Kruskal-Wallis for comparing three

Oor more groups.
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Chapter 3. Investigating the role of Gbx2 in cardiovascular

development

3.1 Introduction

Patients with 22q11DS present with a spectrum of cardiovascular defects that arise
due to a 1.5-3Mb deletion on chromosome 22 (90). Of the 45 genes mapped to the
3Mb deletion region, mutations in Tbx1 have been identified as a leading cause of the
cardiovascular phenotype in patients (50, 98). However, the varied phenotype in
22g11DS patients lead to the suggestion that modifier genes exist outside the deletion

region (101).

Transcriptome analysis of Tbx71--mice identified potential downstream targets of Thx1
and showed that Gbx2 was downregulated within the PA (137). Gbx2 is a transcription
factor required for the specification of the midhindbrain. Gbx2*- mice have normal

development while Gbx27- mice die at birth with brain defects (165).

Gbx2 has also been implicated in cardiovascular development as Gbx27- mice have
cardiovascular defects (166). These defects (summarised in Table 3.1) include 1AA
and VSD, frequent in 22911DS patients, as well as DORV, RAA and ARSA, which are
observed in a subset of patients (83, 88, 89). Conotruncal malformations are present
in 22911DS patients and approximately 20% of foetuses with conotruncal defects were
found to have 22q11DS (174).

Table 3.1. Reported penetrance of cardiovascular defects in Gbx2-null mice in
late embryogenesis.

Abbreviations: ARSA, aberrant right subclavian artery; CV, cardiovascular; DORYV,
double outlet right ventricle; IAA, interrupted aortic arch; RAA, right aortic arch.

Age CV defect | DORV | RAA | ARSA IAA Reference
E16.5-18.5 19 4 7 4 5 Byrd and
n=49 Meyers, 2005
(39%) (8%) | (14%) | (B5%) | (10%)
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These defects to the aortic arch arteries arise due to the incorrect development of the
4t PAA, which is frequently hypoplastic or absent in Gbx2-null embryos (Table 3.2)
(133, 166). This is reminiscent of Thx7*-mice which have defects specifically to the 4
PAA (34, 50, 53, 98, 129, 130).

Table 3.2. Reported penetrance of 4" pharyngeal arch artery defects in Gbx2-
null embryos at E10.5.

Abbreviations: PAA, pharyngeal arch artery.

Age 4 PAA | Unilateral | Bilateral Reference
defect defect defect

E10.5 6 6 0 Calmont et al.,
n=12 (50%) (50%) 2009

Tbx1 and Gbx2 are both expressed in the pharyngeal endoderm and ectoderm of the
PA, tissues required in PAA morphogenesis. Further investigation found that Gbx2
heterozygosity increased the penetrance of cardiovascular defects in Thx7*- mice,
showing that these genes interact in cardiovascular development (133). Likewise,
Gbx2 also interacts with other genes required in cardiovascular development, including
Fgf8 which interacts with Tbx71 (56, 166).

Few studies have provided an in-depth analysis of the Gbx2-null phenotype. However,
the presence of 22911DS defects in Gbx2”- mice and the confirmed interaction with
Thx1 suggest that Gbx2 could be a potential modifier of the 22q11DS phenotype. This
chapter aimed to establish a baseline cardiovascular phenotype of Gbx2-null mice on
an enriched C57BI/6 background. Embryos were collected at E15.5 for MRI and
histological analysis. The initial formation of the PAA prior to their remodelling was

assessed by immunohistochemistry and intracardiac ink injection at E10.5.
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3.2 Gbx2’- embryos are underrepresented during development

For analysis of Gbx27 mice in this chapter, Gbx2*- embryos were intercrossed and
embryos were collected at multiple stages of embryogenesis (E8.5-E15.5) depending
on the experiment. Chi-squared was used to determine if the number of embryos
observed from this cross differed from the expected Mendelian ratio. There was a
highly significant difference (p=0.000004) in the number embryos observed of each
genotype compared to expected (Table 3.3). There was a 46% loss of Gbx27- embryos
compared to the expected. When collecting embryos, no reabsorptions or dead
embryos were observed therefore it can be assumed that the loss of Gbx27- embryos
occurs very early in embryogenesis. This suggests that Gbx2 is required early in

embryogenesis for normal development.

Table 3.3. Embryos (E8.5-15.5) obtained from Gbx2"- X Gbx2*- cross from 42
litters.

Gbx2 homozygous mutants are highlighted. Statistical significance was analysed using
chi-squared.

Genotype | Observed (E8.5-15.5) | Expected
Gbx2** 61 67.75
Gbx2*" 173 135.5
Gbx2" 37 67.75

Total 271

Chi-squared, p=4x10-6****

3.3 The Gbx2’ phenotype

Gbx2*- mice were intercrossed and embryos were collected at E15.5, at which point
the structure of the heart and aortic arch arteries closely resembles that of an adult
mouse. Gbx2”-embryos (n=25) were collected and analysed by MRI or histology and
64% showed cardiovascular defects (summarised in Table 3.3). Wild type (n=3) and

Gbx2*- (n=8) mice collected at E15.5 showed normal cardiovascular development.

As found in previously published data, Gbx2- embryos had defects indicative of the

aberrant development of the 4" PAA. This included RAA and aberrant subclavian
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arteries (ARSA and ALSA), present in 24% and 40% of embryos respectively. Aberrant
subclavian arteries were either, retro-oesophageal or isolated. Retro-oesophageal
subclavian arteries were more frequent (28%). IRSA occurred in 12% of Gbx2”- mice,
with the RSA arising from the arterial duct. A right sided arterial duct (RAD) was also
present (32%) which either occurred independently or together with RAA.

During development, the right dorsal aorta regresses, with the left persisting to form
the mature left sided dorsal aorta. 32% of Gbx27- mice had a malpositioned dorsal
aorta, either right sided or at the midline. 40% of embryos had OFT defects, presenting
with DORV and IVC. These key defects are shown in Figure 3.1.

Figure 3.1. Cardiovascular defects present in Gbx2”- embryos at E15.5.

MRI reconstructions of a control embryo (a) showing normal cardiovascular
development compared to Gbx27- embryos (b-d). A portion of embryos showed RAA
(b) and a RAD (c), as well as DORV with an IVC (VSD; b-d). The RSA was frequently
aberrant (ARSA; b-c) or isolated (IRSA; d). Midline dorsal aorta was also present (c).
Abbreviations: AD, arterial duct; Ao, aorta; ARSA, aberrant right subclavian artery;
dAo, dorsal aorta; DORV, double outlet right ventricle; IRSA, isolated right subclavian
artery; LCC, left common carotid artery; LSA, left subclavian artery; LV, left ventricle;
RAA, right aortic arch; RAD, right arterial duct; RCC, right common carotid artery; RSA,
right subclavian artery; RV, right ventricle; Tr, trachea; VSD, ventricular septal defect.
Scale, 500um.
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Table 3.4. Penetrance of cardiovascular defects in Gbx2”- embryos at E15.5.

ARSA/ALSA includes retro-oesophageal and isolated subclavian arteries. Abbreviations: AA, aortic arch; ALSA, aberrant left subclavian

artery; ARSA, aberrant right subclavian artery; CV, cardiovascular; DORV, double outlet right ventricle; IAA, interrupted aortic arch; RAA,
right aortic arch; RAD, right arterial duct; TGA, transposition of the great arteries.

Frequency
Genotype cv DORV | VSD |IAA | RAA RAD | ARSA/ Midline/ Mirror TGA
Defect ALSA | Right dAo | image AA
Gbx2" 16 10 12 0 6 8 10 8 6 1
n=25 (64%) | (40%) | (48%) (24%) | (32%) | (40%) (32%) (24%) (4%)
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In wild type embryos, the brachiocephalic artery branches from a left sided aortic arch
and then splits into the RCC and RSA. A mirror image aortic arch, in which both the
aortic arch and arterial duct are right sided, was present in 24% of Gbx27- embryos.
Here, the brachiocephalic artery branched into the LCC and LSA (Figure 3.2). This
mirror image defect was frequently coupled with an ALSA (Figure 3.2b). Of the
Gbx27- embryos with a mirrored aortic arch (n=6), 50% had ALSA.

Control

Figure 3.2. Mirror image aortic arch defect present in Gbx2”- embryos.

MRI reconstruction of control embryo (a) with a normal left sided aortic arch and arterial
duct. A mirror image aortic arch structure was present in Gbx2”’- embryos (b-c) with a
RAA, RAD and a right sided dorsal aorta (dAo). This defect frequently occurred with
ALSA (b). Abbreviations: AD, arterial duct; ALSA, aberrant left subclavian artery; Ao,
aorta; dAo, dorsal aorta; DORV, double outlet right ventricle; LCC, left common carotid
artery; LSA, left subclavian artery; LV, left ventricle; RAA, right aortic arch; RAD, right
arterial duct; RCC, right common carotid artery; RSA, right subclavian artery; RV, right
ventricle; Tr, trachea; VSD, ventricular septal defect. Scale, 500um.

A vascular ring structure, formed around the oesophagus, was present in 8% of
Gbx2/- mice (Figure 6.3). This occurred as an extension of either the aorta or arterial
duct, in which the vessel split, extending to both sides of the body, and then connected

dorsal to the oesophagus.
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Figure 3.3. Vascular ring defect present in Gbx2”- embryos.

Dorsal view of a control MRI reconstruction (a) and Gbx2”- (b) embryo showing a right
sided dorsal aorta (dAo) and a vascular ring (VR) around the oesophagus. H&E stain
of transverse control sections (c-e€) with the arterial duct and aorta crossing leftward.
Gbx2" embryo sections (f-h) with the aorta splitting into two separate branches
crossing to opposite sides of the body to meet dorsal to the oesophagus, forming a
VR. Abbreviations: AD, arterial duct; Ao, aorta; AoA, aortic arch; dAo, dorsal aorta;
LCC, left common carotid artery; LSA, left subclavian artery; LV, left ventricle; RCC,
right common carotid artery; RSA, right subclavian artery; RV, right ventricle; VR,
vascular ring. Scale, 500um.

In normal development, blood flows to the aorta and pulmonary trunk from the left and
right ventricles respectively. TGA is a CHD in which the great vessels are associated
with the incorrect ventricles. This is dextra-transposition of the great arteries (dTGA),
however there are multiple forms of TGA. In congenitally corrected TGA (CCTGA), the
ventricles and associated valves reversed, with the LV on the right side of the body
and vice versa. Therefore, in CCTGA, the aorta and pulmonary trunk are associated
correctly with the morphologically left and right ventricles respectively, but the

ventricles are positioned on the wrong side of the body.

TGA was present in one Gbx2”- embryo (Figure 3.4). The aorta was connected to the
ventricle on the right and the pulmonary trunk was connected to the ventricle on the
left. This defect could not be classified as dTGA or CCTGA as it was difficult to
establish whether the ventricle on the left side of the body was morphologically left or
right.
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Figure 3.4. Transposition of the great arteries present in a Gbx2”- embryo.

MRI reconstruction of a control (a) and Gbx27- embryo (b). Control H&E transverse
sections (c-d) with the aorta (Ao) clearly arising from the left ventricle (LV; c) and
arterial duct (AD) from the right ventricle (RV; d). Mutant embryo has TGA. The aorta
arises from the RV (b, e, f) and the arterial duct arises from the LV (b, e, f). Other
defects present include: a VR structure around the oesophagus, RAA, RAD and a VSD
(b). Abbreviations: AD, arterial duct; Ao, aorta; dAo, dorsal aorta; LCC, left common
carotid artery; LSA, left subclavian artery; LV, left ventricle; pa, pulmonary arteries;
RAA, right aortic arch; RAD, right arterial duct; RCC, right common carotid artery; RSA,
right subclavian artery; RV, right ventricle; TGA; transposition of the great arteries; Tr,
trachea; VSD, ventricular septal defect. Scale, 500um.

The Gbx2” phenotype was varied. Appendix Table A.1 shows the phenotype of each
Gbx2/ embryo collected. There was no obvious correlation in the combination of
defects present in each embryo. The most common defect was VSD (48%), which was
observed independently and together with other defects (including DORYV).
Phenotypes ranged from milder defects, such as those affecting the subclavian

arteries, to more severe defects with RAA and RAD.

Byrd and Meyers found 39% of Gbx27- embryos (n=49 examined) had cardiovascular
defects at E15.5. This is significantly lower than the 63% penetrance found in this study
(analysed by chi-squared, p=0.04). Table 3.5 compares the Gbx2-null phenotype from
this study and that published by Byrd and Meyers (2005). Similar defects were found
in both data sets, including DORV, VSD, ARSA and RAA. However, in most cases, the

penetrance of defects was greater in the data collected in this current study.
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Table 3.5. Comparison of the Gbx2”- phenotype collected in this study compared
to previously published data.

ARSA/ALSA includes retro-oesophageal and isolated subclavian arteries. Statistical
significance was analysed using chi-squared for associations. *p<0.05; ***p<0.001.
Abbreviations: AA, aortic arch; ALSA, aberrant left subclavian artery; ARSA, aberrant
right subclavian artery; CV, cardiovascular; DORV, double outlet right ventricle; IAA,
interrupted aortic arch; RAA, right aortic arch; RAD, right arterial duct.

Frequency
Gbx2" CV | DORV | RAA | RAD | ARSA/ IAA
E15.5-E18.5 Defect ALSA
Byrd and Meyers (2005) 19 4 7 7 4 5
n=49 (39%) | (8%) | (14%) | (14%) | (5%) (10%)
Collected data 16* 10*** 6 8 10 0
n=25 (64%) | (40%) | (24%) | (32%) | (40%)

Additional defects were observed in this current study that were not previously
reported, namely VR, midline dorsal aorta and ALSA. |IAA was reported to occur in
10% of mice in the published data, however this defect was not observed in Gbx2"
mice in this study. This could potentially be due to data interpretation and the
classification of defects. For example, a RAA could be classified as IAA as the arch is
interrupted on the left side. Nonetheless, the significantly increased penetrance of
defects in this current study as well as the presentation of additional defects indicates

a more severe phenotype than previously published.

There are multiple factors that could result in this discrepancy in phenotype, including
data analysis and genetic background (discussed in section 3.7). Differences in the
mouse constructs used could also contribute. Figure 3.5 shows the mouse constructs
used in each study.

Both constructs remove the same coding sequence of Gbx2, which includes the coding
region of exon 2 and the homeobox. However, in the construct used in the Byrd and
Meyers study, the neomycin drug selection cassette remains in the construct following
recombination of the Gbx2 coding region. A neomycin cassette was also utilised in the

mouse construct used in this study. However, this cassette was flanked by Frt sites
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and removed by Flpe-mediated recombination to generate the Gbx2 floxed allele. In
both constructs, the floxed region was removed by Cre-mediated recombination of the

floxed allele to generate the delete allele.

a Gbx2 wild type allele

Gbx2 mouse: this project

b Gbx2 floxed allele

|
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Adapted from Wassarman et al., 1997
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Figure 3.5. Schematic diagram of the Gbx2 mouse constructs.

a) Gbx2 wild type allele with 2 exons (numbered). The homeobox is in exon 2.
Schematic of the Gbx2 constructs used in this project (b, c), the Byrd and Meyers
(2005) study and the Calmont et al. (2009) study (d, e). In both constructs, the Gbx2
floxed allele (b, d) has one loxP site between exon 1 and 2 and the other is within the
non-coding region of exon 2. The floxed allele undergoes Cre-mediated recombination
to form the Gbx2 delete allele (c, e) which has removed the coding region of exon 2,
including the homeobox. In the Byrd and Meyers Gbx2 delete allele (e), the neomycin
resistance gene cassette has not been removed.

3.4 Left-right patterning defects in Gbx2” embryos

L-R patterning is determined early in embryogenesis. L-R patterning defects have not
been previously reported in Gbx2” mice, however 36% of Gbx27 embryos (n=25
examined) collected in this study had a form of L-R patterning defect. Figure 3.6 shows
the L-R patterning defects observed with the penetrance of each defect summarised
in Table 3.6.
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Right isomerism, in which the left side has failed to adopt left sided identity was
present, affecting the atria and lungs. The right lung usually consists of four lobes,
namely the cranial, middle, caudal and an accessory lobe that crosses the midline,
while the left lung is one singular lobe. Right pulmonary isomerism (RPI1) was present
in 24% of Gbx27 mice in which both the right and left lungs had three lobes (Figure
3.6b).

Deoxygenated blood is returned to the heart by the left and right superior caval veins
and the inferior caval vein that drain into the right atrium. This was observed in control
embryos (n=11, wild type and Gbx2*-embryos) at E15.5. Right atrial isomerism (RAI)
in which both the superior caval veins drained into a common atrial chamber was
observed in 24% of Gbx2/ embryos (Figure 3.6d). These embryos also had two

bilaterally symmetrical inferior caval veins.

Defects to the heart include the aforementioned mirror image aortic arch, found in 24%
of Gbx2”7- mice (Figure 3.6f). TGA was present in one Gbx27- embryo (Figure 3.4) and
this defect is often associated with L-R patterning defects (104, 105). Additionally, the
heart was malpositioned in Gbx27- mice. The apex of the heart usually points leftward.
Mutants showed dextrocardia (8%) with a rightward facing apex (Figure 3.6h).
Likewise, mesocardia, in which the heart is positioned centrally, was present in a

portion of embryos (32%).

Table 3.6. Penetrance of left-right patterning defects in Gbx2”- embryos at E15.5.

Abbreviations: AA, aortic arch; L-R, left-right; RAI, right atrial isomerism; RPI, right
pulmonary isomerism; TGA, transposition of the great arteries.

Frequency
Genotype | L-R patterning RPI RAI | Dextrocardia Mirror
defect image AA
Gbx2" 9 6 6 2 6
n=24 (36%) (24%) | (24%) (8%) (24%)
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While these L-R patterning defects largely occurred together, RAI, RPl and mirror
image aortic arch, also presented independent of other L-R pattering defects. RPI is
frequently associated with RAI and cardiovascular defects (175, 176). As was the case
here, of the six embryos with RPI, all occurred with a cardiovascular defect and 5/6
occurred with RAI (as shown in Appendix A.1). Heterotaxy can occur in multiple
abdominal or visceral organs, however positioning abnormalities were restricted to the

heart and lungs in Gbx27- mice, not the stomach or liver.
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Control |
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Figure 3.6. Left-right patterning defects in Gbx2”- embryos at E15.5.

MRI reconstructions showing normal lung structure in a control embryo (a). There are four lobes on the right (cranial, Cr; middle, Mi; caudal,
Ca) with the accessory lobe (Ac) crossing and the midline and one left lobe (LL). Gbx27- embryo (b) has RPI, with three lobes also on the
left side. Dorsal view of the control heart and pulmonary circulation (c) with the right and left superior vena caval veins (SCV) and the single
inferior caval vein (ICV) draining into the right atrium. RAI is present in the mutant (d) the superior caval veins drain into a common atrial
chamber (A) and there are two bilaterally symmetrical ICV. A normal aortic arch present in control (e) and a mirror image aortic arch
structure in Gbx27- embryo (f) with RAA, RAD, right sided dorsal aorta (dAo) and an ALSA. H&E stained transverse section of control (g)
showing a leftward pointing apex (arrowhead). Dextrocardia was observed in mutants (h) with a rightward pointing apex. Abbreviations: A,
atrial chamber; Ac, accessory lobe; AD, arterial duct; ALSA, aberrant left subclavian artery; Ao, aorta; Ca, caudal lobe; Cr, cranial lobe;
dAo, dorsal aorta; DORV, double outlet right ventricle; ICV, inferior caval vein; LA, left atrium; LCC, left common carotid artery; LL, left lobe;
LSA, left subclavian artery; LSCV, left superior caval vein; LV, left ventricle; RA, right atrium; RAA, right aortic arch; RAD, right arterial duct;
RAI, right atrial isomerism; RCC, right common carotid artery; RSA, right subclavian artery; RSCV, right superior caval vein; RV, right
ventricle; Tr, trachea; VSD, ventricular septal defect. Scale, 500pm. Lung reconstructions made by Dr Simon Bamforth.
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Gbx27”- embryos were collected at mid-embryogenesis (E10.5 and E11.5) and
analysed by HREM to assess the formation of the PAA prior to remodelling. 3D
reconstructions of the PAA structure were made from the datasets (Figure 3.7). Six
mutants were analysed in total (n=3 at each stage) and two had a PAA defect,
summarised in Table 3.7. This included a hypoplastic or absent 4" PAA. At E10.5, two
embryos had a unilateral absent 61" PAA as well as a 4" PAA defect. The 6" PAA form
in the 31-34 somite stage. These embryos were 34-35 somites and the absence of the

6" PAA could indicate a developmental delay.

Table 3.7. 4" pharyngeal arch artery defects present in Gbx2”- embryos at E10.5
and E11.5 assessed by HREM.

Abbreviations: PAA, pharyngeal arch artery; Th, thin

Frequency
4th PAA Unilateral defect
defect
Age Th Absent
E10.5 2 1 1
n=3 (67%) (33%) (33%)
E11.5 2 0 2
n=3 (67%) (67%)

Additionally, two embryos had a right dorsal aorta with a greater diameter than the left
dorsal aorta. The right dorsal aorta usually regresses while the left persists to form the
mature dorsal aorta. The enlarged right dorsal aorta could be indicative of a L-R
patterning defect, for example the mirror image aortic arch with a right sided dorsal
aorta. The penetrance of this early defect correlates with the penetrance of L-R

patterning defects at E15.5.
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Figure 3.7. HREM reconstructions showing the PAA structure at E10.5 and E11.5 in Gbx2”-embryos.

3D reconstructions of the PAA prior to asymmetric remodelling in wild type E10.5 (a) and E11.5 (e) embryos. There are three pairs of PAA
(numbered) connecting the aortic sac to the paired dorsal aorta (dAo). Reconstructions of Gbx2”- embryos at E10.5 (b-d) and E11.5 (f-h).
Mutants had an absent (*; b,f,g) or hypoplastic (d) 4" PAA. The 6" PAA were absent in two embryos (b, d). Embryos (b, d) had a right
dorsal aorta (RdAo) with a larger diameter than the left dorsal aorta, indicative of a L-R patterning defect. Somite counts (s) indicated.
Abbreviations: LdAo, left dorsal aorta; RdAo, right dorsal aorta. Scale, 100um.
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Pitx2c is a key nodal signalling factor, required for L-R determination. Mice deficient
for Pitx2 display L-R patterning defects, including right isomerism (114). Aberrant or
reduced Pitx2c expression has been found in mouse models with L-R patterning
defects. Cited2’- mice show patterning defects reminiscent of Gbx27- embryos, such
as RAl and bilateral inferior caval veins, together with aberrant Pitx2 expression (114).

Gbx27- embryos were collected at E8.5 to assess Pitx2 expression by whole mount in
situ hybridisation. There are three isoforms of Pitx2 (Pitx2a-c), which differ in their
N-terminal but have an identical C-terminal and homeodomain (109). The probe used
detected all isoforms of Pitx2. All isoforms are expressed in the head mesoderm at
E8.5, whereas only Pitx2c is present asymmetrically in the LLPM where it is required
for establishing laterality. This was observed in wild type controls (n=3) with clear
expression in the head mesoderm and LLPM (Figure 3.8). Expression appears

unaffected in Gbx27 embryos (n=6).

Wild type

Pitx2

Figure 3.8. Pitx2 expression in Gbx2’- embryos at E8.5.

Whole mount in situ hybridisation using a Pitx2 probe in wild type (a, n=3) and Gbx2"
(b,c, n=6) embryos at E8.5. Pitx2 is expressed in the head mesoderm (HM) and left
lateral plate mesoderm (LLPM). Expression is unaffected in Gbx27- embryos. Embryos
were between 9-11 somites. Somite counts (s) indicated. Abbreviations: HM, head
mesoderm; LLPM, left lateral plate mesoderm. Scale, 500um.
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3.5 Pharyngeal arch artery formation and remodelling in Gbx2”- embryos

The cardiovascular defects present in Gbx27- mice indicate aberrant formation of the
4t PAA, as confirmed by HREM. To analyse the development of the PAA and
determine the penetrance of 4" PAA defects at E10.5, Gbx27- embryos were collected
for intracardiac ink injection to visualise the vessels prior to their remodelling.

No defects were observed in wild type embryos (n=13). Of the 43 Gbx2*- embryos
examined, three had a unilateral 4" PAA defect, with a hypoplastic (n=2) or non-patent
(n=1) vessel. For two of these embryos, it was the right 4" PAA affected. This would
likely result in non-fatal ARSA. Additionally, this penetrance of defects is low, at only
7%. Defects to the 4" PAA have been known to recover during development (as
discussed in detail in Section 1.6.2). This recovery could explain the lack of defects

present in Gbx2*- embryos at E15.5.

89% (n=9) of Gbx2”- embryos collected displayed abnormal development of the 4%
PAA (Figure 3.9). This included either a hypoplastic or non-patent vessel, with defects
either unilateral or bilateral. Table 3.8 summarises the 4" PAA defects in Gbx2"
embryos assessed by ink injection and HREM.
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Gbx2"

Figure 3.9. 4" pharyngeal arch artery defects in Gbx2”- embryos at E10.5.

Intracardiac ink injection of E10.5 embryos. In control (a) PAA 3-6 (humbered) were
patent to ink. Gbx27- embryos (c) had 4" PAA defects. A hypoplastic left 4" PAA (b)
and absent right 4" is shown (b’). Somite counts (s) indicated. Scale, 500um.

Table 3.8. Penetrance of 4" pharyngeal arch artery defects in Gbx2"-embryos at
E10.5 assessed by intracardiac ink injection and HREM.

Abbreviations: NP, non-patent; PAA, pharyngeal arch artery; Th, thin.

Frequency
4th PAA Unilateral defect Bilateral defect
defect
Genotype Defect | Th NP Defect | Th-Th | NP-Th | NP-NP
Gbx2"- 10 5 1 4 5 0 3 2
n=12 (83%) | (42%) | (8%) | (33%) | (42%) (25%) | (17%)
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3.6 Endothelial cell contribution to the pharyngeal arch arteries in Gbx2"

embryos

Gbx2/ embryos were collected at E10.5 to assess the formation of the PAA,
specifically the formation of the endothelial lumen. ETS-related gene (ERG) is a
transcription factor involved in angiogenesis and the anti-ERG1 antibody reliably
detects endothelial cells (177). Immunohistochemistry for anti-ERG1 antibody was
used to detect the endothelial cells in the PA of wild type (n=3) and Gbx2/ (n=4)
embryos.

In wild type embryos, a clear ring of endothelial cells was present around the 3 and
4t PAA (Figure 3.10). This was also observed in two Gbx2”- embryos however, two
Gbx2"- embryos had a unilateral absent 4" PAA. This occurred together with a
disorganised arrangement of endothelial cells in the 4" PA. The endothelial cells failed
to form a lumen of the vessel and are instead scattered throughout the 4" PA. The 3™
PAA was unaffected in mutants.

| Wild type | Gbx 2" |

Negative control|p

Figure 3.10. Endothelial cell disorganisation in Gbx2”-embryos.

IHC staining with an anti-ERG1 antibody on coronal E10.5 sections of wild type (a) and
Gbx27 (b,c) embryos. (a) Secondary antibody only control. The endothelial cells have
formed the lumen in 3@ and 4" PAA in the wild type. Gbx27- embryo (b) with the
endothelial cells normally formed around the PAA. Gbx2”- embryo (c) with normal 3
PAA formation but the endothelial cells have failed to form a vessel lumen of the 4t
PAA. The cells are scattered through the 4" PA (arrowhead). Somite count (s)
indicated. Abbreviations: PA, pharyngeal arch. Scale, 50um.
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3.7 Discussion

As found in previously published studies, the data presented in this chapter shows a
role for Gbx2 in cardiovascular development. Gbx27- mice have defects to the great
arteries that stem from the aberrant development of the 4" PAAs, as well as
conotruncal and L-R patterning defects.

The penetrance and severity of cardiovascular defects was greater in the mutants
collected in this study at both E10.5 and E15.5 compared to previously published data
(133, 166). The penetrance of 4" PAA defects at E10.5 was previously reported at
50% (n=12 examined) by Calmont et al. (2009), with all defects being unilateral. In this
study, 83% of Gbx27- embryos (n=12 examined) were abnormal, with 42% of embryos
showing a bilateral 4" PAA defect. Likewise, at E15.5, when comparing this study to
the Byrd and Meyers (2005) study, there was a significant increase in the penetrance
of cardiovascular defects. Gbx27 mice in this study also presented with previously
unreported defects including TGA, VR and L-R patterning defects. The Calmont and
Byrd and Meyers study used the same mouse construct which differed from the
construct used here (Figure 3.5) which could cause a deviation in phenotype between

the studies.

The Gbx2 mouse construct used in this project differed from that used in the published
studies as the neomycin selection cassette was removed from the final mutant delete
allele. The use of drug selection cassettes has proven invaluable in constructing
transgenic models and disrupting gene expression (as reviewed by Hall et al., 2009).
Drug selection cassettes are inserted into a genomic clone then into a homologous
genetic locus through homologous recombination. The cassette then functions to
positively select cells that have acquired the construct. However, such manipulations
have been known to alter the expression of nearby genes of the intended target,

termed the neighbourhood effect.

The neighbourhood effect was apparent in studies investigating the role of Mrf4 in
myogenesis (as reviewed by Olson et al., 1996). Three mouse models mutated for the
same gene showed strikingly different phenotypes (178-180). It was argued that this
varied phenotype was not due to a difference in genetic background, as all mouse
models were on a C57BI/129 background. In each case, a PGKneo selection cassette
was inserted to delete regions of the Mrf4 protein coding sequence. Each model varied
in the sequence deleted and the orientation of the PGKneo selection cassette.
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The three Mrf4 mutants differed in the severity of defects, with one model being fatal
(179), one showing milder defects (180) and one showing largely normal development
(178). It was noted that Mrf4 was in close proximity to Myf5 on mouse chromosome 10
(181). Defects were present in the mutants in which the neomycin resistance gene was
transcribed in the same direction as the Myf5 gene (179, 180) and it was postulated
that the transcription of the PGKneo selection cassette also interfered with expression
of Myfb5.

Wassarman et al. (1997), which first described the Gbx2 mouse used by Byrd and
Meyers, reported that Gbx27x heterozygotes were indistinguishable from wild type
mice. This is because the Gbx2x allele should function as a wild type allele. However,
Gbx2fox  homozygote mutants died at birth with abnormalities in hindbrain
development. Wassarman et al. (1997) found aberrantly spliced Gbx2 transcripts in
Gbx2%x mice. These transcripts resulted in non-functioning Gbx2 protein variants and
therefore the Gbx27°x homozygotes would carry two non-functioning copies of Gbx2. It
was suggested that the neomycin cassette interferes with the normal expression of
Gbx2 creating a hypomorphic allele. The neomycin cassette coding sequence contains
cryptic splice sites which results in the translation of proteins with altered functionality
(182-184) .

Other mouse models have reported that this aberrant splicing alters the amount of wild
type mRNA of the target gene and therefore the presentation of a phenotype (182,
185). Kist et al. (2005) inserted a neomycin cassette into the Pax9 coding sequence to
generate two Pax9 mutant alleles; Pax97¢°, a hypomorphic allele, and Pax9tacZ, a
complete Pax9 knockout. Alternative splice variants were detected in Pax9"° mice
which reduced the amount of wild type Pax9 mRNA present. Pax9*ec and Pax9*LacZ
heterozygotes had a reduction in wild type Pax9 mRNA of more than the expected
50%, showing that the presence of the neomycin cassette is interfering with normal

splicing.

Pax9 wild type mRNA was reduced to 7% in Pax9reotacZ mice compared to wild type
mice (185). Previous work in the laboratory compared the cardiovascular defects in
Pax9reotacZ mice to Pax9LacZLacZ mice to determine if the dosage of Pax9 affected the
presentation of the Pax9-null phenotype. Pax9tacZtacZ (Pax9-/-) mice are a complete
Pax9 knockout with no wild type Pax9 mRNA expression. These mutants all had

defects to the thymus and cardiovascular system, this phenotype has been previously
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described in Section 1.7.2. The penetrance of cardiovascular defects was 36% (n=14
examined) in Pax9reotacZ mice while all mice had an abnormal thymus. This shows that
the cardiovascular phenotype varies with gene dosage and 7% expression of wild type
Pax9 mRNA was sufficient for a subset of embryos to develop normal cardiovascular
systems. The complete penetrance of thymus defects shows that the threshold of Pax9
MRNA expression for normal development between the thymus and cardiovascular

system varies.

This evidence shows that the presence of selection cassettes can modify the
presentation of a phenotype and could therefore provide reasoning for the varied
Gbx27 phenotype between studies. The neomycin cassette in the Byrd and Meyers
construct could have resulted in aberrant splicing or disrupted gene expression of
neighbouring genes of Gbx2. As the neomycin cassette was removed from the Gbx2
mouse construct used in this study, this effect should not affect results obtained in this
study and phenotyping analysis is arguably more reliable.

Genetic background is known to affect the presentation of a phenotype (136). Both
data sets were maintained on C57BI/6 background in the aforementioned studies that
have analysed the Gbx2-null phenotype. Byrd and Meyers used mice that were 99%
enriched and mice in this study were between 86-99% enriched on a C57BI/6
background. However, the Calmont study used mice on a mixed background at only
50% C57BI/6. Additionally, the mouse substrain was not provided in the published

literature.

Data analysis and interpretation could affect the described Gbx2-null phenotypes. The
Byrd and Meyers study primarily analysed embryos using dissection of near-term
embryos and it is possible that some defects could have been overlooked. This project
used several methodologies (MRI, HREM, histology, ink injection) to provide an

arguably more in-depth analysis of the Gbx27- phenotype at multiple embryonic stages.

Part of the Gbx2”-phenotype includes defects derived from the abnormal development
of the 41" PAA, namely RAA and ARSA. Ink injection and HREM analysis showed that
73% of Gbx2-- embryos had an absent 4" PAA at E10.5-11.5. IHC labelling endothelial
cells showed that the absence of the 4" PAA was accompanied by the disorganisation
of the endothelial cells. As discussed in Section 1.2.2, the mechanism of PAA formation
is unknown and the debate of angiogenesis against vasculogenesis is ongoing (36,
37). However, in the caudal PAs (3"9-6t"), the endothelial cells were found to be largely
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derived from SHF-mesoderm progenitors and so the caudal PAAs originate through
de novo vasculogenesis (36, 40). These endothelial cells form a plexus within the PA
prior to lumenisation. The exact mechanism of this remodelling is unknown although it
has been proposed that the vessel grows through angiogenesis as the endothelial cells
migrate as angiogenic sprouts (37).

In the Gbx27-embryos, the endothelial cells have been successfully recruited to the PA
but have failed to remodel to form a vessel lumen. This endothelial cell disorganisation
was also observed by Byrd and Meyers (2005) Gbx27- mutants. NCC were not
investigated in the Gbx27 mice in this study, however Byrd and Meyers noted a
reduction in the NCC within the caudal PAAs. It was concluded that the reduction in
NCC was responsible for endothelial cell organisation, although the role of Gbx2 in

vessel lumenisation could also be independent of NCC.

Hrt1 and Hey1 of the Hairy-related transcription factor family are downstream
mediators of Notch signalling. Hrt1 and Hey1 mutants present with RAA, IAA and
ARSA due to the abnormal development of the 4" PAAs (186). A disorganisation of
the endothelial cells was also observed in the 4" PAA of Hrt1 and Hey1 mutants. This
occurred with reduced expression the Notch ligand Jag? specifically within the
abnormal 41" PAA endothelial cells. The involvement of Gbx2 together with Notch
signalling in PAA morphogenesis has not been investigated, however Notch pathway
genes are expressed with Gbx2 in the developing hindbrain (46, 187). Gbx2 is required
in defining the midhindbrain boundary and impaired Notch signalling not only reduced
Gbx2 expression in the hindbrain but also shifted the midhindbrain boundary. It could
be postulated that Gbx2 and the Notch signalling pathway also interact in the formation
of the 4" PAA lumen, as disruption of either results in endothelial cell disorganisation.

Several transcription factors, as well as Gbx2, are expressed in the pharyngeal
endoderm, this includes Hox and Tbx gene families (as discussed in Graham et al.,
2005). The transcription factors provide signalling cues from the endoderm for PA
organisation and PAA formation (46, 47, 51, 188) (as discussed in Section 1.2.4).
Alterations in the precise expression pattern within the pharyngeal endoderm disrupts
the formation of the pharyngeal pouches which in turn disrupts segmentation of the PA
(46, 188). For example, deletion of Tbx7 from the pharyngeal endoderm prevented

pouch formation and therefore PAA formation (51). The loss of Gbx2 expression from
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the endoderm in Gbx27- embryos could affect the signalling cues from this tissue during

4t PAA formation thereby resulting in defects to this vessel.

Another component to consider in the explanation for 4" PAA defects in Gbx2”"
embryos is the potential lack of flow-induced arteriogenesis. Blood flow has been
shown to induce blood vessel formation and has a role in the asymmetric remodelling
of the PAA. A study by Yashiro et al. (2007) observed that blood flow was significantly
greater in the left dorsal aorta than the right dorsal aorta during the remodelling of the
PAA which contributed to the regression of the right dorsal aorta. Likewise, it was found
that continuous blood flow through the left 6" PAA was essential for the persistence of
this vessel while there was reduced blood flow in the right 6" PAA. The decreased
blood flow resulted in reduced levels of platelet derived growth factor and vascular
endothelial growth factor receptor in the regressing vessels, both of which are required
in blood vessel formation (189). In the context of Gbx27- embryos, it could be a reduced
blood flow directed to the 4" PAA which is causing the impaired formation of the 4t
PAA.

As the exact mechanism of PAA formation is unknown, it is difficult to infer the role of
Gbx2 in PAA morphogenesis. Gbx2 could input at various stages of PAA formation, for
example at the level of lumenisation either independently of, or through NCC
recruitment. In Gbx27 the precise expression pattern within the endoderm will be
altered. This could result in aberrant signalling cues from the pharyngeal endoderm

during PAA formation result in abnormal 4" PAA development.

L-R patterning defects were present in Gbx27- mice. As discussed in Section 1.5,
laterality is determined through multiple, lateral signalling cascades initiated at the
node from E7.5 (107, 108). Pitx2 is a key signalling factor in one of these pathways
and mice deficient for Pitx2 present with laterality defects reminiscent of those present
in Gbx27- mice (109, 114). However, Pitx2 expression was analysed in these mutants
and did not differ from controls. Therefore, the reason for these defects in Gbx2-- mice

iS unknown.

Gbx2 is expressed early in development and breaking of symmetry begins at E7.5 at

the node and there are many complex pathways and interactions required during the

establishment of the L-R axis (112). It is possible that Gbx2 could interact with other

components of these signalling cascades such as Notch signalling or retinoic acid

siganlling, both required in L-R determination. Altered retinoic acid signalling results in
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cardiovascular defects observed in Gbx2 mutants including DORV and TGA (106).
More work is required to determine the role of Gbx2 in PAA morphogenesis and L-R

axis determination.

There is incomplete penetrance of cardiovascular defects in Gbx27- mice and the
individual defects present in each embryo also varied. Incomplete penetrance is a
feature of many mouse models and genetic syndromes. As stated, 22q11DS patients
display a broad phenotype, varying in the defects present and their penetrance (84).
The basis of this variability is not completely understood but the presence of genetic
modifiers outside of the 1.5 and 3Mb deletion region, such as Fgf8, are thought to
contribute (101, 190).

Genetic background also has a major effect on the presentation of a phenotype. The
Df1/+ mouse, which largely resembles the 1.5Mb deletion in 22911 deletion in patients,
was analysed on multiple genetic backgrounds and the penetrance of cardiovascular
defects ranged from 16% to 50% at E15.5 (136). Discrepancies in phenotypes
analysed on different genetic backgrounds are evident in the Cited2”- mouse model,
which have cardiovascular and L-R patterning defects (114). Analysis of this mutant
on an enriched C57BI/6 background compared to a mixed background showed a
significant increase in the frequency of L-R patterning defects. This correlated with a
greater reduction in Pitx2c expression in the mice on an enriched background, whereas
Pitx2c expression on the mixed background was unaffected.

Another explanation for the incomplete penetrance is the ability of the 4" PAA to
recover during development (discussed in Section 1.6.2). This was evident in the
Gbx27- mice collected as the penetrance of 4" PAA defects was greater at E10.5 (91%)
than E15.5 (64%). This recovery is well documented in Tbx71* mouse models (130).
Df1/+ mice presented with cardiovascular defects at a reduced penetrance when
compared to patients. However, non-cardiac defects in Df1/+ mice did not recover
during development showing the recovery to be specific to cardiovascular

development.

Gbx2” phenotyping shows that these embryos either: develop normally, have 4%

PAA-derived defects or present with simultaneous L-R patterning and 4" PAA-derived

defects (Figure 3.11). However, the number of Gbx2/ embryos obtained from the

Gbx2*- mouse cross was significantly lower than expected showing that over 50% of

Gbx2-- embryos are lost prior to E8.5 in early embryogenesis. The 4" PAA begins to
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form from around E9.5 although the establishment of the L-R axis precedes this,
beginning at the node of the primitive streak from E7. L-R patterning defects are largely
a result of abnormalities at the node (119). The Gbx27 4" PAA defects (RAA and
ARSA) and L-R patterning defects (RPI and RAI) are not embryonically lethal. This
suggests that Gbx2 expression is required earlier than both the specification of the
PAA and determination of L-R patterning and the deletion of Gbx2 can result in
embryonic lethality. Gbx2 is expressed in all three germ layers at gastrulation at E6

(163), however the role of Gbx2 expression at this stage is unknown.

Normal development

CV, 4" PAA and L-R patterning defects

CV and 4™ PAA defects

Gbx2-/-

Lost before E8.5

Figure 3.11. Fate of Gbx2”- embryos.

A large portion of Gbx27- embryos are lost before E8.5. The mutants that survive past
this point either develop normally or present with cardiovascular and 4" PAA defects.
Of the mutants with cardiovascular defects, L-R patterning defects were present in a
subset of embryos.

In conclusion, the work in this chapter provides an in-depth analysis of the
cardiovascular phenotype of Gbx2” mice. The phenotype shows incomplete
penetrance and appears to be susceptible to the 4" PAA recovery. IAA and VSD are
prominent features of phenotype of 22q11DS, with a prevalence of 5-20% and 10-50%
respectively (85). While at a lower penetrance, RAA, defects to the subclavian arteries,
DORV and TGA also present in patients (85-87). Gbx27- mice did not have IAA,
however shared overlapping features with the other defects in 22q11DS patients

implicating Gbx2 as a potential genetic modifier of this disease.
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Chapter 4. Investigating the Pax9-Gbx2 interaction during

cardiovascular development

4.1 Introduction

Pax9 is a transcription factor expressed in the PA during mid-embryogenesis. Previous
studies have identified the role of Pax9 in thymus, limb and craniofacial development
(148, 152), as discussed in Section 1.7.1.

A role of Pax9 in cardiovascular development has also been identified as chromosomal
deletions of PAX9 are associated with cardiovascular defects. A patient with a
hemizygous PAX9 deletion had IAA, VSD and a hypoplastic aorta (147). The role of
Pax9 was investigated using the Pax9-null mouse model, with all mice presenting with
cardiovascular defects (134). Pax9-null mice present with multiple cardiovascular and
OFT defects, namely; IAA, ARSA, absent common carotid arteries, hypoplastic aorta,
DORYV and VSD. Cleft palate and an absent thymus are also typical of Pax9-null mice
(152). The shared cardiovascular phenotype in Pax9-null mice and patients with
chromosomal PAX9 deletions confirm the loss of PAX9 to be the cause of defects in
these patients. These patients share features of the 22q11DS phenotype, namely IAA
and VSD.

Transcriptome analysis of the pharyngeal region of Tbx7 mice showed
downregulation of Pax9 (137). Pax9 is expressed in the pharyngeal endoderm of the
PA, along with Tbx1, and these genes interact during cardiovascular development
(134). Pax9 heterozygosity increased the penetrance of cardiovascular defects in
Tbx1*- mice. This suggests an interaction between these genes in cardiovascular
development and implicates Pax9 as a potential modifier of the 22q11DS phenotype.

The work presented in Chapter 3, and previously published studies, has confirmed the
role of Gbx2 in cardiovascular development (133, 166). The Gbx2” cardiovascular
phenotype was varied and mice presented with a range of defects including RAA,
ARSA, VSD, DORV and TGA. Additional defects were present including a mirror
image aortic arch and L-R patterning defects.
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Gbx2 is a potential shared target of Pax9 and Tbx1, as transcriptome analysis of the
pharyngeal region of Pax9-null and Tbx7-null embryos showed a downregulation of
Gbx2 (134, 137). Pax9 was shown to interact with Thx7 within the pharyngeal
endoderm (134). The Pax9” and Gbx2”/ phenotype share overlapping features
including DORV, VSD, ARSA suggesting that these genes act via the same genetic
network. As Pax9 and Gbx2 are both expressed within the pharyngeal endoderm, it

was surmised that these genes could interact during PAA morphogenesis.

This chapter aims to investigate the potential interaction between Pax9 and Gbx2. Wild
type, Pax9” and Gbx2’ embryos were collected at mid-embryogenesis for gene
expression analysis. To investigate an interaction in cardiovascular development,
Pax9*-;Gbx2*- mice were intercrossed and embryos with the simultaneous deletion of
both genes were analysed by MRI and histology at E15.5 and intracardiac ink injection
at E10.5.

4.2 Pax9 and Gbx2 expression in vivo

Wild type embryos were collected at E8.5 and E9.5 for whole mount in situ
hybridisation using Pax9 and Gbx2 probes to show the expression of these genes

during embryogenesis (Figure 4.1).

At E8.5 and E9.5 Pax9 was detected in the PA. Pax9 is required in the development
of the thymus, parathyroid gland and ultimobranchial bodies, all of which are
derivatives of the pharyngeal pouches within the PA (detailed in Section 1.2.3).

At E8.5, Gbx2 was present in the PA, tail bud and midhindbrain boundary region with
expression present in the otocyst by E9.5. Gbx2 has a role in brain development,
required for the specification of the midhindbrain (165). Gbx2 is also required in the

formation of the inner ear, which is formed from the otocyst (191).
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| _Wildtype E8.5 | Wildtype E9Q.5 |

[ Pax9

Gbx2

Figure 4.1. Whole mount in situ hybridisation for Pax9 and Gbx2.

Wild type embryos were collected at E8.5 and E9.5 for whole mount in situ
hybridisation using a Pax9 (a-b) or Gbx2 (c-d) probe. Pax9 expression was restricted
to the pharyngeal arches (PA) at both stages. Gbx2 was expressed in the PA,
midhindbrain boundary region (MHB) and tail bud (TB) at E8.5 with additional
expression in the otocyst (O) by E9.5. Somite counts (s) indicated. Abbreviations:
MHB, midhindbrain boundary; O, otocyst; pp, pharyngeal pouches; TB, tail bud. Pax9
probe: E8.5; n=3 embryos between 9-11 somites, E9.5; n=8 embryos between 24-27
somites. Gbx2 probe: E8.5; n=3 embryos between 10-11 somites, E9.5; n=3 embryos
between 24-26 somites. Scale, 500um.

E9.5 wild type embryos (n=4) were sectioned and labelled with Pax9 and Gbx2
RNAScope probes to determine tissue specific expression within the PA (Figure 4.2).
Both genes were expressed in the pharyngeal endoderm, with Gbx2 also expressed
in the pharyngeal ectoderm. Expression of both Pax9 and Gbx2 is notably higher in
the caudal arches (3™ and 4" PA) when compared to the 2"? arch. The 2" PAA regress
during development while the 3™ and 4" persist to form the common carotid arteries
and the subclavian arteries or the aortic arch respectively. Pax97 and Gbx2”- mice
have 4" PAA defects and their increased expression in the caudal arches reinforces

the role of these genes in the development of the 4" PAA.
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Wild type E9.5

Figure 4.2. Pax9 and Gbx2 are expressed within the pharyngeal endoderm.

Pax9 and Gbx2 RNAScope probes were used on wild type E9.5 sections (n=4, 24-25
somites). Both genes are expressed within the pharyngeal endoderm layer (PE). Gbx2
is also expressed in the pharyngeal surface ectoderm (PSE). Somite counts (s)
indicated. Abbreviations: PA, pharyngeal arch; PE, pharyngeal endoderm; PSE,
pharyngeal ectoderm. Scale, 50um.

RNASeq and gPCR analysis of Pax9-embryos showed downregulation of Gbx2 in the
PA at E9.5 (134). Pax9”-embryos were collected at E9.5 for in situ hybridisation and
RNAScope to determine the tissue specific downregulation of Gbx2 (Figure 4.3).
Whole mount in situ hybridisation showed that Gbx2 expression was reduced
specifically in the PA of Pax9/ embryos while expression was maintained in the
otocyst, tailbuds and midhindbrain region. Gbx2-labelled sections of Pax97- embryos
revealed that Gbx2 was reduced in the pharyngeal endoderm and ectoderm layer of
the PA.
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Wild type

in situ hybridisation, Gbx2 |

RNAScope, Gbx2

RNAScope, Pax9

Figure 4.3. Gbx2 expression within the pharyngeal arches of Pax9”- embryos at
E9.5.

Gbx2 in situ hybridisation in wild type (a, n=3, 24-26 somites) and Pax9 (b, n=3, 25-
27 somites) embryos at E9.5. Gbx2 expression is reduced specifically in the PA of
Pax9” embryos (b’) compared to wild types (a’). Expression is maintained in the
midhindbrain (MHB), otocyst (O) and tail bud (TB) of Pax97 embryos (b). RNAScope
for Gbx2 on wild type (c, n=5, 24-28 somites) and Pax9” (d, n=3, 23-26 somites)
sections. Gbx2 is downregulated in the pharyngeal endoderm (PE) and pharyngeal
ectoderm (PSE) of Pax97- embryos. RNAScope for Pax9 in wild type (e, n=6, 24-28
somites) and Pax9”-embryos (f, n=3, 23-26 somites) confirms loss of Pax9 expression
in Pax9-nulls. Somite counts (s) indicated. Abbreviations: PA, pharyngeal arch; PE,
pharyngeal endoderm; PSE, pharyngeal ectoderm. Scale: a-b, 500um; a’-b’, 250 um;
c-d, 50um.
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Gbx27- embryos were collected at E9.5 to investigate Pax9 expression by in situ
hybridisation and RNAScope (Figure 4.4). Initially, Pax9 expression was thought to be
unaffected in Gbx27- embryos as whole mount in situ hybridisation showed that Pax9
expression was maintained in the PA of these mutants. RNAscope was used to label
E9.5 sections for Pax9 expression. On closer inspection, Pax9 is reduced in the

pharyngeal endoderm of Gbx27-embryos.

The downregulation of Pax9 and Gbx2 in Gbx2”/-and Pax9’ embryos, respectively,
suggests an interaction between these genes. The downregulation of Pax9 in
Gbx2-null embryos was not detected by whole mount in situ hybridisation but required
a closer analysis of sections. Conversely, whole mount in situ hybridisation showed a
large reduction of Gbx2 expression in Pax9-null embryos. The degree in which Gbx2
was downregulated appears to be greater than the reduction in Pax9 expression. This
could indicate a hierarchy in the signalling pathway in which Pax9 largely acts
upstream of Gbx2 and Gbx2 feeds back to Pax9.
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| Wild type | Gbx2" |

in situ hybridisation, Pax9

RNAScope, Pax9

|

RNAScope, Gbx2

Figure 4.4. Pax9 expression within the pharyngeal arches of Gbx2”-embryos at
E9.5.

Pax9 in situ hybridisation in wild type (a, n=8, 24-27 somites) and Gbx2” (b, n=5, 23-
26 somites) embryos at E9.5. There is no observed difference in Pax9 expression in
the PA of Gbx27- embryos. RNAScope for Pax9 in wild type (c, n=6, 24-28 somites)
and Gbx27 (d, n=3, 25-27 somites) sections. Pax9 is downregulated in the pharyngeal
endoderm (PE) of Gbx2” embryos. RNAScope for Gbx2 in wild type (e, n=5, 24-28
somites) and Gbx27- embryos (f, n=3, 25-27 somites) confirms loss of Gbx2 expression
in Gbx2-nulls. Somite counts (s) indicated. Abbreviations: MHB, midhindbrain
boundary; O, otocyst; PA, pharyngeal arch; PE, pharyngeal endoderm; pp, pharyngeal
pouches; PSE, pharyngeal surface ectoderm; TB, tail bud. Scale: a-b, 500um; a’-b’,
250 uym; c-d, 50um.
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4.3 Analysis of the Pax9/Gbx2 genotypes

Gene expression analysis of Pax9/-and Gbx27-embryos showed a downregulation of
Gbx2 and Pax9 respectively. This suggests that these genes may function in a
regulatory pathway during development. To investigate this interaction specifically
during cardiovascular development, Pax9*;Gbx2*- mice were intercrossed and
embryos of various genotypes (Figure 4.5) were collected at E15.5 and E10.5 to
assess cardiac and PAA structure respectively. Due to the availability of mice, embryos
were also obtained from a Pax9*-;Gbx2*- X Gbx2*- and a Gbx2*- X Gbx2*- (for the
collection of Gbx2*-and Gbx2”- embryos) mouse cross.

The key comparisons made in this experiment were Gbx27- against Pax9*-;Gbx2"
embryos and Pax97 against Pax97;Gbx2*- to determine if Pax9 heterozygosity
modified the Gbx2” phenotype or if Gbx2 heterozygosity modified the Pax97
phenotype respectively. Pax9* and Gbx2*- have not been reported to show any
cardiovascular defects (134, 166). Pax9*-;Gbx2*- were collected to determine if the

combined heterozygosity of both genes results in a cardiovascular phenotype.

Wild type (n=3), Pax9*-(n=16), and Gbx2*- (n=8) embryos we analysed at E15.5 and
all had normal development of the cardiovascular system, thymus and craniofacial

region.

i Does combined :

Pax9+* ;GbXZ"'/"' ! heterozygosity }
! of Pax9and
Pax9+- ! GhxZresultin i
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Gbx2*- : defects?
.....................
Pax9-- F-4-- | DoesGbx2 |
: I heterozygosity !
A i I modifythe 1
Gbx2 b _E PaxG-null i
! i phenotype? |
Pax9*- ;Gbx2*" R
i [1 DoesPax9
Pax9'’-;:Gbx2*- [~ ' heterozygosity
modify the
Pax9*- ;Gbx2" Ghx2-null
phenotype?
Pax9/;Gbx2"

Figure 4.5. Possible genotypes obtained from Pax9*-;Gbx2*- cross and key
comparisons made in each experiment.

Genotypes that present with cardiovascular defects are highlighted.
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Chi-squared was used to determine any deviation in the embryos collected from the
expected Mendelian ratio in the Pax9*-;Gbx2*- X Pax9*-;Gbx2*- cross (Table 4.1).
There was a significant difference (p=0.00012) in the number of observed mice against
expected with various genotypes being under or over represented. Interestingly, the
mutants with a homozygous deletion of Gbx2 were all under-represented by over 50%.
A 72% loss of Pax9/;Gbx2”- mice was observed. The observed number of
Pax9*-, Gbx2*- and mutants with homozygous deletion of Pax9 (Pax9/ and
Pax97;Gbx2*- mice) did not greatly differ from expected. This loss of Gbx2
homozygote mutants was observed previously in the Gbx2*- X Gbx2*- cross (Table
3.3). This confirms the early loss of Gbx27 homozygous mutants during early

embryogenesis.

Table 4.1. Mice (E9.5-P0) obtained from the Pax9*-;Gbx2*- X Pax9*-;Gbx2*- cross
from 25 litters.

Gbx2 homozygous mutants are highlighted. Statistical significance was analysed using
chi-squared.

Genotype Observed (E9.5-P0) Expected
Pax9**;Gbx2** 16 075
Pax9*- 20 515
Gbx2*" 23 515
Paxg” 9 10.75
Gbx2 e 10.75
Pax9*-;Gbx2*- 67 3
Pax9”;Gbx2*" 19 515
Pax9*-;Gbx2" 10 G
Pax97;Gbx2" 3 TS
Total 172
Chi-squared, p=1.12x104***
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4.4 The Pax9*-;Gbx2*- phenotype

To generate Pax9*-;Gbx2*- mice, Pax9*- and Gbx2*- mice were intercrossed.
Pax9*-;Gbx2*- mice survive to weaning and breeding age, however there was a
significant reduction (chi-squared test, p=0.035) in number of observed Pax9*-;Gbx2*-
weaned mice compared to expected (Table 4.2). It is worth noting that there is also a
larger representation of Gbx2*- mice from this cross which will be reflected in the

p-value.

Table 4.2. Mice obtained from Pax9*- X Gbx2*- cross at time of weaning from 46
litters.

Statistical significance was analysed using chi-squared.

Genotype Observed (3 weeks old) Expected
Pax9**;Gbx2** 79 76.75
Pax9*- 74 76.75
Gbx2*" 95 76.75
Pax9*-:Gbx2*" 59 76.75
Total 307
Chi-squared, p=0.035

From the Pax9*- X Gbx2*- cross, there were neonates that died on the day of birth.
Dead neonates, and littermate controls, were collected for gross dissection at postnatal
day (P) 0. Genotyping showed all dead pups (n=4) to be Pax9*-;Gbx2*-. Additionally,
these mice presented with cardiovascular defects including RAA, IAA and ARSA
(Figure 4.6). RAA is typical of Gbx2”-mice while IAA is observed in Pax97- mice. ARSA
is a defect common to both mutants. Wild type (n=8), Pax9*- (n=9) and Gbx2*- (n=10)

littermates showed no cardiovascular defects.
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Figure 4.6. Cardiovascular defects in Pax9*-;Gbx2*- neonates.

Dissection of PO pups showed normal aortic arch structure in Pax9* (a, n=9) and
Gbx2*- (b, n=10) mice. Pax9*-;Gbx2*- mice (c-d, n=4) had defects including RAA (c)
and IAA with an assumed retro-oesophageal RSA (ARSA; d). Abbreviations: AD,
arterial duct; Ao, aorta; ARSA, aberrant right subclavian artery; IAA, interrupted aortic
arch; LC, left carotid artery; LCC, left common carotid artery; LSA, left subclavian
artery; RC, right carotid artery; RAA, right aortic arch; RCC, right common carotid
artery; RSA, right subclavian artery. Scale, 1mm.

Pax9*-;Gbx2*- mice were intercrossed to collect Pax9*-;Gbx2*- embryos at E15.5 for
MRI and histological analysis. This allowed complete assessment of the cardiovascular
phenotype and an analysis of a larger number of embryos. No defects were observed
in wild type (n=3), Pax9*- (n=16) or Gbx2*~ (n=8) at E15.5. Appendix Table A.2 shows

the phenotype of each Pax9*-;Gbx2*- mouse collected.

At E15.5, 13% (n=15 examined) of Pax9*;Gbx2*- embryos had cardiovascular
defects. One embryo had ARSA and the other had RAA and ARSA (Figure 4.7). ARSA

is present in both Pax9/- and Gbx2”- mice while RAA is only observed in Gbx27 mice.

108



>» Anterior

%

| Control

Pax9*-:Gbx2*"

Figure 4.7. Cardiovascular defects present in Pax9*-Gbx2*- embryos.

H&E stained E15.5 transverse sections of control embryo (a-c) with normal
cardiovascular structure. Pax9*-;Gbx2*- embryo (d-f) with ARSA (d) and RAA (e).
Abbreviations: AD, arterial duct; Ao, aorta; ARSA, aberrant right subclavian artery;
dAo, dorsal aorta; LCC, left common carotid artery; LSA, left subclavian artery; pa,
pulmonary arteries; RAA, right aortic arch; RCC, right common carotid artery; RSA,
right subclavian artery; RV, right ventricle; Th, thymus. Scale, 500um.

Table 4.3 summarises the defects in Pax9+*-;Gbx2*- mice at E15.5 and PO. Combining
with the mice collected at P0, 21% of Pax9*-;Gbx2*- mice (n=28 examined, E15.5-P0)
had cardiovascular defects. This penetrance of defects correlates with the loss of
Pax9*-;Gbx2*- mice at weaning as there was a 23% decrease in the number of

observed double heterozygotes compared to expected.
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Table 4.3. Penetrance of cardiovascular defects present in Pax9*-;Gbx2*- mice
E15.5-P0.

ARSA includes retro-oesophageal subclavian arteries. Abbreviations: ARSA, aberrant
right subclavian artery; ALSA, aberrant left subclavian artery; CV, cardiovascular;
DORYV, double outlet right ventricle; IAA, interrupted aortic arch; RAA, right aortic arch;
VSD, ventricular septal defect.

Frequency
Age CV Defect | I1AA RAA | ARSA
E15.5 2 0 1 2
n=16 (13%) (7%) | (13%)
PO 4 2 2 1
n=12 (33%) (17%) | (17%) | (8%)

Intracardiac ink injection was used to visualise the PAA prior to remodelling. No defects
were observed in wild type (n=13) or Pax9*- (n=5) embryos. Gbx2*- embryos had a
low penetrance of 4" PAA defects (7%, n=43 examined), however these embryos did
not have defects later in development (n=18, E15.5-P0) therefore these defects appear

to recover (as discussed in Section 3.5).

4t PAA abnormalities were present in 30% of Pax9*;Gbx2*- embryos (n=63
examined) (Figure 4.8). Only the 4" PAA was affected, with unilateral defects more

frequent. Embryos had either a hypoplastic or absent 41" PAA (Table 4.4).
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Figure 4.8. 4" pharyngeal arch artery defects in Pax9*-;Gbx2*- mice at E10.5.
Intracardiac ink injection of E10.5 embryos in Pax9*- (a) and Gbx2*- (b) embryos, PAA

3-6 (numbered) were patent to ink. Pax9*;Gbx2*- (c) had 4" PAA defects. A
hypoplastic left 4" PAA is shown (c). Scale, 500um.

Table 4.4. Penetrance of 4t pharyngeal arch artery defects in Pax9*-;Gbx2"-
embryos at E10.5.

Abbreviations: NP, non-patent; PAA, pharyngeal arch artery; Th, thin.

Frequency
4th Unilateral defect Bilateral defect

PAA

Genotype Defect | Th NP | Defect| Th- | NP- NP-
defect

Th Th NP

Pax9*-;Gbx2*" 20 13 7 6 7 0 3 4

n=63 (32%) | (21%) | (11%) | (10%) | (11%) (5%) | (6%)
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4.5 Pax9 heterozygosity modifies the Gbx2"- phenotype

The presentation of cardiovascular defects in Pax9;Gbx2 double heterozygotes
suggests an interaction between these genes in cardiovascular development. To
determine if Pax9 heterozygosity modifies the Gbx2-null phenotype, Gbx27- mice were
compared to Pax9*-;Gbx2”- mice. Appendix Table A.3 shows the phenotype of each

Pax9+-:Gbx2’- mouse collected.

Timed matings, intercrossing Pax9*-;Gbx2*- mice, were set up to collect embryos at
E10.5 and E15.5. Due to the nature of mouse breeding, mice were collected at PO
from missed vaginal plugs. From these missed plugs, any pups that died on the day of
birth were collected, along with euthanised control littermates, for dissection to analyse

the structure of the aortic arch.

One Pax9*-;Gbx2’- mouse was collected, along with euthanised control littermates
(Figure 4.9). This Pax9*-;Gbx2”- mouse was found dead on the day of birth with
cardiovascular defects. The mutant had IAA, absent LCC, ARSA and an absent
thymus. IAA, absent common carotid arteries and absent thymus were not defects
found in Gbx2” embryos (n=25 at E15.5). These are all defects of the Pax9+
phenotype, showing that Pax9 heterozygosity has modified the Gbx2-- phenotype.
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Figure 4.9. Cardiovascular defects present in Pax9*-;Gbx2"- neonate.

Dissection of control (a) and Pax9*-;Gbx2”- (b) PO pups. Control has thymus present
above the heart (a, Th). The thymus is absent in the mutant (b, *). Normal aortic arch
structure is present in control (a’). The mutant (b’) has IAA and an assumed ARSA.
The LCC is absent and the internal and external left carotid arteries branch from
directly from the great vessels. Abbreviations: AD, arterial duct; Ao, aorta; ARSA,
aberrant right subclavian artery; eLC, external left carotid artery; IAA, interrupted aortic
arch; iLC, internal left carotid artery; LC, left carotid artery; LCC, left common carotid
artery; LSA, left subclavian artery; RC, right carotid artery; RAA, right aortic arch; RCC,
right common carotid artery; RSA, right subclavian artery. Scale, Tmm.

Embryos were collected at 15.5 and analysed by MRI and histology. One litter collected
was found to be E13.5. From this litter, five Pax9*-;Gbx2"-embryos were collected and
included in the analysis. By this stage the remodelling of the aortic arch is complete
and so any aortic arch defects can be reliably determined in the mutant embryos at
E13.5. The interventricular septum may not have completely formed by this stage and
so isolated VSD cannot reliably be assessed. However, if the E13.5 embryos
presented with DORYV, it was concluded that the embryo also had a VSD, as this is a

haemodynamic necessity with DORV.

All Pax9*-;Gbx27- embryos (n=13) had defects, a significant increase (Fishers exact
test, p=0.016) in penetrance compared to Gbx27- mice (64%, n=25). Defects previously
observed in Gbx27- embryos were present, including RAA, RAD, right dorsal aorta,
ARSA, mirror image aortic arch, DORV and VSD (Figure 4.10).
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Figure 4.10. Pax9*-;Gbx2"- embryos showed cardiovascular defects also present
in Gbx2”-embryos.

MRI data reconstructions of control (a) and Pax9*;Gbx27- (b-d) E15.5 embryos.
Control shows normal aortic arch structure. Pax9*-;Gbx27 embryos had the same
defects as Gbx27-mice including DORV with an IVC (VSD; b, d), ARSA (b, c) and RAA
(c, d). A mirror image aortic arch structure with an RAA, RAD, right sided dorsal aorta
and ALSA is present (d). Abbreviations: AD, arterial duct; ALSA, aberrant left
subclavian artery; Ao, aorta; ARSA, aberrant right subclavian artery; dAo, dorsal aorta;
DORYV, double outlet right ventricle; LCC, left common carotid artery; LSA, left
subclavian artery; LV, left ventricle; RAA, right aortic arch; RAD, right arterial duct;
RCC, right common carotid artery; RSA, right subclavian artery; RV, right ventricle; Tr,
trachea; VSD, ventricular septal defect. Scale, 500um.

Pax9*-;Gbx27- mice had L-R patterning defects (38%) at a similar penetrance to
Gbx27- mice (36%). Like the Gbx27 mice, right isomerism was restricted to the heart
and lungs. 31% of Pax9*-;Gbx2”- mice had RPI and 24% had RAI. A Pax9*-;Gbx2"
embryo presented with RPI, RAl and TGA, among other cardiovascular defects (Figure
4.11). The arterial duct is right sided, the RSA is aberrant, extending behind the
oesophagus and the dorsal aorta is positioned at the midline rather than the left. In this
embryo, the arterial duct arises from the ventricle on the left side of the body and the
aorta from the ventricle on the right side of the body (TGA). Observing the ventricle
morphology, the ventricle on the right looks to morphologically represent the left
ventricle, as it is larger with a thick ventricular wall, therefore this embryo could
specifically have CCTGA.
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Figure 4.11. Transposition of the great arteries and left-right patterning defects
in a Pax9*-;Gbx2”- embryo.

H&E stain of E15.5 transverse sections of a control (a-d) and Pax9*-;Gbx27- embryo
(e-h). Control has four lobes in the right lung (Cr, Mi, Ca, Ac; a) and single left lobe (LL;
a). Mutant has RPI with a symmetrical lung structure and multiple lobes on each side
(e). Control showing a four chamber heart with two distinct atria (b). Mutant had RAI
with a common atrial chamber (A; f). In the control the AD crosses leftward, connected
to the RV (c) and the aortic arch (AoA; d) is left sided. The mutant has a RAD extending
from the left sided ventricle (“LV”; g) and the aorta from the right sided ventricle (“RV”).
Abbreviations: A, atrium; Ac, accessory lobe; AD, arterial duct; Ao, aorta; AoA, aortic
arch; ARSA, aberrant right subclavian artery; Ca, caudal lobe; Cr, cranial lobe; dAo,
dorsal aorta; LL, left lobe; LV, left ventricle; Mi, middle lobe; RAD, right arterial duct;
RV, right ventricle; Th, thymus; Scale 500um.

OFT defects, namely DORYV, are frequent in Gbx2”- and Pax9”- mice. Partial common
arterial trunk (pCAT) was present in one (8%) Pax9*-;Gbx2”- embryo in which the OFT
has failed to completely septate into the aorta and pulmonary trunk. This was not
observed in Pax9” or Gbx2”- mice. This defect is discussed in more detail in section
4.7.

As well as these abnormalities, Pax9*-;Gbx2”- embryos also had defects typical of
Pax97 mice as 31% had IAA (Figure 4.12). 24% of Gbx27-mice (n=25) had RAA, but
none had IAA. Pax9* mice (n=16, E15.5) have normal cardiovascular development
but the heterozygosity of Pax9 is causing the presentation of Pax9” defects in

Pax9*-;Gbx27- mice.
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Pax9” mice also have absent common carotid arteries occurring due to the collapse
of the 3" PAA together with the abnormal persistence of the 15t and 2" PAA (134). As
a result, the internal and external carotid arteries branch directly from the aortic arch.
Defects to the common carotid arteries were not present in Gbx27-embryos. Absent
common carotid arteries was observed in two Pax9*-;Gbx27- embryos (15%). Both of
these embryos also had IAA and thymus defects, all frequent in Pax97-embryos. This
defect was unilateral in one embryo, with a missing RCC, and bilateral in the other

mutant (Figure 4.12).
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Figure 4.12. Pax9*-;Gbx2"-embryos had defects typical of Pax9”-embryos.

H&E stain of transverse sections of a control embryo (a-d) and Pax9*-;Gbx2"-embryos
(e-h, i-l). In the control, the arterial duct (AD) arises from the RV and crosses leftward,
connecting with the dorsal aorta (dAo, a). The LSA branches from the left sided aortic
arch (AoA, b). The LCC and the brachiocephalic artery (BA), which splits into the RSA
and RCC (d), branch from the AoA (c). One mutant has pCAT and a RAD (i). Both
mutants have IAA (f,j) as the ascending aorta has failed to connect to the dorsal aorta.
Mutants also have absent common carotid arteries, either unilateral (h) or bilateral (1)
in which the internal and external carotid arteries have branched directly from the arch.
The thymus is hypoplastic and vestigial in one mutant (h) and absent in the other
mutant embryo (*; 1). Abbreviations: AD, arterial duct; Ao, aorta; AoA, aortic arch; BA,
brachiocephalic artery; dAo, dorsal aorta; eLCA, external left carotid artery; eRCA,
external right carotid artery; IAA, interrupted aortic arch; iLCA, internal left carotid
artery; iRCA, interal right carotid artery; LCC, left common carotid artery; LSA, left
subclavian artery; LV, left ventricle; pa, pulmonary arteries; pCAT, partial common
arterial trunk; RAA, right aortic arch; RAD, right arterial duct; RCC, right common
carotid artery; RSA, right subclavian artery; RV, right ventricle; Th, thymus. Scale
500um.
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Table 4.5. Penetrance of cardiovascular defects at E15.5 in Gbx2”-embryos compared to Pax9*-;Gbx2’- embryos.

Pax9 heterozygosity increased the penetrance of cardiovascular defects overall. The penetrance of DORYV, VSD, RAA, ARSA/ALSA, VR,
malpositioned dorsal aorta and right dorsal aorta increased. Pax9-null typical defects (IAA and absent CC) were present in Pax9*-;Gbx2"
mice. Defects observed in Pax9”- mice are highlighted. ARSA/ALSA includes retro-oesophageal, isolated and cervical origin of the
subclavian arteries. Statistical significance was analysed using chi-squared for associations. *p<0.05; **p<0.01. Abbreviations: AA, aortic
arch; ARSA, aberrant right subclavian artery; ALSA, aberrant left subclavian artery; CC, common carotid arteries; CV, cardiovascular; dAo,
dorsal aorta; DORYV, double outlet right ventricle; IAA, interrupted aortic arch; L-R, left-right; RAA, right aortic arch; RAD, right arterial duct;
VR, vascular ring; VSD, ventricular septal defect.

Frequency

Genotype 5 o g o
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Gbx2" 16 10 12 0 6 8 2 7 10 0 8 6 9
n=25 (64%) | (40%) | (48%) (24%) | (32%) | (8%) |(28%) | (40%) (32%) | (24%)| (36%)

Pax9*-;Gbx2" 13* 7 10 4** 4 3 3 8* 9 2 5 1 5
n=13 (100%) | (54%) | (77%) | (31%) | (31%) | (23%) | (21%) | (62%) | (69%) | (15%) | (38%) (8%) (38%)
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As well as causing the presentation of defects found in Pax97-embryos (namely IAA
and absent common carotid arteries), Pax9 heterozygosity also increased the
penetrance of multiple defects in Pax9*-;Gbx27- mice compared to Gbx27- mice Table
4.5. The penetrance DORV, VSD, IAA, RAA, ARSA (chi-squared test, p=0.045),
ALSA, absent CC, VR and malpositioned dorsal aorta were all increased. The defects
with increased penetrance were largely those typical of Pax9 mice; namely 1AA,
ARSA, absent CC, DORV and VSD. The overall penetrance of cardiovascular defects
as well as the penetrance of IAA and ARSA was significantly increased. Pax9

heterozygosity has increased the severity of the Gbx2-- phenotype.

The thymus is derived from the 3™ and 4" pouch endoderm (44). An absent thymus is
typical of Pax9” mice while Pax9* mice have normal thymus development. Mild
thymus defects were observed in 8% of Gbx27- mice (n=25). These defects were a
bilaterally hypoplastic thymus or a unilateral defect in which the right lobe was
vestigial, located abnormally high in the pharynx. Pax9 heterozygosity significantly
increased (chi-squared test, p<0.0001) the penetrance of thymus defects in

Pax9*-;Gbx27-embryos compared to Gbx27- embryos.

77% of Pax9*-;Gbx27-embryos (n=14) at E15.5 had an abnormal thymus. Table 4.6
summarises the thymus defects observed compared to Gbx27-embryos. Defects were
either unilateral or bilateral, with a larger proportion of Pax9*-;Gbx27-embryos showing
bilateral defects (54%). Thymus lobes were either absent, hypoplastic or vestigial
(Figure 4.13). The most common defect in Pax9*;Gbx27- embryos was an absent
thymus, either bilateral (Figure 4.12) or unilateral (Figure 4.13), with 54% penetrance

overall.
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Table 4.6. Penetrance of thymus defects present at E15.5 in Gbx2”- embryos
compared to Pax9*-;Gbx2"- embryos.

Statistical significance was analysed using chi-squared for associations. *p<0.05;
**p<0.01; ****p<0.0001.

Frequency
Thymus | Bilateral | Unilateral Type of thymus defect
defect defect defect
Genotype Absent | Hypo- | Vestigial
plastic
Gbx2" 2 1 1 0 0 1
n=25 (8%) (4%) (4%) (4%)
Pax9*-;Gbx2" 10**** 7 3* 7 2 3
n=13 (77%) (54%) (23%) (54%) | (15%) (23%)
Control Pax9*-Gbx2"

Figure 4.13. Pax9*-;Gbx2"-embryos had thymus defects.

MRI reconstructions of control (a) and Pax9*-;Gbx27 (b-c) embryos. Control has a
normal bilobed thymus. Mutant with an absent left lobe (b) and a mutant with a
vestigial, hypoplastic left lobe (c). Abbreviations: LTh, left thymus lobe; RTh, right
thymus lobe. Scale, 500um
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Pax9 is expressed in the cranial NCC (151) and, as a result, Pax9 mice have a cleft
palate where the palatal shelves fail to fuse in development. This defect was not found
in Gbx27- mice. Coronal sections of MRI datasets of Pax9*-;Gbx27 embryos (n=13)

were examined and none had a cleft palate (Figure 4.14).

Figure 4.14. Pax9*-;Gbx2"- embryos do not have cleft palate.

Coronal snapshots of E15.5 embryos showing the correct fusion of the palatal shelves
(PS) in wild type (a), Gbx27- and Pax9+-;Gbx2”- embryos. The palatal shelves fail to
fuse in Pax9” embryos and a cleft palate (CP) is present. Abbreviations: CP, cleft
palate; PS, palatal shelves. Scale, 500um.

Embryos were collected at E10.5 for ink injection to analyse the structure of the PAA
prior to remodelling. All Pax9*-;Gbx2"- embryos (n=7) had a 4" PAA defect, with the
vessels being either thin or completely non-patent to ink (Figure 4.15). This was
expected as Pax9*-;Gbx2’- embryos had 4" PAA-derived defects at E15.5 and both
Pax9” and Gbx27 mice have 4" PAA defects.

Pax97-embryos also present with a hypoplastic 3" PAA along with persistent 15t and
2"d PAAs which result in absent common carotid arteries later in development. At
E10.5, no Pax9*-;Gbx2”- embryos had defects to the 15t, 2" or 314 PAA. At E15.5, two
Pax9*-;Gbx27- embryos had absent common carotid arteries (Figure 4.12) which is a
lower penetrance when compared to the 92% penetrance of 4" PAA-derived defects
observed. Therefore the absence of defects to the 1st, 2" or 34 PAA at E10.5 could
reflect the lower penetrance of absent common carotid arteries observed in later
development.
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Figure 4.15. 4t pharyngeal arch artery defects in Pax9*-;Gbx2’- mice at E10.5.

Intracardiac ink injection of E10.5 embryos. In control embryos (a), PAA 3-6
(numbered) were patent to ink. Pax9*;Gbx27- embryos (c) had 4" PAA defects. 4%
PAA were either hypoplastic (b’) or absent (b,c,c’). Scale, 500um.

The penetrance of 4" PAA defects in Pax9*-;Gbx2”- embryos (100%; n=7) was higher
than observed in Gbx27 embryos (83%; n=12) (Table 4.7). There was a greater
proportion of Pax9*;Gbx2”- embryos with a bilateral defect rather than a unilateral
defect. Pax9 heterozygosity resulted in more severe 4" PAA abnormalities in
Pax9+-;Gbx27- embryos.
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Table 4.7. Penetrance of 4t pharyngeal arch artery defects in Gbx2” and
Pax9*-;Gbx2-embryos at E10.5.

Gbx27- embryos were analysed by HREM and ink injection. Pax9*-;Gbx2”- embryos
were analysed by ink injection. Statistical significance was analysed by chi-squared
for associations. Abbreviations: NP, non-patent; PAA, pharyngeal arch artery; Th, thin.

Frequency
4th Unilateral defect Bilateral defect
PAA
Genotype Defect Th NP Defect | Th- NP- NP-
defect
Th Th NP
Gbx27" 10 5 1 4 5 0 3 2
19 (83%) | (42%) (8%) (33%) | (42%) (25%) | (17%)
n:
Pax9*-;Gbx2"- 7 1 1 0 6 0 2 4
n=7 (100%) | (14%) | (14%) (86%) (29%) | (57%)

4.6 Gbx2 heterozygosity modifies the Pax9”- phenotype

The increased penetrance and severity of defects in Pax9*-;Gbx27 mice shows that
Pax9 heterozygosity modified the Gbx27- phenotype. Here, Pax97/ mice were
compared to Pax97;Gbx2*- mice to determine whether Gbx2 heterozygosity modified

the Pax9”- phenotype.

Pax97 (n=2) and Pax9/;Gbx2*- (n=2) neonates were collected at PO due to missed
plugs from the Pax9*;Gbx2*- X Pax9*;Gbx2*- cross and analysed by gross
dissection (Figure 4.16). All of these mutants died on the day of birth with IAA, ARSA
and an absent thymus, defects frequently observed in Pax9/ mice (134). The defects

present in the Pax97;Gbx2*- mice did not deviate from the Pax9-- phenotype.
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Figure 4.16. Cardiovascular defects present in Pax9” and Pax9”;Gbx2"
neonates.

Dissection of control (a), Pax9” (b) and Pax97;Gbx2*- (c) PO pups. Control has
thymus present above the heart (a, Th). The thymus is absent in the both mutants (b-
¢, ¥). Normal aortic arch structure is present in control (a’). The mutants (b’-c’) have
IAA and an assumed ARSA. Abbreviations: AD, arterial duct; Ao, aorta; ARSA,
aberrant right subclavian artery; IAA, interrupted aortic arch; LC, left carotid artery;
LCC, left common carotid artery; LSA, left subclavian artery; RC, right carotid artery;
RAA, right aortic arch; RCC, right common carotid artery; RSA, right subclavian artery.
Scale, Tmm.

Pax9” and Pax97;Gbx2*- embryos were collected at E15.5. As observed in previous
datasets (134), all Pax9’- embryos collected at E15.5 (n=7) had an absent thymus,
cleft palate and cardiovascular defects. The cardiovascular defects include IAA,
hypoplastic aorta, ARSA, IRSA, absent common carotid arteries, DORV and VSD
(Figure 4.17b). The defects present in each individual Pax9” and Pax9”;Gbx2*-
embryo is detailed in Appendix Table A.4 and A.5 respectively.

The cardiovascular phenotype of Pax97;Gbx2*- embryos (n=7) was largely
indistinguishable from Pax97-embryos, with 6/7 embryos showing the typical Pax9”
phenotype (Figure 4.17). One Pax97;Gbx2*-embryo had RAA, as well as ARSA and
DORV with an IVC (Figure 4-18). RAA was not observed in Pax97-embryos, but was
present in 24% of Gbx2”7 mice.
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Figure 4.17. Cardiovascular defects present in Pax9’-;Gbx2*- embryos.

MRI data reconstructions of control (a), Pax97 (b) and Pax9/;Gbx2*- (c-d) E15.5
embryos. Control (a) shows normal aortic arch structure. Pax97 embryo (b) has DORV
with an IVC, a hypoplastic aorta, IAA and ARSA. The common carotid arteries are
absent resulting in the internal and external carotid arteries (iRCA, eRCA, iLCA, eLCA)
arising directly from the great arteries. This phenotype was recapitulated in
Pax97;Gbx2*- embryos (c). One Pax97;Gbx2*- embryo deviated from the Pax9”
phenotype presenting with RAA, DORV, VSD and ARSA (d). Abbreviations: AD,
arterial duct; ALSA, aberrant left subclavian artery; Ao, aorta; ARSA, aberrant right
subclavian artery; dAo, dorsal aorta; DORV, double outlet right ventricle; eLCA,
external left carotid artery; eRCA, external right carotid artery; IAA, interrupted aortic
arch; iLCA, internal left carortid artery; iRCA, internal right carotid artery; LCC, left
common carotid artery; LSA, left subclavian artery; LV, left ventricle; RAA, right aortic
arch; RCC, right common carotid artery; RSA, right subclavian artery; RV, right
ventricle; Tr, trachea; VSD, ventricular septal defect. Scale, 500um

Pax97;Gbx2*- (29%, n=7) embryos also had pCAT, an OFT tract defect present in
Pax9*-;Gbx27- embryos (14%, n=7) but not Pax97 or Gbx2”- embryos (discussed in

more detail in section 4.7).

Gbx27 and Pax9*-;Gbx27- mice had L-R patterning defects affecting the heart and
lungs. No left right patterning defects were observed in Pax97;Gbx2*- embryos
showing that the heterozygous deletion of Gbx2 is insufficient to cause L-R patterning

defects.
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Table 4.8 compares the penetrance of cardiovascular defects in Pax9” and
Pax97;Gbx2*- embryos. In both genotypes, all embryos had cardiovascular defects.
However, there was a non-significant increase in the penetrance of each defect
(excluding IAA) in Pax97;Gbx2*- embryos compared to Pax9’ embryos. Gbx2
heterozygosity has potentially modified the Pax9- phenotype, however this dataset is

limited by small sample numbers.

Table 4.8. Penetrance of cardiovascular defects at E15.5 in Pax9”- embryos
compared to Pax9”;Gbx2"- embryos.

Statistical significance was analysed by chi-squared for associations. ARSA includes
retro-oesophageal and isolated subclavian arteries. Abbreviations: AA, aortic arch;
ARSA, aberrant right subclavian artery; ALSA, aberrant left subclavian artery; CC,
common carotid artery; CV, cardiovascular; DORV, double outlet right ventricle; 1AA,
interrupted aortic arch; RAA, right aortic arch; VSD, ventricular septal defect.

Frequency
Genotype Ccv DORV | VSD I1AA RAA | ARSA | Absent
Defect CC
Pax9” 7 4 5 6 0 5 4
n=7 (100%) | (57%) | (7T1%) | (86%) (71%) | (57%)
Pax97";Gbx2"" 7 5 7 6 1 6 6
n=7 (100%) | (71%) | (100%) | (86%) | (14%) | (86%) | (86%)

Coronal and transverse sections of MRI datasets and H&E sections of Pax9/;Gbx2*"
embryos at E15.5 were used to assess the palate and thymus development
respectively. As observed in Pax9” embryos, all Pax97;Gbx2*- embryos (n=7) had a

cleft palate and an absent thymus (Figure 4.18).
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Figure 4.18. Palate and thymus defects present in Pax97-Gbx2*- embryos.

Coronal sections (a-c) of E15.5 embryos. Palatal shelves (PS) have fused in the wild
type (a) embryo. In Pax97(b), and Pax9’-Gbx2*- (c) embryos, the palatal shelves have
failed to fuse and there is a cleft palate (CP). H&E stained transverse sections of E15.5
embryos (d-f). A bilobed thymus is present in the wild type embryo (d) whereas both
lobes are absent in Pax97-(*, e), and Pax9’-Gbx2*- (*, f) embryos. Abbreviations: CP,
cleft palate; PS, palatal shelves; Th, thymus. Scale, 500um.

Pax9-and Pax9’-Gbx2*- embryos were collected at E10.5 for ink injection to analyse
the structure of the PAA prior to remodelling (Figure 4.19). Pax97- embryos of the same
genetic background as this study collected previously in the laboratory, published in
Phillips et al. (2019), were included in this dataset.

All Pax97- (n=14) and Pax9'-Gbx2*- (n=6) embryos had 4" PAA defects. The 4" PAA
defects are summarised in Table 4.9. There was no significant difference in
presentation of hypoplastic or absent 4" PAAs between these genotypes. However in
all Pax97;Gbx2*- embryos, the 4" PAA was bilaterally absent compared to Pax9”

embryos in which 28% of mice presented with the less severe unilateral or hypoplastic
4t PAA.

127



Pax9~ | Control |

Pax9”-:Gbx2*-

Figure 4.19. Pharyngeal arch artery defects in Pax9/-;Gbx2*- embryos compared
to Pax9” embryos at E10.5.

Intracardiac ink injection of E10.5 embryos. In control embryos (a), PAA 3-6
(numbered) were patent to ink. Pax9” (b) with a bilaterally absent 4" PAA and
persistent 15t PAA, the 6" PAA are forming. Pax97;Gbx2*- mutant (b) has bilaterally
persistent 15t PAAs, hypoplastic 3@ PAAs and absent 4" PAAs. Scale, 500um.

128



Table 4.9. Penetrance of 4" pharyngeal arch artery defects in Pax9” and
Pax97;Gbx2"-embryos at E10.5.

Statistical significance was analysed by chi-squared for associations. Abbreviations:
NP, non-patent; PAA, pharyngeal arch artery; Th, thin.

Frequency
4th Unilateral defect Bilateral defect
PAA
Genotype Defect | Th NP | Defect | Th- NP- NP-
defect
Th Th NP
Pax9” 14 1 1 0 13 0 3 10
n=14 (100%) | (7%) (7%) (93%) (21%) | (71%)
Pax9”;Gbx2*" 6 0 0 0 6 0 0 6
n=6 (100%) (100%) (100%)

Persistent 15t and 2" PAA and hypoplastic 3¢ PAA were frequently observed in both
genotypes. There was a non-significant increase in the penetrance of persistent 1st
PAA in Pax97;Gbx2*- embryos compared to Pax9-- embryos (Table 4.10). This could
reflect the increased incidence in absent common carotid arteries observed at E15.5
(86% in Pax9’-Gbx2*"- embryos and 57% in Pax97-embryos, Table 4.8).
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Table 4.10. Pharyngeal arch artery defects present at E10.5 in Pax9” and
Pax97;Gbx2"-embryos.

Statistical significance was analysed by chi-squared for associations. Abbreviations:
PAA, pharyngeal arch arteries.

Defect
Genotype 4th PAA | 319 PAA | 29 PAA | 1st PAA
Pax9” 14 10 3 9
n=14 (100%) (71%) (21%) (64%)
Pax97;Gbx2"- 6 6 1 6
n=6 (100%) | (100%) (17%) (100%)

4.7 Outflow tract defects in complex Pax9;Gbx2 mutants

The number of Pax97/-;Gbx2”- mice obtained from the Pax9+*-;Gbx2*- X Pax9*-;Gbx2*-
cross significantly deviated from expected (Table 4.1). From 25 litters and 172
embryos, 11 (rounded from 10.75) Pax97;Gbx27- mice were expected, however only
three Pax97;Gbx2"- mice were collected; one at E10.5, E15.5 and PO.

The Pax97;Gbx27 embryo at E10.5 was analysed by intracardiac ink injection to view
the structure of the PAA prior to remodelling. The mutant had a bilateral defect, with
both 4" PAAs non-patent to ink (Figure 4.20), as was observed in Pax97-and Gbx2"

embryos.
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Figure 4.20. 4" pharyngeal arch artery defects present in the Pax97;Gbx2"
embryo et E10.5.

Intracardiac ink injection of E10.5 control (a) and Pax97;Gbx27 (b) embryo. PAA 3-6
(numbered) were patent to ink in the control. Pax97;Gbx2”- mutant has bilaterally
absent 4" PAAs. Scale, 500um.

The Pax97;Gbx2”7- PO mouse died on the day of birth, collected in a litter from a missed
plug. Dissection of the mutant and control littermates showed severe cardiovascular
defects as the cause of death in the mutant while littermate controls showed no defects
(Figure 4.21). The Pax97;Gbx27- mouse had an absent thymus, IAA and an IRSA
branching from the pulmonary trunk. IAA is a prominent phenotype of Pax9- mice.
IRSA was present in Pax9”~ (14%) and Gbx27-(12%) mice.
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Figure 4.21. Defects present in a Pax97;Gbx2’- mouse at PO.

Dissection of control (a) and Pax9/;Gbx27- (b) mouse at PO. Control has a bilobed
thymus (Th) positioned above the heart (a). The thymus is absent (*) in the
Pax97;Gbx2"- mouse (b). Normal aortic arch structure is present in the control (a’).
The mutant has IAA and IRSA (b’). The carotid arteries branch from the ascending
aorta. Abbreviations: Ao, aorta; IAA, interrupted aortic arch; IRSA, isolated right
subclavian artery; LC, left carotid artery; LCC, left common carotid artery; LSA, left
subclavian artery; RAA, right aortic arch; RC, right carotid artery; RCC, right common
carotid artery; RSA, right subclavian artery; Th, thymus. Scale, Tmm.

MRI and histological analysis of the Pax97;Gbx27- mouse at E15.5 showed multiple
cardiovascular defects (Figure 4.22, Appendix Table A.6). These defects largely
resemble the Pax9-- phenotype with absent common carotid arteries, IRSA and VSD.
As well as communication between the ventricles, the mutant also had atrioventricular
septal defect (AVSD), as the atrioventricular septum has failed to fuse with the
endocardial cushions and there is complete communication between all four chambers
of the heart.

During development, the aorta and pulmonary trunk form from the septation of the
common OFT. OFT defects, namely DORV, were present in Pax9”-and Gbx27 mice.
The Pax9;Gbx2 double knockout had CAT in which the aorta and pulmonary trunk
have failed to septate. This defect was not present in Pax9-or Gbx2--mice. Here, the
CAT arises from the right ventricle and arches leftward. The subclavian arteries and

internal and external carotid arteries branch directly from the arch.
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Figure 4.22. Cardiovascular defects present in a Pax97;Gbx2" E15.5 embryo.

MRI reconstructions (a-b) and H&E stained transverse sections (c-j) of control (a, c-f) and Pax97;Gbx27 (b, g-j) embryos. The OFT
has failed to septate in the mutant and CAT (a,h) with AVSD (g) is present. There is an IRSA (b, i) with the RSA branching from the
CAT. The common carotid arteries are absent resulting in the internal and external carotid arteries (iRCA, eRCA, iLCA, eLCA; b,j)
arising directly from the great arteries. The thymus is absent (*; j). Abbreviations: AD, arterial duct; Ao, aorta; AVSD, atrioventricular
septal defect; CAT, common arterial trunk; dAo, dorsal aorta; DORYV, double outlet right ventricle; eLCA, external left carotid artery;
eRCA, external right carotid artery; IAA, interrupted aortic arch; iLCA, internal left carortid artery; iRCA, internal right carotid artery;
IRSA, isolated right subclavian artery; LCC, left common carotid artery; LSA, left subclavian artery; LV, left ventricle; RAA, right aortic
arch; RCC, right common carotid artery; RSA, right subclavian artery; RV, right ventricle; Th, thymus; Tr, trachea. Scale, 500um.
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pCAT was present in Pax97;Gbx2*- (29%, n=7 examined) and Pax9*-;Gbx27" (7%,
n=13 examined) mutants at E15.5 (Figure 4.23 and Figure 4.24). This is a form of CAT
in which the OFT has septated, but after leaving the heart. The pulmonary trunk
connects to the right ventricle and the aorta has branched from the pulmonary trunk.
The simultaneous deletion of Pax9 and Gbx2 has resulted in severe OFT defects with

complete CAT.
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Figure 4.23. Complex outflow tract defects present in Pax9”;Gbx2*- embryos.

MRI reconstructions of control (a) and Pax97;Gbx2*- (b) embryos with ventral (a-b)
and anterior (a’-b’) views. The outflow tract has failed to septate in the mutant and
pCAT with IVC (VSD) (b) is present. The mutant embryo also has ARSA, IAA and the
common carotid arteries are absent resulting in the internal and external carotid
arteries (iRCA, eRCA, iLCA, eLCA) arising directly from the great arteries.
Abbreviations: AD, arterial duct; Ao, aorta; ARSA, aberrant right subclavian artery;
dAo, dorsal aorta; eLCA, external left carotid artery; eRCA, external right carotid artery;
IAA, interrupted aortic arch; iLCA, internal left carortid artery; iRCA, internal right
carotid artery; LCC, left common carotid artery; LSA, left subclavian artery; LV, left
ventricle; pCAT, partial common arterial trunk; RAA, right aortic arch; RCC, right
common carotid artery; RSA, right subclavian artery; RV, right ventricle; Th, thymus;
Tr, trachea; VSD, ventricular septal defect. Scale, 500um.
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Figure 4.24. Partial common arterial trunk was present in complex Pax9;Gbx2
mutants.

H&E stained transverse sections of E15.5 control (a), Pax9*-;Gbx27 (b) and
Pax97;Gbx2*- (c) embryos. The aorta and arterial duct arise from the left and right
ventricles respectively in the control (a,b). In both mutant embryos, the OFT has failed
to septate completely. A partial common arterial trunk (pCAT; e,h) is present, with the
aorta branching from the arterial duct after leaving the heart from the right ventricle as
a common vessel. Abbreviations: AD, arterial duct; Ao, aorta; AoA, aortic arch; dAo,
dorsal aorta; LV, left ventricle; pCAT, partial common arterial trunk; pa, pulmonary
arteries; RV, right ventricle. Scale, 500um
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4.8 Discussion

The data presented in this chapter shows that Pax9 and Gbx2 interact in
cardiovascular development. This is apparent from the phenotyping data. Table 4.11
summarises the penetrance of cardiovascular defects in each mutant genotype
discussed in this chapter at E15.5-PO0.

Table 4.11. Penetrance of cardiovascular defects in each genotype at E15.5-P0.

The genotypes that present with a cardiovascular phenotype are highlighted.

Genotype Frequency of
cardiovascular defects eemmaesemssmsmanen .
i Does combined i
1+ . +i+ H "
Pax9**;Gbx2 0/20 i heterozygosity
p : of Pax9and
Pax9+" 0125 ke : Gbx2resultin
Peeeenans = cardiovascular !
Gbx2+- 0/18 - P defects? |
Pax9" 9/9 (100%) _in | DoesGbx2 |
: E I heterozygosity i
Gbx2-- 16/25 (64%) il | modifythe 1
Ll PaxSnull )
= 1 1
Pax9*- ;Gbx2*" 6128 (21%) i1 | L _Phenotype?
1
1 e |
Pax9+;Gbx2* 9/9 (100%) — Does Pax3
heterozygosity
- - modify the
Pax9+-;Gbx2" 14/14 (100%) Gbx2-null
phenotype?
Pax9"-;Gbx2" 2/2

Combined heterozygosity of Pax9 and Gbx2 resulted in cardiovascular defects.
Interestingly, the deletion of Pax9 and Gbx2 appear to have equally contributed to the
double heterozygous phenotype. RAA is frequent in Gbx27- mice, while Pax97 mice
usually present with 1AA. Pax9*;Gbx2*- mice had RAA and IAA, both with a

penetrance of 7% (n=28 examined).

Pax9 heterozygosity modified the Gbx27- phenotype as the Pax9*;Gbx2"

cardiovascular phenotype had complete penetrance, significantly higher than the

penetrance of the Gbx2” phenotype (64%). Pax9 heterozygosity resulted in the

presentation of Pax9” defects in Pax9*-;Gbx2-- embryos. The frequency of several

individual defects was increased, including RAA, VR and malpositioned dorsal aorta.
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However, the defects with significantly increased penetrance in Pax9*-;Gbx27 mice
were those typical of Pax97 mice, namely IAA, absent common carotid arteries,
thymus defects as well as VSD and ARSA, with the latter common to both Pax97 and
Gbx2/- mice.

Modifier genes can produce either additive or synergistic effects (192). In the case of
Pax9 and Gbx2, the modification has resulted in both additive and synergistic effects.
The combined deletion of both genes resulted in an increase in the penetrance of
previously observed defects, one example being the increased occurrence of VSD in
Pax9*-;Gbx27- mice compared to Gbx2-- mice. This is suggestive of an additive effect.
However, the penetrance of defects in Pax9*-;Gbx2/ mice (100% penetrance of
cardiovascular defects) was greater than the sum of the defects in Gbx27 (64%
penetrance of cardiovascular defects) and Pax9*- (no cardiovascular defects) mice.
This suggests a synergistic effect, as does the presentation of pCAT in Pax9*-;Gbx2*"

mice which was not present in Gbx27- mice.

The modification of the Pax9”’- phenotype by Gbx2 heterozygosity was more subtle.
The overall penetrance of cardiovascular defects in Pax9/ and Pax9”;Gbx2*- mice
was the same at 100%, however there was an increase in the penetrance of the
majority of individual cardiovascular defects; including DORV, VSD and RAA which are

frequent in Gbx2”- mice.

The Pax9-null phenotype shows complete penetrance, and Pax9/ embryos usually
present with a similar array of defects. The Gbx2-null phenotype, however, is varied
with incomplete penetrance. Due to this reduced penetrance, any deviation from the
Gbx2 phenotype is easier to observe. Nonetheless, the interaction of Pax9 targeting
Gbx2 appears to be stronger than Gbx2 targeting Pax9. This was also shown in gene
expression analysis. The downregulation of Gbx2 in Pax97- embryos was more
pronounced than the downregulation of Pax9 in Gbx27- embryos. This indicates a
hierarchal pathway in which Pax9 largely acts upstream of Gbx2 and Gbx2 is able to
feedback to act to Pax9. This differs from the interaction between Tbx7 and Pax9 which
interact in a non-hierarchal pathway during cardiovascular development (134).

A similar interaction was observed between Gbx2 and Fgf8. Fgf8 is a signalling

molecule that shares expression domains in the pharyngeal endoderm and ectoderm

with Gbx2 (59, 166). Fgf8 has been suggested as a 22q11DS modifier gene as it is

required in cardiovascular development and interacts with Thx7 during 4" PAA
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morphogenesis (56, 61, 193). Gbx2 and Fgf8 heterozygotes have normal
development, but the combined double heterozygosity results in defects including RAA
and ARSA (166) as was observed in Pax9*-;Gbx2*- mice. Fgf8 heterozygosity
increased the penetrance of cardiovascular defects in Gbx27- mice. Additionally,
Gbx27;Fgf8*-mice had thymus defects, frequent in Fgf8-- mice. This is reminiscent of
the interaction of Pax9 with Gbx2.

As well as defects derived from the aberrant formation of the PAA, Pax9 and Gbx2
mutants also displayed OFT defects. Conotruncal defects are frequent in patients with
CHD, occurring in 30% of cases (194) and approximately 20% of these cases had the
22911 deletion (174). DORYV is a prominent feature of Pax97- and Gbx27- mice and was
also present in complex Pax9;Gbx2 mutants (Pax97;Gbx2*- and Pax9*-;Gbx2”7 mice).
These complex mutants also had pCAT, a more severe OFT defect. The Pax9;Gbx2
double knockout collected at E15.5 had CAT, which is frequent in Tbx7-null mutants
(50).

Septation of the common OFT requires the interaction of NCC, the epicardium and the
myocardium of the OFT. The myocardium of the OFT is derived from the SHF and
septation is initiated by the infiltration of NCC into the OFT cushions (6, 27). It follows
that mutations that affect the SHF and NCC migration can result in OFT defects,
including CAT (28, 195).

It was postulated that pCAT and CAT occurred in the complex mutants as a result of
altered NCC. NCC behave abnormally in Pax97- mice which have fewer NCC in the
caudal PA (134). Likewise, Gbx27- mice show aberrant migration of NCC (133, 166).
The NCC were not investigated in complex Pax9;Gbx2 mutants, but both Pax9 and
Gbx2 are independently required for normal NCC function. It could therefore be
postulated that the combined homozygous deletion of both genes exacerbates the

NCC phenotype, resulting in severe OFT defects.

A complex genetic network exists within the SHF and mutations in these genes results
in OFT defects. Tbx71 and Fgf8 are both expressed in the anterior portion of the SHF
and CAT occurs in Tbx17 and Fgf8 hypomorphic mutants (61, 195, 196). The
Pax97;Gbx2" double knockout also had AVSD, a defect that primarily occurs due to
perturbations to the SHF (197, 198). The presence of AVSD and the complete lack of
OFT septation could suggest that the CAT in the complex mutants is SHF-derived
rather than NCC-derived.
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This raises the question as to how the deletion of Pax9 and Gbx2, expressed together
in the pharyngeal endoderm, could result in a SHF-derived defect. A subset of cardiac
progenitors express Islet1, the expression of which is required for the progenitors to
contribute to the development of OFT, right ventricles and right atria. There has been
no report of Pax9 and Gbx2 expression within the SHF. However, there are Islet1-
expressing progenitor cells in the pharyngeal endoderm as well as the SHF (197, 199).
Additionally, Park et al. (2006) found that Fgf8 expression in the mesoderm is needed
for OFT alignment while expression in the pharyngeal endoderm is needed for OFT
septation. This role of progenitors within the pharyngeal endoderm could explain the

presence of CAT that occurs with the simultaneous loss of Pax9 and Gbx2.

Previous work in the laboratory used Islet1Cre to remove Pax9 from Islet1 expressing
cells. All Pax9%;Isl1Cre mice (n=9) had the Pax9”- phenotype, with an absent thymus
and pre-axial digit duplication. Pax9%;Is/1Cre mice all presented with cardiovascular
defects that overlapped with Pax97- mice, namely IAA, ARSA, IRSA, DORV and VSD.
As Islet1 is not expressed in the cranial NCC, Pax9";Is/1Cre did not present with cleft
palate. This data shows that deletion of Pax9 from Islet1 expressing pharyngeal
endoderm cells is sufficient to recapitulate the Pax9”- cardiovascular phenotype. Pax9
expression within these progenitor cells is required in the development of the septated
OFT and great arteries. The exact origin of the OFT defects in complex Pax9;Gbx2
mutants is difficult to dissect as the NCC and SHF share overlapping roles during

cardiovascular development.

The data in this chapter demonstrates a strong interaction between Pax9 and Gbx2,
uncovering another part of the complex genetic network required in PAA
morphogenesis. The phenotyping and gene expression analysis suggest that Pax9 is
upstream of Gbx2 and Gbx2 is able to feed back in to the network. The next chapter

sought to investigate the pharyngeal endoderm as the site of this interaction.
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Chapter 5. Investigating the role of Pax9 and Gbx2 in the

pharyngeal endoderm

5.1 Introduction

The mature aortic arch forms from the remodelling of the PAA. This depends on tightly
regulated gene expression and the interaction of the multiple tissue types of the PA,
which consist of an inner lining of pharyngeal endoderm, an outer lining of pharyngeal

ectoderm and a mesodermal core.

The pharyngeal endoderm has been shown to be crucial in the segmentation and
patterning of the PA (discussed in Section 1.2.4). Precise gene expression in the
endoderm is also required to provide signalling cues to NCC during PAA
morphogenesis (47). The role of Thx1 within the layers of the PA has been investigated
using conditional Tbx1 mutants and, from these mutants, the heterozygous deletion of
Tbx1 from the pharyngeal endoderm most closely recapitulated the global Tbhx71+-
phenotype at E15.5 (discussed in Section 1.6.2).

Gbx2 is expressed in the pharyngeal endoderm and ectoderm of the PA (164). The
role of Gbx2 expression in the pharyngeal ectoderm has already been investigated by
Calmont et al. (2009) (discussed in Section 1.8.2). While the conditional Gbx2 deletion
from the ectoderm resulted in 4" PAA defects at E10.5, the Calmont study neglected
to report analyses of these embryos in late embryogenesis, reasoning that the 4" PAA
phenotype recovers during development. The effect of a Gbx2 deletion from the

pharyngeal ectoderm in late development cannot therefore be concluded.

Pax9 expression within the PA is restricted to the pharyngeal endoderm and the
deletion of Pax9 from this tissue results in cardiovascular defects, including IAA, ARSA
and DORV (134). Gene expression analysis of wild type embryos confirmed the
overlapping expression of Pax9 and Gbx2 in the pharyngeal endoderm at E9.5
(Section 4.2), during which the PAA are beginning to form. The data presented in
Chapter 4 also confirmed an interaction between Pax9 and Gbx2 during cardiovascular
development. It is therefore possible that these genes interact cell-autonomously within
this tissue during PAA morphogenesis.
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The aim of this chapter was to investigate the interaction of Pax9 and Gbx2 specifically
within the pharyngeal endoderm. In order to remove Gbx2 expression from the
pharyngeal endoderm, the Gbx2-floxed allele was used in combination with the
Pax9Cre allele. The Pax9Cre allele was validated before collecting Pax9Cre; Gbx2-flox
embryos for phenotyping at E10.5 and E15.5.

5.2 Validating the Pax9Cre allele

The Pax9Cre allele has been used previously in the laboratory. The data conducted in
this section validated the Pax9Cre allele and was included in published work (134).
The Pax9Cre allele expresses Cre recombinase under the control of the Pax9
promoter (Section 2.1.3). The insertion of the Cre recombinase gene removed part of
the coding region of exon 2 and 3, therefore the allele is functionally null in terms of

Pax9 activity.

To validate the Pax9Cre allele, Pax9Cre males were crossed with Rosa26R-lacZ
reporter females. Embryos were collected between E8.5 to E11.5 and stained for lacZ
expression. Expression was observed within the PA of the embryos from E8.5 as well
as in the vertebral column and nasal process from E10.5 (Figure 5.1). Gbx2 is
expressed from E8.5 in the PA (Figure 4.1), therefore Pax9Cre is expressed early

enough for recombination of the Gbx2 floxed allele.

Pax9Cre X R26R/ac<

Figure 5.1. Pax9Cre is expressed in the pharyngeal arches from E8.5.

Xgal staining of lacZ expression in Pax9Cre;R26R-LacZ embryos from E8.5-11.5.
Expression in the pharyngeal arches is clear from E8.5 (a). By E10.5 (c) expression is
observed in the nasal process (np) and vertebral column (vc). Somite counts (s)
indicated. Abbreviations: PA, pharyngeal arches; np, nasal process; vc, vertebral
column. Scale, 500um.
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Pax9Cre embryos (n=3) were collected at E9.5 and coronal sections were stained by
RNAScope using a Cre and a Pax9 probe to confirm Cre expression within the Pax9
expression domains (Figure 5.2). Pax9 and Cre had overlapping expression,

specifically within the endoderm layer of the PA.

Pax9Cre E9.5

Figure 5.2. Pax9Cre is expressed within the pharyngeal endoderm.

Pax9 and Cre RNAScope probes were used on coronal E9.5 sections of a Pax9Cre
embryo (n=3, 26 somites). Cre was expressed the pharyngeal endoderm (PE) of the
PA with Pax9. Abbreviations: PA, pharyngeal arch; PE, pharyngeal endoderm; PSE,
pharyngeal ectoderm. Scale, 50um.

To further validate the Pax9Cre allele, pharyngeal endoderm cells were collected from
Pax9Cre;e YFP*K embryos at E9.5 and analysed by qPCR (Figure 5.3). Cells were
dissociated from the PA region of the embryos and flow sorted based on Cre-mediated
e YFP expression. Gene expression within e YFP-positive (pharyngeal endoderm) and
e YFP-negative (remaining pharyngeal arch tissue) cell populations were analysed by
gPCR for Pax9, eYFP and Gbx2. The eYFP positive-cells were significantly enriched
for Pax9 and eYFP compared to eYFP-negative cells confirming the cells to be the

Pax9-expressing pharyngeal endoderm cells.

Gbx2 expression in these cell populations was also investigated to quantitatively
analyse expression in each tissue. The eYFP-negative cells represent the pharyngeal
surface ectoderm, mesoderm and NCC within the PA. Gbx2 is expressed in the
pharyngeal endoderm and ectoderm of the PA, consequently the e YFP-negative cells
represent the Gbx2 expression within the ectoderm. Gbx2 expression was significantly
higher in the pharyngeal endoderm, showing that most Gbx2 is expressed in the

pharyngeal endoderm, highlighting the importance of this tissue.
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Figure 5.3. qPCR analysis of flow-sorted pharyngeal endoderm cells.

Cells were dissociated from the PA of E9.5 Pax9Cre;e YFP*K embryos (n=5, 23-27
somites) based on Cre-mediated eYFP expression and analysed by qPCR. (a) gPCR
analysis confirmed the eYFP-positive cells to be enriched for eYFP while the
eYFP-negative cells did not express eYFP. (b) Only the eYFP-positive cells were
enriched for Pax9. (c) Gbx2 expression was significantly higher in the e YFP-positive
cell population, representing the pharyngeal endoderm, compared to the
eYFP-negative cell population. Statistical analysis was calculated using an unpaired
t-test, *p<0.05; **p<0.01.

Pax9Cre males were crossed with Pax9” females to collect Pax9¢e/mice and Pax9*"
littermate controls (Figure 5.4). The Pax9% allele contains loxP sites flanking exon 1
and 2 of Pax9, the recombination of this region was sufficient to recapitulate the
phenotype of Pax9” mice (153). Pax9¢*f mice should be indistinguishable from
Pax97 mice, as the Pax9Cre allele is functionally null in the context of Pax9 and will

also recombine the Pax9fox allele.

All Pax9¢ef mice (n=5) died on the day of birth, presenting with the Pax9-null
phenotype. Upon direct observation, the mutants had a bloated abdomen and pre-axial
digit duplication. Embryos were examined at E15.5 and all presented with a cleft palate,
absent thymus and cardiovascular defects. The cardiovascular defects matched that
observed in Pax9-nulls; IAA, ARSA, absent common carotid arteries, VSD and DORV.
This not only shows the successful recombination of the Pax9 floxed allele by Pax9Cre,

but also confirms that the Pax9Cre allele is functionally null in terms of Pax9 activity.
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Pangre/f "

Figure 5.4. Pax9 deletion using the Pax9Cre allele recapitulates the Pax9-null
phenotype.

Pax9Cre and Pax9f/f mice were crossed to generate Pax9¢e/ mice. Pax9¢/ mice
(n=5) died on the day of birth with a bloated abdomen (arrow; b) compared to
euthanised control (a). Pax9¢f mice had pre-axial digit duplication (arrow; d). H&E
stained coronal sections of E15.5 control (e) with normal fused palatal shelves (PS). A
cleft palate (CP) is present in the Pax9¢~fembryo (f). H&E stained transverse E15.5
sections show typical Pax9-null defects including IAA (h), ARSA (j) and an absent
thymus (*, j). Abbreviations: AoA, aortic arch; ARSA, aberrant right subclavian artery;
BC, brachiocephalic artery; RSA, right subclavian artery; Th, thymus. Images a-d from
Dr Ralf Kist, Newcastle University. Scale, 500um.

5.3 The role of Pax9 and Gbx2 in the pharyngeal endoderm

To remove Gbx2 expression from the pharyngeal endoderm, the Gbx2x allele was
used in combination with the Pax9Cre allele. Gbx2" females were crossed with
Pax9Cre;Gbx2* males to generate Pax9Cre;Gbx2" embryos. The Pax9Cre allele is
functionally null, therefore this genotype allowed the investigation of the Gbx2
endoderm deletion in the context of Pax9 heterozygosity.

Of the 16 Pax9Cre; Gbx2" embryos collected, two embryos (13%) had cardiovascular
defects (detailed in Appendix Table A.7). One embryo had ARSA and the other had
DORYV with IVC. With this genotype, two Gbx2 floxed alleles must be recombined by

Pax9Cre. It was thought that this could reduce the presentation of the cardiovascular
phenotype.

Gbx2" females were crossed with Pax9Cre; Gbx2*- males to generate Pax9Cre; Gbx2"
embryos, in which Cre must only recombine one Gbx2 floxed allele. These embryos
are null for Gbx2 in the endoderm and heterozygous for Gbx2 in the remaining Gbx2

expression domains, namely the pharyngeal ectoderm. As Gbx2*- embryos
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(n=18, E15.5-P0) did not present with cardiovascular defects, any abnormalities
present in Pax9Cre;Gbx2"- embryos were attributed to the deletion of Gbx2 and Pax9
within the pharyngeal endoderm specifically rather than the global Gbx2

heterozygosity.

Prior to phenotyping, Pax9Cre;Gbx2" embryos (n=5) were collected at E9.5 and
sections were stained for Gbx2 by RNAScope to confirm downregulation of Gbx2 in
the mutant embryos (Figure 5.5). In the wild type embryos (n=5), Gbx2 expression was
observed in the pharyngeal endoderm and ectoderm. Expression was higher in the
endoderm, which was also observed through Gbx2 qPCR analysis of flow sorted PA
cells (Figure 5.3).

In the Pax9Cre; Gbx2"- embryos the majority of Gbx2 expression from the pharyngeal
endoderm was lost (Figure 5.5). There was also reduced expression in the pharyngeal
ectoderm, however, this was expected as these embryos are also heterozygous for
Gbx2 in the ectoderm. This data and the robust expression of Cre in Pax9 expression
domains (Figure 5.2) show that Pax9Cre is successfully recombining Gbx2 specifically
in the pharyngeal endoderm.

Wild type Pax9Cre; Gbx 2"

Figure 5.5. Gbx2 expression in the pharyngeal endoderm of conditional
endoderm mutants.

Gbx2 RNAScope probe was used on coronal E9.5 sections of a wild type (a, n=5,
24-28 somites) and Pax9Cre;Gbx27- embryo (b, n=5, 26-29 somites). Gbx2 was
reduced in pharyngeal endoderm (PE) compared to the wild type. Abbreviations: PA,
pharyngeal arch; PE, pharyngeal endoderm; PSE, pharyngeal ectoderm. Scale, 50pm.
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Pax9Cre;Gbx2"- embryos were collected at E15.5 to analyse the cardiovascular and
aortic arch structure by MRI (Figure 5.6). Appendix Table A.8 shows the phenotype of
each Pax9Cre;Gbx2"- embryo collected. Analysis showed that 21% of Pax9Cre; Gbx2"
embryos (n=14 examined) had cardiovascular defects, an increase compared to 13%
in Pax9Cre;Gbx2" embryos which suggests that the Cre recombination efficiency is
affected by the presence of multiple floxed alleles. The defects present in
Pax9Cre;Gbx2"- embryos were reminiscent of the Gbx27 and Pax9*-;Gbx2"
phenotype. RAA was present in one embryo (7%) and ARSA, the most frequently
observed defect (21%), was present in three embryos. Absent LCC was present in one
embryo (Figure 5.6) a defect that was observed in Pax9*-;Gbx27- embryos and is
typical of Pax97 embryos. Table 5.1 summarises the defects present in
Pax9Cre;Gbx2"- embryos.

Control Pax9Cre; Gbx2-

Figure 5.6. Cardiovascular defects present in conditional endoderm mutants at
E15.5.

MRI data reconstructions of control (a) and Pax9Cre;Gbx2" (b) E15.5 embryos.
Control shows normal aortic arch structure. Pax9Cre;Gbx2" with a RAA, ARSA and
an absent LCC. Abbreviations: AD, arterial duct; Ao, aorta; ARSA, aberrant right
subclavian artery; dAo, dorsal aorta; LCC, left common carotid artery; LSA, left
subclavian artery; LV, left ventricle; RAA, right aortic arch; RCC, right common carotid
artery; RSA, right subclavian artery; RV, right ventricle; Tr, trachea; VSD, ventricular
septal defect. Scale, 500um.
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Table 5.1. Penetrance of defects at E15.5 in conditional endoderm mutants.

ARSA includes retro-oesophageal subclavian arteries. Abbreviations: ALSA, aberrant
left subclavian artery; ARSA, aberrant right subclavian artery; CV, cardiovascular; dAo,
dorsal aorta; DORYV, double outlet right ventricle; IAA, interrupted aortic arch; RAA,
right aortic arch; VSD, ventricular septal defect.

Frequency
Genotype cv IAA RAA | ARSA | Thymus
Defect Defect
Pax9Cre;Gbx2"- 3 0 1 3 0
n=14 (21%) (7%) | (21%)

Pax9Cre;Gbx2"- embryos were collected at E10.5 for ink injection to analyse the
structure of the PAA (Figure 5.7). 50% of embryos (n=14 examined) had 4" PAA
defects confirming the necessity of Pax9 and Gbx2 expression in the pharyngeal
endoderm for 4" PAA morphogenesis. Defects, summarised in Table 5.2, included

either hypoplastic or absent vessels, both unilateral and bilateral (Figure 5.7).

| Control |

Pax9Cre; Gbx2"-

S

Figure 5.7. 4" pharyngeal arch artery defects in Gbx2"-;Pax9Cre mice at E10.5.

Intracardiac ink injection of E10.5 embryos. In the control embryos (a), PAA 3-6
(numbered) were patent to ink. Gbx27;Pax9Cre embryos (b) had 4" PAA defects. An
absent right 41" PAA is shown (b’). Scale, 500um.
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Table 5.2. Penetrance of 4t pharyngeal arch artery defects in Gbx2";Pax9Cre
embryos at E10.5.

Abbreviations: PAA, pharyngeal arch artery; NP, non-patent; Th, thin.

Frequency
4th Unilateral defect Bilateral defect

PAA

Genotype Defect Th NP Defect | Th- | NP- | NP-
defect

Th Th | NP

Gbx2";Pax9Cre 7 5 2 3 2 1 0 1

(n=14) (50%) | (36%) | (14%) | (22%) | (14%) | (7%) (7%)

As Pax9*-;Gbx2*- mice presented with cardiovascular defects (21%, n=28 examined,
Section 4.4), Pax9Cre;Gbx2*f embryos were analysed to determine if heterozygosity
of these genes within the pharyngeal endoderm resulted in cardiovascular defects.
Pax9Cre;Gbx2* are heterozygous for Pax9 and Gbx2 only in the pharyngeal
endoderm. At E15.5, 1 out of 15 (7%) Pax9Cre;Gbx2*' embryos had cardiovascular
defects. This embryo had a mirror image aortic arch, with a RAA and RAD (Figure 5.8,
Appendix Table A.9). The mirror image defect was observed in Gbx27 (24%, n=25
examined) and Pax9*-;Gbx2" (8%, n=14 examined) embryos.
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Figure 5.8. Cardiovascular defects in Gbx2*;Pax9Cre embryos at E15.5.

H&E stain of E15.5 transverse sections of a control (a-d) and Gbx2*f;Pax9Cre embryo
(e-h). In the control, the AD and aortic arch (AoA) cross to the left (b,c). The
brachiocephalic artery (BA) branches from the arch and splits into the RSA and RCC
(d). The LCC branches from aortic arch (d). The mutant embryo has DORYV (f) and an
IVC (e). The arterial duct (RAD) and aortic arch (RAA) cross to the right (f,g) connecting
to a right dorsal aorta (dAo). The BA splits in to the LSA and LCC (h). Abbreviations:
AD, arterial duct; Ao, aorta; AoA, aortic arch; BA, brachiocephalic artery; dAo, dorsal
aorta; DORV, double outlet right ventricle; LCC, left common carotid artery; LSA, left
subclavian artery; LV, left ventricle; RAA, right aortic arch; RAD, right arterial duct;
RCC, right common carotid artery; RSA, right subclavian artery; RV, right ventricle; Th,
thymus. Scale 500um.

Pax9Cre;Gbx2*f embryos were collected for intracardiac ink injection at E10.5 (Figure
5.9). 4" PAA defects were present in 11% (n=19 examined) of the Pax9Cre;Gbx2*"
embryos. One embryo had a unilateral hypoplastic 4" and one had bilaterally
non-patent 4" PAAs.
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Figure 5.9. 4" pharyngeal arch artery defects in Gbx2*;Pax9Cre mice at E10.5.

Intracardiac ink injection of E10.5 embryos. In control embryos (a), PAA 3-6
(numbered) were patent to ink. Pax9Cre;Gbx2*f embryo (b) had 4" PAA defects. A
hypoplastic right 4" PAA is shown (c). Scale, 500um.

Table 5.3 summarises the penetrance of cardiovascular defects at E10.5 and E15.5 in
conditional endoderm mutants and their global mutant equivalent genotypes. The
penetrance of cardiovascular defects in endoderm mutants differed to the global
mutants, particularly at E15.5. However, it is worth noting the reduced penetrance of
defects at E15.5 compared to E10.5 in the conditional mutants showing that these
mutants show recovery of the 4" PAA phenotype during development. This is
discussed in more detail in the next section. The presentation of defects in conditional
endoderm mutants shows that expression of Pax9 and Gbx2 within the pharyngeal
endoderm is essential for PAA morphogenesis and remodelling.
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Table 5.3. Penetrance of defects at E10.5 and E15.5-P0 in conditional endoderm
mutants and global mutant equivalent genotypes.

Statistical significance between global and condition mutants was analysed by
chi-squared for associations. ****p<0.0001. Abbreviations: CV, cardiovascular.

Penetrance of | Penetrance of
4t PAA defects | CV defects at
Genotype Mutant
at E10.5 E15.5
Pax9Cre;Gbx2" Endoderm 50% 21%
Gbx2-null and Pax9-het (n=14) (n=14)
Pax9*-;Gbx2" Global 100% 100%****
Gbx2-null and Pax9-het (n=7) (n=14)
Pax9Cre;Gbx2"f Endoderm 11% 7%
Gbx2-het and Pax9-het (n=19) (n=15)
Pax9*-;Gbx2*" Global 30% 21%
Gbx2-het and Pax9-het (n=63) (n=28)

5.4 Discussion

The data presented in this chapter shows that Pax9 and Gbx2 expression is required
in the pharyngeal endoderm for 4" PAA morphogenesis. Deleting Gbx2 from the
endoderm resulted in the same cardiovascular defects observed in Gbx27- and
Gbx2/;Pax9*- mice. There was a discrepancy in the penetrance of these defects in

Pax9Cre;Gbx27- mutants compared to Pax9*-;Gbx2”- mutants.

A potential cause for this difference is due to Cre efficiency. Cre lines are rarely 100%
efficient and successful Cre-mediated recombination relies on the effective expression
of Cre in the tissue of interest. An example of a Cre with poor expression is Tbx1Cre.
A study used Tbx71Cre to remove Gbx2 expression from the pharyngeal mesoderm,
endoderm and ectoderm, however this did not recapitulate the global Gbx2 mutant
phenotype (133). Analysis of Tbx71Cre embryos showed sparse Cre expression within
the epithelial layers at the time of 4" PAA specification which resulted in reduced

recombination of Gbx2 and presentation of cardiovascular defects.
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RNAscope showed that Gbx2 was successfully recombined in the pharyngeal
endoderm of Pax9Cre;Gbx2" mutants, although residual expression may remain
within the tissue. Validation of the Pax9Cre allele confirmed specific expression in the
pharyngeal endoderm from E8.5, coinciding with Gbx2 expression. However, the time
required for effective Gbx2 recombination could have allowed for the expression of
Gbx2 protein. This residual Gbx2 expression or Gbx2 protein could have allowed
normal cardiovascular development in a portion of mutants. Additionally, the lower
penetrance of defects in Pax9Cre;Gbx2"- mutants could be a result of the remaining

Gbx2 expression in the pharyngeal ectoderm.

A potential explanation for the low penetrance of defects in Pax9Cre;Gbx2"- mutants
in late embryogenesis is the recovery of the 4" PAA during development. This is a
well-documented process in Thx7*- mutants in which the penetrance of defects to the
4t PAA decreases throughout embryogenesis (130) (discussed in Section 1.6.2).
Previous work in the laboratory has investigated the interaction between Tbx7 and
Pax9 within the pharyngeal endoderm (134). The Pax9Cre allele was used to generate
conditional heterozygous Thx71 mutants. The incidence of cardiovascular defects in
Tbx1 conditional endoderm mutants (Tbx7*/:Pax9Cre mice) was significantly greater
at E10.5 (92%, n=17 examined) compared to later in development (33%, n=18

examined).

This recovery was apparent in the mutants collected in this study, including the
Pax9Cre; Gbx2- mutants which showed a 50% (n=14 examined) penetrance of 4" PAA
defects at mid-embryogenesis compared to 21% (n=14 examined) in late
embryogenesis. Table 5.4 shows the penetrance of 4" PAA defects at E10.5,
assessed by ink injection and HREM, compared to the penetrance of cardiovascular
defects observed at E15.5, assessed by MRI and histology, in the mutants collected in
this study. The recovery of 4" PAA defects was apparent in all mutants that showed
incomplete penetrance at E15.5; this includes all the Gbx2 mutants (excluding
Pax9*-;Gbx27- and Pax97;Gbx2*- mice which show complete penetrance at E15.5).
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Table 5.4. Penetrance of cardiovascular defects in mutants at mid and late
embryogenesis.

The mutants that show a recovery in 4" PAA defects are highlighted. Statistical
significance was analysed by chi-squared and Fisher’s exact test.

Penetrance of defects (%)

Genotype E10.5 E15.5-P0
Gbx2" 10/12 (83%) 16/25 (64%)

Pax9” 3/3 (100%) 9/9 (100%)

Pax9*-;Gbx2*- 19/63 (30%) 6/28 (21%)
Pax9*-;Gbx2" 7/7 (100%) 14/14 (100%)

Pax9";Gbx2*- 6/6 (100%) 9/9 (100%)

Pax9Cre;Gbx2" 7/14 (50%) 3/14 (21%)

Pax9Cre;Gbx2*f 2119 (11%) 1/15 (7%)

It was found that abnormal 4" PAAs in Thx7*-mutants at E10.5 are underdeveloped
due to lack of differentiation of NCC into smooth muscle cells around the vessel (130).
The exact mechanism of the 4" PAA recovery is unknown, however it is proposed that
developmental cues between E11.5 and E13.5 allow for the delayed differentiation of
smooth muscle cells which promotes the recovery of defective vessels (130). Milder
4t PAA defects, such as hypoplasticity rather than absence of the 4" PAA, are found
more likely to recover (34, 130). Of the seven Pax9Cre;Gbx2"- embryos with a 41" PAA
defect at E10.5, 43% had a hypoplastic 4" PAA. Tbx71 and Gbx2 share a role in 4t
PAA morphogenesis and potentially an overlapping mechanism in the recovery of this
vessel, resulting in the reduced penetrance of 4" PAA-derived defects in late

embryogenesis.

The deletion of Gbx2 from the pharyngeal endoderm resulted in 4" PAA defects,

however, as Gbx2 is expressed in the pharyngeal endoderm and ectoderm, it was

unlikely that deleting Gbx2 from the pharyngeal endoderm would result in full

penetrance of defects, as the ectoderm must also have a role in PAA development.

Calmont et al. (2009) studied the role of Gbx2 within the pharyngeal ectoderm using
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Ap2aCre to create conditional homozygous ectoderm mutants. Mutants were analysed
at E10.5 and 47% (n=15 examined) had a 4" PAA defect. However, the study did not
provide phenotyping data for conditional ectoderm mutants later in development,
reasoning that the 4" PAA phenotype recovers overtime. It could be that ectoderm
mutants did not display a cardiovascular phenotype later in development, or that the

penetrance of defects was very low.

In the data collected here, 50% of Pax9Cre;Gbx2" embryos (n=14) had a 41" PAA
defect at E10.5, a similar finding to the 47% penetrance in conditional ectoderm
mutants at E10.5 in the Calmont study. Likewise, the distribution of unilateral and
bilateral 4" PAA defects in conditional endoderm and ectoderm mutants was the same.
In both of these conditional mutant genotypes, of the embryos with a 4" PAA defect,
71% had a unilateral defect and 29% had a bilateral defect. It is most likely true that
Gbx2 expression in the endoderm and ectoderm share a role in cardiovascular
development. Ectodermal Gbx2 expression was sufficient to allow for normal
cardiovascular development in many of the Pax9Cre;Gbx2" mutants in this study,

thereby reducing the penetrance of defects overall.

As the Pax9Cre;Gbx2"- mice are also heterozygous for Pax9, it is difficult to completely
evaluate the role of the pharyngeal endoderm. The presence of defects in these
mutants could be due to the tissue-specific loss of Gbx2 expression from the
pharyngeal endoderm, or the genetic interaction between Gbx2 and Pax9. The use of
alternative Cre lines, such as Sox77Cre (200), could be used to investigate the
independent role of Gbx2 within the pharyngeal endoderm. The data presented in
Chapter 4 confirmed the interaction between Pax9 and Gbx2. Combined with the
phenotyping data in this chapter, the data overall shows that Pax9 and Gbx2 interact

cell-autonomously within the pharyngeal endoderm.
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Chapter 6. Investigating the potential Tbx71-Pax9-Gbx2 genetic

network

6.1 Introduction

Mutations in Thx7 have been identified as a leading cause of the cardiovascular
phenotype in 22q11DS (50, 98, 100). This phenotype is largely recapitulated in Tbx1*-
mouse models which have ARSA and VSD as well as more severe defects, such as
IAA, though at a reduced frequency (50, 100, 130). Pax9 is a potential modifier of the
22q11DS phenotype and Pax9 heterozygosity has been shown to increase the severity
of the Tbx71*- phenotype (134). Tbx1*-;Pax9*- mice have a significantly increased
penetrance of IAA compared to Tbx7* mice. IAA is a prominent feature of 22q11DS,

as one of the most commonly observed CHD in patients (85).

Thx1 and Pax9 appear to interact in a non-hierarchal pathway within the pharyngeal
endoderm to control 4" PAA morphogenesis (134). Gbx2 is downregulated in the
pharyngeal endoderm of Thx77 and Pax9”- mutants and could be a potential shared
downstream target of these genes (133, 134, 137). The data presented in Chapter 4
and 5 suggest that Pax9 and Gbx2 interact cell-autonomously in the pharyngeal
endoderm. Likewise, Gbx2 has been shown to interact with Tbx1, as Gbx2
heterozygosity increased the penetrance of cardiovascular defects in Tbx7*- mice
(133). All these genes have been shown to interact and are all independently required

in cardiovascular development.

The downregulation of Gbx2 in Tbx1 and Pax9 mutants suggests that Thx7 and Pax9
act upstream of Gbx2. However, gene expression analysis (Section 4.2) showed that
Pax9 is downregulated in Gbx2-null embryos, suggesting that Gbx2 could feedback
and act on Pax9. The expression of Tbx7 in Gbx2’- mutants has not yet been

investigated.

Tbx1, Pax9 and Gbx2 mouse mutants share overlapping phenotypic features,
suggesting that they may act through a common genetic network. This chapter aimed
to investigate the potential Tbx7-Pax9-Gbx2 genetic network in cardiovascular
development. Thx71, Pax9 and Gbx2 mutants were collected at E9.5 to analyse gene

expression. To investigate this network in vivo, Tbx1*-;Pax9*-;Gbx2*- embryos were
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collected at E15.5 to determine if Gbx2 heterozygosity modified the Tbx71*-;Pax9*-
cardiovascular phenotype. Finally, the mechanism of this interaction was investigated

using luciferase and ChlIP assays.

6.2 Tbx1, Pax9 and Gbx2 expression in vivo

Wild type embryos (n=3) were collected at E9.5 and sectioned to determine Tbx1
co-expression with Pax9 and Gbx2 (Figure 6.1). RNAscope confirmed Tbhx7 to be
expressed in the pharyngeal endoderm, ectoderm and mesoderm of the PA. Thx7 had
overlapping expression with Pax9 and GbxZ2 in the pharyngeal endoderm and with
Gbx2 in the ectoderm. All genes are expressed within the pharyngeal endoderm,
highlighting the importance of this tissue in PAA morphogenesis.

Wild type E9.5

Figure 6.1. Tbx1, Pax9 and Gbx2 expression in the pharyngeal arches at E9.5.

Tbx1, Pax9 and Gbx2 RNAScope probes were used on wild type E9.5 sections (n=3,
24-28 somites). a) Tbx1 and Pax9 co-stain shows overlapping expression within the
pharyngeal endoderm (PE). Thx1 was also detected in the pharyngeal ectoderm (PSE)
and mesodermal core of the PA (arrowhead). b) Thx7 and Gbx2 co-stain shows
overlapping expression in the pharyngeal endoderm and ectoderm. Somite counts (s)
indicated. Abbreviations: PA, pharyngeal arch; PE, pharyngeal endoderm; PSE,
pharyngeal surface ectoderm. Scale, 50um.
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Microarray analysis has shown that Pax9 and Gbx2 are downregulated in Tbhx71+
embryos (133, 137). Wild type (n=3) and Tbx717- (n=3) embryos were collected at E10.5
then sectioned and stained for Thx7, Pax9 and Gbx2 by RNAScope to determine the
tissue specific downregulation (Figure 6.2). At E10.5, Tbx1, Pax9 and Gbx2 are still
expresed in their specific expression domains within the PA of wild type embryos. In
Tbx17- embryos, the caudal PA fail to segment and are absent. Consequently, the
defined PA structure is unrecognisable in Tbx7 sections, but a lining of endoderm
can be observed down the midline of the embryo. Pax9 and Gbx2 were downregulated

in the pharyngeal endoderm of Thx7- mice.

RNAScope, Ghx2 || RNAScope, Thx1 |

C

L

RNAScope, Pax9 ||
la

Wild type

Thx 17"

Figure 6.2. Pax9 and Gbx2 are downregulated in the pharyngeal endoderm of
Thx17- embryos.

Tbx1, Pax9 and Gbx2 RNAScope probes were used on wild type (a, b, ¢, n=3, 33
somites) and Thx77 (d, e, f, n=3, 31-34 somites) E10.5 sections. The caudal PAs
(numbered) were observed in wild type embryos. The caudal PA are absent in Thx17
embryos. An inner lining of pharyngeal endoderm (PE) can be observed. a) Pax9
expression is clear in the PE layer of the arches. Pax9 expression in the PE is reduced
in the Tbx717 mutant (d). Gbx2 is present in the pharyngeal endoderm and ectoderm
of wild type embryos (b) but is reduced in the mutant (e). (c) Tbx7 is expressed in the
pharyngeal endoderm, ectoderm and mesoderm in wild type embryos. (f) Tbx17
embryo confirming lack of Thx7 expression. Abbreviations: PA, pharyngeal arch; PE,
pharyngeal endoderm; PSE, pharyngeal surface ectoderm. Scale, 50um.
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Pax9 and Gbx2 were downregulated in Gbx27- and Pax9/ embryos respectively
(Section 4.2). RNAScope was used to analyse the expression of Thx7 in Pax97 (n=3)
and Gbx27 (n=3) embryos compared to wild type (n=4) at E9.5 (Figure 6.3). Tbx1
expression was reduced in the Pax9 embryos (this data was published in Phillips et
al., 2019). This reduction was more pronounced in the pharyngeal endoderm and
ectoderm than the mesoderm. Tbx7 expression appears downregulated in the

pharyngeal ectoderm of Gbx27- embryos.

| Wild type I Pax9” [ Gbx2”-

PA2

Figure 6.3. Tbx1 expression Pax9”- and Gbx2”-embryos at E9.5.

RNAScope using a probe for Tbx1 on wild type (a, n=4, 24-28 somites), Pax9” (b, n=3,
24-26 somites) and Gbx27 (c, n=3, 25-27 somites) embryos at E9.5. Thx7 expression
was reduced in the pharyngeal endoderm and ectoderm of Pax9-- embryos (b) and in
the pharyngeal ectoderm of Gbx2-- embryos (c). Abbreviations: PA, pharyngeal arch;
PE, pharyngeal endoderm; PSE, pharyngeal surface ectoderm. Scale, 50um.

Table 6.1 summarises the expression of Thx1, Pax9 and Gbx2 in the mutant embryos,
as assessed by RNAScope in this study (Section 4.2 and 6.2). All genes were
downregulated in Tbx717 and Pax9” embryos. In Gbx27 embryos, Pax9 was
downregulated and Thx1 expression was downregulated in the pharyngeal ectoderm.
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Table 6.1. Summary of RNAScope gene analysis in Tbx1/, Pax9’ and Gbx2"

mutants.

Downregulated genes

Mutant | Tbx71 | Pax9 Gbx2

Tbx1" - Y Y
Pax9” Y - Y
Gbx2"- Y Y -

6.3 Gbx2 heterozygosity does not modify the Thx7*- phenotype

Calmont et al. (2009) investigated the interaction between Tbx7 and Gbx2 and
observed a greater incidence of cardiovascular defects in Tbx7*-;Gbx2*- mice
compared to Thx7*- mice. However, the Calmont study used a different Gbx2 mouse
construct than used in this study (discussed in Section 3.7) which resulted in a
discrepancy in the incidence of 4" PAA defects in Gbx27- mice between studies.
Therefore, to establish a baseline phenotype on an enriched C57BI/6 background,
Tbx1*-and Tbx1*-;Gbx2*- mice were collected at E15.5 and analysed by MRI (Figure
6.4).

Tbx1*- embryos previously collected in the laboratory, published in Phillips et al.
(2019), were included in this dataset giving a total of 21 embryos. Appendix Table A.10
shows the phenotype of each Tbx71*- embryo collected. 67% of Tbx7*- mice (n=21
examined) presented with cardiovascular defects. The defects that occurred correlated
with previously reported defects (34, 56, 97, 130-133). An abnormal RSA was most
frequent, 43% had a RE-RSA and 24% had a CoRSA. A small fraction had I1AA (5%)

and VSD (5%) was also observed.

Similar defects were observed in the Thx1*-;Gbx2*-mice (Figure 6.4). Appendix Table
A.11 shows the phenotype of each Tbx71*-;Gbx2*- embryo collected. Tbx1*-;Gbx2*"
mice (n=10) had RE-RSA (20%), IAA (10%) and VSD (30%). One Tbx1*-;Gbx2*-
embryo (10%) had RAA. A defect not observed in Tbx7*- mice collected here, however
previously published data shows incidences of RAA in Thx7*- mice (132).
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Control Tbx1*-:Gbx2*"

Figure 6.4. Cardiovascular defects present in Tbx1*-and Tbhx1*-;Gbx2*- embryos
at E15.5.

MRI reconstructions of a control embryo (a) showing normal cardiovascular
development compared to Tbx7*- (b) and Tbx1*-;Gbx2*- (c) embryos. Tbx1*-embryo
has an ARSA (b). Tbx1*-;Gbx2*-embryo has an ARSA and RAA. Abbreviations: AD,
arterial duct; Ao, aorta; ARSA, aberrant right subclavian artery; dAo, dorsal aorta;
DORYV, double outlet right ventricle; LCC, left common carotid artery; LSA, left
subclavian artery; LV, left ventricle; RAA, right aortic arch; RAD, right arterial duct;
RCC, right common carotid artery; RSA, right subclavian artery; RV, right ventricle; Tr,
trachea; VSD, ventricular septal defect. Scale, 500um.

Table 6.2 compares the defects present in these mutant embryos. The penetrance of
cardiovascular defects in Tbx1*-Gbx2*- embryos was slightly lower that Tbx7+-
embryos at 50% (n=10 examined). There was a slight increase in the incidence of VSD
and IAA in double heterozygotes, but overall there was no significant difference in the
penetrance of individual defects. Gbx2 heterozygosity did not modify the Tbx71*-

phenotype.
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Table 6.2. Cardiovascular defects in Tbx1*- embryos compared to Tbx1*-;Gbx2*"
embryos at E15.5.

Statistical significance was analysed by chi-squared for associations. Abbreviations:
CV, cardiovascular; CoRSA, cervical right subclavian artery; IAA, interrupted aortic
arch; RE-RSA, retro-oesophageal right subclavian artery; RAA, right aortic arch; VSD
ventricular septal defect.

Frequency
Genotype CV Defect | VSD IAA RAA | RE-RSA | CoRSA
Thx1*- 14 2 1 0 9 5
n=21 (67%) (10%) | (5%) (43%) (24%)
Tbx1*-;Gbx2*" 5 3 1 1 2 0
n=10 (50%) (30%) | (10%) | (10%) (20%)

6.4 Gbx2 heterozygosity does not modify the Thx71*-;Pax9*- phenotype

Previous work in the laboratory showed that Pax9 heterozygosity modified the Tbx71*-
phenotype, significantly increasing the incidence of IAA (134). Tbx1*-;Pax9*-;Gbx2*-
embryos were collected and compared to Tbx71*-;Pax9*- mice to determine the effect

of Gbx2 heterozygosity (Figure 6.5).

Tbx1*-;Pax9*- embryos previously collected in the laboratory, published in Phillips et
al. (2019), were included in this dataset. All Thx71*-;Pax9*- embryos (n=24) had
cardiovascular defects (Table Appendix A.12). The most frequent defects were I1AA
(63%) and defects to the RSA, namely RE-RSA (42%) and CoRSA (54%). RAA was
also present in 8% of embryos. All Tbx71*-;Pax9*-;Gbx2*- embryos (n=8) had
cardiovascular defects (Appendix Table A.13) and shared the same defects as
Tbx1*-;Pax9*- embryos (Figure 6.5).
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Figure 6.5. Cardiovascular defects present in Tbx71*;Pax9* and
Thx1*-;Pax9*-;Gbx2*- embryos at E15.5.

MRI reconstructions of a control embryo (a) showing normal cardiovascular
development compared to Thx71*-;Pax9*- (b) and Tbx1*-;Pax9*-;Gbx2*- (c) embryos.
The mutant embryos (b, c) have the same cardiovascular defects with a CoRSA and
IAA. Abbreviations: AD, arterial duct; Ao, aorta; ARSA, aberrant right subclavian artery;
CoRSA, cervical right subclavian artery; dAo, dorsal aorta; DORV, double outlet right
ventricle; IAA, interrupted aortic arch; LCC, left common carotid artery; LSA, left
subclavian artery; LV, left ventricle; RAD, right arterial duct; RCC, right common carotid
artery; RSA, right subclavian artery; RV, right ventricle; Tr, trachea. Scale, 500um.

Table 6.3 summarises the cardiovascular defects present in Tbx71*-;Pax9*- and
Tbx1*-;,Pax9*-;Gbx2*- embryos. There was no significant difference in the incidence
of cardiovascular defects between these mutants. Gbx2 heterozygosity did not modify
the Tbx1*-;Pax9*-phenotype.
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Table 6.3. Cardiovascular defects present in Tbx1*-;Pax9*- embryos compared
to Tbx1*-;Pax9*-;Gbx2*- embryos at E15.5.

Statistical significance was analysed by chi-squared for associations. Abbreviations:
CV, cardiovascular; CoRSA, cervical right subclavian artery; IAA, interrupted aortic
arch; RE-RSA, retro-oesophageal right subclavian artery; RAA, right aortic arch, VSD,;
ventricular septal defect.

Frequency
Genotype cv VSD IAA RAA | RE-RSA | CoRSA
Defect
Tbhx1*-;Pax9*" 24 7 15 2 10 13
n=24 (100%) | (29%) | (63%) | (8%) (42%) (54%)
Thx1*-;Pax9*-;Gbx2*"- 8 3 4 1 5 2
n=8 (100%) | (38%) | (50%) | (13%) (63%) (25%)

6.5 Investigating the interaction of TBX1 and PAX9 with the Gbx2 conserved

region

Phenotyping data and gene expression analysis suggest that Thx7 and Pax9 both act
upstream of Gbx2 in 4" PAA morphogenesis. The human and mouse GBX2
sequences were aligned to analyse homology between the sequences. This identified
a highly conserved (99%) region approximately 2kb downstream of exon 2. The GBX2
gene was analysed using the MultiTF (https:/multitf.dcode.org/) and JASPAR
database (http://jaspar.genereg.net/) to screen for TBX (T-BE) and PAX (PAX-BE)
binding elements. Analysis identified three PAX-BEs and one T-BE within the

conserved region (Figure 6.6).
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Gbx2 conserved region sequence: PAX-BE T-BE

CCAAGGCCCTGGAGACAGGCCGAGGGCAGGAAGATAAAGARRBE ABGCCTT@ATE@CECGCTGTCATCATGGCCGTCAT
CATGGCTTTCATTTGGCTGCCTAATGAGTCACATCACAGGCAGAGAGAAAAATTGTCAATCGCCTGGGCCCTAATGAATTTT
TITGCAAATTGTAATCAAGCCAGGCCETETCABCT@ECTBATTAATGAGACCCACGAGGCTCGGLEABGAGETCAGCTTT
TTATTCCATCCCGTCCTCCCTGCACTAAATTAACAGCAACTTGTCTGAGCTTCAAATTAACTCCCAATGATTAATTCTGATGG
GGGGGCCTGAAGAATAGCTTGTTCTAATAGGCTCTGGCCTGAGATGCTGTTGGAAATTAATACACTTCCCCTTTGGCTGCC
GGCTTTAATCCAAGETTG@@ETTT TRACATCACTATATTTGTTGTTACAATAAATTCCACTTACATCTGCAGATCAAATAATTA

Figure 6.6. Schematic diagram of the GBX2 conserved region.

Alignment of the human and mouse GBX2 gene sequences showing conservation between
the sequences. The conserved region is located approximately 2kb downstream of exon 2 and
is 99% conserved. This region is ~500bp and possesses one TBX and three PAX binding
elements. The sequence of the Gbx2 conserved region is shown with the potential TBX and
PAX binding sites. Abbreviations: kb, kilobase pair.

A luciferase assay was used to determine if TBX1 and PAX9 could activate the GBX2
conserved region. This region was cloned into a luciferase expression vector. In this
construct (referred to as GBX2-LUC), luciferase is downstream of a minimal promoter,
under the control of the Gbx2 enhancer region. Upon activation of this promoter,
luciferase expression is increased. GBX2-LUC was transfected into JEG3 cells
together with a TBX1 and/or a PAX9 cDNA expressing plasmid. The plasmid backbone

(pcDNA3.1) was used as a control.

Luciferase reporter constructs containing a synthetic TBX (2xTtkGI2) or PAX (BMP4)
binding site were used as a positive control. Both positive controls show a significant
increase in luciferase activity (Figure 6.7a-b). A luciferase reporter lacking TBX and
PAX binding sites (tkGI2) was used as a negative control. There was no significant
change in luciferase activity with the addition of the TBX1 or PAX9 cDNA expressing

plasmids in the negative control (Figure 6.7c).

Co-transfecting cells with the GBX2-LUC construct and TBX1 did not cause a

significant increase in luciferase activity. Co-transfection of PAX9 caused a significant
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increase in luciferase expression showing that PAX9 is able to bind and activate the
conserved region. With the addition of TBX1 and PAX9, luciferase expression did not
differ from the control. This suggests that TBX1 is repressing the PAX9-induced
activation of GBX2.
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Figure 6.7. PAX9 activates the GBX2 conserved region in vitro.

(a) The 2xTtkGI2 construct containing a synthetic T-BE was used as a TBX1 positive
control (n=6). (b) The BMP4 construct was used as a PAX9 positive control (n=6). (c)
The tkGI2 construct lacking both T-BEs and PAX-BEs was used as a negative control
for TBX1 (n=6) and PAX9 (n=3). (d) TBX1 did not activate the GBX2-LUC construct.
PAX9 significantly increased luciferase expression, confirming activation of the GBX2
region. This activation was repressed with the combined addition of TBX1 and PAX9.
Each plot point represents an independent experiment, each performed in triplicate.
Statistical significance was calculated using an unpaired two-tail T-test (a, b) or a one-
way ANOVA (c, d). *p<0.05**; ***p<0.001; ****p<0.0001.
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The luciferase assays confirm activation of GBX2 by PAX9. While TBX1 did not
activate this region, in vivo phenotyping and expression data show the interaction
between Tbx1 and Gbx2. Therefore, the interaction of Tbx7 with Gbx2 cannot be
disregarded. ChlIP was used to investigate the interaction of Tbx1 and Pax9 with the
Gbx2 conserved region in vivo. Immunoprecipitation was carried out using antibodies

against Tbx1, Pax9 and acetylated histone 3 lysine 27 (H3K27ac).

Chromatin regulators are key in the regulation of transcription. The state of chromatin
determines the accessibility of a region of DNA, thereby determining its activation by
transcription factors. Histone modifications and regulators control this state in
developmental programs to maintain specific gene expression during embryogenesis.
Acetylation of H3K27 marks active promoters and enhancers (201) and enrichment of

H3K27ac would show that the Gbx2 conserved region is in the open chromatin state.

Wild type CD1 embryos were collected at E10.5, pooled in groups of four, then briefly
fixed in formaldehyde to crosslink the DNA and proteins. The chromatin was sonicated
to 200-500bp fragments and a sample containing the total chromatin (input) was
collected. Immunoprecipitation was carried out on the remaining sample using protein
G beads and with antibodies raised against H3K27ac, Tbx1 or Pax9. A rabbit
immunoglobulin (IgG) and a negative control sample without any antibody were also
used. The immunoprecipitated samples were reverse crosslinked and the DNA was
purified. The DNA was assessed by qPCR using primers designed to target the Gbx2

conserved region (Figure 6.8).
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Figure 6.8. Location of primer binding sites used in the ChIP assay to target the

Gbx2 conserved region by qPCR.
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Each sample was normalised to the input (total chromatin) sample and plotted as
percentage of input and compared to the IgG negative control which represents
background antibody binding. The Gbx2 conserved region was significantly (p<0.05,
one-way ANOVA corrected for multiple comparisons using the Holm-Sidak test)
enriched for H3K27ac, Tbx1 and Pax9 compared to background IgG (Figure 6.9).
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Figure 6.9. Chromatin immunoprecipitation of the Gbx2 conserved region using
E10.5 embryos.

DNA was purified from immunoprecipitated samples and analysed by qPCR using
primers designed to target the Gbx2 conserved region. IP of IgG was used as a
negative control to show background antibody binding. The conserved region was
significantly enriched for H3K27ac, TBX1 and PAX9 compared to IgG. Each plot point
represents a biological replicate with four pooled E10.5 embryos in each experiment.
Statistical analysis was calculated using a one-way ANOVA corrected for multiple
comparisons using the Holm-Sidak test. *p<0.05.

The ChIP assay was repeated using CD1 embryos collected at E9.5, with nine
embryos pooled in each experiment. The conserved region did not show significant
enrichment for H3K27ac, TBX1 or PAX9 above background IgG (Figure 6.10).
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Figure 6.10. Chromatin immunoprecipitation of the Gbx2 conserved region using
E9.5 embryos.

DNA was purified from immunoprecipitated samples and analysed by gPCR using
primers designed to target the Gbx2 conserved region. IP of IgG was used as a
negative control to show background antibody binding. The conserved region was not
significantly enriched for H3K27ac, TBX1 or PAX9. Each plot point represents a
biological replicate with nine pooled E9.5 embryos in each experiment. Statistical
analysis was calculated using a one-way ANOVA corrected for multiple comparisons
using the Holm-Sid&k test. Abbreviations: ns, no significance.

As the expression of DNA-binding proteins varies in different tissues and stages of
development, the amount of target protein present in IPs also varies. A large amount
of tissue is needed in ChlP to detect a signal and the reason for low enrichment
relative to total chromatin could be due to the small amount of chromatin present in
the E9.5 sample. Embryos were pooled in each experiment, however the chromatin
sheared from the E9.5 sample was low. At E10.5, there was 20.1-25.1ug of
chromatin used for each IP whereas the chromatin available for each IP at E9.5 was
lower at 10.1-12.1ug. The low signal observed in the E9.5 ChIP assay could be due
to low levels of chromatin and further optimisation of this experiment is required to

reliably investigate the conserved region at E9.5.
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6.6 Discussion

This chapter aimed to investigate the potential Thx7-Pax9-Gbx2 genetic network in
cardiovascular development. The first aim was to determine co-expression of these
transcription factors in the PA and analyse gene expression in null mutants. Analysis
of wild type embryos showed Thx7 expression within the pharyngeal endoderm,
ectoderm and mesoderm, as previously reported (128, 129). This expression
overlapped with Pax9 and Gbx2 in the pharyngeal endoderm at the time of 4" PAA
specification at E9.5.

The endoderm is the only tissue within the PA in which all of these genes are
expressed and, as Tbx7, Pax9 and Gbx2 mutants share overlapping 4" PAA defects,
it is possible that these genes share a network in the pharyngeal endoderm for 41" PAA
morphogenesis. Published studies (134) and the data presented in Chapter 5 suggest
that Tbx7 and Gbx2 interact cell-autonomously with Pax9 in the pharyngeal endoderm.
This network is likely vast and involves the interaction of other genes. For example
Fgf8, which has also been shown to interact with Tbx7 and Gbx2, was downregulated
specifically in the endoderm of Tbx77 mice (56, 166). Gene expression within the
endoderm could be functioning as a signalling centre to interact with other tissue types
required in PAA morphogenesis. Thx1 signals emanating from the endoderm are
transduced via Fgf8 to the mesenchyme, in which the PAA reside (56). The time of
Tbx1, Pax9 and Gbx2 endoderm expression coincides with NCC migration into the PA.
All of these genes are all needed for normal NCC behaviour (133, 135, 166), and could
signal from the endoderm to affect NCC function.

The downregulation of Pax9 and Gbx2 in Tbx717- mice observed in the RNAScope
analysis reflects that observed in previously published transcriptome analysis of
Tbx17- embryos by lvins et al. (2005). Analysis of Pax97-embryos showed the reduced
expression of Tbx1 in the epithelial layers of the PA. Pax9 and Thx71 were each
downregulated in Tbx71” and Pax9” embryos respectively, which supports the
deduction that Thx7 and Pax9 act in a non-hierarchal pathway (134).

The Calmont (2009) study showed an interaction between Tbx71 and Gbx2 in
cardiovascular development, observing an increase in the penetrance of defects in
Tbx1*-;Gbx2*- mice compared to Tbx7*- mice. This was not apparent, however, in the
phenotyping data collected here, in which 67% of Tbx71*- mice had cardiovascular
defects compared to 50% of Tbx71*;Gbx2*- mice. Likewise, the penetrance of
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individual defects, including IAA and RAA, did not significantly differ between these
genotypes in this study showing that Gbx2 heterozygosity did not modify the Tbx7+-
phenotype.

However, the 67% penetrance in the cardiovascular defects in Tbx71*- embryos at
E15.5 collected in this study was notably higher than the average reported penetrance
in published data (29%). This difference could be due to deviations in genetic
background between the studies (136). Table 6.4 summarises the penetrance of
defects in Thx71*-and Tbx1*-;Gbx2*- mice collected in this study and in published data
in late development and neonatal stages. The higher baseline penetrance in Thx71+-
mice collected in this study affects the interpretation of results when comparing to
Tbx1*-;Gbx2*- mutants. A similar penetrance of defects was observed in
Tbx1*-;Gbx2*-mice in this study (50%, n=10 examined) and the Calmont study (59%,
n=22 examined). However when comparing to this baseline Tbx7*- phenotype at 67%,
there is no significant change which suggests that Gbx2 heterozygosity does not

modify the Thx7*- phenotype.
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Table 6.4. Penetrance of cardiovascular defects in Tbx71*- and Tbx1*-;Gbx2*-

mice E15.5-P2 in published data.

Reference Penetrance of CV Defects
Thx1*"- Calmont et al., 2009 26% (n=19)
Vitelli et al., 2002 27% (n=41)
Randall et al., 2009 24% (n=25)
Guris et al., 2006 33% (n=18)
Ryckebusch et al., 2010 25% (n=36)
Papangeli and Scambler, 2012 29% (n=17)
Zhang et al., 2008 38% (n=29)
Average 29% (n=185)
This study 67% (n=21)
Tbx1*-;Gbx2*" Calmont et al., 2009 59% (n=22)
This study 50% (n=10)

Together with the analysis of Tbx71*;Pax9*;Gbx2*- triple heterozygotes, which
showed no difference to Tbx71+*;Gbx2*- mice, it was concluded that Gbx2
heterozygosity does not modify the phenotype. This correlates with the gene
expression analysis in which Tbx7 expression was unaffected in the pharyngeal

endoderm of Gbx2”- embryos suggesting that Tbx7 acts upstream of Gbx2.

With the conclusion that Gbx2 is a shared target of Thx7 and Pax9, the Gbx2 gene
was screened, which identified highly conserved T-BEs and PAX-BEs. The Pax9-Gbx2
interaction apparent in phenotyping data was reflected in luciferase assays, while Tbx1
did not activate Gbx2 in this assay. However, this assay only indicates the activation
of Gbx2, not binding of this region. Hence the lack of activation by Tbx1 in the luciferase

assay does not necessarily show a lack of Tbx1 binding.
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The ChIP assay showed significant enrichment of the Gbx2 conserved region for Tbx1
and Pax9 suggesting that these proteins could bind Gbx2. Likewise, this region was
also significantly enriched for H3K27ac, a histone modification associated with active
enhancers and open state chromatin (201). This suggests that the Gbx2 conserved
region is available for binding during the time of PAA formation and remodelling at
E10.5.

However, while the statistical analysis suggests that Gbx2 was significantly enriched
for Tbx1, Pax9 and H3K27ac, the level of H3K27ac enrichment was arguably low for a
histone modification enzyme. Therefore, the experiment does not conclusively show
direct regulation of the Gbx2 conserved region. This low level of enrichment could be
explained due to low concentration of chromatin available, as a large amount of tissue

is required to generate a signal.

Interestingly, Fulcoli et al. (2016) observed that Tbx1 was predominantly associated
with lowly transcribed genes and low H3K27ac enrichment. Tbx1 is an early regulator
of histone modification and was shown positively regulated the methylation of histone
3 at lysine 4 (H3K4me1), a histone modification that marks primed enhancers (202-
204). Tbx1 acts as a poised enhancer to bind and keep DNA in the open state to then
recruit other transcription or regulatory factors to consequently alter downstream
transcription. For example, Tbx1 recruits P53 to Gbx2 to modulate Gbx2 expression
through histone methylation (167). The active Tbx binding element identified by Caprio
et al. (2014) is located within the Gbx2 conserved region approximately 2kB
downstream of exon 2. The T-BE and PAX-BEs identified in this study were in
proximity, and it is tempting to speculate that Thx7 affects the state of local chromatin.
In this context, Tbx1 could bind Gbx2 and modify the chromatin to allow the binding of
Pax9.

In the luciferase assay, Tbx1 prevented the activation of Gbx2 by Pax9 suggesting that
Tbx1 represses Pax9 function. However, during cardiovascular development at
mid-embryogenesis, gene expression is highly dynamic with the constant switching
between gene activation and suppression. As Tbx1 regulates histone modification, it

could have a potential role in controlling the timely activation of Gbx2 by Pax9.

Pax9 has also been implicated in altering chromatin structure, as loss of Pax9 in mouse
embryonic fibroblasts decreased trimethylation of histone 3 lysine 9 (H3K9me3) in

heterochromatin (205). H3K9me3 represses repetitive elements and non-coding
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regions of the genome (206). This histone modification has also been shown to
influence cell fate by silencing lineage-inappropriate genes (206). Pax9 could modulate
heterochromatin structure and have a potential role in determining cell fate.
Additionally, Pax9 could have a role in the activation and expression of Gbx2 through

the interaction with the Tbx1-P53 complex.

While further work is required to determine if Tbx1 and Pax9 directly regulate the Gbx1
conserved region, the luciferase assays and in vivo work presented in this chapter
suggest the presence of a Thx7-Pax9-Gbx2 network in the morphogenesis of the 4t
PAA.
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Chapter 7. Final Discussion

7.1 Summary of findings and future work

The formation and remodelling of the PAA is highly complex, involving precise genetic
interactions across multiple tissue types. This process is susceptible to genetic
mutations and such perturbations result in life threatening CHDs. 22g11DS is the most
common microdeletion in humans, with TBX71 mutations identified as the leading cause
of cardiovascular defects, however patients present with a varied phenotype (82, 207).
Identifying the genetic interactors of Tbx7 in cardiovascular development, could
elucidate the modifiers of 22g11DS. Investigating the genetic networks and
mechanisms underpinning cardiovascular and PAA morphogenesis is imperative in

aiding the understanding in the manifestation of CHDs.

7.1.1 Gbx2 as a modifier of 22q11 deletion syndrome

To date, GBX2 mutations have not been implicated in human patients with CHDs,
however, studies have shown that Gbx2 is required in cardiovascular development.
The work in this thesis confirmed the necessity of Gbx2, thoroughly defining the null
phenotype, and identified previously unreported defects in Gbx27- mice. Analysis
revealed a new role for Gbx2 in L-R patterning. These defects, including RPI and RAl,
occurred simultaneously with 4" PAA and conotruncal abnormalities, however the
mechanism by which Gbx2 is involved in L-R patterning is unclear. Gbx2 functions
independent of Pitx2 in L-R patterning. Analysis of the expression of other components
of the complex nodal signalling pathways could reveal at which stage Gbx2 is required.
A large portion of Gbx2’- embryos appeared to die prior to E8.5 suggesting a role of
Gbx2 in early embryogenesis. The early loss of Gbx27 embryos is likely due to
abnormalities at gastrulation, during which Gbx2 is expressed in all three germ layers
(164).

The Gbx2” phenotype is varied between individual embryos and shows incomplete
penetrance, a feature present in other mouse models including Thx7*- (53, 97, 130-
134) and Fgf8 hypomorphic mutant mice (61). This is not unlike the 22q11DS
phenotype in which the penetrance cardiovascular defects is incomplete, present in

approximately 75% of patients (84). The recovery of the 4" PAA phenotype (130) can
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explain the incomplete penetrance in Gbx27 mice at later stages of development, but
does not explain the 86% penetrance at E10.5. This incomplete penetrance is
potentially due to genetic background. As different genetic strains possess genetic

modifiers which can alter the phenotype (136).

Frequent defects in Gbx27- mice are RAA, aberrant subclavian arteries and DORV, all
of which occur in 22g11DS, albeit at a lower frequency than IAA (85-89). IAA is one of
the most commonly observed defects observed in 22q11DS (85). In this respect,
Gbx2/- mice do not present with the hallmark 22q11DS phenotype. Nonetheless, the
Gbx2 phenotype still overlaps with the Tbx7 and 22q11DS phenotype.

7.1.2 The Pax9-Gbx2 interaction in the pharyngeal endoderm

Pax9 is postulated as a more likely modifier of 22q11DS due to its strong interaction
with Tbx7 and the presentation of IAA in Thx71*;Pax9* and Pax9’ mice (134). Pax9
heterozygosity significantly modified the Gbx2-- phenotype, increasing the severity and
penetrance of defects. The presentation of Pax9- typical defects (IAA, absent common
carotid arteries and thymus defects) in Gbx27;Pax9*- embryos show that Pax9 is a
strong genetic modifier.

The Pax9” phenotype is relatively consistent between individual embryos and shows
complete penetrance, therefore the modification with the simultaneous heterozygous
deletion of Gbx2 was more subtle. Together with the less pronounced downregulation
of Pax9 in Gbx27 embryos, phenotyping data suggests Pax9 and Gbx2 function
hierarchically. Pax9 likely acts upstream of Gbx2 and Gbx2 can feedback to act on
Pax9.

This study validated the novel Pax9Cre allele, utilising this mouse to investigate the
deletion of Gbx2 from the pharyngeal endoderm in the context of Pax9 heterozygosity.
The presence of 4" PAA defects in Pax9Cre;Gbx2"” embryos confirmed the
cell-autonomous interaction between Pax9 and Gbx2 within this tissue, consistent with
the Tbx1-Pax9 interaction in the pharyngeal endoderm (134). The phenotype in the
Pax9Cre;Gbx2"- mutants could be a result of the Pax9-Gbx2 interaction or the
endoderm-specific loss of these genes. It is most likely a combined effect, although the

individual role of Gbx2 in the pharyngeal endoderm is yet to be determined. The
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deletion of Gbx2 from this tissue should be investigated using alternative pharyngeal

endoderm-specific Cre lines, such as Sox77Cre (200).

Gbx2 is expressed in the pharyngeal endoderm and ectoderm and in Pax97-embryos,
Gbx2 expression was reduced in both tissues. This raises the question as to how the
deletion of Pax9 from the endoderm affects Gbx2 expression in the ectoderm which

would require extracellular signalling pathways.

Pax9 activity is required for the expression of multiple components of signalling
pathways during the formation of the palate. The cleft palate in Pax97 mice occurs with
the downregulation of Wnt signalling (208). The cleft palate phenotype was partially
rescued through the inhibition of a Wnt antagonist. This suggests that, in normal
development, Pax9 functions through Wnt signalling during palate formation.

A similar effect was observed with Shh, Bmp and Fgf signalling. Shh, Bmp4 and Fgf10
expression in the palatal mesenchyme and epithelium are dependent on Pax9 activity
and are reduced in Pax97 mice (209). Pax9 acts via Shh, Bmp and Fgf signalling to
regulate expression of other transcription factors required in palate formation, such as
Osr2 (209, 210). These signalling pathways are all expressed in the pharyngeal
endoderm, required for patterning of the PA and PAA (61, 63, 197, 211). Tbx1 uses
Fgf signalling to contact the mesoderm during PAA formation (56). Pax9 relies on
signalling pathways for contributing to organogenesis and development. In this context,
Pax9 expression in the pharyngeal endoderm may regulate Gbx2 expression in the
pharyngeal ectoderm via these signalling pathways.

The downregulation of Gbx2 in both epithelial layers of Pax97- and Tbx17 embryos
(133) indicates that Gbx2 expression in both tissues contributes to PAA
morphogenesis. The homozygous deletion of Gbx2 from the ectoderm resulted in a
similar penetrance of 4" PAA defects at E10.5 compared to the Pax9Cre;Gbx2"
mutants in this study (133). The Calmont study (2009), however, failed to analyse
conditional ectoderm mutants at later stages of development. To completely
differentiate the tissue specific-role of Gbx2, conditional ectoderm and endoderm

mutants need to be analysed and compared at late embryogenesis.
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7.1.3 The Tbx1-Pax9-Gbx2 network

While Gbx2 heterozygosity does not result in a strong modification of the Tbhx71*
phenotype, this does not negate the interaction between these genes. The
downregulation of Gbx2 in Thx17-and Pax9”- embryos suggests the interaction of these
genes with Gbx2 as a common downstream target. This is reflective of the non-

hierarchal relationship of Thx1 and Pax9 as both can independently interact with Gbx2.

The function of Gbx2 depends on its interaction with downstream target genes and
pathways. Using chromatin immunoprecipitation and direct sequencing on a human
cell line, Roeseler et al. (2012) identified 286 potential target genes of Gbx2. Among
the top candidate downstream targets were members of the Slit-Robo and Notch
signalling pathway, both of which are needed in NCC migration (57, 212). Robo1 and
Slit2 expression were reduced in Gbx2”- embryos (133, 213). The implication of these
pathways as a potential downstream target of Gbx2 is consistent with the presentation
of NCC migration defects in Gbx2 mutant embryos (133, 166).

The combined transcriptome analysis of Thx77- and Pax97 embryos highlighted 342
shared differentially regulated genes and resulted in the identification of Gbx2 as a
shared target (134). The transcriptome analysis of Gbx27- embryos would be highly
informative in reviewing downstream targets of this gene and to further investigate the
Tbx1-Pax9-Gbx2 network.

7.1.4 The sensitivity of the 4" pharyngeal arch artery

It is worth commenting on the heightened sensitivity of the 4" PAA that occurs with
genetic mutations and deletions. In mouse models investigating the genetic factors in
the development of the PAA, it is primarily the 4" PAA that is affected. This is also true
for Tbx1, Pax9 and Gbx2 mutants which show hypoplastic or absent 4" PAA. The 4%
PAA appears to be more susceptible to genetic perturbations, although it is unknown
as to why this is the case.

Each PAA forms a specific region of the aortic arch, the cranial PAA (1t and 2M9)
regress, while the caudal PAA (3, 4" and 6™) persist and asymmetrically remodel;
with the left and right 4" PAA forming part of the arch and RSA respectively. The fate
of each PAA will be programmed early in embryogenesis, dependent on gene
expression within the developing PA.
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Transcriptome analysis showed distinct genetic profiles between the cranial and
caudal PAA. For example, the caudal PAA were enriched for Myocd, a transcription
factor that activates smooth muscle differentiation (214). Further investigation showed
that smooth muscle cells fail to form around the 15t and 2" PAA, while the caudal PAA,
which form the mature aortic arch structure, were clearly invested in smooth muscle
cells (214). The specific gene expression within each PA affects the formation of their

respective PAA.

This is apparent in the mechanism of lumen formation between the cranial and caudal
PAA. The endothelial cell lumen of the cranial PAA arises through angiogenesis while
the caudal PAA are thought to form through de novo vasculogenesis (36). The PA
show strict segmentation, with regionalised gene expression not only differing between
cranial and caudal regions, but also between individual arches and the tissues of the
PA (47).

The susceptibility of the 4" PAA has been noted throughout the literature, suggesting
that there are also programmed differences between the 3, 4" and 6™ caudal PAA.
This heterogeneity in the fate of the different PAA is in part due to cellular differences.
The smooth muscle layer of the PAA is derived from NCC that migrate into the PA (23).
The composition of the 4" PAA smooth muscle and its derivatives differs from other
vessel segments in that is has reduced actin and elastin content (215). There is no
clear data proving the link between smooth muscle composition and predisposition to
development defects of the 4" PAA however, 4" PAA hypoplasticity in Thx7*- mice
occurs due to reduced smooth muscle formation (130). Additionally, the recovery of

the 4" PAA is a result of the delayed differentiation of smooth muscle cells (130).

Molin et al. (2002) found that the smooth muscle composition of a vessel can affect its
response to genetic perturbations. While the 4" PAA persists to form part of the mature
aortic arch system, the right 6" PAA, carotid ducts and distal region of the right dorsal
aorta regress. This regression is preceded by an increase in apoptosis in the
mesenchyme surrounding the PAA. The apoptosis spreads to the smooth muscle layer
of the regressing vessels (33). Molin et al. (2002) observed regression of the 41" PAA
and the abnormal persistence of the right dorsal aorta in Tgf-82 knockout mice. This
coincided with increased apoptosis around the 4" PAA segments and reduced
apoptosis in the smooth muscle of the right dorsal aorta. The smooth muscle of the
dorsal aorta is mesoderm-derived, unlike the NCC-derived smooth muscle of the PAA
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(216). The forms of smooth muscle vary in their response to growth modifiers such as
Tgf-B proteins (217) which will affect their response to developmental cues and genetic

mutations.

Interestingly, Thx71*- mice show a low penetrance of IAA compared to ARSA while in
Tbx1*-;Pax9*- mice there is a shift towards an IAA dominant phenotype (130, 134).
This suggests that the left and right 4" PAA differ in their sensitivity to genetic
perturbations and the left 4" is more resistant. This is observed at E10.5 when an
abnormal right PAA is more frequent than an abnormal left. As this discrepancy is
present at mid-embryogenesis, it cannot be due to a difference in the ability of the right
and left 4" to recover during development. The right and left 4" PAA have asymmetric
development programs, however differences in the frequency of defects are present
when the PAA are still symmetrical (130). This suggests that the 4" PAA is affected by
genetic deletions at multiple stages: prior to development, initiation of asymmetric

remodelling and the remodelling process.

7.1.5 The cause of the 4" PAA defects in Gbx2’- mice

This study and previously published data have observed defects to the development
of the 4" PAA in Gbx27- mice (133, 166). Published studies showed that NCC migratory
streams are fused in Gbx2 homozygous mutants which consequently leads to reduced
NCC in the 4" PA. The lack of NCC in the 4" PA is also observed in Thx7* and
Pax9”- mutants which results in absent smooth muscle around the 4" PAA (134). Byrd
and Meyers (2005) did not detect deficient smooth muscle formation around the 4t
PAA in Gbx2/ mice. However, the phenotype reported by Byrd and Meyers was less
severe than observed in this study, possibly due to differences in the Gbx2 mouse
construct. Therefore Gbx2-- mice within this current cohort should be collected at E10.5
to assess smooth muscle investment around the 4t PAA prior to remodelling. Embryos
should be assessed at E11.5 to determine if there is a delay in smooth muscle

differentiation, as reported in Tbx7*- mice with the recovery of the 4" PAA (130).

In Tbx1 and Gbx2 mutants, the NCC defects occur with reduced expression of the Slit-
Robo pathway, which is implicated in NCC migration (218). NCC have a central role in
the formation of the PAA and are additionally required in the septation of the OFT as
they invade the OFT cushions and initiate this process (27). Tbx1, Pax9 and Gbx2

mouse mutants all show defects to OFT alignment and septation. DORV was
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frequently observed in Pax97 and Gbx27 mice. This study shows that the
simultaneous deletion of Pax9 and Gbx2 in complex mutants resulted in CAT, a more
severe OFT abnormality, also observed in Tbx77-mice (50). This suggests that Pax9
and Gbx2 function both independently and together in controlling NCC function. The
presentation of CAT in Pax9;Gbx2 complex mutants and Tbx7-null mice, but not
Pax97, Gbx2/- or Thx1*- mice indicates that the normal behaviour of NCC is affected
by gene dosage. This study and the literature show that NCC are a target in the
Thbx1-Pax9-Gbx2 network. The disruption of NCC, either to their migration or
differentiation, results in structural abnormalities in the OFT and 4™ PAA which develop
into cardiovascular defects in later development. Figure 7.1 shows the proposed

Tbx1-Pax9-Gbx2 genetic network during the morphogenesis of the 4" PAA.
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Figure 7.1. The proposed Tbhx71-Pax9-Gbx2 model in the morphogenesis of the
4 pharyngeal arch artery.

Tbx1, Pax9 and Gbx2 are all expressed within the pharyngeal endoderm of the PA and
all independently influence the morphogenesis of the 4" PAA. Tbx7 and Pax9 interact
cell-autonomously within the pharyngeal endoderm (134), where they function
upstream of Gbx2. Gbx2 appears to feedback to Pax9 within this tissue. Thx7 and
Gbx2 expression within the pharyngeal ectoderm is also required in 4" PAA
morphogenesis (132, 133). Pax9 is able to signal to modulate Gbx2 expression within
the pharyngeal ectoderm. Abbreviations: NCC, neural crest cell; PA, pharyngeal arch;
PAA pharyngeal arch artery.

7.2 Conclusion

The data presented in this thesis defined a cell-autonomous Pax9-Gbx2 interaction
within the pharyngeal endoderm during 4" PAA and cardiovascular development. This

thesis effectively established the Gbx2-null phenotype at multiple stages of
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development, identifying previously unreported defects. This work has investigated the
specific interactions in the Thx7-Pax9-Gbx2 genetic network, suggesting that Gbx2 is
a shared downstream target of Thx7 and Pax9, and implicates Gbx2 as a potential

modifier of the 22911DS phenotype.
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Appendix

A. Phenotyping data for each genotype

The following tables provide the phenotyping data of each mutant mouse collected at
E13.5-PO0.

Abbreviations: cAoA, cervical aortic arch; CAT, common arterial trunk; CC, common
carotid artery; CoRSA, cervical origin of the right subclavian artery; DORV, double
outlet right ventricle; IAA, interrupted aortic arch; IRSA, isolated right subclavian artery;
LCC, left common carotid artery; pCAT, partial common arterial trunk; RAA, right aortic
arch; RAD, right arterial duct; RAl, right atrial isomerism; RCC, right common carotid
artery; RE-LSA, retro-oesophageal left subclavian artery; RE-RSA, retro-oesophageal
right subclavian artery; RPI, right pulmonary isomerism; TGA, transposition of the great
arteries; VR, vascular ring; VSD, ventricular septal defect.
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Table A.1. Phenotype of each Gbx2”- mouse at E15.5.

Mouse number Age Phenotype

1 E155 |-

2 RE-RSA, RAD, midline dorsal aorta, DORV, VSD,
mesocardia, vestigial right thymus lobe

3 -
IRSA, DORV, VSD, mesocardia

5 RAA, RAD, RE-LSA, right dorsal aorta, DORV, VSD,
mesocardia, mirror image aortic arch, RAI, RPI

6 RAA, RAD, right dorsal aorta, DORV, VSD,
dextrocardia, mirror image aortic arch, RAI, RPI
RAA, RE-RSA, DORYV, VSD, dextrocardia, RPI

8 -

9 -

10 RAA, RAD, RE-LSA, right dorsal aorta, mesocardia,
mirror image aortic arch

11 DORYV, VSD, RAI, exencephaly

12 RAD, VR, RE-LSA, right dorsal aorta, VSD, TGA,
mesocardia, mirror image aortic arch, RAI, RPI

13 -

14 RAA, RAD, right dorsal aorta, mesocardia, mirror
image aortic arch, RAI, RPI, cleft palate

15 RAA, RAD, right dorsal aorta, DORV, VSD,
mesocardia, mirror image aortic arch, RAI, RPI

16 -

17 DORYV, VSD

18 IRSA, DORV, VSD

19 RE-RSA, DORV, VSD

20 VR, RE-RSA, RAI, RPI, bilateral hypoplastic thymus

21 VSD, mesocardia

22 -

23 -

24 -

25 RAD, IRSA, midline dorsal aorta
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Table A.2. Phenotype of each Gbx2*-;Pax9*- mouse at E15.5 and PO0.

Mouse number

Age

Phenotype
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Table A.3. Phenotype of each Gbx2";Pax9*- mouse at E13.5-15.5 and PO.

Mouse number Age Phenotype

1 E13.5 | IAA, CoRSA, absent RCC, DORV, VSD, vestigial and
hypoplastic thymus

2 IAA, hypoplastic aorta, RAD RE-RSA, absent CC,
pCAT, RPI, absent thymus

3 IAA, DORYV, VSD, RAI, RPI, vestigial thymus

4 IAA, VR, IRSA, midline dorsal aorta, RAI, RPI,
absent thymus

5 VR, IRSA, midline dorsal aorta, absent RCC, DORV,
VSD, absent thymus

6 E15.5 | RAA, RAD, RE-LSA, right dorsal aorta, DORV, VSD,
mirror image aortic arch, hypoplastic and vestigial left
thymus lobe

7 RAA, RE-RSA, VSD, absent left thymus lobe

8 DORV, VSD

9 RE-RSA, DORYV, VSD

10 RAA, midline dorsal aorta, DORV, VSD

1 RAA, VSD, absent thymus

12 RAD, VR, RE-RSA, midline dorsal aorta, VSD, TGA,
mesocardia, RAI, RPI

13 RE-RSA, absent right thymus lobe

14 PO IAA, RE-RSA, absent LCC, absent thymus
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Table A.4. Phenotype of each Pax9” mouse at E15.5 and PO.

Mouse number Age Phenotype

1 E15.5 | IAA, hypoplastic aorta, RE-RSA, absent CC, VSD,
absent thymus, cleft palate, pre-axial digit duplication

2 IAA, hypoplastic aorta, RE-RSA, absent CC,
overriding aorta, VSD, absent thymus, cleft palate,
pre-axial digit duplication

3 IAA, absent thymus, cleft palate, pre-axial digit
duplication

4 IRSA, absent thymus, cleft palate, pre-axial digit
duplication

5 IAA, hypoplastic aorta, RE-RSA, absent CC, DORYV,
VSD, absent thymus, cleft palate, pre-axial digit
duplication

6 IAA, hypoplastic aorta, RE-RSA, absent CC, DORYV,
VSD, absent thymus, cleft palate, pre-axial digit
duplication

7 IAA, hypoplastic aorta, absent CC, DORYV, VSD,
absent thymus, cleft palate, pre-axial digit duplication

8 PO IAA, RE-RSA, absent thymus

9 IAA, RE-RSA, absent thymus
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Table A.5. Phenotype of each Pax97;Gbx2*- mouse at E15.5 and P0.

Mouse number Age Phenotype

1 E15.5 | RAA, RE-RSA, DORYV, VSD, absent thymus, cleft
palate, pre-axial digit duplication

2 IAA, hypoplastic aorta, RE-RSA, absent CC, DORYV,
VSD, absent thymus, cleft palate, pre-axial digit
duplication

3 IAA, hypoplastic aorta, RE-RSA, absent CC, DORYV,
VSD, absent thymus, cleft palate, pre-axial digit
duplication

4 IAA, hypoplastic aorta, RE-RSA, absent CC, pCAT,
VSD, absent thymus, cleft palate, pre-axial digit
duplication

5 IAA, hypoplastic aorta, RE-RSA, absent CC, pCAT,
VSD, mesocardia, absent thymus, cleft palate, pre-
axial digit duplication

6 IAA, hypoplastic aorta, RE-RSA, absent CC, DORYV,
VSD, mesocardia, absent thymus, cleft palate, pre-
axial digit duplication

7 IAA, hypoplastic aorta, absent CC, DORYV, VSD,
absent thymus, cleft palate, pre-axial digit duplication

8 PO IAA, RE-RSA, absent thymus

9 IAA, RE-RSA, absent thymus

Table A.6. Phenotype of each Pax9/;Gbx2”- mouse at E15.5-P0.

Mouse number Age Phenotype

1 E15.5 | CAT, IRSA, absent CC, AVSD, absent thymus, cleft
palate, pre-axial digit duplication

2 PO IAA, hypoplastic aorta, IRSA, absent thymus
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Table A.7. Phenotype of each Pax9Cre;Gbx2" mouse at E15.5.

Embryo number

Age

Phenotype
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E15.5

DORYV, VSD

Table A.8. Phenotype of each Pax9Cre;Gbx2"- mouse at E15.5.

Embryo number | Age Phenotype

1 E15.5 | RAA, RE-RSA, absent LCC
2 -

3 -

4 RE-RSA

5 -

6 -

7 RE-RSA, ASD, common AV valve, mesocardia
8 -

9 -

10 -

11 -

12 -

13 -

14 -
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Table A.9. Phenotype of each Pax9Cre;Gbx2*f mouse at E15.5.

Embryo number

Age

Phenotype

1

E15.5

RAA, RAD, right dorsal aorta, DORV, VSD, mirror
image aortic arch
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Table A.10. Phenotype of each Tbx71*- mouse at E15.5.

Embryos 4-21 were collected in previous datasets (Phillips et al., 2019).

Embryo number | Age Phenotype

1 E15.5 | RE-RSA

2 -

3 RE-RSA, VSD
4 -

5 cAoA, CoRSA
6 RE-RSA

7 RE-RSA

8 RE-RSA

9 RE-RSA

10 RE-RSA

11 CoRSA

12 IAA, CoRSA, VSD
13 RE-RSA

14 -

15 RE-RSA

16 -

17 -

18 -

19 -

20 cAoA, CoRSA
21 CoRSA
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Table A.11. Phenotype of each Thx1*-;Gbx2*- mouse at E15.5.

Embryo number

Age

Phenotype

Ol ol Nl gl A W N -
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VSD

RAA, RE-RSA

Hypoplastic thymus

IAA

VSD

RE-RSA, VSD
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Table A.12. Phenotype of each Thx1*-;Pax9*- mouse at E15.5.

Embryos 4-24 were collected in previous datasets (Phillips et al., 2019).

Embryo number | Age Phenotype

1 E15.5 | IAA, CoRSA

2 VR, RE-RSA, absent thymus
3 IAA, hypoplastic aorta, hypoplastic thymus
4 RAA, VR, RE-RSA,

5 IAA, CoRSA

6 IAA, CoRSA

7 cAoA, CoRSA

8 IAA, RE-RSA

9 IAA, CoRSA, VSD

10 RE-RSA

1 cAoA, CoRSA

12 RE-RSA

13 IAA, RE-RSA

14 IAA, CoRSA

15 IAA, CoRSA, VSD

16 IAA, CoRSA, VSD

17 RE-RSA

18 IAA, CoRSA

19 IAA, CoRSA, VSD

20 IAA, RE-RSA, VSD

21 RAA, RE-RSA, absent thymus
22 cAoA, CoRSA

23 IAA, CoRSA

24 IAA, RE-RSA
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Table A.13. Phenotype of each Thx1*-;Pax9*-;Gbx2*- mouse at E15.5.

Embryo number

Age

Phenotype

O N O gl A~ W DN =

E15.5

IAA, VSD, hypoplastic thymus

CAo0A, RE-RSA

CoRSA, VSD

RE-RSA

IAA, RE-RSA, VSD
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IAA

RAA, VR, RE-RSA
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