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Abstract
There are several genes required for cardiac development and perturbations in
intricate gene regulatory networks may lead to cardiac defects. Haploinsufficiency of
TBX1 leads to human 22q11 deletion syndrome (22q11DS) which is characterised by
a range of defects including cardiovascular malformations. Mouse models partially
recapitulate some of the defects observed.
The online browser “Deciphering the Mechanisms of Developmental Disorders”
(DMDD) was used to screen for genes that resulted in a cardiovascular phenotype
similar to that caused by Tbx1 haploinsufficiency. This identified Setd5 as a
potentially important gene for further study. The data presented by the browser led
to the interpretation that Setd5 is required for embryonic development and its
deletion is lethal. Heterozygous embryos presented with defects including common
arterial trunk (CAT), double outlet right ventricle (DORV) and ventricular septal
defect (VSD). Because of the partial overlap between the defects caused when Setd5
is haploinsufficient and when Tbx1 is haploinsufficient, this led to the investigation
of a potential genetic interaction between Setd5 and Tbx1. The Setd5 heterozygous
phenotype was delineated, but work in this thesis revealed no genetic interaction
between the two genes of interest.
The embryonic lethality of constitutive Setd5 null embryos limits the full analysis into
the role of Setd5 in cardiac development. Conditional deletion of Setd5 in the
cardiopharyngeal mesoderm revealed an important role of Setd5 in the development
of the outflow tract and cardiac chambers. Moreover, the expression of specific
cardiac-specific

genes

was

disrupted.

The work in this thesis reveals a previously unreported role of Setd5 in cardiac
development, including the cardiac defects and differential expression of some
cardiac-specific genes observed when Setd5 is deleted in the cardiopharyngeal
mesoderm.
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Introduction

1.1 Congenital heart defects
Congenital heart disease (CHD) affects 1% of live births, making it the most common
birth defect and an important cause of childhood morbidity and mortality worldwide
(Bruneau, 2008; Richards and Garg, 2010). Multiple surgeries are often necessary to
correct defects, which can affect quality of life. Furthermore, children with heart
defects often develop neurological disorders, highlighting the contribution of heart
defects to other organ systems (Bruneau, 2008; Richards and Garg, 2010). It is
suggested that the cause of congenital heart disease is multifactorial; a result of
genetic predisposition as well as environmental factors (Bruneau, 2008).
CHD can be broadly divided into three subclasses: cyanotic heart disease, left-sided
obstruction defects and septation defects (Bruneau, 2008). Cyanotic heart disease
occurs with the mixture of oxygenated and deoxygenated blood. Some examples of
defects that may cause this include transposition of the great vessels, Tetralogy of
Fallot (ToF), common arterial trunk (CAT) and double outlet right ventricle (DORV).
Left-sided obstruction defects may occur, amongst others, as a result of hypoplastic
left heart syndrome and interrupted aortic arch. Finally, septation defects include
outflow tract (OFT), atrial, ventricular and atrioventricular septation defects
(Bruneau, 2008).
CHD occur as a result of abnormal heart development, so an understanding of how
normal heart development occurs is important.
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1.2 Normal heart development
Development of the heart is a tightly regulated process that involves formation of
the linear heart tube, chamber ballooning, septation and great vessel development.
This leads to the formation of the final four-chambered heart which is derived from
various cell populations. It is important to understand the development of the heart
in normal conditions as perturbations may lead to the congenital heart defects.

1.2.1

Gastrulation and early heart development

The heart is the first organ to form during embryogenesis (Brade et al., 2013;
Swedlund and Lescroart, 2020). During gastrulation (E6.5), epiblast cells undergo
epithelial-to-mesenchymal transition and ingress to form a mesodermal layer.
Cardiac progenitor cells from this cardiopharyngeal mesoderm (CPM) migrate in an
anterior-lateral direction to lie under the head folds where they form the cardiac
crescent (E7.5). This fuses at the midline to form the linear heart tube (E8.0) which is
composed of early differentiating first heart field (FHF) progenitor cells (Moorman et
al., 2003; Abu-Issa and Kirby, 2007; Brade et al., 2013; Meilhac et al., 2014). These
FHF progenitor cells eventually contribute to the left ventricle (LV) and parts of the
atria. The linear heart tube subsequently undergoes rightward looping (E8.5) and
extension by proliferation and recruitment of cells from a second group of
cardiogenic mesoderm termed the second heart field (SHF). Addition of these cells
to the arterial and venous poles of the primitive structure leads to the elongation of
the heart tube. The SHF can be further subdivided into anterior and posterior regions;
the former eventually gives rise to the right ventricle (RV) and the arterial pole of the
OFT, and the latter gives rise to the atria at the venous region (Moorman et al., 2003;
Buckingham, Meilhac and Zaffran, 2005; Brade et al., 2013; Meilhac et al., 2014).
Figure 1.1 depicts the contribution of FHF and SHF-derived progenitor cells to the
relevant structures of the heart.
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Figure 1.1: The contribution of first heart field (FHF)- and second heart field (SHF)derived progenitor cells to the relevant heart structures between E7.5 and E10.5.
Cardiac progenitor cells migrate from the primitive streak in an anterior-lateral
direction to lie under the head folds to form the cardiac crescent (E7.5). The cardiac
crescent fuses at the midline to form the FHF-derived linear heart tube (red) (E8.0).
This undergoes extension by proliferation and recruitment of cells from the SHF
(green). Eventually, the FHF contributes mainly to the left ventricle (LV) and atria (RA,
LA), and the SHF gives rise to the right ventricle (RV) and outflow tract (OFT) with
well-defined cardiac chambers by E10.5 (Buckingham, Meilhac and Zaffran, 2005).
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1.2.2

Cardiac chamber ballooning

The looping heart tube is segmented into atrial and ventricular components, the
atrioventricular canal (AVC), and the OFT. At this stage, the heart tube is composed
of primary myocardium (Moorman et al., 2003). The primary myocardium is
characterised by slow conduction, slow growth, slow contraction and the ability to
depolarise spontaneously (Christoffels, Burch and Moorman, 2004). Formation of the
atria requires formation of the lungs and the primary vasculature. This leads to
ballooning of the atrial segments of the heart tube to form atrial appendages. As the
tube bends in the rightward direction, the interventricular foramen is distinct
between the atrial and ventricular components. At this stage, the inner and outer
curvatures of the heart tube can be distinguished. The ventricular portions of the
heart tube balloon, enabling the outlet and inlet portions of the tube to give rise to
the developing apical part of the left and right ventricles, respectively. Remodelling
of the ventricular segment of the inner heart curvature enables the atria and OFT to
be shared between the left and right ventricles. This sharing requires expansion of
the AVC. Following this, the distal portion of the heart tube attains an arterial
phenotype and gives rise to the ascending aorta and pulmonary trunk. The proximal
part separates by the fusion of cushions within it for the formation of distinct
ventricles (Christoffels et al., 2000; Moorman and Christoffels, 2003; Christoffels,
Burch and Moorman, 2004).
Looping of the heart tube is necessary to align the two definitive outflow vessels with
their corresponding ventricular chambers. If the OFT is misaligned such that an
abnormal amount of aortic blood originates from the right ventricle, then this is
known as an overriding aorta. If more than 50% of the aortic blood arises from the
RV, the result is DORV. (Creazzo et al., 1998).
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1.2.3

Cardiac septation and the four-chambered heart

The looping heart comprises of atrial and ventricular components, which are
separated by the AVC, and the OFT. Two endocardial cushions, formed by an
accumulation of cardiac jelly, form in the AVC. These fuse to divide the AVC into the
tricuspid and mitral portions (Lin et al., 2012). The primary septum, or septum
primum, develops from the roof of the common atrium into the atrioventricular (AV)
cavity. The leading edge of the muscular septum has a mesenchymal cap (Anderson
et al., 2003; Moorman et al., 2003; Lin et al., 2012; Schleich et al., 2013). Concomitant
with this, the vestibular spine, or dorsal mesenchymal protrusion (DMP), which is
another mesenchymal mass, grows (Anderson et al., 2003). Merging of the three
mesenchymal structures – mesenchymal cap, endocardial cushions and DMP – closes
the initial gap, the primary foramen, between the endocardial cushions and the
primary atrial septum (Anderson et al., 2003; Lin et al., 2012; Schleich et al., 2013).
During closure of the primary foramen, the upper part of the primary septum
dissolves to give rise to the secondary foramen or ovale foramen. A secondary
septum develops as an inward folding of the atrial roof. The ovale foramen, which
remains open to allow blood flow between the left and right atrium in fetal life, closes
in post-natal life with the help of the secondary septum (Anderson et al., 2003; Lin et
al., 2012; Schleich et al., 2013). This process is summarised in Figure 1.2.
The AV valves – tricuspid and mitral – are derived from the AV endocardial cushions
(Lin et al., 2012). Contiguous with the enlargement of the AV canal, the tricuspid and
mitral orifices grow. Later on, after ventricular septation, the musculature of the AVC
surround the valvar orifices such that the valves separate the atrium and ventricles
(Anderson et al., 2003).
A muscular septum forms during ballooning of the apical components of the
ventricles. Within the ventricular chamber, the interventricular septum grows
upwards and fuses with the AV cushions to close the interventricular foramen and
divide the chamber into the left and right ventricles (Anderson et al., 2003; Lin et al.,
2012).
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Figure 1.2: Formation of the atrial septum.
A: The primary atrial septum develops from the roof of the common atrium into the
AV cavity. There is a mesenchymal cap at the inferior edge.
B: The dorsal mesenchymal protrusion grows with the atrial septum, leaving a gap
between the mesenchymal cap and the AV endocardial cushions, known as the
ostium primum, or septum primum.
C: During closure of the ostium primum, the upper part of the primary septum
dissolves to give rise to the ostium secundum or ovale foramen.
D: A secondary septum develops as an inward folding of the atrial roof. The ovale
foramen, closes in post-natal life. Figure reproduced from: (Kloesel, B; DiNardo, J A;
Body, 2014).
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1.2.4

Outflow tract (OFT) septation and remodelling of the great vessels

Subsequent to looping, the OFT presents as a characteristic dog-leg bend that divides
the structure into distal and proximal sections, as depicted in Figure 1.3A. The OFT
has an exclusively myocardial phenotype at this stage; its myocardial walls extend
into the pericardial cavity and open into the aortic sac. Concomitant with remodelling
of the pharyngeal arch arteries (described later), the endocardial jelly within the OFT
concentrates to form facing cushions that extend along the whole length of the OFT
and spiral round one another from the aortic sac to the opening of the RV. Figure
1.3B depicts the spiralling of the OFT cushions within the length of the OFT. These
cushions are populated by cardiac neural crest cells (CNCCs) that have delaminated
from the neuroectoderm, traversed the pharyngeal arches and ultimately contribute
to the distal outflow cushions, as well as mesenchymal cells derived from the
endocardium via EMT that form the proximal outflow cushions (Anderson, 2003;
Hutson and Kirby, 2007; Lin et al., 2012).
OFT septation occurs contiguously with great vessel remodelling. The OFT cushions
fuse in a zip-like manner from distal-to-proximal direction. At the distal end, this
involves fusion of the cushions with a wedge of tissue that forms between pharyngeal
arches 4 and 6, termed the aortopulmonary septum. This separates the distal OFT
into components of the aorta and pulmonary trunk. At the proximal end, fusion of
the proximal OFT cushions separates the apical components of the ventricles into
right and left outlets and eventually merges with the muscular ventricular septum to
complete OFT septation and ventricular septation. The distal OFT assumes an arterial
phenotype whereas the proximal part has a myocardial phenotype (Anderson, 2003;
Lin et al., 2012). This process is summarised by Figure 1.3.
Formation of the semilunar valves involves the development of intercalated
cushions. These fuse with the distal and proximal OFT cushions to form the aortic and
pulmonary valves, respectively (Anderson, 2003; Lin et al., 2012).
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Figure 1.3: Model of outflow tract (OFT) septation.
(A): After looping of the linear heart tube, the OFT presents as a characteristic dogleg bend, which divides the structure into distal and proximal portions. The dashed
circles represent the OFT cushions.
(B): The endocardial jelly within the OFT concentrates to form facing cushions that
spiral round one another from the aortic sac to the opening of the right ventricle
(RV). At the distal end, this involves fusion of the cushions with a wedge of tissue, the
aortopulmonary septum. This separates the distal OFT into components of the aorta
and pulmonary trunk. At the proximal end, fusion of the proximal OFT cushions
separates the apical components of the ventricles into right and left outlets and
eventually walls to the muscular ventricular septum. This completes OFT septation
and ventricular septation. The distal OFT assumes an arterial phenotype whereas the
proximal part has a myocardial phenotype (Anderson, 2003; Lin et al., 2012).
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1.2.5

Development of the great vessels

Formation of the great vessels of the heart involves the pharyngeal arch arteries
(PAAs) which are endothelial tubes that reside within the pharyngeal arches (PAs).
The PAs are an initially symmetrical series of outgrowths from the embryonic head
and are surrounded by ectoderm, lined by endoderm, and have a mesenchymal core
composed of mesoderm and neural crest cells (NCCs) (Graham and Smith, 2001;
Hiruma and Nakajima, 2002; Frisdal and Trainor, 2014). There are usually five pairs
of PAAs in mammals. At around E11.5, concomitant with the beginnings of OFT
septation, the PAs undergo significant asymmetric remodelling to give rise to the
mature aortic arch and correct great vessel patterning (Anderson, 2003; Frisdal and
Trainor, 2014). The PAAs connect to the heart via the dorsal aortae which are the
first major blood vessels to form during embryogenesis. Early in development at E9.5,
only 1st and 2nd PAAs are connected to the dorsal aortae (Figure 1.4A). These two
vessels progressively regress at E10.5 into capillary beds and respectively contribute
to the maxillary artery which supplies facial tissues, and the stapedial artery which
supplies the inner ear. At E11.5, the 3rd, 4th and 6th PAAs undergo significant
remodelling to give rise to segments of the great vessels (Figure 1.4C). The 3rd PAA
contributes to the carotid arteries. The left 4th PAA contributes to the segment of
aortic arch between the left common carotid and left subclavian arteries while the
right contributes to the portion that connects that right subclavian artery and
brachiocephalic artery (Figure 1.4D). The subclavian arteries arise from the 7th
intersegmental arteries (Hiruma and Nakajima, 2002; Anderson, 2003; Vincent and
Buckingham, 2010; Schleich et al., 2013; Frisdal and Trainor, 2014). Abnormal
development of the left 4th PAA leads to interrupted aortic arch type B.
Developmental failure of the right 4th PAA leads to aberrant right subclavian artery,
in particular when it arises from the descending aorta, known as retroesophageal
right subclavian (Vitelli et al., 2002). The right 6th PAA regresses whilst the left
contributes to the ductus arteriosus, which closes at birth. Remodelling is complete
at around E14.5 (Vincent and Buckingham, 2010; Frisdal and Trainor, 2014).
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Figure 1.4: Remodelling of the pharyngeal arch arteries (PAA) to form the mature
great vessels.
The heart is connected to the dorsal aortae via the PAA that reside in the pharyngeal
arches. Initially, only PAA 1 and 2 are attached to the dorsal aortae at E9.5 (A). These
do not contribute to the mature aortic arch structures. Instead, they regress to form
the capillary beds of their respective pharyngeal arches by E10.5 (B) so that the heart
is connected to the dorsal aortae via PAA3, PAA4, and PAA6. At E11, the pulmonary
arteries are present. From E11.5, asymmetric remodelling of the PAAs commences
and by E14.5, remodelling is complete. The 3rd PAAs contribute to the carotid
arteries. The left 4th PAA gives rise to the portion of the aortic arch between the LCC
and LSA, and the right 4th PAA gives rise to the portion that connects the RSA and
RCC. The 7th intersegmental arteries shown in lime green in panels C and D, ultimately
give rise to the subclavian arteries. The right 6th PA regresses whilst the left
contributes to the ductus arteriosus. Figure reproduced from: (Vincent and
Buckingham, 2010). Abbreviations: Ao = aorta; PT = pulmonary trunk; T = trachea; PA
= pulmonary arteries; DA = descending aorta; BT = brachycephalic trunk; RSA = right
subclavian artery; RCC = right common carotid; LCC = left common carotid; LSA = left
subclavian artery.
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1.2.6

Other cell lineages that form the heart

As described previously, the cardiogenic mesoderm harbours two major cell lineages:
the FHF, which gives rise to the LV and parts of the atria, and the SHF, which
contributes to the OFT, RV and parts of the atria. The early differentiating FHF
progenitors are characterised by Tbx5 and HCN4 expression whereas the SHF
progenitors are initially proliferative and differentiate at a later stage; these are
characterised by Isl1 expression. The SHF also contributes to the endocardium, which
forms the inner layers of the heart tube and developing heart compartments.
Moreover, there is a contribution of the SHF to the mesenchymal core of the
pharyngeal arches. Clonal analysis revealed that these two lineages segregate before
or at the onset of gastrulation (Meilhac et al., 2003, 2004, 2014; Vincent and
Buckingham, 2010; Swedlund and Lescroart, 2020). Genes that play an important
role in these lineages will be discussed in more detail later.
In addition to the cardiogenic mesoderm, the proepicardial organ (PEO) and the
CNCCs are important cell populations that contribute to the heart. The epicardium,
which surrounds the heart, is derived from the PEO, a transient population of cells
that arise between E8.5 – E10.5 and contributes to the venous pole of the heart.
Subsequently, cells from the epicardium delaminate by Wnt1/Snail-dependent
epithelial-to-mesenchymal transition (EMT) to give rise to the interstitial fibroblasts
and the coronary vasculature. The PEO and its derivatives are labelled by Isl1-Cre
lineage tracing, suggesting a SHF origin. It is additionally labelled by Nkx 2-5-Cre
tracing, which is necessary for PEO formation (Zhou et al., 2008; Vincent and
Buckingham, 2010; Meilhac et al., 2014).
A subpopulation of non-mesodermal cells, CNCCs, are derived from the
neuroectoderm and migrate towards the heart. These are important in the
remodelling of PAA where they contribute to the mesenchyme of the pharyngeal
arches; abnormal PAA patterning is observed in CNCC-ablated embryos. For example,
mutations in ET-1, the receptor for which is expressed in CNCCs, leads to PAA
patterning defects. This population is critical for OFT development. It is important for
25

a threshold number of CNCCs to reach the OFT septum. An inadequate number of
CNCCs leads to a common arterial trunk due to the failure of OFT septation. This
coincides with the fact that ablation of CNCCs in the embryo leads to the insufficient
addition of SHF progenitor cells to the OFT. CNCCs are also important in septation
and normal myocardial function; CNCC-ablated embryos display abnormal
myocardial function, including excitation-coupling defects. Additionally, they are
important in contributing to smooth muscle derivatives and the heart valves (Creazzo
et al., 1998; Yanagisawa et al., 1998; Waldo et al., 2005; Hutson and Kirby, 2007;
Brade et al., 2013; Meilhac and Buckingham, 2018).

26

1.3 Molecular markers of heart development
There are many genes involved in heart development. This section will begin by
describing the early commitment towards the cardiac lineage through the actions of
Mesp1, before describing genes involved in demarcating the FHF and SHF. Figure 1.5
shows the organisation and contribution of cardiac progenitors to the FHF and SHF,
beginning with the early Mesp1-expressing progenitors. Important gene regulatory
networks governing heart development, including chamber formation, will then be
discussed, with a particular focus on the regulation of Mesp1 expression.

Mesp1

Figure 1.5: All cells that form the heart and relevant structures are derived from
pan-mesodermal Mesp1-expressing progenitor cells.
Mesp1-expressing progenitor cells give rise to the two major cell lineages: the first
heart field (FHF) and the second heart field (SHF). The FHF eventually gives rise to the
left ventricle (LV) and atria (RA, LA). The SHF can be further subdivided into anterior
and posterior regions; the former eventually gives rise to the right ventricle (RV) and
the arterial pole of the OFT, and the latter gives rise to the atria at the venous region
(Moorman et al., 2003; Brade et al., 2013; Meilhac et al., 2014) Figure adapted from
(Diogo et al., 2015).
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1.3.1

The first molecular marker of cardiac development

Mesp1 is the master gene regulator of cardiac development. The bHLH transcription
factor is expressed very transiently during embryonic development, beginning at the
onset of gastrulation. Early Mesp1-positive mesoderm cells ingress and exit the
primitive streak between E6.5 and E7.5, after which Mesp1 is rapidly downregulated
in the cardiogenic mesoderm, with restricted expression in the presomitic, or
paraxial, mesoderm after this stage (Saga, 2000; Bondue and Blanpain, 2010). Figure
1.6 shows the expression pattern of Mesp1 at embryonic stages E6.5 – E9.5 (Saga et
al., 1999).
Mesp1 null embryos have varying degrees of cardia bifida, attributed to a delay in
the migration of cardiac mesoderm progenitor cells from the primitive streak (Saga
et al., 1999; Saga, 2000). By using a lacZ reporter allele in the Mesp1 locus, Saga et al
were able to demonstrate an abnormal accumulation of Mesp1-expressing cells in
the primitive streak (Saga et al., 1999). This delay is partially rescued at a later stage,
possibly due to a compensatory effect by Mesp2, a closely related gene (Kitajima et
al., 2000). Mesp2 has a critical requirement for somitogenesis and unpublished data
from the Saga lab indicate that a knock in of Mesp2 in the Mesp1 locus rescued the
cardiac abnormalities observed in Mesp1 null embryos (Saga et al., unpublished).
Furthermore, in situ experiments showed that Mesp2 expression was retained longer
in Mesp1 null embryos compared to wild-type (WT) embryos, suggesting that the
upregulation of Mesp2 alleviates the phenotype of Mesp1 null embryos (Kitajima et
al., 2000).
Mesp1 and Mesp2 double knock out embryos have a severe defect in gastrulation,
resulting in embryonic lethality at around E9.5. Gastrulation is initiated, as observed
by the accumulation of ectodermal cells in the primitive streak; however, EMT fails
to take place, and mesodermal cells fail to leave the primitive streak (Kitajima et al.,
2000). This is supported by single cell RNA seq of Mesp1-expressing cells in a
knockout context; Mesp1 knockout cells show a gene expression pattern of epiblast
cells, evident of a developmental block (Lescroart et al., 2018).
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The requirement of Mesp1 and Mesp2 is cell autonomous; chimera embryos
generated from WT cells and lacZ-labelled double knockout cells showed that the
heart requires Mesp1 and Mesp2 in a cell autonomous manner (Kitajima et al., 2000).
Lineage analysis of Mesp1-expressing cells was performed by crossing Mesp1-Cre
mice with the CAG-CAT-Z reporter. This enables b-galactosidase to be expressed in
all Mesp1-expressing cells. Marked cells, and daughter cells, will express bgalactosidase even after the Cre recombinase is no longer expressed, enabling the
linage tracing of Mesp1-expressing cells. This showed that all cardiac cells and
vascular cells are derived from Mesp1-expressing progenitor cells (Saga et al., 1999;
Bondue et al., 2008). Single-cell sequencing experiments reveal that the Mesp1positive population is heterogenous, with subpopulations of lineage-primed cells, as
indicated by the expression of different molecular markers within the Mesp1expressing population (Chan, Chan and Kyba, 2016). Furthermore, clonal analysis
shows that FHF and SHF cell populations originate from distinct subpopulations of
the Mesp1-positive cells. Figure 1.7 shows two waves of Mesp1 progenitors that
contribute first to the FHF and then to the SHF (Lescroart et al., 2014, 2018).
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Figure 1.6: The expression pattern of Mesp1 between E6.5 and E9.5.
Lineage tracing of Mesp1-expressing cells using lacZ staining (A – F) and Mesp1
expression using in situ hybridisation from E6.5 – E9.5 (G – L). Figure from: (Saga et
al., 1999).
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Figure 1.7: The contribution of Mesp1-expressing progenitor cells to different
cardiovascular structures.
Figure shows two waves of Mesp1-expressing progenitor cells contributing to
different cardiovascular structures. Clonal analysis revealed two temporally distinct
subpopulations of Mesp1-expressing cells. The early population gives rise to the first
heart field (FHF) and the late gives rise to the second heart field (SHF) (Lescroart et
al., 2014).

31

1.3.2

Genetic markers delineating the FHF and SHF

A network of tightly-regulated transcription factors and pathways plays an important
part in cardiac development. In the following section, genes demarcating the heart
fields will be discussed initially, before a more detailed review of the molecular
regulation and transcriptional control of heart development.
FHF
HCN4 encodes a potassium channel subunit and is a marker for the early
differentiating cells of the cardiac crescent, i.e. the FHF. It is expressed early in the
cardiac crescent and then transiently throughout the heart tube, before playing an
important role in the cardiac conduction system. Genetic tracing shows its
contribution to the LV and parts of the atria (Liang et al., 2013; Meilhac and
Buckingham, 2018).
It is difficult to identify genes that are expressed exclusively in the FHF, however,
there are some genes that are expressed in FHF derivatives, and to a lesser extent,
some SHF structures. For example, Tbx5 expression marks the LV, but it is expressed
dynamically during early heart development, with some evident expression in the
posterior SHF (Meilhac and Buckingham, 2018).
SHF
There are various genes that mark the SHF. Despite a very minor contribution of Isl1expressing cells to the FHF, due to the insignificance of this in relation to function, it
is generally accepted that Isl1 is marker for the SHF and clearly demarcates this
region (Ma, Zhou and Pu, 2008). Nkx 2-5 is widely expressed throughout the SHF, as
well as in the differentiating cardiac crescent. In the SHF, Nkx 2-5 is important in
maintaining proliferation (Prall et al., 2007; Meilhac and Buckingham, 2018).
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The anterior portion of the SHF is marked by the expression of Fgf10 and Fgf8, both
of which are pro-proliferative (Meilhac and Buckingham, 2018). Additionally,
activation of the Mef2c AHF-enhancer occurs within the anterior heart field (AHF).
Fate mapping studies show that Mef2c AHF-enhancer derivatives contribute to the
OFT myocardium, RV and the ventricular septum. Furthermore, the posterior SHF
derivatives play an important part in the development of the DMP, a critical structure
for atrial septation (Verzi et al., 2005; Goddeeris et al., 2008; Meilhac and
Buckingham, 2018). Tbx1 marks only a portion of the SHF, but is nonetheless
important for the formation of SHF-derived structures, including regions of the OFT
and the myocardium surrounding the base of the pulmonary trunk (Théveniau-Ruissy
et al., 2008; Meilhac and Buckingham, 2018). This gene will be discussed in more
depth in the following sections.
In addition to expression in the cardiac crescent, Tbx5 is expressed in the posterior
SHF and contributes to SHF-derived structures: the atrial septum and the venous pole
of the heart. Additional posterior SHF genes include Osr1 and Wnt2 (Meilhac and
Buckingham, 2018).
Importantly, a transcriptional boundary between Tbx1 and Tbx5 emerges around
E9.5 to delineate the arterial and venous poles of the SHF: Tbx5 is activated de novo
in Tbx1-expressing cells in the posterior SHF of the dorsal pericardial wall (DPW); this
is dependent on retinoic acid signalling. After this, there is a subsequent
downregulation of a subset of the pharyngeal transcriptional program, including
Mef2c, Tbx1 and Fgf10 (De Bono et al., 2018). Therefore, it seems that there needs
to be distinction between the genes activated in the anterior and posterior SHF.
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1.4 Transcriptional regulation and gene networks
There are evidently many genes involved during cardiac development and the
regulation of gene expression is crucial to determine the temporal and spatial
expression. This section will begin with a focus on the regulation of Mesp1
expression, before discussing some of the FHF and SHF gene regulatory networks.

1.4.1

The regulation of Mesp1 expression

Mesp1 resides at the top of the cardiovascular gene network (summarised in Figure
1.8). Embryonic stem cell (ESC) experiments show that overexpression of Mesp1 is
sufficient to drive cardiac specification and differentiation. Shortly after the
expression of Brachyury, which specifies the primitive streak, Mesp1 is transiently
upregulated and then switched off. This leads to the activation of core cardiac
transcription factors such as Mef2c, Tbx1 and Tbx5, followed by the sustained
expression

of

late

cardiac

structural

genes

including

TnT.

Chromatin

immunoprecipitation sequencing (ChIP-seq) analysis shows that Mesp1 directly
activates cardiac-specific genes, the majority of which are activated by direct binding
of MESP1 to the regulatory regions of these genes. For example, Nkx 2-5 contains at
least three MESP1 binding sites, and Gata4 contains two binding sites enriched in
MESP1 ChIP (Bondue et al., 2008; Bondue and Blanpain, 2010).
Importantly MESP1 directly represses genes implicated in maintaining pluripotency,
suggesting that MESP1 directs progenitor cells away from pluripotency and towards
the cardiac lineage. Figure 1.8 highlights some of the genes that are directly
implicated by MESP1 binding (Bondue et al., 2008). Notably, cardiac differentiation
necessitates transient Mesp1 expression because prolonged expression conversely
inhibits cardiac differentiation (Bondue et al., 2008; Bondue and Blanpain, 2010).
As mentioned above, cardia bifida is attributed to the defect in migration of cardiac
progenitor cells in Mesp1 null embryos (Saga et al., 1999). As such, Mesp1 is involved
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in upregulating markers of EMT such as Snail and Twist1, which downregulate ECadherin, leading to the subsequent expression of mesenchymal markers (Lindsley
et al., 2008; Bondue and Blanpain, 2010). Lindsley et al showed that Mesp1

Cre/Cre

cells, which are deficient in Mesp1, retain Snail expression and show downregulation
of E-Cadherin, suggesting normal EMT. This could possibly be due to compensation
by Mesp2, which is upregulated in these cells (Lindsley et al., 2008). This may explain
the fact that the delay in migration of cardiac cells in Mesp1 null embryos is rescued
later owing to the sustained expression of Mesp2 in Mesp1 null embryos compared
to WT embryos (Kitajima et al., 2000).
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Figure 1.8: Mesp1 is the master gene regulator of the cardiovascular development.
Mesp1 resides at the top of the cardiovascular transcriptional gene network and
directly regulates key cardiac-specific transcription factors, and represses early
mesendodermal genes. Mesp1 directs early progenitor cells away from pluripotency
and towards the cardiac lineage. Mesp1 also exerts a biphasic effect on its own
expression by initially upregulating its expression, followed by a sustained
downregulation. Figure from: (Bondue et al., 2008)
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Mesp1 regulates its own expression. One mechanism is by direct regulation; ChIPseq experiments on ESCs reveal that MESP1 binds to its own promoter, leading to
activation of transcription, followed by a sustained repression. Mesp1 also negatively
regulates Mesp2 expression, possibly by directly binding to Ripply 2, which has been
shown to have a sustained increase in expression following Mesp1 expression. This
is closely followed by the repression of Mesp1 expression (Bondue et al., 2008;
Bondue and Blanpain, 2010).
There are some known regulators of Mesp1 expression. For example, YY1, a
ubiquitously expressed transcription factor, overlaps with Mesp1 expression and
directly binds to the Mesp1 promoter. YY1 acts synergistically with SP1 to regulate
Mesp1 expression. Mutations of YY1 or SP1 binding sites on the Mesp1 promoter
leads to altered or reduced Mesp1 expression in vivo, indicating the importance of
these two factors in the regulation of Mesp1 expression (Beketaev et al., 2016).
Brachyury is expressed in the nascent mesoderm, i.e. before the specification of the
cardiogenic mesoderm, and marks mesodermal cells migrating through the primitive
streak. Inhibition of canonical Wnt signalling and activation of non-canonical Wnt
signalling leads to the commitment towards a cardiac-specific mesoderm. In vitro
studies show that BRACHYURY binds to and activates a promoter region in the Mesp1
gene (David et al., 2011; Brade et al., 2013; Paige et al., 2015).
The T-box transcription factor Eomes is required cell autonomously for the
development of the endoderm and cardiovascular progenitors. Epiblast-specific
deletion of Eomes leads to reduced expression of cardiac-specific genes in E7.5
embryos. Importantly Mesp1 and Mesp2 are markedly downregulated in these
embryos. Furthermore, Eomes-null embryoid bodies fail to differentiate into
cardiomyocytes. ChIP-seq analysis shows that Eomes binds directly to Mesp1 and
Mesp2 T-box promoter regions. This was shown in differentiating ESCs and E7.0
embryos (Costello et al., 2011; Van Den Ameele et al., 2012). These T-box promoter
regions are found within enhancers required for presomitic expression of Mesp1 and
Mesp2 (Haraguchi et al., 2001; Oginuma, Hirata and Saga, 2008). Guo et al showed
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that Mesp1 expression is significantly reduced in linc1405-knockdown EBs during
differentiation. This correlated with a reduction of beating EBs and expression of
other cardiac-specific genes. When linc1405 is knocked down, Eomes binding to the
enhancer region of the Mesp1 promoter is markedly reduced. ChIP and RIP assays
showed that linc1405 mediates the binding of a complex containing EOMES, WDR5
and GCN5 to this enhancer (Guo et al., 2018).

1.4.2

FHF and SHF gene networks

One of the differences between the FHF and the SHF is that the FHF represents a
region of early differentiation, whereas progenitors residing in the SHF remain
proliferative to begin with and differentiate later. Therefore, there needs to be a
balance of pro-proliferative and pro-differentiating signals.
Fgf10 and Fgf8 are expressed in the anterior SHF. Together, they promote
proliferation of the progenitors at the arterial pole of the heart. In the anterior SHF,
Isl1 directly activates Fgf10 and Mef2c enhancers, and Fgf8 expression. In addition
to ISL1, TBX1 also directly activates the Fgf10 SHF enhancer, and is upstream of Fgf8.
Tbx1, Fgf10 and Fgf8 have overlapping patterns of expression in the SHF and in Tbx1
mutants, there is a loss of Fgf8 expression in the pharyngeal endoderm, and a loss of
Fgf10 expression in the mesenchymal core of the pharyngeal arches. Moreover, Tbx1
and Fgf8 genetically interact. Therefore, there is a tight relationship between Tbx1
and the pro-proliferative Fgf transcription factors (Vitelli et al., 2002; Watanabe et
al., 2012; Meilhac and Buckingham, 2018). Furthermore, Tbx1 is a negative
modulator of Mef2c expression, which is important in promoting cardiac
differentiation. Mef2c is upregulated in Tbx1 null mutants, and reduced when Tbx1
is overexpressed. Thus, it seems that Tbx1 is important in promoting cardiac
proliferation and inhibiting cardiac differentiation (Pane et al., 2012, 2018).
Nkx 2-5 is a crucial gene for cardiac development; null embryonic mouse mutants die
between E9.5 and E10.5 due to cardiac malformations including OFT and RV defects,
reflecting the haploinsufficiency in humans which may lead to atrial septal defects
38

(ASD), DORV and ToF (Zhang et al., 2014). Nkx 2-5 is expressed in the differentiating
heart, as well as throughout the SHF. By directly activating the Fgf10 SHF enhancer,
and the Mef2c AHF enhancer in cooperation with FOXH1, Nkx 2-5 exerts its specific
role in the SHF of maintaining a pro-proliferative pool. Furthermore, Nkx2-5 reduces
BMP signalling which in turn leads to a positive regulation of Nkx 2-5. In the anterior
SHF, there is a cooperation between Isl1, Nkx 2-5 and Tbx1 in activating a conserved
region in the Fgf10 intron to promote proliferation. By contrast, Nkx 2-5 directly
represses Isl1 and Fgf10 expression in differentiating CM, where it is more highly
expressed than in the SHF due to partial repression by ISL1-HDAC complex.
Moreover, in Nkx 2-5 mutants, there is an upregulation of Fgf10 throughout the
heart. Therefore, depending on the context, Nkx 2-5 can play pro-proliferative or prodifferentiating roles (Watanabe et al., 2012; Meilhac and Buckingham, 2018).
As mentioned earlier, Tbx5 is important in both heart fields. Mutations in human
TBX5 underlie Holt-Oram syndrome, leading to limb abnormalities and cardiac
defects such as conduction defects, left heart hypoplasia, and mitral valve defects
(Bruneau et al., 1999). Association between TBX5 and NKX 2-5 promotes
differentiation; these two transcription factors physically interact to synergistically
activate the ANF promoter, and cell studies show that Tbx5 overexpression is
sufficient to promote cardiac differentiation (Hiroi et al., 2001). In the posterior SHF,
Tbx5 interacts with Gata4 and Hedgehog signalling to promote DMP formation,
which also involves activating Osr1, another gene required for atrial septation. Tbx5
also directly activates Cdk6 thereby promoting proliferation. Thus, depending on the
context, Tbx5 has pro-differentiating and pro-proliferating roles (Xie et al., 2012;
Misra et al., 2014; Meilhac and Buckingham, 2018).
GATA4 haploinsufficiency in humans leads to atrioventricular septal defects (AVSDs).
Gata4 is required for DMP formation, in cooperation with Tbx5 and Hedgehog
signalling; DMP formation requires Gata4 in proliferating Hedgehog signallingdependent atrial progenitors. In the developing atria and ventricles, at E11.5, TBX5
physically interacts with GATA4. Association within the ventricles decreases at later
embryonic stages. Compound Tbx5 and Gata4 heterozygotes show myocardial
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hypoplasia and AVSDs. Cell studies show that Tbx5 and Gata4 act synergistically to
promote cardiomyocyte proliferation by activating Cdk4, a cyclin dependent kinase
important for cell proliferation. Accordingly, deletion of Gata4 negatively affects cell
cycle progression. Importantly, the requirement of Gata4 for DMP development is
limited to the posterior SHF, as deletion in the anterior SHF does not lead to AVSDs.
Supporting this, haploinsufficiency of both Tbx5 and Gata4 limited to the posterior
SHF leads to an exacerbation of AVSDs, owing to a genetic interaction between Tbx5
and Gata4 (Misra et al., 2014; Zhou et al., 2017; Meilhac and Buckingham, 2018).
It is clear that tight control of gene regulatory networks involved in cardiac
development is required, and perturbation of these networks may lead to an
imbalance of differentiation and proliferation of cardiac progenitors which in turn
leads to knock on effects on cardiac development.

Figure 1.9: Gene regulatory networks in the second heart field (SHF).
The SHF is pro-proliferative and represents a region of late differentiation. As such,
there is a balance of pro-differentiating and pro-proliferative signals. Figure shows
some pathways important in the anterior and posterior portion of the SHF (Meilhac
and Buckingham, 2018).

40

1.4.3

Genes involved in cardiac chamber formation

In addition to genes that are specifically important in the two heart fields, there are
many other gene networks governing cardiac morphogenesis. This section will focus
on some of the genes involved in cardiac chamber formation.
Chamber morphogenesis requires the formation of the AVC, a constriction that forms
between the developing atria and ventricle as a result of slow cell proliferation in this
area (Singh et al., 2012). Tbx2 and Tbx3 are genetically and functionally related, and
the expression of these two genes overlaps in the AVC. The genes function
redundantly to repress the chamber myocardial gene program in the AVC which
restricts chamber differentiation to the atria and ventricles. Accordingly, mice that
lack all functioning alleles of both Tbx2 and Tbx3 have an absent AVC constriction,
with expression of chamber myocardial makers such as ANF and Cx40 expanded into
the AVC. Additionally, Tbx3 is required for the repression of chamber genes in nodal
tissue which is essential for the formation of the AV conduction system (Harrelson et
al., 2004; Bakker et al., 2008; Singh et al., 2012). In the chamber myocardium,
however, Tbx20 is required to repress Tbx2, enabling chamber differentiation to
occur. Consequently, in Tbx20 null mutants, Tbx2 is expressed throughout the heart
which blocks chamber differentiation, leading to failure of the heart tube to loop and
the inability to form cardiac chambers. This is reflected by the lack of ANF, Chisel and
Cx40 chamber markers in Tbx20 null mutant hearts (Singh et al., 2005). Therefore, it
is clear there is a strict transcriptional program required for the regulation of genes
in order for AVC constriction to occur, which requires chamber gene repression, and
chamber morphogenesis, which requires activation of chamber-specific genes.
In addition to the chamber genes ANF, Chisel and Cx40, Hand1 and Hand2 are
required for chamber ballooning. Both transcription factors are expressed in the
linear heart, with Hand1 being more restricted to segments that give rise to the OFT
and outer curvature of the LV; and Hand2 expressed at a higher level in the
developing RV. Mice that lack Hand2 die at E10.5 due to RV hypoplasia and vascular
abnormalities. Mice that lack Hand1 specifically in the heart present with OFT
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defects, ventricular septal defects (VSD) and abnormal chamber size. Hand1 and
Hand2 function in a dose-dependent manner to regulate ventricular chamber
expansion; an exacerbated effect is seen with a reduction in number of functioning
alleles of both genes. The ventricles fail to expand properly, with misexpression of
ANF and Cx40 which mark the outer curvature of the LV (Srivastava et al., 1997;
McFadden, 2004). Hence it is important to maintain the correct expression of
chamber-related genes in order for correct cardiac chamber ballooning to take place.
Taken together, it is clear that gene transcriptional programs are present to
demarcate the two heart fields, maintain a balance between proliferation and
differentiation of cardiac progenitors, and for proper cardiac morphogenesis.
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1.5 22q11 deletion syndrome (22q11DS)
There are obviously many genes implicated in cardiac development and
perturbations in these genes lead to cardiac malformations. This thesis will focus on
a novel gene in cardiac development, Setd5, a gene not previously published as being
vital for cardiovascular development. First, two major syndromes in which cardiac
defects are observed will be discussed, before focussing on Setd5 and its potential
role in cardiac development.
22q11 deletion syndrome (22q11DS) occurs in 1 in 4000 live births and is
characterised by cardiovascular, thymus, parathyroid and craniofacial anomalies.
Patients typically present with a 1.5 – 3 Mb deletion on chromosome 22q11
(Momma, 2010; Scambler, 2010; Papangeli and Scambler, 2013). The greatest cause
of childhood morbidity and mortality related to 22q11DS is cardiovascular
malformation. Interrupted aortic arch type B (IAA-B) is relatively specific to this
condition; it is associated with 22q11DS in approximately 50% of cases. Other
cardiovascular defects include ToF, DORV, VSD and aberrant right subclavian artery
(AbRS) (Scambler, 2010; Papangeli and Scambler, 2013). Interestingly, children with
22q11DS are predisposed to developing psychiatric disorders in adulthood. For
example 22q11DS is the greatest risk factor of schizophrenia other than having both
parents or a monozygotic co-twin with the disorder (Papangeli and Scambler, 2013).

1.5.1

Mouse models of 22q11DS

Figure 1.10 shows the 22q11 locus and the genes deleted in this syndrome. There are
at least four repetitive DNA cassettes identified within this region which are known
as low copy-number repeats (LCR). The majority of deletions occur between LCR A –
D, with the “minimal critical deletion” between LCR A – B, leading to patients typically
presenting with a 1.5 – 3 Mb deletion (Motahari et al., 2019). The region of interest
in 22q11DS is well-conserved in the mouse and genetic studies on mice revealed that
haploinsufficiency of Tbx1 partially recapitulates the human syndrome.
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Figure 1.10: Schematic of the 22q11.2 region showing the genes deleted in 22q11
deletion syndrome.
There are at least four repetitive DNA cassettes identified in the 22q11 region: low
copy-number repeats (LCR) A – D. The majority of deletions occur between LCR A –
D, with the “minimal critical deletion” between LCR A – B. Thus, the majority of
patients present with a 1.5 – 3 Mb deletion (Motahari et al., 2019).
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The first model of the syndrome was targeted deletion of a region of chromosome
16 (Df1 heterozygotes), homologous to the region deleted in the human syndrome.
No homozygous mutants were born. Heterozygous mutants were viable, but a
proportion died at birth. Heterozygous embryos at E18.5 presented with
cardiovascular anomalies with variable frequency: IAA-B with or without VSD, AbRS,
the most frequent form of which being retroesophageal right subclavian artery which
presented with or without an overriding aorta and VSD. IAA-B and AbRS occur as a
result of abnormal remodelling of the 4th PAA. Indeed, E11.5 embryos had hypo- or
aplasia of the 4th PAA (Lindsay et al., 1999).
Genetic complementation studies identified Tbx1 as the candidate gene for 22q11DS
(Jerome and Papaioannou, 2001; Merscher et al., 2001). Lgde1

+/-

mice have a

hemizygous deletion of the chromosome region between Dgcr2 and Hira which
contains an additional five genes to those deleted in the Df1 heterozygotes. Liveborn pups exhibit perinatal lethality. Great vessel defects are similar to those
observed in Df1 heterozygotes, including IAA-B. A partial rescue of phenotypes was
seen when Lgde1+/- were crossed with transgenic mice harbouring a BAC containing
human genes which included TBX1. Notably, generation of Tbx1 heterozygotes was
able to recapitulate many of the great vessel defects seen in the Lgde1+/- embryos,
suggesting that haploinsufficiency of Tbx1 is implicated in the cardiovascular defects
observed in mice, which reflects what is observed in human 22q11DS (Merscher et
al., 2001).
Tbx1 heterozygotes are virtually indistinguishable from Df1 mutants and Lgdel1 mice.
Accordingly, Tbx1 heterozygotes present with hypo- or aplasia of the 4th PAA at E10.5
which gives rise to great vessel defects such as IAA-B and AbRS at later stages (Jerome
and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001). Notably, Tbx1
heterozygous mice are viable and are born at Mendelian ratios. Methods of
generating Tbx1 heterozygotes include introducing the Cre recombinase gene
(Huynh et al., 2007) or LacZ reporter gene (Lindsay, 2001) at the Tbx1 locus .
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Tbx1 null mutants recapitulate a wider range of defects in structures implicated in
human 22q11DS. Of note, common arterial trunk, which is observed in 22q11DS
patients and occurs when the OFT fails to septate into the pulmonary trunk and
aorta, is observed in 100% of Tbx1 null mice. Accordingly, mutants die shortly after
birth. Other additional defects seen in Tbx1 null mutants compared to Tbx1
heterozygotes include complete aplasia of the thymus and parathyroid glands;
craniofacial anomalies are also seen (Jerome and Papaioannou, 2001; Liao et al.,
2004).
Various studies highlight the dose sensitivity of Tbx1 (Liao et al., 2004; Zhang and
Baldini, 2008; Vitelli, Huynh and Baldini, 2009). Liao et al performed several genetic
complementation studies. Here, authors used BAC transgenic mice carrying human
alleles of: GP1BB, PNUTL1, TBX1 and WDR14; i.e. these genes were overexpressed.
BAC transgenic mice survived embryonic development, however, only 29% survived
after birth. When the BAC transgene was introduced into the Tbx1 null background
to produce Tbx1 -/- ; TG mice, 79% of mice survived after birth, suggesting a rescue
and partial normalisation of Tbx1 dosage, indicating that Tbx1 is the candidate gene
causing great vessel defects (Liao et al., 2004). This is supported by Vitelli et al where
they showed that introducing a gain-of-function (GOF) Tbx1 gene caused animals to
die shortly after birth due to enlarged hearts. At E18.5, GOF embryos presented with
great vessel patterning defects, enlarged pulmonary trunk, enlarged RV and VSD
(Vitelli, Huynh and Baldini, 2009). Zhang and Baldini generated a series of genotypes
displaying varying levels of Tbx1 ranging from 0% to 100% of wild-type levels. The
authors showed that penetrance of defects including IAA-B, right-sided aortic arch
and AbRS increased with a decrease in Tbx1 dosage, with Tbx1 null mutants
presenting with the most severe phenotype (Zhang and Baldini, 2008). Therefore, it
seems that correct dosage of Tbx1 is necessary for correct cardiovascular
development and as such, deviation from the norm leads to cardiovascular defects.
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1.5.2

TBX1 structure and function, and protein and chromatin interactions

The great vessel defects observed in 22q11DS are largely attributable to incorrect
development of the pharyngeal apparatus, specifically hypo- or aplasia of the 4th
PAA, which is seen at E10.5 in mouse. Tbx1 expression is dynamic during
development and is localised to the head mesenchyme, pharyngeal endoderm,
pharyngeal arch mesenchyme, the SHF of the heart, mesenchyme surrounding the
dorsal aortae, the otocyst and the sclerotome. The earliest expression of Tbx1 in mice
is E7.5 where it presents in the cardiac crescent, as shown in Figure 1.11. It is
expressed in the head mesenchyme at E8.5 and at around E9.0 Tbx1 expression starts
in the pharyngeal mesenchyme, the OFT and otic vesicle and by E9.5, expression
extends into the RV (Vitelli et al., 2002; Brown et al., 2004; Xu, Cerrato and Baldini,
2005; Huynh et al., 2007). Its loss in the SHF leads to reduced cell proliferation and
premature differentiation, leading to a reduced contribution of progenitor cells to
the heart (Chen et al., 2009; Fulcoli et al., 2016).
Timed mutation and cell fate mapping experiments show that a population of Tbx1expressing cardiac precursors contribute specifically to the OFT and that Tbx1 is
required between E8.5 and E9.5 for OFT development where it regulates SHF
proliferation and differentiation (Xu, Cerrato and Baldini, 2005; Rana et al., 2014).
Furthermore, crossing Tbx1-Cre knock-in mice with mice expressing the R26R
reporter enabled authors to identify the contribution of Tbx1-expressing cells to the
OFT and parts of the RV. Notably, there were no Tbx1-expressing cells at the anterior
part of the OFT, indicating that this part of the OFT originates from a population of
progenitors that do not express Tbx1 (Huynh et al., 2007). In addition to its
importance in the deployment of posterior SHF progenitors to the arterial pole of the
heart, Tbx1 is also required at the venous pole where its loss leads to hypoplasia of
the DMP. The DMP is important for atrial septation. As such, AVSDs are sometimes
observed in Tbx1 null mutants (Rana et al., 2014).
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Figure 1.11 Fate mapping of Tbx1-expressing cells.
Tbx1-Cre mice were crossed with R2R26 reporter mice. Descendants of Tbx1expressing cells can be mapped by assaying for b-galactosidase. (A) Tbx1 is expressed
in the cardiac crescent (cc) at E7.5. (B) Tbx1 expression is strong in the head
mesenchyme, but weak in the heart (ht). (C) Later, expression is seen in the head
mesenchyme, otic vesicle and pharyngeal arch mesenchyme at E9 which then
extends into the right ventricle (RV) by E9.5. Expression is restricted to the RV and
outflow tract (E). At E10.5, expression is strong in the head mesenchyme and the
heart, but weak in the right atria (RA) (F). (G) Patchy expression of Tbx1 is seen in the
left ventricle (LV). (H) By E14.5, staining is observed mostly in the RV with some
staining observed in the LV. (I) In the adult heart, there is extensive contribution of
Tbx1-Cre-expressing progenitors across the myocardium with a restriction to the RV
and the atria compared to the LV. Staining is also detected in the ascending aorta
(AAo) and descending aorta (DAo) but not in the aortic arch (between two
arrowheads) or the right and left common carotids (RCC, LCC). Figure reproduced
from: (Brown et al., 2004).
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In addition to the importance of Tbx1 in various gene regulatory networks, detailed
in the sections above, TBX1 binds to chromatin regions enriched for H3K4me1 but
lacking H3K27ac. TBX1 recruits histone methyltransferases (HMT) which highlights a
possible mechanism whereby TBX1

regulates H3K4me1 by recruiting HMT to

chromatin (Fulcoli et al., 2016). TBX1 was shown to co-immunoprecipitate with
Baf60a, a component of the BAF ATP-dependent chromatin remodelling complex.
The authors also showed an interaction between TBX1 and SETD7, a H3K4
methyltransferase that has previously been shown to interact with another T box
protein, TBX21 (Chen et al., 2012). Therefore, it may be a common feature of T box
proteins to recruit HMT and alter chromatin which subsequently modifies gene
expression. TBX1 negatively regulates the anterior heart field enhancer of the Mef2c
gene, which encodes a key cardiac differentiation transcription factor, by directly or
indirectly decreasing H3K27ac. TBX1-ChIP data showed that TBX1-enriched regions
have reduced H3K27ac (Wamstad et al., 2012). Thus, TBX1 may exert its functions by
interacting with histone-modifying proteins which subsequently alter gene
expression.
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1.6 CHARGE syndrome
CHARGE syndrome affects around 1 in 10,000 live births and is characterised by a
constellation of congenital anomalies: coloboma, heart defects, atresia of the nasal
choanae, retardation of growth and development, genital defects and ear
abnormalities with variable phenotypic penetrance (Blake et al., 1998; Zentner et al.,
2010; Okuno et al., 2017).

1.6.1

CHD7 mutation leads to CHARGE syndrome

Most cases of CHARGE syndrome are sporadic, although familial cases have been
reported (Jongmans et al., 2008). CHD7, located on chromosome 8q12.1, has been
identified as the causative gene for CHARGE syndrome with an heterozygous loss-offunction mutation identified in more than 90% of CHARGE syndrome cases (Vissers
et al., 2004; Zentner et al., 2010; Nicole Corsten-Janssen et al., 2013). The majority
of CHD7 mutations are frameshift or nonsense mutations; mutations occur
throughout the gene and lead to a truncated version of the protein most likely to be
targeted for degradation (Zentner et al., 2010; Basson and van Ravenswaaij-Arts,
2015). Therefore, haploinsufficiency of CHD7 is the major cause of human CHARGE
syndrome.

1.6.2

Structure and function of CHD7, and protein and chromatin interactions

CHD7 is part of the chromodomain helicase DNA (CHD) binding protein family of ATPdependent chromatin remodellers. CHD7 contains two chromodomains, which
mediate protein binding to methylated histones, a SANT domain for binding to DNA
or modified histones, and two BRK domains of unknown function. Proteins of the
CHD family share a conserved Snf2 helicase-like ATPase domain which utilises ATP to
catalyse the translocation of nucleosomes, exposing DNA from a tightly packed
chromatin structure, enabling the alteration of gene expression (Schnetz et al., 2009;
Basson and van Ravenswaaij-Arts, 2015; Manning and Yusufzai, 2017).
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CHD7 nucleosome remodelling activity is dependent on the presence of
extranucleosomal DNA, suggesting that CHD7 is preferentially recruited to chromatin
regions with poised enhancers or promoters with exposed DNA (Bouazoune and
Kingston, 2012; Basson and van Ravenswaaij-Arts, 2015). It is proposed that CHD7 is
recruited to poised enhancers by binding to pioneer transcription factors which are
able to bind to DNA without chromatin remodelling. When CHD7 binds, the
nucleosomes are translocated and the chromatin structure is altered, revealing
additional DNA binding sites to which transcription factors can bind and further alter
gene expression (Basson and van Ravenswaaij-Arts, 2015). This process is
summarised in Figure 1.12.
ChIP-seq studies show that CHD7 chromatin binding sites localise distally to
promoter regions, correlate highly with H3K4me1 sites, and are located within areas
of open chromatin. Furthermore, the location of CHD7 binding sites are largely celltype specific. These features are characteristic of gene enhancers (Schnetz et al.,
2009, 2010; Basson and van Ravenswaaij-Arts, 2015). These binding sites change with
H3K4 methylation tracks as differentiation occurs, highlighting the importance of
CHD7 in cell differentiation and lineage specification (Schnetz et al., 2009).
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Figure 1.12: A proposed model of CHD7 activity.
A: CHD7 is preferentially recruited to poised enhancers which are bound by pioneer
transcription factors (pTF) and harbour histone modifications such as H3K4me1 (in
yellow). CHD7 can then catalyse nucleosome remodelling to reveal more TF binding
sites, shown in green. B: CHD7 may function as a transcriptional activator in some
cell types. Binding of CHD7 may recruit other transcription factors which leads to
further histone modifications (green dot) and the subsequent recruitment of
transcriptional machinery (Pol II, TFIID, mediator, CHD1) which facilitates
transcriptional activation. (C) CHD7 may also function as a transcriptional repressor.
(i) CHD7 binding may alter chromatin such that pTF and TFs cannot bind and promote
transcription. (ii) Another option may be that CHD7 binding affects pTFs binding
which represses transcription. Figure reproduced from: (Basson and van
Ravenswaaij-Arts, 2015).
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1.6.3

Heart defects seen in CHARGE

Congenital heart malformations are observed in around 75% of CHARGE syndrome
cases (Liu et al., 2014). These include ToF, patent ductus arteriosus and VSDs, with
an overrepresentation of aortic arch anomalies and AVSDs (Nicole Corsten-Janssen
et al., 2013; Liu et al., 2014; Basson and van Ravenswaaij-Arts, 2015; Payne et al.,
2015).

1.6.4

Mouse models of CHARGE syndrome

Chd7 heterozygotes are viable. Whirligig Chd7 heterozygous (Chd7

Whi/+

) mutants

exhibit circling behaviour, indicating defects to the inner ear and reflecting the
vestibular dysfunction seen in human CHARGE syndrome patients. Oedema is
observed in around 50% of Chd7

Whi/+

embryos which points to a cardiovascular

defect. Some embryos also show interventricular septal defects and haemorrhaging.
Other CHARGE-related features include cleft palate and choanal defects (Bosman et
al., 2005). Another model of Chd7 heterozygosity is the reporter-tagged Chd7

Gt/+

mice which exhibit developmental and growth delay, as well as abnormalities in the
development of CHARGE-related tissues (Hurd et al., 2007). Closer examination of
great vessel defects observed in Chd7 heterozygotes reveal partially penetrant
defects of the 4th PAA at E10.5 with some occurrence of IAA-B and AbRS artery at
E14.5. Thymic hypoplasia is also observed (Randall et al., 2009).
Chd7 heterozygotes recapitulate some of the clinical features observed in CHARGE
syndrome patients, but the full spectrum of cardiovascular malformations is not
presented in heterozygotes. Chd7 null embryos die before E10.5, probably due to
p53-mediated cell death (Hurd et al., 2007; Van Nostrand et al., 2014). Homozygous
deletion of Chd7 in the cardiogenic mesoderm using the Mesp1-Cre driver leads to a
later embryonic lethality at around E15.5 and enables a more detailed assessment of
the cardiovascular phenotype (Payne et al., 2015). Payne et al showed that over 90%
of conditional null embryos had oedema and haemorrhaging (Figure 1.13A). Around
one fifth of embryos showed IAA-B, (Figure 1.13B) and around 60% of hearts at E15.5
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displayed DORV. All E15.5 hearts exhibited double inlet left ventricle, a major form
of AVSD. This work reveals the importance of Chd7 in the cardiac development
(Payne et al., 2015).
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Figure 1.13: Phenotypes observed when Chd7 is deleted from the cardiogenic
mesoderm.
(A) Homozygous deletion of Chd7 in the cardiogenic mesoderm using the Mesp1-Cre
driver leads to severe cardiovascular defects including oedema (arrow) and
haemorrhaging compared to littermate controls. (B) Chd7 Fl/Fl embryos had normal
great vessel anatomy whereas interrupted aortic arch type B (IAA-B) is seen in 21%
of Chd7 Fl/Fl ; Mesp1 Cre/+ embryos (indicated by *). Figure reproduced from: (Payne
et al., 2015).
Abbreviations: RSC = right subclavian; LSC = left subclavian; RCC = right common
carotid; LCC = left common carotid; AA = aortic arch; OFT = outflow tract; LA = left
atrium; RA = right atrium; LV = left ventricle; RV = right ventricle.
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1.6.5

Involvement of Chd7 in the neural crest (NC)

CHD7 is expressed ubiquitously during embryonic development with a gradual
restriction to CHARGE-relevant tissues (Zentner et al., 2010).
CHD7 is important for NCC migration. Cells from the neural plate undergo EMT to
become pluripotent NCCs that acquire broad differential potential to give rise to
neural, dermal, mesodermal and skeletal structures. Bajpai et al showed that
knockdown of Chd7 in Xenopus embryos leads to abnormal NCC migration to the PA.
Although it was shown that Chd7 is not important for specifying neural crest (NC)
borders, knockdown of Chd7 severely affected the expression of transcription factors
critical for NCC migration and specification. These include Sox9, which is important
in NCC specification, and Slug and Twist, which are critical NC and EMT regulators
(Bajpai et al., 2010; Schulz et al., 2014; Okuno et al., 2017).
It has been postulated that many of the structures affected in CHARGE derive from
the NC and that CHARGE syndrome results from abnormal NC development (Siebert,
Graham and MacDonald, 1985). As such, it is sometimes referred to as a
neurocristopathy. Okuno et al obtained human induced pluripotent stem cells
(hiPSCs) from two CHARGE syndrome patients each carrying a heterozygous
nonsense mutation of CHD7 and differentiated these into NCCs. Microarray analysis
identified differential expression of genes involved in NCC migration between
CHARGE hiPCs and control cells, including TWIST1 which supports the finding in
previous studies where this gene was downregulated when CHD7 was knocked down
in human NC-like cells. Additionally, authors reported a decrease in migratory ability
of CHARGE-hiPSCs (Bajpai et al., 2010; Okuno et al., 2017).
However, in vivo studies showed that restoring Chd7 expression in NC-derived tissues
by crossing Chd7 heterozygotes with a Wnt1-Cre transgenic line containing a splice
activator failed to rescue the hypo/aplasia of the 4th PAA. Instead, studies revealed
the requirement of Chd7 in the pharyngeal ectoderm for normal PAA development
(Randall et al., 2009). Nevertheless, Chd7 may have non-cell autonomous roles on
56

NCC migration or contribution to the OFT. Indeed, when Chd7 is deleted in the
cardiogenic mesoderm, expression of Sema3c, a ligand required for NCC migration in
conjunction with PlexinA2 signalling, was slightly reduced in the distal OFT (Payne et
al., 2015), and unpublished data from the Scambler lab showed that NCC migration
was disrupted, as revealed by PlexinA2 in situ hybridisation.

1.6.6

Signalling pathways involving Chd7

As mentioned previously, Nkx 2-5 plays a key role in cardiac differentiation or
proliferation depending on whether it is expressed in the FHF or SHF (Watanabe et
al., 2012; Meilhac and Buckingham, 2018). CHD7 has been shown to directly interact
with BMP-responsive SMADs to modulate the transcription of cardiogenic genes such
as Nkx-2.5. ChIP-qPCR on cell lines showed increased binding of CHD7 to some
enhancers of Nkx 2-5 in a BMP-dependent manner (Liu et al., 2014). Therefore, CHD7
may play an important role in the regulation of gene expression in response to other
signalling pathways.
In addition to great vessel defects observed when Chd7 is deleted using Mesp1-Cre,
cardiac innervation defects were also reported. This may have been explained by the
downregulation of Sema3a expression in mutant hearts at E11.5 and E13.5, which is
important in sympathetic innervation of the heart. Moreover, several components
of the Slit-Robo pathway, a pathway important in regulating the migratory ability of
different cell types, were downregulated (Payne et al., 2015).
Heterozygous expression of p53 in a Chd7 null background significantly rescues the
phenotype. Moreover, p53 and some p53 target genes were induced in Chd7 null
NCCs, and ChIP analysis indicates binding of CHD7 to the p53 promoter. There is a
higher basal level of p53 in CHARGE patient-derived fibroblasts, suggesting that an
upregulation of p53 may be underlying the defects observed in CHARGE. p53
inactivation is controlled by MDM2 or MDM4 and loss of this control causes
embryonic lethality. Importantly, inappropriate activation of p53 leads to CHARGElike defects (Van Nostrand et al., 2014). Therefore, a mechanism may exist whereby
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loss of Chd7 leads to the inappropriate activation of the p53 promoter and hence its
transcription, as evidenced by increased p53 expression in Chd7 null NCCs and
patient-derived fibroblast, thus leading to CHARGE defects.
It is clear that CHD7 plays a key role as a chromatin remodeller and controls various
genes by binding to their regulatory regions. Loss of Chd7 may lead to abnormal gene
regulation and misexpression.
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1.6.7

CHARGE syndrome patients and 22q11 deletion syndrome patients have
overlapping phenotypes and this is recapitulated in mice

A clinical overlap between patients with CHARGE syndrome and those with 22q11DS
has frequently been reported (Table 1.1). For example, some reported CHARGE
syndrome patients have the 22q11 deletion; and some patients with a typical
“22q11DS-like” phenotype have a CHD7 mutation (de Lonlay-Debeney et al., 1997;
N. Corsten-Janssen et al., 2013; Soma Jyonouchi, Donna M. McDonald-McGinn,
Sherri Bale, Elaine H. Zackai, 2013; Yasuda et al., 2016).
Importantly, this phenotypic overlap observed in man is recapitulated in mouse
models. Randall et al showed that double heterozygous mice in which both Chd7 and
Tbx1 were heterozygous presented with an increased severity of phenotypic defects
(Table 1.2). These included great vessel defects such as IAA-B and AbRS at E14.5,
attributable to the bilateral and complete 4th PAA aplasia observed earlier at E10.5.
Increased defects of thymus and ear development were also observed. This is
evidence that Chd7 and Tbx1 genetically interact (Randall et al., 2009).
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Table 1.1: A summary of the frequency of phenotypes observed in patients with
22q11.2 deletion syndrome and those with CHD7 mutation.
Table reproduced from: (N. Corsten-Janssen et al., 2013).

60

Table 1.2: Frequency of defects observed in the great vessels and pharyngeal arch
arteries at E14.5 and E10.5, respectively.
Table reproduced from: (Randall et al., 2009).
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1.7 Identification of novel genes causing a cardiovascular phenotype when
haploinsufficient
High throughput screening studies have previously been performed to identify the
presence of cilia-related mutations in the pathogenesis of CHD, summarised by
Gabriel et al. Indeed, this result highlights the possible benefits of screening patients
with CHD for these other mutations in order to improve patient outcome (Gabriel,
Pazour and Lo, 2018).
There are clearly many genes that are important in cardiovascular development. As
discussed above, several genes cause cardiac defects when haploinsufficient in
humans. These include: TBX1, CHD7, NKX 2-5, GATA4 amongst others. Identification
of haploinsufficient cardiovascular phenotypes using high throughput screening may
lead to the discovery of novel genes with a previously unidentified role in cardiac
development.

1.7.1

DMDD browser

The “Deciphering the Mechanisms of Developmental Disorders” (DMDD) database is
an online tool that presents the phenotypes of embryonic lethal mouse gene
knockouts, as determined by high resolution episcopic microscopy (HREM) at E9.5 or
E14.5 depending upon the stage of lethality. Briefly, samples are embedded and
sectioned with the added step that a picture is taken of embedded tissue block face.
This enables the reproduction of 3D models by realigning the sequential sections.
Heterozygotes and homozygous wild-type littermates were also processed through
the pipeline (Mohun and Weninger, 2011; Mohun et al., 2013; Wilson et al., 2017;
DMDD, 2020).
The browser was queried using key words that define the cardiovascular phenotype
caused by Tbx1 and Chd7 haploinsufficiency with the aim of identifying novel
haploinsufficient genes identified Setd5 (detailed in results chapter 3). The browser
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presents Setd5 heterozygous embryos with a partially penetrant cardiovascular
phenotype including DORV and VSD. Figure 1.14 shows one embryo presenting with
oedema, perimembranous VSD and common arterial trunk. Notably, some of these
phenotypes overlap with Tbx1 haploinsufficiency. Table 1.3 summarises some of the
cardiovascular phenotypes observed when Setd5 and Tbx1 haploinsufficient. The
DMDD browser presented Setd5 homozygous null embryos as embryonic lethal at
E9.5.

CAT
odema

VSD

Figure 1.14: HREM images showing one example of a Setd5 heterozygous embryo
presenting with oedema, perimembranous VSD and common arterial trunk (CAT),
indicated by the red boxes.
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Table 1.3: A summary of overlapping phenotypes presented in Setd5 heterozygotes,
Tbx1 heterozygotes and Tbx1 nulls.

Phenotype

Setd5

Tbx1

Tbx1 nulls

heterozygotes heterozygotes
Total embryonic lethality
Hypo/aplasia of 4th PAA at

No 2nd – 6th

E10.5

PAAs

Common arterial trunk
Aplastic caudal pharyngeal
arches
IAA-B
DORV
DILV
TOF
AbRS artery
VSD
Thymus hypo/aplasia
Craniofacial anomalies

mild
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1.7.2

Implications of SETD5 in human disorders

In humans, loss of function mutations in SETD5 lead to moderate or severe
intellectual disability (ID) (Grozeva et al., 2014; Szczałuba et al., 2016; Rawlins et al.,
2017; Fernandes et al., 2018; Powis et al., 2018). It is also one of three genes within
the candidate region of 3p25 microdeletion syndrome (Grozeva et al., 2014). It is
postulated that heterozygous SETD5 loss-of-function mutations is sufficient to cause
aa phenotype similar to 3p25 microdeletion syndrome which is characterised by
developmental delay, ID, low birth weight, microcephaly and craniofacial
abnormalities. In some cases, CHD, cleft palate and polydactyly are observed
(Grozeva et al., 2014; Kuechler et al., 2015; Szczałuba et al., 2016). Furthermore,
mutations in SETD5 may also be associated with a novel syndromic form of autism
spectrum disorder (Fernandes et al., 2018). Incidentally, autism genes are overrepresented as harbouring de novo mutations in CHD cohorts (Homsy et al., 2015; Jin
et al., 2018).
Grozeva et al screened a panel of patients with ID to identify associated or candidate
genes. Amongst others, 7 loss-of-function variants were identified within the coding
region of SETD5. In this study, common phenotypic features included facial
abnormalities, ear abnormalities and feeding abnormalities. Congenital heart defects
were observed with variable frequencies: mitral valve prolapse, VSD and patent
ductus arteriosus. Behavioural problems, speech delay and motor function deficits
were also noted (Grozeva et al., 2014).
Szczałuba et al reported a familial case of the partial penetrance of SETD5 loss-offunction involving two male siblings and their father. The siblings had developmental
delay and presented with variable penetrance of congenital heart defects, ID and
facial dysmorphia. Heart defects included partial AVSD, patent ductus arteriosus and
persistent left superior vena cava. Other defects included polydactyly and cleft uvula.
The father presented only with mild ID and interestingly, no cardiac defects
(Szczałuba et al., 2016). This case is of particular interest due to the variability of the
phenotype caused by SETD5 haploinsufficiency in a familial case.
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Powis et al present several cases of patients with SETD5 mutation. Most patients
presented with developmental delay and mental retardation. There were a few
reported cases of congenital heart defects including atrial septal defect and VSD. The
cohort also included two families in which the SETD5 mutation was inherited by the
affected children from their mothers who were considered unaffected (Powis et al.,
2018).
There have been many different pathogenic mutations in SETD5 reported with an
interesting variability in clinical presentation, demonstrating the wide phenotypic
variability associated with SETD5 mutation.

1.7.3

The function of Setd5

Methylation of lysine residues on histone proteins is catalysed by a family of proteins
that share an evolutionarily conserved SET domain (Qian and Zhou, 2006). SET
domains are present in the majority of HMT (Osipovich et al., 2016).
Osipovich et al showed that mice lacking Setd5 die before E10.5. No live-born
homozygous mutants were observed from heterozygous mice matings and no viable
homozygous embryos were observed at E10.5. At E10.5, embryos were severely
underdeveloped with many presenting with haemorrhaging compared to littermate
heterozygous controls. At E9.5, null embryos were significantly smaller, had fewer
somites and had incomplete neural tube closure, although complete neural tube
closure occurs by E10. Embryos had pericardial and tail effusion, which points to a
possible cardiovascular, hematopoietic, or placental defect. Ki67 staining showed a
decrease in cell proliferation, and caspase 3 staining showed increased apoptosis.
Half of Setd5 homozygous embryos had beating hearts at E9.5. Whole-mount
staining using markers of cardiac differentiation Mef2c and MHC showed swollen and
underdeveloped hearts, and staining with endothelial marker PECAM1 showed
poorly vascularised yolk sacs with an abnormally dilated capillary plexus.
Interestingly, unlike the heterozygous embryos presented in the DMDD browser,
heterozygous mice in this study were reported as viable and indistinguishable from
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the wild-type embryos (Osipovich et al., 2016). It is therefore of interest to confirm
whether or not Setd5 heterozygosity causes haploinsufficient cardiovascular defects.
In vitro studies using undifferentiated mouse embryonic stem cells (mESCs) derived
from Setd5 heterozygotes and null mice revealed that constitutive null mESCs
showed reduced proliferation with associated cell cycle delay, increased apoptosis
and a drastically dampened ability to differentiate into cardiomyocytes and form
beating embryoid bodies (Osipovich et al., 2016).
Although SET domain-containing protein complexes usually exert HMT activity, there
is more evidence that SETD5 acts to associate with histone deacetylases (HDACs) to
remove acetylation marks on chromatin. Osipovich et al failed to show any total loss
of methylation marks using antibodies on null mESCs lysates, suggesting that SETD5
lacks methyltransferase activity (Osipovich et al., 2016). This is supported by
enzymatic methylation assays performed by Deliu et al which also concluded lack of
methylation function (Deliu et al., 2018). However, Sessa et al showed a correlation
of H3K36me3 marks with SETD5 binding on chromatin in wild-type neural stem cells
(NSCs) and a reduction in H3K36me3 along the gene bodies of Setd5 target genes in
NSCs in which Setd5 has been deleted (Sessa et al., 2019).
Contrastingly, there is strong evidence that SETD5 functions in association with HDAC
enzymes. ChIP-seq analysis showed increased acetylation status at promoter regions
of three constitutive genes in null mESCs compared to heterozygous mESCs,
suggesting that SETD5 is responsible for maintaining HDAC association at promoter
regions (Osipovich et al., 2016). This is supported by immunoprecipitation and mass
spectrometry studies that show the binding of SETD5 with HDAC3 complex,
containing histone deacetylase activity. Moreover, SETD5 also associates with PAF1,
which is involved in RNA polymerase II-mediated transcription. Nevertheless, HDAC3
binding continues to occur in the absence of SETD5, suggesting that SETD5 may not
be required for the recruitment of HDAC3 to the chromatin or that Setd5 may be
functionally redundant (Deliu et al., 2018). However, Nakagawa et al showed that
SETD5 was required for the binding of HDAC3 to the rDNA promoter which encodes
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a key structural component of ribosomes. Authors showed that HDAC3 did not bind
to the rDNA promoter in the absence of SETD5 in mouse neuroblastoma cells in
which Setd5 was deleted using the CRISPR/Cas9 system, suggesting that SETD5 is
required for the recruitment of HDAC3 (Nakagawa et al., 2020). This suggests that
depending on the context, SETD5 may or may not be directly involved in the
recruitment of HDAC3. Furthermore, there may be a role of SETD5 in maintaining
proper Pol II dependent transcription as a broad redistribution of Pol II tracks was
observed in null mESCs compared to heterozygous mESCs (Deliu et al., 2018).
RNA-seq studies on undifferentiated mESCs derived from Setd5 heterozygotes and
null mice showed that in null mESCs, there was an upregulation of genes involved in
embryonic morphogenesis, including mesodermal transcription factor Mesp1, and a
downregulation of genes involved in myocyte differentiation and function, as well as
stem cell maintenance (Osipovich et al., 2016). This is in contrast to findings by Deliu
et al which show a downregulation of endodermal and mesodermal genes when
Setd5 is heterozygous. This was shown in whole E9.5 embryos, and mESCs
differentiated towards embryoid body formation and neural progenitor cells (Deliu
et al., 2018). These discrepancies are likely due to the comparison between null and
heterozygous states by Osipovich et al, and heterozygous to wild-type states by Deliu
et al. Nevertheless, the upregulation of Mesp1 observed in undifferentiated null
mESCs compared to heterozygous mESCs is supported by the partial rescue of Mesp1
downregulation observed when null mESCs were transfected with vector containing
Setd5, reintroducing Setd5 expression in null mESCs. Importantly, this was shown to
occur in vivo, in E8.5 embryos (Osipovich et al., 2016).
As SETD5 has been implicated in human ID, there have been comparatively more
studies performed in the neural development field than the cardiovascular. In one
such example, Setd5 had a role in promoting retinal endothelial cell survival in
neurons, as well as leucocyte adhesion. Furthermore, Setd5 has a role in primordial
germ cell specification (Poissonnier et al., 2014; Gaëlle et al., 2017; Yu et al., 2017)
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1.8 Hypothesis and rationale
1.8.1

Investigating the genetic interaction between Setd5 and Tbx1

As mentioned previously, the DMDD database contained four Setd5 heterozygous
embryos with a partially penetrant cardiovascular phenotype that overlaps with
haploinsufficiency of Tbx1. Therefore, it may be that Tbx1 and Setd5 interact
genetically, or have roles in signalling pathways that converge to orchestrate
cardiovascular development.
Notably, a physical interaction between TBX1 and SETD7, a HMT, was detected by
co-immunoprecipitation (Chen et al., 2012). SETD7 has been shown to interact with
another T-box transcription factor, TBX21 suggesting that interaction between T-box
genes and HMT is common (Miller et al., 2008). Figure 1.15 shows a phylogeny tree
of the relationship and structure of human SET domain-containing proteins (Herz,
Garruss and Shilatifard, 2013). It seems that the only similarity between SETD5 and
SETD7 is the SET domain. SETD7 has H3K4 methylation activity but little is known
about the function of SETD5 in this context; the HMT activity of SETD5 has not been
documented. However, due to homology with other SET domain-containing proteins,
and its close relationship to MLL5 – another possible HMT – on the phylogeny tree,
SETD5 could have HMT activity.
Since SETD5 and SETD7 are within the same family of proteins, and since there is an
overlap in the cardiovascular phenotype of mouse embryos that are haploinsufficient
for Tbx1 or Setd5, it may be that Tbx1 and Setd5 interact, either genetically,
physically, or both.
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Figure 1.15: Phylogeny tree showing 51 human SET domain-containing proteins.
The length of the branch represents a readout of the divergence between the
proteins. Domains are represented by coloured symbols, as displayed in the
“domains” box. Each protein name is accompanied by the domain structure. Proteins
are highlighted in specific colours and grouped depending on histone
methyltransferase substrate specificity. Figure reproduced from: (Herz, Garruss and
Shilatifard, 2013).
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1.8.2

Rationale for generating Setd5 conditional KO embryos using Mesp1-Cre

Mesp1 is expressed very transiently during embryonic development and its
downregulation is required for the repression of mesendodermal genes and the
activation of late cardiac-specific transcription factors. As Mesp1 fails to
downregulate in undifferentiated Setd5 null mESCs and, importantly, in whole E8.5
embryos, the hypothesis is that Setd5 is required to repress Mesp1, and that
persistence of Mesp1 expression has negative impacts on cardiac development.
Due to the embryonic lethality observed in constitutive Setd5 null embryos by E10.5,
this limits the full analysis of Setd5 in cardiac development. Therefore, the use of a
Mesp1-Cre driver would, in theory, bypass the early embryonic lethality and enable
a broader assessment of any cardiac-specific defects.
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2

Materials and Methods

2.1 Mouse strains and breeding
All animal husbandry, maintenance and procedures were carried out in accordance
to the UK Home Office regulations. All mice were maintained on the C57Bl/6
background.
The following mouse strains were used:
Setd5 Fl/Fl: Setd5tm1a(EUCOMM)Wtsi MGI:4432631 (Wellcome Trust Sanger Institute)
The L1L2_gt2 cassette was inserted upstream of the critical exons. The cassette is
composed of a lacZ/neomycin sequence followed by a loxP site. An additional loxP
site was inserted downstream of the critical exons, resulting in conditional-ready
floxed mice when bred with mice expressing flp recombinase. The mice were
received as conditional-ready floxed mice and subsequently used in targeted
knockout experiments.
Actin-Cre: Tmem163Tg(ACTB-cre)2Mrt MGI:2176050 (Lewandoski, Meyers and Martin,
1997)
This transgenic line expresses Cre recombinase under the control of the b-actin
promoter.
Tbx1 Cre/+: Tbx1tm6(cre)Bld MGI:3757964 (Huynh et al., 2007)
An IRES-Cre cassette inserted into exon 5 of the Tbx1 gene results in a functionally
null allele.
Tbx1 lacZ/+: Tbx1tm1Bld MGI:2179136 (Lindsay et al., 2001)
This knock-in line was generated by insertion of an IRES-lacZ reporter and a floxed
neomycin resistance cassette into exon 5, resulting in a functionally null Tbx1 allele.
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Mesp1 Cre/+: - Mesp1tm2(cre)Ysa MGI: 2176467 (Saga et al., 1999)
This knock-in line was generated by a homologous recombination-mediated insertion
of the Cre gene into the translational initiation site for the MESP1 protein, resulting
in the expression of Cre recombinase under the control of the Mesp1 promoter.
Relevant mice were set up for breeding once sexual maturity was reached; 6 weeks
for females and 8 weeks for males. Pups were ear clipped for genotyping and
identification, and the offspring were weaned at 21 days.
Timed matings for embryo collection involved pairing sexually mature mice overnight
and checking the presence of a copulation plug the following morning, which
indicated 0.5 days post copulation.

2.2 Dissection and genotyping
Pregnant females were sacrificed at different days post copulation by rising
concentration of CO2 followed by cervical dislocation, or cervical dislocation followed
by head decapitation. The uterus was placed in ice-cold PBS for dissection.
During dissection of the embryos, yolk sacs were collected or tails were clipped for
genotyping. Genomic DNA was extracted from tails or yolk sacs by overnight
incubation with 400 µl lysis buffer (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 mM
EDTA pH 8.0, 0.5% SDS) containing 100 µg/ml proteinase K at 55°C. On the following
day, samples were incubated at 95°C after which 400 µl isopropanol was added to
precipitate the DNA. Samples were spun at 13,000 x g for 25 minutes at 4°C.
Following removal of the isopropanol, 500 µl 70% ethanol was added and samples
were spun at 13,000 x g for 5 minutes at 4°C. The ethanol was removed and the pellet
was allowed to air dry before adding 100 µl milliQ water.
For embryos younger than E10.5, yolk sacs were collected and genomic DNA was
extracted using the KAPA express extraction kit. Samples were incubated in 44 µl
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milliQ water, 5 µl 10x KAPA express extract buffer and 1 µl KAPA extract enzyme at
75°C for 10 minutes and 95°C for 5 minutes. Protocol: KAPA Express Extract Kit.
PCR experiments were run in a 96-well thermal cycler (Applied Biosystems). Kapa
Ready Mix (KAPA Biosystems) reagents were used for genotyping experiments.
Recipes for the mix are outlined in table 1 and primers corresponding to each
genotyping experiment are listed in table 2, along with the sizes of the expected PCR
products.
Samples were run on 2 – 2.5% gels made using electrophoresis grade agarose powder
dissolved in 1 x Tris-Acetate EDTA (TAE) buffer; 10 µl of SyBR green or 3 ul of ethidium
bromide per 100 ml gel was added. An appropriate volume of 6x sample buffer was
added to samples which were then run alongside a 1 kb Hyperladder on the gels at
~150V until the PCR products were resolved. PCR products were visualised using an
ultraviolet transilluminator.
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Table 2.1: PCR reaction mix
Reagents

Volume

per

reaction
H 20

11.5 µL

2 x KAPA Ready Mix

8 µL

Primers (10 µM)

2.5 µL

DNA

3 µL

Table 2.2: Primer sequences for each PCR
PCR

PCR primers

Expected PCR product
size

Setd5 Fl/Fl
Setd5 KO

Forward: TAAAAAGGGGGTGACCATGC

Setd5 allele:

Reverse: GCCACTCTGGGCTGGTTTAG

475 bp

Forward: TAAAAAGGGGGTGACCATGC

KO band:

Reverse: AGT AGG GAG ATG CTG CAA 2749 bp
AGA
Cre

Forward: GAACC TGATG GACAT GTTCA Cre allele:
GG

320 bp

Reverse: AGTGC GTTCG AACGC TAGAG
CCTGT

Myogenin (control) allele:
250 bp

Additional control Myogenin primers
Forward: TTACG TCCAT CGTGG ACAGC
Reverse: TGGGC TGGGT GTTAG CCTTA
LacZ

Forward: AGT CTG GGG ACT CTG GAA
GG
Reverse 1: TCG ACT AGA GCT TGC GGA
AC
Reverse 2: AAG GCA GAT CCT GCT ACA
CC
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Tbx1 wild-type allele:
200 bp
Tbx1-LacZ allele:
180 bp

Table 2.3: PCR experimental conditions
PCR stages

Setd5

Fl/Fl

or Cre

LacZ

Setd5 KO
Initial denaturation

94°C 5 mins

95°C 3 mins

95°C 3 mins

Denaturation,

94°C 15 secs

95°C 30 secs

95°C 15 secs

annealing, extension

58°C 15 secs

62°C 30 secs

65°C 15 secs

72°C 10 secs

72°C 30 secs

72°C 10 secs

(x35 cycles)

(x35 cycles)

(x35 cycles)

72°C 5 mins

72°C 5 mins

72°C 5 mins

Final extension
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2.3 Great vessel dissection and assessment of internal morphology
Embryos were fixed in 4% paraformaldehyde (PFA) overnight at 4°C followed by
several washes of PBS on ice. Embryos were pinned down and the thoracic cavity was
dissected open to reveal the heart and thymus. Removal of the thymus revealed the
great vessels. After phenotyping the embryos, the heart and great vessels were
carefully dissected out of the embryo and dehydrated in a series of ethanol/milliQ
solutions on ice with gentle agitation for at least 30 minutes per solution until 100%
ethanol in which hearts were kept overnight at 4°C.
Hearts were then washed in Histoclear and embedded in paraffin after several
washes of at least 30 minutes at 60°C.
A microtome was used to section hearts to 10 µm thickness, floated on a 42°C water
bath and then mounted on SuperFrost microscope slides for air drying overnight.
For morphological analysis, sections were rinsed in Histoclear and then rehydrated
through a series of ethanol/milliQ solutions to 100% milliQ. Sections were stained
using freshly-filtered Hemotoxylin solution followed by aqueous Eosin solution,
rinsed in milliQ and then left to air dry overnight at room temperature. Slides were
mounted with glass coverslips using DPX mounting solution.
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2.4 Analysis of gene expression changes
2.4.1

RNA probe preparation

Plasmids for synthesising RNA probes were kindly donated from various sources:
Fabienne Lescroart, Claudio Cortes and Nicholas Greene.
Plasmids were linearised overnight using the appropriate restriction enzymes to
generate antisense probes. 1 ul linearised probe was run on 0.5 – 1% agarose gel to
confirm linearization. Following this, the DNA was purified using the QIAquick DNA
purification kit (Qiagen). In vitro transcription of probes was carried out by incubating
1 ug linearised DNA with 1x DIG RNA Labelling Mix (Roche), 1x Transcription
Optimised Buffer (Promega), 20 U RNasin® Plus RNase Inhibitor (Roche) and 40u RNA
polymerase (T3, T7 or SP6) for 2 hours at 37°C. 1 ul of the reaction was run on 0.5 –
1 % agarose gel to check the quality of the probe. 2 µl of DNaseI (Roche) was added
to degrade any remaining template. Following this, RNA was precipitated by addition
of 100 µl buffer TE, 400 µl ice cold 100% ethanol, 10 µl 4 M LiCl and incubated at 20°C for 2 hours. This was followed by centrifugation at 13,000 rpm for 30 minutes
at 4°C. The supernatant was carefully removed and the pellet was allowed to air dry.
The pellet was resuspended in 30 µl RNase-free water.
The antisense probes were obtained from respectable sources and are wellestablished. As such, a pilot experiment was performed on control embryos in order
to determine the specificity of the probes and to confirm the pattern of expression
(data not shown), instead of synthesising and utilising sense probes in the
downstream experiments. All probes used in this thesis produced the expected
pattern of expression.
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Table 2.4: Restriction enzyme and RNA polymerase used to generate antisense RNA
probes
Gene name

Antisense
probe

Mesp1

XhoI, T3

Cre

EcoRI, T3

Tbx1

KpnI, T3

Tbx3

Pstl, T3

Tbx5

EcoRV, T7

Mef2c

HindIII, T3

Fgf10

BgIII, SP6

Hand1

NotI, T7

ANF

BamHI, T7

Sox10

NcoI, T7

Tbx20

KpnI, T7
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RNA

2.4.2

RNA in situ hybridisation

Embryos were dissected in PBS and fixed overnight at 4°C in 4% PFA/PBS. On the
following day, embryos were washed in increasing concentrations of methanol to
100% methanol (5 minutes per wash) for storage at -20°C until ready for use.
Embryos were rehydrated through 10 minute washes in successive solutions of
methanol/PBS-Tween (PBS-T, 0.1%) and then bleached for 1 hour in 6% H202/PBS-T
solution at RT. After several washes in PBS-T, embryos were incubated in 10 ug/ml
proteinase K/PBS-T followed by 10 minute wash in 2 mg/ml glycine/PBS-T. After
several washes in PBS-T, embryos were fixed for 20 minutes in 4% PFA and 0.1%
glutaraldehyde (Sigma-Aldrich) in PBS-T. Embryos were rinsed in PBS-T, followed by
rinses in 1:1 solution of hybridisation solution/PBS-T and then prewarmed
hybridisation solution (50% formamide, 5xSSC pH 4.5, 50 μg/ml yeast RNA (SigmaAldrich), 50 μg/ml heparin (Sigma-Aldrich), 1% SDS). Prehybridisation was carried out
at 68°C for at least 1 hour followed by overnight hybridisation at 68°C with 1 ug/ml
antisense RNA probe. The following day, embryos were washed three times at 68°C
in freshly prepared and filtered solution 1 (50% formamide, 5x SSC, pH 4.5, 1% SDS)
and then three times at 68°C in freshly prepared and filtered solution 2 (50%
formamide, 2x SSC, pH 4.5). After several rinses and washes in TBS-T (1.37M NaCl,
27mM KCl, 0.25M Tris-HCl pH 7.5, 1% Tween-20), embryos were blocked for at least
1 hour in 10% heat-inactivated sheep serum in TBS-T before being incubated in
1:2000 dilution anti-DIG antibody (Roche) in blocking solution overnight at 4°C. The
following day, embryos were rinsed in TBS-T, followed by six 1 hour washes at room
temperature, and overnight washing at 4°C. Embryos were then washed twice in
NTMT (100mM NaCl, 100mM Tris-HCl pH 9.5, 50mM MgCl2, 0.1% Tween-20, 2mΜ
levamisole (Sigma L9756, added for embryos older than E9.5)) and then developing
substrate was added (1 NBT/BCIP tablet per 10 ml milliQ, Roche). Embryos were then
monitored for colour development and the staining reaction stopped by washes in
PBS-T, fixation in 4% PFA for 2 hours RT or overnight at 4°C. This was followed by
further washes in PBS-T. Washes and incubations were performed with gentle
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agitation on 24 well plates with well inserts for ease of manoeuvring the embryos
between the wells. Embryos were stored at 4°C until analysed.
Protocols for generating RNA probes and in situ hybridisation experiments were
performed according to optimised protocols within the lab by previous lab members.
2.4.3

HCR

HCR experiments were performed according to the standard Molecular Instruments
protocol (https://www.molecularinstruments.com/protocols, 2020). As necessary,
probe concentrations were adjusted. Embryos were processed in the same manner
as prior to in situ hybridisation and stored in 100% methanol at -20°C until use.
Embryos were rehydrated by 10 minute washes in successive solutions of
methanol/PBS-T and then incubated in 10 ug/ml proteinase K/PBS-T followed by two
5 minute PBS-T washes. Embryos were fixed in 4% PFA/PBS-T and then washed by
three 5 minute PBS-T washes. Prehybridisation was performed by incubating
embryos in prewarmed hybridisation buffer for 5 minutes and then 30 minutes at
37°C. The hybridisation buffer was removed and replaced with 2 pM of probe diluted
in hybridisation buffer. Embryos were incubated with the probe solution overnight
at 37°C for at least 16 hours. On the following day, excess probe was removed by
four 15 minute washes with prewarmed wash buffer at 37°C, followed by two 5
minute 5x SSC-Tween (SSC-T) washes at RT. During this time, the hairpin amplifiers
were prepared by separately snap-cooling 30 pM of hairpin 1 and hairpin 2. This was
done by separately heating the hairpins for 5 minutes at 95°C followed by cooling in
a dark drawer for 30 minutes. The embryos were pre-amplified by adding prewarmed
amplification buffer to the embryos for 5 minutes at RT. The amplification buffer was
replaced by 500 ul of prewarmed amplification buffer containing the snap-cooled
hairpins for incubation overnight in the dark at RT for at least 16 hours. All solutions,
probes and hairpins were purchased from the company (Molecular Instruments).
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On the following day, excess hairpins were removed by washing embryos in two 5
minute washes in 5x SSC-T. This was followed by two 30 minute incubations in
DAPI/5xSSC-T (DAPI: 0.4 ug/ml) and then one final 5x SSC-T wash.
All steps were performed in 2 ml Eppendorf tubes.

2.5 Imaging and image processing
Whole-mount pictures were taken using the Zeiss Lumar V12 Stereoscope. Confocal
microscopy was used to image HCR samples (Zeiss LSM 880). Images were edited
using ImageJ; control and experimental images were processed in the same manner.
The Zeiss Axioplan was used to image some of the H&E sections presented in the
thesis. Other H&E sections were imaged using the slide scanning facility at Institute
of Neurology, with thanks to Daniel Gharai.

2.5.1

HCR quantification

Quantification of the HCR specific signal was performed using ImageJ. Briefly, the raw
Z stacks were projected using the “Sum Intensity” option and the region of interest
(ROI) was highlighted in each sample. The integrated density was taken as being
linear to the gene expression. The same ROI area was used to take the integrated
density measurement of the non-specific background signal for each embryo and
used to normalise the specific signal against the background. The mean was taken
for the control and experimental groups, and the percentage increase was
calculated.
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2.6 Statistical analysis
2.6.1

Statistical analysis for mouse numbers per genotype

Statistical analysis was performed using SPSS. In order to determine whether
genetically modified mice or embryos presented at Mendelian ratios, Chi-squared
analysis was performed. To determine the significance of any phenotypes observed,
Fisher’s exact test was performed. A p value less than 0.05 was taken to be
significant.

2.6.2

HCR statistical analysis

Statistical analysis on HCR data was performed using SPSS. In order to determine the
significance of any gene expression changes, an unpaired student’s t test was
performed on the means of the control and experimental groups per gene. A p value
less than 0.05 was taken to be significant.
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3

Investigation of Setd5, a novel gene in cardiac development

22q11DS is characterised by cardiovascular, thymus, parathyroid and craniofacial
anomalies (Momma, 2010; Scambler, 2010; Papangeli and Scambler, 2013). This is a
relatively common syndrome, affecting 1 in 4000 live births, and it is the
cardiovascular defects that are the greatest cause of childhood morbidity and
mortality. IAA-B, is relatively specific to this condition and is associated with 22q11DS
in approximately 50% of cases. Other cardiovascular defects include ToF, DORV, VSD
and AbRS (Scambler, 2010; Papangeli and Scambler, 2013).
The region of interest in 22q11DS is well-conserved in the mouse. Genetic
complementation studies identified Tbx1 as being the major contributor to this
phenotype when haploinsufficient, and that haploinsufficiency of Tbx1 recapitulates
some of the defects observed in the human syndrome (Jerome and Papaioannou,
2001; Merscher et al., 2001). As such, various heterozygous mouse models partially
recapitulate the defects observed in 22q11DS. Tbx1 heterozygotes present with
hypo- or aplasia of the 4th PAA at E10.5 which gives rise to great vessel defects such
as IAA-B and AbRS at later stages (Lindsay et al., 1999, 2001; Merscher et al., 2001;
Brown et al., 2004). Methods of generating Tbx1 heterozygotes include introducing
the Cre recombinase gene (Huynh et al., 2007) or LacZ reporter gene (Lindsay, 2001)
at the Tbx1 locus .
Querying the DMDD database using key words defining some of the phenotypes
caused by TBX1 haploinsufficiency such as “DORV” (Table 3.1) and “CAT” (Table 3.2)
and “VSD” (Table 3.3) generated a list of genes that cause these defects when
mutated. Importantly, only a single gene was identified as causing these Tbx1-related
defects, when heterozygous: Setd5. Notably 1 out of 8 Cnot1 heterozygous embryos
also presented with VSD, however, all 4 Setd5 heterozygous embryos analysed within
the database presented with VSD. This led to the interpretation that Setd5 is a gene
that, when haploinsufficient, causes cardiac defects that are similar to those defects
observed due to Tbx1 haploinsufficiency.
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Table 3.1: DMDD search results for double outlet right ventricle (DORV).
Searching for DORV, a Tbx1-related defect, revealed than only a single gene within
the database of 209 analysed genes caused DORV when haploinsufficient: Setd5.
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Table 3.2: DMDD search results for common arterial trunk (persistent truncus
arteriosus).
Querying the database for persistent truncus arteriosus (or common arterial trunk,
CAT), a Tbx1-related defect, revealed than only a single gene within the database of
209 analysed genes caused CAT when haploinsufficient: Setd5.
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Table 3.3: DMDD search results for ventricular septal defect (VSD).
Searching for VSD, a Tbx1-related defect, revealed that within the database of 209
analysed genes causing VSD, Setd5 and Cnot1 caused VSD, when haploinsufficient.
However, only 1 out of 8 Cnot1 heterozygous embryos presented with a VSD,
whereas 4 out of 4 Setd5 heterozygous embryos presented with VSD.
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Table 3.3 continued:
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Table 3.3 continued:

89

Setd5 haploinsufficiency causes DORV, VSD and interestingly, CAT was observed in
one of the four Setd5 heterozygous embryos. This is a defect that is usually observed
in Tbx1 null embryos (Zhang and Baldini, 2008). By contrast, Osipovich et al reported
that heterozygous embryos were viable and indistinguishable from the wild-type
embryos and that only when Setd5 is constitutively null were cardiac defects
observed (Osipovich et al., 2016). It is therefore of interest to confirm whether or not
Setd5 heterozygosity causes haploinsufficient cardiovascular defects and, if so,
delineate the range of malformations caused.
A physical interaction has been reported between TBX1 and SETD7, a HMT. This was
detected by co-immunoprecipitation (Chen et al., 2012). SETD7 has been shown to
interact with another T-box transcription factor, TBX21 suggesting that interaction
between T-box proteins and HMTs is common (Miller et al., 2008). Both SETD5 and
SETD7 exhibit histone-modifying activities; SETD5 has been reported to associate
with HDACs, whereas SETD7 exhibits HMT activity which has not been reported in
SETD5 (Chen et al., 2012; Osipovich et al., 2016; Deliu et al., 2018).
Since SETD5 and SETD7 are within the same family of proteins, and because some of
the defects observed when Setd5 is haploinsufficient may overlap with those
observed when Tbx1 is haploinsufficient, it may be that Tbx1 and Setd5 interact
genetically, physically, or have roles in signalling pathways that converge to
orchestrate cardiovascular development.
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3.1 Phenotypic screening of the DMDD browser
The DMDD database is an online browser that presents the phenotype of embryonic
lethal mouse gene knockouts. Querying the database using key words defining the
Tbx1 haploinsufficient phenotype in order to identify novel genes that cause a
cardiovascular phenotype overlapping with that caused by haploinsufficiency of Tbx1
identified Setd5 as a candidate. The database presents 6 Setd5 null embryos at E9.5
and 4 Setd5 heterozygotes at E14.5. All null embryos were developmentally delayed
at E9.5. Figure 3.1 shows a wild-type embryo at E9.5 (Figure 3.1A) alongside a Setd5
null embryo (Figure 3.1B). The null embryo is clearly developmentally delayed, as
shown by the failure to complete turning. By contrast, the Setd5 heterozygotes did
not appear to be developmentally delayed, but presented with a partially penetrant
cardiovascular phenotype at E14.5. Table 3.4 summarises some of the cardiovascular
defects observed in the four Setd5 heterozygotes with the frequency per defect,
presented by the DMDD database. The most severely affected heterozygote
exhibited growth retardation (Figure 3.2) and the DMDD database reported the
presence of CAT in this embryo. However, this was an inaccurate diagnosis, and
closer examination of the HREM files revealed the presence of DORV (Figure 3.3BB’’). Figure 3.3C presents another heterozygote with DORV. Figure 3, panels A – A’’,
shows a WT embryo. It is clear that the pulmonary trunk and aorta open into the RV
and LV, respectively. However, in the Setd5 heterozygotes in panels B – B’’, and C –
C’’, both of the outflow vessels originate from the RV, leading to a DORV, as indicated
by the red arrow. In addition to OFT defects, VSDs were observed in Setd5
heterozygotes. This is shown in panel B of Figure 3.4. Importantly, the cardiovascular
defects observed in Setd5 heterozygotes overlap with those observed in Tbx1
heterozygotes. This is summarised in Table 3.5.
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Figure 3.1: Setd5 null embryos are developmentally delayed at E9.5.
Figure shows wild-type embryo (A) and Setd5 null embryo (B) at E9.5. Figures are
obtained from the DMDD database, at equal magnification (DMDD, 2020).

Figure 3.2: Growth retardation observed in one Setd5 heterozygote at E14.5.
Setd5 heterozygotes were not developmentally delayed at E14.5 but exhibited
growth retardation. Figure shows an example of growth retardation observed in a
Setd5 heterozygote (B) compared to the wild-type embryo (A). Figures are obtained
from the DMDD database, at equal magnification (DMDD, 2020).
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Table 3.4: Examples of cardiovascular defects observed in Setd5 heterozygotes at
E14.5 obtained from the DMDD database (DMDD, 2020)
The database presented 4 heterozygotes; the frequency of defects observed in the 4
heterozygotes is presented in the table.
Defects at E14.5

Frequency observed in DMDD
browser

Perimembranous ventricular septal defect

4/4

Common arterial trunk

1/4

DORV

3/4

Subcutaneous odema

3/4

DILV

1/4

Atrial septal defect

1/4
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Figure 3.3: Outflow tract (OFT) alignment defects were observed in Setd5 heterozygotes at E14.5.
Panel A shows that the OFT has septated into the aorta (Ao) and pulmonary trunk (PT) in a wild-type embryo. The PT originates from the RV, and
the Ao opens into the LV. Two Setd5 heterozygotes are presented in panels B – B’’, and C – C’’. In the heterozygotes, both the PT and Ao open
into the RV, leading to a double outlet right ventricle (DORV), indicated by the red arrows. HREM images are obtained from the DMDD database
at equal magnification (DMDD, 2020).
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Figure 3.4: Perimembranous ventricular septal defects (VSD) were observed in Setd5 heterozygotes at E14.5.
Figure shows wild-type embryo with intact ventricular septum (A) alongside a VSD observed in a Setd5 heterozygote (*, B). Figures are obtained
from the DMDD database, at equal magnification (DMDD, 2020).
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Table 3.5: A summary of some of the overlapping phenotypes observed in Setd5 heterozygotes and Tbx1 heterozygotes.
For reference, some of the phenotypes observed in Tbx1 nulls are included.
Phenotype

Setd5 heterozygotes

Tbx1 heterozygotes

✓

Embryonic lethality
Hypo/aplasia of 4th PAA at E10.5
Common arterial trunk

Tbx1 nulls

✓
✓

(✓)

✓

Aplastic caudal pharyngeal arches
✓

Interrupted aortic arch type B
Double outlet right ventricle

(✓)

Double inlet left ventricle

(✓)

✓

✓

Tetralogy of Fallot
Aberrant right subclavian artery

(✓)

✓

Ventricular septal defect

(✓)

✓

✓

Thymus hypo/aplasia

(✓ )

✓

✓
✓

Craniofacial anomalies
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3.2 Investigation of Setd5 heterozygotes and the generation of constitutive
double heterozygotes (Setd5 +/- ; Tbx1 lacZ/+)
The analysis of the DMDD database led to the interpretation that Setd5 causes
cardiac defects when haploinsufficient. In the first instance, the range of cardiac
defects observed in Setd5 heterozygotes needed to be delineated since the DMDD
browser only presented 4 heterozygous embryos. Because some of the phenotypes
observed in Setd5 heterozygotes overlap with those observed in Tbx1 heterozygotes,
the genetic interaction between Setd5 and Tbx1 was investigated. One classic
method of investigating genetic interaction is the generation of double
heterozygotes. In this case, the resulting double heterozygotes are haploinsufficient
for both genes of interest. An exacerbation of defects, i.e. an increased frequency of
defects over that expected by additive effects, or an increase in severity of defects,
would be observed in the double heterozygotes in the case of synergistic genetic
interaction. In the first instance, it was important to confirm the cardiovascular
defects observed in Setd5 heterozygotes, since there were discrepancies between
what was reported in the DMDD browser, and that by Osipovich et al. Setd5 Fl/Fl mice
were bred with mice expressing Actin-Cre. This would knock out one allele
of Setd5 and so, in the event of germline recombination, F2 mice would be
potentially constitutively heterozygous for Setd5. Table 3.6 shows the total number
of F1 Setd5 +/- live-born mice. There is a reduced number of F1 Setd5 heterozygous
mice (containing the Actin-Cre allele) compared to Mendelian ratios although this did
not reach statistical significance (Chi-square, p > 0.05). These F1 mice harboured
the Actin-Cre and were possibly mosaics and so were backcrossed with wild-type
mice in order to generate F2 Setd5 heterozygotes without Actin-Cre for use in
downstream

embryo

experiments. Setd5 heterozygotes

were

mated

with Tbx1 lacZ/+ heterozygous mice and embryos were harvested at E14.5. There was
no difference in the number of embryos at E14.5 based on the genotypes (Table 3.7;
Chi-squared, p > 0.05). This stage was chosen because the structures of interest are
expected to be developed by this stage, and as a comparison with the DMDD
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database. Embryos were pinned down and the thoracic cavity was opened for
phenotyping of the heart, thymus and great vessels.
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Table 3.6: Numbers of live-born pups obtained by breeding mice expressing ActinCre with Setd5 Fl/Fl mice.
Expected numbers are based on Mendelian ratios, rounded to the nearest whole
number. There was no statistical difference in the number of live-born mice across
the genotypes, based on Chi-squared analysis, p > 0.05.
Genotype

Observed

Expected

Setd5 Fl/WT (F1)

76

64

Setd5 Fl/WT ; Actin Cre/+ (F1)

51

64

Table 3.7: Observed and expected number of embryos at E14.5 resulting Setd5 +/- x
Tbx1 lacZ/+ cross.
Expected numbers are based on Mendelian ratios, rounded to the nearest whole
number. There was no statistical difference in the number of E14.5 embryos across
the genotypes, based on Chi-squared analysis, p > 0.05.
Genotype

Observed

Expected

WT

15

16

Setd5 +/-

15

16

Tbx1 lacZ/+

18

16

Setd5 +/- ; Tbx1 lacZ/+

15

16
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3.2.1

Phenotypic analysis of double heterozygotes – external morphology

Table 3.8 summarises the external defects observed in WT, Setd5 +/-, Tbx1 lacZ/+ and
Setd5 +/- ; Tbx1 lacZ+- embryos (n = 30). Mild oedema was more frequently observed in
Setd5 +/- ; Tbx1 lacZ/+ embryos (73% vs < 39% in other genotypes; Fisher’s exact test, p
< 0.05). Mild haemorrhaging was more frequent in Setd5 +/- ; Tbx1 lacZ/+ embryos, but
this was not statistically significant (20% vs. < 11% in other genotypes; Fisher’s exact
test, p > 0.05). Figure 3.5 presents mild oedema and mild haemorrhaging in double
heterozygotes, as indicated by arrows in panels B – C. Coloboma of the eye is seen in
Chd7 heterozygotes, another haploinsufficient gene causing cardiovascular defects.
Interestingly, abnormal morphology of the eyes was seen in a small number of Setd5
+/-

embryos (15%, n = 2) and in Tbx1 lacZ/+ embryos (6% n = 1) and Setd5 +/- ; Tbx1 lacZ/+

embryos (7%, n = 1). In this case, abnormal eye morphology was defined as a very
small and pin-like eye (Fisher’s exact test, p > 0.05) Small and round thymus were
observed in 39% Setd5

+/-

, 22% Tbx1

lacZ/+

and 27% Setd5

+/-

; Tbx1

lacZ/+

embryos

(Figure 3.6, Fisher’s exact test, p > 0.05). Upon removal of the thymus, the great
vessels were revealed. Thin carotid arteries presented in 6% Tbx1 lacZ/+ embryos (n =
1) and 27% Setd5 +/- ; Tbx1 lacZ/+ embryos (n = 4), Figure 3.7, Fisher’s exact test, p <
0.05). However, this was only detected in embryos that came from the same litter.
No IAA-Bs were observed. One case of retroesophageal right subclavian artery was
seen in a Tbx1 lacZ/+ embryo (11%, n = 1) and a few more were observed in double
heterozygotes (20%, n =3) (Figure 3.7, Fisher’s exact test, p > 0.05).
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Table 3.8: Summary of external defects observed across all four genotypes
Numbers show percentage of defects per genotype with raw numbers alongside. A
Fisher’s exact test was performed to determine the association between the
genotype and defects presented (* p < 0.05).
Percentage
defects

of WT
per (n = 15)

Setd5 +/-

Tbx1 lacZ+-

Setd5

(n = 13)

(n = 18)

Tbx1 lacZ/+

genotype (%)

+/-

(n = 15)

Oedema

7 (n = 1)

39 (n = 5)

33 (n = 6)

73 (n = 11)*

Haemorrhaging

0

8 (n = 1)

11 (n = 2)

20 (n = 3)

Thymus

7 (n = 1)

39 (n = 5)

22 (n = 4)

27 (n = 4)

0

15 (n = 2)

6 (n = 1)

7 (n = 1)

hypoplasia
Small eye
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Figure 3.5: Mild oedema and mild haemorrhaging was more frequent in Setd5 +/- ;
Tbx1 lacZ/+ embryos at E14.5.
Oedema and haemorrhaging were observed in single heterozygotes and double
heterozygotes, with an additive frequency observed in double heterozygotes. The
extent of oedema and haemorrhaging observed was very mild, however the
presence of mild oedema was statistically more frequent in the double heterozygotes
(Fisher’s exact test, p < 0.05)
Arrows indicate oedema in panels B and B’, and haemorrhaging in panels C and C’.
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Figure 3.6: Thymus hypoplasia and dysplasia were observed in Setd5 +/- , Tbx1 lacZ/+,
and Setd5 +/- ; Tbx1 lacz/+ at E14.5.
Small and round thymus was observed in single heterozygotes and double
heterozygotes. Dashed lines show the outline of thymus in the embryo prior to its
removal (p > 0.05, Fisher’s exact test).
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Figure 3.7: Images showing thin carotids in a Setd5 +/- ; Tbx1 lacZ/+ embryo (indicated
by arrows) and absent right subclavian artery in a Tbx1 lacZ/+ (*) at E14.5.
Thin common carotid arteries were observed specifically in one litter, suggesting that
this litter may have experienced stress (p < 0.05, Fisher’s exact test). Absent right
subclavian artery (*) was observed in Tbx1

lacZ/+

single heterozygotes, and also in

double heterozygotes. However, the frequency was this observation was low and this
did not reach statistical significance (p > 0.05). Abbreviations: right common carotid
(RCC), left common carotid (LCC), right subclavian artery (RSA), aortic arch (AA), left
subclavian artery (LSA).
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3.2.2

Phenotypic analysis of double heterozygotes – intracardiac morphology

Hearts were sectioned in a transverse plane and stained with H&E. Table 3.9
summarises the intracardiac defects observed across all genotypes. CAT is observed
in Tbx1 homozygous mutants and the DMDD database showed that out of the four
Setd5 heterozygous mutants investigated, one had CAT, although closer examination
of the HREM files revealed this to be a DORV. Internal assessment of heart
morphology revealed that in all cases, the aorta and pulmonary trunk were correctly
septated. In Figure 3.8, panels A – A’’’ show anterior-to-posterior transverse sections
of a WT heart. The pulmonary trunk and aorta are fully septated and both outflow
vessels originate from separate ventricles; the pulmonary trunk from the right
ventricle, and the aorta from the left. Despite the pulmonary trunk and aorta being
fully septated (panels B and C), Setd5 heterozygotes (50%, n = 6) and double
heterozygotes (57%, n = 8) presented with rotational defects (DORV or overriding
aorta) more frequently than Tbx1 heterozygotes (7%, n = 1) or WT embryos (n = 0).
A DORV is defined if more than 50% of the blood outflow originates from the RV; if
this is less than 50%, then this is an overriding aorta (Creazzo et al., 1998). For the
analysis, DORV was defined as the aorta clearly originating from the RV. In panels B’
and C’, the aorta and pulmonary trunk are juxtaposed and in panels B’’’ and C’’’, the
aorta opens into the RV; therefore both the pulmonary trunk and aorta open into the
RV, indicating a DORV. VSD were observed in Setd5 +/- (75%, n = 9), Tbx1 lacZ/+ (31%, n
= 4) and (86%, n = 12) double heterozygotes. Figure 3.9A shows an intact septum
between the two ventricles in a WT heart. In panels B and C, there is a
perimembranous VSD in the Setd5 heterozygote and in the double heterozygote.
Across all genotypes, the tricuspid and mitral valves appeared normal (Figure 3.9A’ –
C’). There was infrequent, mild dysplasia of the AV valves.
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Table 3.9: Summary of heart defects at E14.5 observed across all genotypes (WT,
Setd5 +/-, Tbx1 lacZ/+ and Setd5 +/- ; Tbx1 lacZ/+)
The hearts were dissected out of the embryos, paraffin-embedded and sectioned in
a transverse plane before staining with H&E. Tables show percentages with the
corresponding raw numbers alongside. Abbreviations: common arterial trunk (CAT),
aberrant right subclavian artery (AbRS), double outlet right ventricle (DORV),
ventricular septal defect (VSD), atrial septal defect (ASD), atrioventricular (AV). A
Fisher’s exact test was performed to determine the association between the
genotype and the defects observed (* p < 0.05).
Dissection analysis
WT

Setd5 +/-

Tbx1 lacZ/+

Setd5

+/-

(n = 15)

(n = 13)

(n = 18)

Tbx1 lacZ/+

;

(n = 14)
CAT

0

0

0

0

AbRS

0

0

6 (n = 1)

20 (n = 3)

Thin carotids*

0

0

6 (n = 1)

27 (n = 4)

H&E analysis
WT

Setd5 +/-

Tbx1 lacZ/+

Setd5

+/-

(n = 8)

(n = 12)

(n = 13)

Tbx1 lacZ/+
(n = 14)

DORV

0 (n =0)

42 (n = 5)

8 (n = 1)

35 (n = 5)

Overriding aorta

0

8 (n =1)

0

21 (n =3)

VSD*

13 (n = 1)

75 (n = 9)

31 (n = 4)

86 (n = 12)

ASD

0

0

0

0

valve 0

0

0

0

Semilunar
defect

AV valve defect

0

17 (n = 2)

8 (n = 1)

7 (n = 1)

Myocardium

0

8 (n = 1)

0

7 (n = 1)

defect
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Figure 3.8: Transverse sections of E14.5 hearts.
Double outlet right ventricle (DORV) was mainly observed in Setd5 +/- and Setd5 +/- ; Tbx1 lacZ/+ hearts. In panels B’ and C’, the aorta and pulmonary
trunk are juxtaposed, and in posterior sections (B’’’ and C’’’), the aorta eventually opens into the right ventricle; both the pulmonary trunk and
aorta open into the right ventricle. Scale bars = 400 um. Abbreviations: right atrium (RA), left atrium (LA), pulmonary trunk (PT), aorta (Ao), right
ventricle (RV), left ventricle (LV), double outlet right ventricle (DORV).
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Figure 3.9: Perimembranous ventricular septal defect (VSD) were more mainly observed in Setd5 +/- and Setd5 +/- ; Tbx1 lacZ/+ hearts at E14.5.
Perimembranous VSD was mainly observed in Setd5 single heterozygotes, and in double heterozygotes. In panels B and C, the absence of an
intact septum indicates communication between the ventricular chambers. The atrial septum was intact, and the tricuspid and mitral valves
were intact across all genotypes (panels A’ – C’). Scale bars = 400 um. Abbreviations: right ventricle (RV), left ventricle (LV), ventricular septal
defect (VSD).
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3.3 Deletion of Setd5 in the Tbx1 lineage led to minimal defects
3.3.1

Deletion of Setd5 in the Tbx1 lineage is not embryonic lethal

Results above showed that haploinsufficiency of Setd5 led to rotational defects such
as DORV, and VSD. These defects are reminiscent of SHF-specific defects. To
investigate whether Setd5 had a specific role in the SHF, Setd5 was deleted in a
portion of the SHF using a Tbx1-Cre driver.
Setd5 Fl/Fl mice were bred with Tbx1 Cre/+ heterozygotes to investigate whether the
number of double conditional heterozygous live-born pups differed from Mendelian
ratios. Chi-squared test showed no significant difference between Setd5 Fl/WT ; Tbx1
Cre/+

live-born pups compared to Setd5 Fl/WT pups, indicating that knocking out one

allele of Setd5 in the Tbx1 lineage is not embryonic lethal (Table 3.10).
Table 3.10: Frequencies of live-born pups for each genotype
Setd5 Fl/Fl mice were bred with Tbx1 Cre/+ heterozygotes and the frequencies of liveborn pups and of the expected genotypes was noted. Chi-squared test showed no
significant difference between Setd5

Fl/WT

; Tbx1

Cre/+

live-born pups compared to

Setd5 Fl/WT pups (p > 0.05).
Genotype

Observed

Expected

Setd5 Fl/WT

23

22

Setd5 Fl/WT ; Tbx1 Cre/+

20

22
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3.3.2

Minimal great vessel defects were observed in conditional mutants

Next, conditional knockout (cKO) mutants were generated by breeding Setd5

Fl/Fl

mice with Setd5 Fl/WT ; Tbx1 Cre/+ mice and embryos were harvested at E15.5 to ensure
that the ventricular septum was definitely developed. Embryos were pinned down
and the thoracic cavity was opened to reveal the heart and thymus. Figure 3.10
shows the heart and thymus (A – D), and the great vessels following thymus removal
(A’ – D’). Some cKO embryos had a smaller and rounder thymus (B’ – D’). Removal of
the thymus revealed the great vessels. In most cases, there were no great vessel
defects. The epicardium is integral for development of the myocardium and the
coronary vasculature, and is a source of myocardial cells. Presence of epicardial
blebbing, an irregular and blistering epicardial surface, was assessed as any
abnormalities may suggest abnormal epicardial-to-myocardial signalling which may
result in abnormal development of the myocardium or coronary plexus (Wu et al.,
2013; Greulich et al., 2016). From gross morphological analysis, the surface
epicardium appeared smooth across all the genotypes. Two cases of retroesophageal
right subclavian artery were observed. Figure 3.11 shows a representative image of
a retroesophageal right subclavian artery. In panel B, no vessel is observed where the
right subclavian artery should normally be located and when the heart was dissected
out of the cavity, the subclavian artery was observed to originate from the
descending aorta and go around the oesophagus. This was observed in one
conditional mutant and in one conditional double heterozygote. Table 3.11
summarises the defects observed by external gross morphological analyses.
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Table 3.11: Summary of all defects observed by gross morphological analysis of
E15.5 embryos during dissection, and H&E analysis of dissected hearts

Dissection analysis
Setd5 Fl/Fl or Setd5 Fl/WT Setd5 Fl/WT;Tbx1 Cre/+ Setd5 Fl/Fl; Tbx1 Cre/+
(n = 39)

(n = 27)

(n = 19)

CAT

0

0

0

IAA-B

0

0

0

DORV

0

0

0

AbRS

0

1

1

Epicardial

0

0

0

0

0

0

defects
Thymus
defects
H&E analysis
Setd5 Fl/Fl or Setd5 Fl/WT Setd5 Fl/WT;Tbx1 Cre/+ Setd5 Fl/Fl ; Tbx1 Cre/+
(n = 8)

(n = 6)

(n = 16)

CAT

0

0

0

DORV

0

0

0

VSD

0

0

0

Non-

0

0

3

compacted
myocardium
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Figure 3.10: Heart, thymus and great vessel anatomy of E15.5 embryos.
Embryos were pinned down and the thoracic cavity was opened to reveal the heart and thymus. After phenotyping, the thymus was removed
to reveal the great vessels. In the majority of cases, no great vessel defects were observed across the genotypes (n = 85). There were no
differences in the epicardium across the genotypes, and the surface epicardium appeared smooth across all genotypes.
Abbreviations: thymus (T), right atria (RA), right ventricle (RV), left ventricle (LV), left atria (LA), right common carotid (RCC), right subclavian
artery (RSA), brachiocephalic (B), aortic arch (AA), left common carotid (LCC), left subclavian artery (LSA).
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Figure 3.11: Retroesophageal right subclavian artery observed in conditional
heterozygote at E15.5.
Panel A shows a Setd5 Fl/WT heart. Panel B: the absence of the right subclavian artery
in a conditional heterozygote (*). When the heart was dissected out, the right
subclavian was seen to originate from the descending aorta and extended around
the oesophagus; this is a retroesophageal right subclavian artery.
Abbreviations: right common carotid (RCC), right subclavian artery (RSA),
brachiocephalic (B), aortic arch (AA), left common carotid (LCC), left subclavian artery
(LSA).
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3.3.3

Minimal intracardiac defects were observed in conditional mutants

To assess the internal heart morphology, hearts were paraffin-embedded, sectioned
and then stained with H&E. Table 3.11 summarises the findings from internal
morphological analyses. Figure 3.12 shows correct septation of the OFT and
pulmonary trunk across all genotypes, with the pulmonary trunk correctly originating
from the right ventricle. The atrial septum was intact across all genotypes. Valve
morphology was assessed across all genotypes. Normal pulmonary valves were
observed in the pulmonary trunk. Normal leaflets of the aortic valves can also be
observed across all genotypes. Finally, the tricuspid and mitral valves each appear to
be normal.
Some cKO embryos presented with non-compacted interventricular septum and
myocardial wall (n = 3) (Figure 3.13).
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Figure 3.12: Transverse sections of hearts at E15.5.
Panels A – A’’ show correct outflow tract (OFT) septation across all genotypes. The
atrial septum (B – B’’) and AV valves (C – C’’) were intact across all genotypes Scale
bars = 200 um.
Abbreviations: aorta (Ao), right atrium (RA), pulmoney trunk (PT), left atrium (LA),
right ventricle (RV), left ventricle (LV).
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Figure 3.13: Some Setd5 Fl/Fl ; Tbx1 Cre/+ (cKO) hearts showed non-compacted myocardium at E15.5, as indicated by the dashed boxes.
Some cKO hearts presented with non-compacted myocardium. This was observed in a low number of hearts.
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3.4 Discussion
The candidate gene for 22q11DS is TBX1, which is haploinsufficient (Jerome and
Papaioannou, 2001; Merscher et al., 2001). In mice, Tbx1 heterozygotes present with
hypo- or aplasia of the 4th PAA at E10.5 which gives rise to great vessel defects such
as IAA-B and AbRS at later stages. Other cardiovascular defects include DORV and
VSD (Lindsay et al., 1999, 2001; Merscher et al., 2001; Brown et al., 2004).
Haploinsufficiency of Tbx1 in mice partially recapitulates the human syndrome.
Phenotypic screening of the DMDD database with the aim of identifying novel genes
that caused a haploinsufficient cardiovascular phenotype identified Setd5
heterozygous embryos with a partially penetrant cardiovascular phenotype including
DORV and VSD. This phenotype partially overlaps with what is observed when Tbx1
is haploinsufficient. This phenotypic overlap raises the possibility that Tbx1 and Setd5
act in the same developmental pathway and may therefore genetically interact.
A physical interaction between TBX1 and SETD7, a HMT, has been reported (Chen et
al., 2012). Both SETD5 and SETD7 exhibit histone-modifying activities; the former has
been reported to show association with HDAC, whereas the latter exhibits HMT
activity (Chen et al., 2012; Osipovich et al., 2016; Deliu et al., 2018).
Since SETD5 and SETD7 are within the same family of proteins, and because some of
the defects observed when Setd5 is haploinsufficient may overlap with those
observed when Tbx1 is haploinsufficient, it may be that Tbx1 and Setd5 interact
genetically, physically, or have roles in signalling pathways that converge to
orchestrate cardiovascular development.
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3.4.1

There is no genetic interaction between Setd5 and Tbx1

The DMDD browser reports a partially penetrant cardiovascular phenotype
of Setd5 heterozygotes at E14.5; however, only 4 heterozygotes were analysed.
Furthermore, there were discrepancies between the phenotype reported by the
DMDD database, and that reported by Osipovich et al. In the latter case, Setd5
heterozygous embryos, although born at reduced Mendelian ratios, were reported
as being indistinguishable from WT embryos (Osipovich et al., 2016). Therefore, it
was necessary to confirm whether or not Setd5 heterozygosity caused
haploinsufficient cardiovascular defects. First, Setd5 Fl/Fl mice were bred with mice
expressing Actin-Cre in order to generate constitutive Setd5 heterozygotes. There
was a lower number of F1 Setd5 +/- live-born mice than expected, suggesting a partial
embryonic lethality, which supports the findings by Osipovich et al and those
reported in the DMDD browser (Osipovich et al., 2016; DMDD, 2020).
To investigate the genetic interaction between Setd5 and Tbx1, the F2 heterozygotes
which lacked Actin-Cre were crossed with Tbx1 lacZ/+ mice in order to generate double
heterozygous embryos. In this configuration, both genes of interest are
haploinsufficient. An increased frequency of defects, or an exacerbation of defects,
i.e. a more severe phenotype than the additive effects of the single gene deletion,
would support a synergistic genetic interaction between Setd5 and Tbx1.
CAT occurs when the common trunk fails to septate into the aorta and pulmonary
trunk. Upon assessment of the internal heart morphology, all outflow tracts across
all genotypes were completely septated. CAT occurs in Tbx1 homozygous mutants
and the DMDD browser reports CAT in one Setd5 heterozygous mutant, however,
closer examination of the HREM files revealed this to be a DORV.
If Setd5 and Tbx1 genetically interact, the presence of CAT may be anticipated, which
was not the case; there were no observed cases of CAT.
DORV and VSD were more common in Setd5

+/-

and in double heterozygotes,

however the frequency of these were not increased in double heterozygotes. DORV
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occurs as a result of a rotational defect, where the OFT fails to align with the two
future ventricles at the looping stage. The looping heart tube is segmented into atrial
and ventricular components, the AVC, and the OFT (Moorman et al., 2003).
Ballooning of the heart tube is required for the correct development of the atrial and
ventricular components. At the ventricular part of the heart tube, ballooning of the
ventricular portions enables the outlet and inlet portions to give rise to the left and
right ventricles, respectively. Remodelling of the heart tube, in addition to the
expansion of the AVC, enables the atria and OFT to be shared between the two future
ventricles. Following this, the distal portion of the heart tube attains an arterial
phenotype to give rise to the ascending aorta and pulmonary trunk, whereas the
proximal part separates by fusion of cushions within it for the formation of distinct
ventricles (Christoffels et al., 2000; Moorman and Christoffels, 2003; Christoffels,
Burch and Moorman, 2004). Correct looping of the heart tube is necessary to align
the two definitive outflow vessels with their corresponding ventricular chambers. If
the OFT is misaligned such that an abnormal amount of aortic blood originates from
the right ventricle, then this is known as an overriding aorta. If more than 50% of the
aortic blood arises from the right ventricle, the result is DORV. (Creazzo et al., 1998).
DORV is always accompanied by a VSD, since fusion of the interventricular septum
with the OFT cushions is necessary to complete ventricular septation. If the outflow
vessels of the OFT are misaligned with the ventricular chambers, as in DORV, then
this fusion cannot take place which leads to a perimembranous VSD (Anderson, 2003;
Lin et al., 2012). DORV and VSDs were more commonly observed in Setd5 +/- than in
Tbx1 lacZ/+ embryos, suggesting that these defects are more penetrant when Setd5 is
haploinsufficient.

Nevertheless,

these

were

not

exacerbated

in

double

heterozygotes, again reflecting the lack of detectable genetic interaction between
Setd5 and Tbx1.
Oedema, the subcutaneous accumulation of fluid, and haemorrhaging both indicate
a failure of the cardiovascular system (Gancz, Perlmoter and Yaniv, 2019). External
analysis of the embryos showed mild oedema and mild haemorrhaging which was
more frequent in the double heterozygotes. Presence of oedema may be due to the
failure of the lymphatic system. The lymphatic system involves blind-ended vessels
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that control fluid flow and lipid absorption. In the cardiac lymphatic system,
lymphatic vessels integrate into all three layers of the heart. During contraction,
lymph fluid is forced through the heart and collected by the lymph vessels which
traverse through the relevant lymph nodes and eventually drain into the subclavian
veins. Increases in microvascular permeability or a reduction in lymph flow may lead
to the accumulation of fluid in the pericardial cavity or around the body (Gancz,
Perlmoter and Yaniv, 2019). As such, it may be of interest to perform
immunofluorescence using markers of lymphatic vessels in order to investigate
whether the structural integrity of the vessels has been compromised. However,
since the oedema observed was very mild, this may have been due to maternal
stresses of the individual litters.

3.4.2

Setd5 does not have a significant requirement in the Tbx1 lineage

The defects observed in Setd5 heterozygotes and in double heterozygotes are
reminiscent of SHF-specific defects and suggests that Setd5 has a role in the SHF. In
order to investigate this, Setd5 was deleted in a portion of the SHF using a Tbx1-Cre.
Setd5 Fl/Fl mice were bred with Tbx1 Cre/+ mice in order to generate double conditional
heterozygotes. The aim of this was to investigate the role of Setd5 in Tbx1-expressing
cells. A critical role of Setd5 in Tbx1-expressing cells may lead to a reduced number
of conditional heterozygotes compared to Mendelian ratios. There was no significant
difference between conditional heterozygotes and Setd5

Fl/WT

live-born pups.

Therefore, knocking out one allele of Setd5 in the Tbx1 lineage was not embryonic
lethal.
To further investigate the requirements of Setd5 in Tbx1-expressing cells, Setd5 Fl/WT
; Tbx1 Cre/+ mice were bred with Setd5 Fl/Fl mice and embryos were harvested at E15.5.
In most cases, the great vessels appeared normal in all genotypes investigated (Setd5
Fl/Fl

or Setd5

Fl/WT

, Setd5

Fl/WT

; Tbx1

Cre/+

and Setd5

Fl/Fl

; Tbx1

Cre/+

). In two cases,

retroesophageal right subclavian artery was observed. This was seen in one double
conditional heterozygote and one conditional mutant. Assessment of internal heart
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morphology revealed no obvious differences between the genotypes. If Setd5 has a
significant requirement in Tbx1-expressing cells, a greater frequency of defects
would be expected in conditional mutants. Due to the very low number of great
vessel defects and internal abnormalities observed, ablation of Setd5 in the Tbx1
lineage has no significant impact on cardiovascular development, and Setd5 likely
exerts its role earlier in cardiac development. In an ideal experiment, Setd5 Fl/Fl ; Tbx1
Cre/+

embryos would have been compared to Tbx1 Cre/+ embryos. Relevant mice were

crossed in an attempt to obtain Tbx1 Cre/+ embryos but due to chance, these were not
obtained. However, the very low frequency of defects observed in conditional
mutants is similar to those observed in Tbx1

Cre/+

making this part of the experiment less important.
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embryos by other lab members,

3.4.3

Summary, limitations and future work

Results in this chapter showed that double heterozygotes, in which both Setd5 and
Tbx1 were haploinsufficient, did not present with an increased frequency or an
exacerbation of the defects observed in single heterozygotes. This means that there
is no detectable genetic interaction between Setd5 and Tbx1.
A physical interaction may occur in the presence or absence of genetic interaction.
The results show that Setd5 and Tbx1 do not interact genetically. Nevertheless, this
does not mean that the two proteins do not interact indirectly. Setd5 and Tbx1 may,
independently, be involved in the same pathways, or in different pathways that may
converge at a particular point in cardiovascular development. Separately, SETD5 and
TBX1 may physically interact at a different point in development. Coimmunoprecipitation studies may provide an avenue for investigating a direct
interaction between TBX1 and SETD5 in vitro. The overexpression of TBX1-HA was
successful in many independent experiments within the lab group. A plasmid
expressing FLAG-tagged SETD5 has been purchased and so it may be interesting to
overexpress both TBX1-HA and SETD5-FLAG and perform co-immunoprecipitation to
investigate protein interaction. An alternative method of assessing physical
interaction may be to perform protein ligation assay on paraffin-embedded wild-type
heart sections to investigate the localisation of the two proteins. SETD5 and TBX1
may interact directly, or form a complex involving bridging proteins that are
important in cardiac gene transcription.
The current experiments showed that Setd5 was not required in Tbx1-expressing
cells. Tbx1 is expressed in a subset of the SHF; it could be that Setd5 does not have a
requirement in this subset of the SHF. Tbx1 genetically interacts with several genes,
including Chd7 and Fgf8. These genes are known to have a specific function in the
SHF. SETD5 may be a common protein that appears upstream of several converging
SHF-specific pathways. Therefore, instead of using a Tbx1-Cre driver to delete Setd5
in only a portion of the SHF, the use of a different SHF-Cre, i.e. one that is expressed
in Tbx1-expressing SHF cells but also in those that lack Tbx1, may be required in order
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to confirm if Setd5 has a role in the SHF. Isl1-Cre is expressed in the earliest SHF
progenitors and is expressed upstream of another SHF marker, Mef2c (Ai et al., 2007;
Kwon et al., 2007; Huh and Ornitz, 2010). Deletion of a possible common protein to
several pathways that include genes which genetically interact with Tbx1 may lead
to an exacerbation of SHF-specific defects. Notably, while Isl1-Cre is commonly used
to ablate gene expression in the SHF, expression is not exclusive to the SHF;
expression has also been reported in NCC and FHF (Lin et al., 2007; Ma, Zhou and Pu,
2008; Engleka et al., 2012). However, it is likely that Setd5 may have already exerted
a major role even earlier in cardiac development. Therefore, the more informative
route would be to delete Setd5 in the cardiogenic mesoderm, encompassing both
FHF and SHF, using a Mesp1-Cre driver.
The majority of SET domain-containing proteins exert HMT activity (Dillon et al.,
2005; Qian and Zhou, 2006; Osipovich et al., 2016). SETD7, a member of the same
family as SETD5, binds to TBX1 and has HMT activity (Chen et al., 2012). Recently,
Deliu et al reported that neither the SET domain of SETD5, nor the full length SETD5
showed HMT activity, suggesting that the HMT function of SET proteins is not
conserved in SETD5. The same study showed that SETD5 co-immunoprecipitated
with the HDAC3 protein complex, which modifies gene expression by altering histone
acetylation (Deliu et al., 2018). This supports earlier studies by Osipovich et al where
authors showed that SETD5 recruits HDACs to promoters in order to alter histone
acetylation marks to facilitate RNA Pol II activity (Osipovich et al., 2016). Notably,
both studies showed the co-immunoprecipitation of SETD5 with members of the
polymerase-associated factor (PAF) complex, which modulates transcription through
RNA Pol II. Furthermore, the Drosophila homolog of SETD5, upSET, does not have
HMT activity but also functions to recruit HDACs to alter chromatin accessibility
(Rincon-Arano et al., 2012). Therefore, it seems that SETD5 exerts its function
through recruiting HDACs and Pol II to facilitate gene transcription.
TBX1 recruits HMTs and binds to chromatin regions enriched for H3K4me1 but
lacking H3K27ac (Fulcoli et al., 2016). A possible mechanism may exist whereby
SETD5 recruits HDACs to deacetylate histones, which facilitates TBX1-binding to
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further regulate H3K4me1 and modify downstream gene expression. TBX1 represses
transcription of Mef2c anterior heart field enhancer by negatively regulating H3
acetylation, although authors showed that this was not due to a physical interaction
between TBX1 and HDAC1 or HDAC2 (Pane et al., 2018). Since SETD5 associates with
HDACs, it may be that the deacetylating activity of TBX1 in this context depends on
the formation of a complex at Mef2c regulatory regions, with SETD5 acting as a
bridging protein between TBX1 and HDACs. Nevertheless, future experiments may
be performed to further explore the HMT activity of SETD5 since there are minimal
studies investigating this in literature, and the conservation analysis by Herz et al
indicated the most closely related protein, MLL5, possibly has HMT activity (Herz,
Garruss and Shilatifard, 2013). Some experiments have shown the H3K4 HMT activity
of MLL5 but this has not been replicated. Furthermore, it has been shown that SETD5
lacks the canonical substrate binding domain conserved in other SET proteins, which
may explain why it has proved difficult to show that SETD5 behaves as a HMT (Deliu
et al., 2018). More recently, a ChIP-seq study on wild-type neural stem cells (NSC)
revealed that SETD5 binding on chromatin colocalised with H3K36me3 marks on
active genes, and that in heterozygous NSCs in which one allele of Setd5 was
inactivated by the CRISPR/Cas9 system, these marks were depleted at regions of
Setd5 target genes. Therefore, the HMT activity of SETD5 may be context-dependent
and is worth investigating further.
A limitation of using a Cre driver in this experiment is that the Cre recombinase
protein needed to be transcribed and translated, the floxed Setd5 allele excised and
the existing SETD5 protein degraded prior to loss of function having a significant
effect. This time lag may have been sufficient for Setd5 to exert required or nonredundant functions in the SHF. i.e. functions that are required specifically by Setd5
and cannot be replaced by a redundant pathway. SETD5 may have already formed
the complex with TBX1, before Setd5 was excised by Cre recombinase expressed
under the Tbx1 promoter which may have been sufficient for development in the
SHF.
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Deliu et al performed RNA-seq on whole E9.5 wild-type and Setd5 heterozygous
embryos (Deliu et al., 2018). Results showed the downregulation of genes important
in the formation of the heart, including Nkx-2.5, Gata6 and genes involved in BMP
signalling. Notably, the expression of Tbx1 was unaffected. Furthermore, RNA-seq
was also performed on wild-type and Setd5 +/- embryonic stem cells differentiated to
embryoid bodies or neural progenitor cells. Results were comparable to that seen
from the E9.5 embryos.
Haploinsufficiency of Setd5 disrupts pathways including the Wnt signalling cascade;
targets of b-catenin are downregulated (Deliu et al., 2018). Notably, there is an
interesting antagonistic relationship between Tbx1 and b-catenin. These two genes
are differentially expressed in the subdivisions of the SHF; Tbx1 expression is higher
in the anterior SHF whereas b-catenin is strongest in the posterior SHF. Reduced
expression of b-catenin rescues the heart defects observed in Tbx1 null mutants,
supporting the importance of their interaction (Racedo et al., 2017). Due to the
disruption of the Wnt signalling pathway by Setd5 haploinsufficiency, the intricate
relationship between Tbx1 and b-catenin, and the overlapping phenotypes in Tbx1
and Setd5 heterozygotes, future work may involve exploring this pathway. Notably,
there are Wnt reporter lines that could be used to trace Wnt activity in order to
investigate whether haploinsufficiency of Setd5 disrupts the relationship between
Tbx1 and b-catenin.
Limitations of paraffin-embedding and sectioning hearts include discrepancies in the
orientation of the hearts during embedding which leads to incomparable sections,
fragmented tissues during sectioning, and inconsistent H&E staining. These may be
overcome by analysing embryos using high resolution episcopic microscopy (HREM).
This technique generates 3D computer models of organic material. Essentially, the
embryo is cut using a motorised microtome with a digital camera capturing each
section. This enables the assembly of 3D models of the whole embryo which reduces
the risk of sections being lost or tissue being damaged compared to traditional
histology techniques.
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Overall, these results show that Setd5 and Tbx1 do not interact genetically,
suggesting that the two genes are not functionally related. The lack of defects
observed when Setd5 is deleted in the Tbx1 lineage suggests that Setd5 likely has an
earlier role in cardiac development, exerting its functions before Tbx1 is expressed.
A pan-mesodermal Mesp1-Cre would fully delete Setd5 in the cardiogenic
mesoderm, i.e. the FHF and SHF, allowing further elucidation of the mechanisms by
which Setd5 functions during cardiogenesis.
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4

Deletion of Setd5 in the cardiopharyngeal mesoderm leads to cardiac
defects and accompanying changes in specific genes important in
cardiac development

Osipovich et al showed that mice constitutively null for Setd5 die before E10.5, and
are severely underdeveloped, many presenting with haemorrhaging compared to
littermate heterozygous controls. At E9.5, whole-mount ISH using markers of cardiac
differentiation, Mef2c and MHC, showed that hearts at E9.5 were swollen and
underdeveloped, and exhibited only a single ventricular chamber (Osipovich et al.,
2016). The embryonic lethality of Setd5 constitutive null embryos by E10.5 limits full
analysis of the importance of Setd5 in cardiac development.
Results in the previous chapter concluded that a portion of the defects observed in
constitutive Setd5 heterozygotes were reminiscent of SHF-related defects, including
DORV and VSD, which led to the subsequent investigation into the deletion of Setd5
in a portion of SHF-expressing cells, using a Tbx1-Cre driver. However, this did not
lead to major cardiac defects, suggesting that Setd5 did not have a requirement in
this SHF subpopulation and may have already exerted its role earlier in cardiac
development.
Mesp1 is the master regulator of cardiac development and is thought to initiate the
onset of the cardiac transcription program. Early Mesp1-expressing mesoderm cells
ingress and exit the primitive streak between E6.5 and E7.5, after which Mesp1 is
rapidly downregulated in the cardiogenic mesoderm, with restricted expression in
the presomitic mesoderm (PSM) after E7.5. Lineage tracing experiments show that
the majority of cardiac cells and vascular cells are derived from Mesp1-expressing
progenitor cells (Saga et al., 1999; Saga, 2000; Bondue et al., 2008; Bondue and
Blanpain, 2010).
Therefore, the use of a Mesp1-Cre driver to delete Setd5 earlier could, in theory,
bypass the embryonic lethality observed at E10.5 in constitutive null embryos, and
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enable a better assessment of the deletion of Setd5 in a broader context than the
Tbx1-Cre driver, i.e. in the entire CPM, which encompasses both the FHF and SHF.
Furthermore, Osipovich et al showed that Mesp1 expression was increased in
undifferentiated Setd5 null mESCs and, importantly, in whole E8.5 embryos. Mesp1
is expressed very transiently during embryonic development and its downregulation
is required for the repression of mesendodermal genes and the activation of late
cardiac-specific transcription factors. Therefore, it is possible that Setd5 is required
to repress Mesp1, and that persistence of Mesp1 expression has negative impacts on
cardiac development.
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4.1 Deletion of Setd5 in the cardiopharyngeal mesoderm (CPM) leads to a
short OFT, abnormal cardiac chamber ballooning and pericardial effusion
at E10.5
Setd5 Fl/Fl mice were crossed with mice expressing Mesp1-Cre. Following this, Setd5
Fl/WT

; Mesp1

Cre/+

mice were bred with Setd5

Fl/Fl

mice to delete Setd5 in Mesp1-

expressing cells, i.e. the CPM, and generate cKO embryos.
Embryos were harvested at E15.5. In the first instance, this stage was chosen as the
heart is fully septated and great vessels are fully remodelled by this stage, and as a
comparison for previous experiments. However, no cKO embryos were recovered at
this stage. At E12.5, two cKO embryos were recovered, but these were clearly dead
and possibly in the process of being reabsorbed. Table 4.1 shows the genotypes of
the two litters collected at E12.5. Since no cKO embryos were recovered at E12.5,
embryos were harvested at E10.5. Additionally, at E10.5, it is expected that heart
would be beating, with cardiac chambers ballooning such that the shapes of the four
future chambers are clearly distinguished, albeit not fully septated. Any
abnormalities observed at this stage may suggest a perturbation of heart chamber
morphogenesis and associated mechanistic heart failure.
Table 4.1: Number of embryos per genotype at E12.5 from Setd5 Fl/Fl x Setd5 Fl/WT ;
Mesp1 Cre/+ cross
Two litters were collected at E12.5. No Setd5 Fl/Fl ; Mesp1 Cre/+ (conditional knockout)
embryos were collected at this stage.
Litter at Setd5 Fl/Fl

Setd5 Fl/WT

E12.5

Setd5

Fl/WT

; Setd5

Mesp1 Cre/+

Mesp1 Cre/+

1

1

1

5

0

2

3

2

2

2
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Fl/Fl

;

Due to the developmental delay and subsequent embryonic lethality observed in
constitutive null embryos, it was anticipated that the use of a Mesp1-Cre driver
would bypass the early embryonic lethality. There was no significant difference
between the genotypes at E10.5 (Table 4.2; Chi-squared p > 0.05) However, a growth
delay may still be observed. Therefore, the crown-to-rump length of embryos was
measured (Graph 4.1). At E10.5, cKO embryos were significantly smaller than control
embryos with an average length of 3.98 mm compared to 4.47 mm and 4.44 mm
(Setd5 Fl/Fl or
Fl/WT

; Mesp1

Fl/WT
Cre/+

respectively, one-way repeated ANOVA, p < 0.05) but not Setd5
embryos which had an average length of 4.22 mm (one-way

repeated ANOVA, p > 0.05). Embryos were carefully stage-matched at E10.5 by
assessing the formation of the limb buds which are known to be developed by this
stage.
Gross analysis showed an overrepresentation of morphological abnormalities in cKO
embryos with 70% presenting with varying degrees of pericardial effusion (n = 14 out
of 20; Fisher’s exact test p < 0.05), and 90% with abnormal ballooning of the cardiac
chambers, which included abnormal atria and RV hypoplasia (n = 18 out of 20;
Fisher’s exact test p < 0.05). This is summarised in Table 4.3. The most severe case of
abnormal cardiac chamber morphogenesis resulted in a dumbbell-shaped heart
which is shown in Figure 4.1; this embryo had a dumbbell-shaped heart surrounded
by a large accumulation of fluid in the pericardial cavity. In this embryo, there are
clearly only two cardiac chambers, representing a very primitive heart that has failed
to balloon correctly. This dumbbell-shaped heart was observed in 25% of cKO
embryos (n = 5 out of 20). Figure 4.2 shows several cKO embryos presenting with a
short OFT and abnormal chamber morphology, including RV hypoplasia and poorly
developed atria.
Whole embryos were embedded, sectioned in a transverse plane, and stained with
H&E. Figure 4.3 shows transverse sections from top to bottom of the dashed box in
the corresponding whole embryo picture. This confirmed the short OFT, as evidenced
by a fewer number of sections between the emergence of the OFT, and the point at
which the OFT merged into the 3rd pharyngeal arch artery. This was seen in all cKO
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mutants (100%, n = 6; Fisher’s exact test p < 0.05). Abnormal chamber formation was
seen in all cKO embryos, the most severe case being a dumbbell-shaped heart which
was confirmed by sectioning and H&E staining, revealing the presence of a single
ventricle (Figure 4.3B). All cKO mutants lacked a significant interventricular groove
(100%, n = 6; Fisher’s exact test p < 0.05), which is seen in the control embryos (Figure
4.3A’) to define the shape of the two future ventricular chambers. The atria were
poorly developed in the cKO mutants (Figure 4.3, panels B’’’’, C’’’’; 100%, n = 6;
Fisher’s exact test p < 0.05), with no evidence of two future atrial chambers and a
thickened atrial wall. Furthermore, the septum primum, which emerges during atrial
septation, was observed in the control embryos (Figure 4.3, panel A’’’’) but was
entirely absent in the conditional KO embryos, suggesting that there may be
perturbation of atrial septation at later stages. This is summarised in Table 4.4.
Table 4.2: Frequency of embryos per genotype at E10.5
Chi-squared analysis showed that there was no difference in the number of embryos
per genotype at E10.5 (p > 0.05).
Genotype

Observed

Expected

Setd5 Fl/Fl

18

20

Setd5 Fl/WT

23

20

Setd5 Fl/WT ; Mesp1 Cre/+ 18

20

Setd5 Fl/Fl ; Mesp1 Cre/+

20

20
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Graph 4.1: Box plot showing the crown-to-rump length in mm at E10.5.
Setd5 Fl/Fl ; Mesp1 Cre/+ cKO embryos are significantly smaller than control embryos
(Setd5 Fl/Fl or Setd5 Fl/WT, p < 0.05, one-way ANOVA).
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Table 4.3: Percentage of gross morphological defects at E10.5 with raw numbers in brackets
Fisher’s exact test was used to assess the significance of the defects observed against the genotype. Significance was defined at p < 0.05 (*).
Genotype

Total

Haemorrhage

Pericardial effusion

Abnormal heart

Setd5 Fl/Fl

18

0

0

0

Setd5 Fl/WT

23

0

13 (n = 3)

0

Setd5 Fl/WT ; Mesp1 Cre/+

18

0

0

0

Setd5 Fl/Fl ; Mesp1 Cre/+

20

10 (n = 2)*

70 (n = 14)*

90 (n =18)*
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Table 4.4: Percentage of internal defects at E10.5 as confirmed by H&E analysis of whole embryos with raw numbers in brackets
Fisher’s exact test was used to assess the significance of the defects observed against the genotype. Significance was defined at p < 0.05 (*).
Heart morphology
Genotype

Total

Short OFT

No interventricular groove

Abnormal atria

Large PAAs

Setd5 Fl/Fl

2

0

0

0

0

Setd5 Fl/WT

4

0

0

0

0

Setd5 Fl/WT ; Mesp1 Cre/+

6

0

16.7 (n = 1)

0

0

Setd5 Fl/Fl ; Mesp1 Cre/+

6

100 (n = 6)*

100 (n = 6)*

100 (n = 6)*

33.3 (n = 2)
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Figure 4.1: Dumbbell-shaped heart in Setd5 Fl/Fl ; Mesp1 Cre/+ embryos (cKO) at E10.5
Dumbbell-shaped heart and pericardial effusion observed in a cKO embryo (B, B’)
compared to a control embryo (A, A’). Control embryo shows correct cardiac
chamber morphogenesis, with the shapes of the cardiac chambers clearly
distinguished. By contrast, the cKO embryo presents with a dumbbell-shaped heart,
with only two cardiac chambers: a primitive atrium and primitive ventricle. The
abnormal heart is surrounded by pericardial effusion, a large accumulation of fluid in
the pericardial cavity (indicated by arrow in panel B’).
Scale bars represent 1mm.
Abbreviations: outflow tract (OFT), left atrium (LA), left ventricle (LV), atrium (A),
ventricle (V).
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Figure 4.2: Short outflow tract (OFT) and abnormal cardiac chambers in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos at E10.5
Cardiac morphology of control embryo (A, A’) and several cKO embryos (B – D’). A short OFT, abnormal chamber ballooning and abnormal atria
were observed in cKO embryos. Arrows in panels B – D indicate abnormal chamber morphology. Abbreviations: outflow tract (OFT), right atrium
(RA), right ventricle (RV), left ventricle (LV), left atrium (LA).
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Figure 4.3: Short outflow tract (OFT) and abnormal chamber morphology in Setd5 Fl/Fl ; Mesp1 Cre/+ embryos (cKO) at E10.5
(A – A’’’’) Transverse sections of whole E10.5 Setd5 Fl/WT control embryo stained with H&E. The interventricular (IV) groove is observed in panel
A’. The emergence of the septum primum (A’’’’) occurs during atrial septation. Sections presented are from top to bottom of the dashed box in
whole embryo picture.
(B – B’’’’) Transverse sections of whole E10.5 Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo with dumbbell-shaped heart. Short OFT is depicted by the
fewer number of sections between the point at which the OFT emerged and when it fed into the 3rd PAA. The atria are poorly developed with a
thickened wall (B’’’’). Sections presented are from top to bottom of the dashed box in whole embryo picture.
(C – C’’’’) Transverse sections of whole E10.5 Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo with a slightly milder phenotype than in B. Embryo presents
with a short OFT and no evidence of the interventricular groove, and thickened atrial wall. Sections presented are from top to bottom of the
dashed box in whole embryo picture.
Abbreviations: outflow tract (OFT), right ventricle (RV), left ventricle (LV), interventricular (IV), right atrium (RA), atrioventricular (AV), pharyngeal
arch artery (PAA).
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4.2 cKO embryos exhibited an abnormal atrioventricular canal (AVC),
abnormal cardiac chamber ballooning and pericardial effusion at E9.5
The number of embryos per genotype at E9.5 were not the expected Mendelian
frequencies (Chi-squared, p < 0.05); however, the percentage deviation from the
expected frequency was 12% for cKO embryos, and 38% for Setd5 Fl/Fl embryos. The
result that there is a lower percentage of control embryos than expected at this stage
is likely to be insignificant, given the observation that the genotypes of the embryos
present at Mendelian frequency at E10.5 and E8.5. At E9.5, there was no significant
difference in the somite numbers between any of the genotypes with an average
somite number of 22 in cKO embryos compared to 23, 22 and 22 in control embryos
(Setd5 Fl/Fl or Fl/WT and Setd5 Fl/WT ; Mesp1 Cre/+, Graph 4.2, one-way repeated ANOVA,
p > 0.05). The majority of hearts across all genotypes were beating at E9.5 (Table 4.5).
There was a small number of hearts that were not beating, but this could have been
due to the length of the dissection time. There were two haemorrhagic embryos: one
Setd5 Fl/WT and one Setd5 Fl/WT ; Mesp1 Cre/+ embryo. These were from the same litter
so there is a possibility that this litter was under stress, especially since one of the
haemorrhagic embryos was a control. There was a higher incidence of pericardial
effusion in cKO embryos (74% compared to < 10% in other control genotypes, Table
4.5; Fisher’s exact test p < 0.05); in the majority of cases, this was accompanied by
abnormal heart morphology (77% compared to < 10% in other control genotypes;
Fisher’s exact test p < 0.05). Abnormal heart morphology included abnormal
chamber ballooning and abnormal AVC. Figure 4.4 shows several cases of abnormal
AVC in cKO embryos. The constriction at the AVC is less defined in cKO embryos
(Figure 4.4, indicated by arrows), with evidence of pericardial effusion.
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Graph 4.2: Box plot showing the somite number at E9.5.
There was no significant difference between the somite numbers across all
genotypes at E9.5 (one-way repeated ANOVA, p > 0.05).
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Table 4.5: Percentage of gross morphological defects of embryos at E9.5
Chi-squared analysis revealed a fewer number of Setd5 Fl/Fl embryos at E9.5 (*A p < 0.05).
Fisher’s exact test was performed to determine the association between the genotype and any defect presented (*B p < 0.05).
Genotype

Total

Heart not beating

Haemorrhage

Pericardial effusion

Abnormal heart

Setd5 Fl/Fl

52*A

2 (n = 1)

0

2 (n = 1)

4 (n =2)

Setd5 Fl/WT

109

1 (n =1)

1 (n = 1)

4 (n = 4)

1 (n = 1)

Setd5 Fl/WT ; Mesp1 Cre/+

102

4 (n = 4)

1 (n = 1)

9 (n = 9)

9 (n = 8)

Setd5 Fl/Fl ; Mesp1 Cre/+

74

1 (n = 1)

3 (n = 2)

74 (n = 55)*B

77 (n = 57)*B
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Figure 4.4: Phenotype of control and Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) hearts at E9.5.
In the control heart (A and B), the atria (A) and ventricles (V) are clearly separated by a constriction at the atrioventricular canal (AVC). In the
cKO hearts (C – F), the constriction appears less distinct, indicated by the arrows. The atria appear smaller and there is evidence of pericardial
effusion (PE). Somite numbers are included (s).
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4.3 Mesp1 expression remains unchanged in the CPM of cKO embryos
4.3.1

Investigation of Mesp1 expression changes using in situ hybridisation (ISH)

Mesp1 is expressed very transiently during embryonic development and its
downregulation is required for the repression of mesendodermal genes and the
activation of late cardiac-specific transcription factors (Bondue et al., 2008; Bondue
and Blanpain, 2010). RNA-seq studies by Osipovich et al showed an upregulation of
Mesp1 in undifferentiated Setd5 null mESCs compared to heterozygous mESCs. This
was supported by qPCR studies which showed the partial rescue observed when
Setd5 was transfected back into null mESCs. Importantly, the upregulation was also
shown to occur in vivo, in E8.5 embryos (Osipovich et al., 2016). Due to the
upregulation of Mesp1 observed in undifferentiated Setd5 null mESCs and in whole
E8.5 embryos, the hypothesis is that Setd5 is required to downregulate Mesp1, as a
persistence in Mesp1 expression may have negative impacts on cardiac
development.
Embryos were collected at E8.5 in order to investigate the persistence of Mesp1
expression in cKO embryos. The numbers of embryos per genotype at this stage
presented at the Mendelian frequency (Table 4.6; Chi-squared, p > 0.05).There was
no difference in somite number between the different genotypes, with an average
somite number of 8 across all genotypes (Graph 4.3, one-way repeated ANOVA, p >
0.05).
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Table 4.6: Number of embryos observed at E8.5 per genotype
Chi-squared analysis revealed that the genotypes of embryos at E8.5 presented at
Mendelian frequency (p > 0.05)
Genotype

Observed

Expected

Setd5 Fl/Fl

97

106

Setd5 Fl/WT

127

106

Setd5 Fl/WT ; Mesp1 Cre/+ 107

106

Setd5 Fl/Fl ; Mesp1 Cre/+

106

92
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Graph 4.3: Box plot showing the somite number at E8.5.
There was no significant difference between the somite numbers across all
genotypes (one-way repeated ANOVA, p > 0.05).
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In order to investigate the persistent expression of Mesp1 in cKO embryos, ISH was
performed using a Mesp1 probe or Cre probe. There were several technical
difficulties with both antisense probes. Results were extremely inconsistent and after
several attempts, only one cKO embryo showed a possible ectopic expression of
Mesp1 in the cardiopharyngeal region (Figure 4.5).

Figure 4.5: Mesp1 ISH on E8.5 control (Setd5

Fl/WT

; Mesp1

Cre/+

) and cKO embryo

(Setd5 Fl/Fl ; Mesp1 Cre/+)
Mesp1 expression was observed in the presomitic mesoderm (PSM) in both the
control and cKO embryos. Increased Mesp1 expression appeared to be present in the
CPM region of the cKO embryo (n = 1).
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4.3.2

Investigation of Mesp1 expression changes using hybridisation chain reaction
(HCR)

Due to the technical difficulties encountered when performing Mesp1 ISH, and the
observation of a possible increased signal in the CPM of the cKO embryo,
hybridisation chain reaction (HCR) was used to follow this up (detailed in Figure 4.6).
Although ISH is used to show gene expression changes, the nature of the experiment
is not truly quantitative and therefore, there is some subjectivity to interpretation of
expression level. There are various factors that may influence the staining of the
embryos, including the penetration of the probe. Therefore, HCR, which offers a
more sensitive and quantitative approach, was used to follow up on the potential
gene expression changes observed by ISH. Other genes of interest were also
investigated.

Figure 4.6: Hybridisation chain reaction (HCR) protocol
HCR utilises DNA probes which hybridise to the RNA molecular target. For one target
gene, there is a pair of probes which have an initiator split between the pair. After
hybridisation, fluorescently labelled hairpin amplifiers utilise the initiators to amplify
the initiators in a chain reaction. This increases the signal-to-noise ratio and reduces
the background. Due to the nature of the experiment, different fluorescently labelled
hairpin amplifiers can be used with different combinations of initiators to multiplex
multiple

genes

within

the

(https://www.molecularinstruments.com/protocols, 2020).
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same

sample

At E8.5, Mesp1 expression is limited to the PSM (Saga et al., 1999; Saga, 2000). Figure
4.7 shows Mesp1 expression in the PSM of a control embryo (Setd5

Fl/WT

; Mesp1

Cre/+

). This was observed consistently throughout experiments. Figure 4.8 presents a

control embryo alongside a cKO embryo (Setd5

Fl/Fl

; Mesp1

Cre/+

), as indicated in

panels A – B of Figure 4.8. No ectopic expression was observed in the CPM (n = 10)
of the cKO embryos. Notably in some experiments, some embryos had a higher
background than others. This may have been due to the subtle differences in
conditions within different tubes, even though all tubes within the experiment were
processed in the same manner, or embryonic variation. Therefore, the added panel
A’ of Figure 4.8 shows the control embryo image processed to give a background that
matched the cKO embryo shown in panel B for a separate comparison of PSM
expression level. Importantly, the PSM signal in cKO embryos was not consistently
higher in any particular genotype. Panels C and C’ show the CPM region at higher
magnification. Notably, speckles of brighter signal can be observed beneath the
heart. On closer inspection of several embryos, including control embryos, this was
found to be trapping of debris within the pharynx and represents non-specific signal.
Therefore, in contrast to the increased expression of Mesp1 in constitutive null
embryos reported by Osipovich et al, Mesp1 expression was not changed at E8.5
when Setd5 was deleted in the CPM.
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Figure 4.7: Mesp1 expression in the presomitic mesoderm (PSM) of a control
embryo at E8.5.
HCR using a Mesp1 probe showed expression in the PSM of a control embryo (Setd5
Fl/WT

; Mesp1 Cre/+). Scale bar = 200 µm.
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Figure 4.8: Mesp1 expression at E8.5 in control (Setd5 Fl/WT ; Mesp1 Cre/+) and cKO (Setd5 Fl/Fl ; Mesp1 Cre/+) embryos by HCR.
Mesp1 expression is observed in the PSM of control and cKO embryos. Panel A and A’ represent the same control embryo. In panel A’, the
brightness was adjusted to match the cKO embryo in panel B. Higher magnification pictures were taken of the cardiopharyngeal region or in
the heart tube (ht). There was no ectopic expression of Mesp1 in the cKO embryos (n = 10). Speckles of debris were observed to be trapped in
the pharynx of some embryos. Panels A – B scale bar = 200 µm, panels C and C’ scale bar = 400 µm. Somite numbers are included (s).
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4.4 Investigation of possible misexpression of relevant genes in cKO embryos
by ISH
The phenotype at E10.5 includes: short OFT, RV hypoplasia and abnormal chamber
ballooning. A selection of genes were chosen in order to investigate how Setd5
deletion from the CPM using Mesp1-Cre might compromise development of the
abnormal structures (Table 4.7). Gene expression was investigated by whole-mount
ISH at E9.5 to decipher whether abnormal expression at the earlier stage led to the
morphological defects observed at E10.5.
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Table 4.7: Gene expression data of candidate molecular markers by in situ hybridisation (ISH). Images are obtained from various sources
Gene

ISH data in WT E9.5 embryos

Tbx1

Relevance to cKO phenotype at E10.5
Short OFT at E10.5
Tbx1 could be downregulated which could lead to reduced contribution of
SHF progenitor cells to the SHF, or upregulated which maintains progenitor
cells in a proliferative state and prevent differentiation.

(Huh and Ornitz, 2010)
Tbx2

AVC abnormality at E9.5 and abnormal chamber formation at E10.5

and

Tbx2 (upper panel) and Tbx3 (lower panel) function redundantly to repress

Tbx3

genes involved in cardiac chamber differentiation in non-chamber tissue such
as the AVC and OFT. Abnormal expression of these AVC-specific genes may
lead to the expansion of chamber-specific genes in the AVC.

(Mesbah et al., 2012)
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Tbx5

Abnormal chamber ballooning and poorly developed atria
Tbx5 is expressed in the FHF-derived cardiac crescent, and in the posterior
SHF. Tbx5 is required for DMP formation during atrial septation. Expression
may be dysregulated which could contribute to the abnormal atrial
(Bruneau et al., 1999)

Mef2c

morphology observed at E10.5.
Short OFT and RV hypoplasia at E10.5
Mef2c is an earlier SHF marker than Tbx1 and may be dysregulated in cKO
embryos. Altered Mef2c expression may lead to the abnormal development
of SHF-derived structures.

(Pane et al., 2012)
Hand1

Abnormal chamber ballooning at E10.5

and

These genes are tightly regulated during chamber ballooning and exhibit

ANF

chamber-specific expression. Expression may be dysregulated in cKO
embryos, with expansion into the AVC, thus compromising AVC identity.
(Singh et al., 2005; Uribe et al., 2014)
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Fgf10

Short OFT and RV hypoplasia at E10.5
Fgf10 is an anterior SHF marker and dysregulation may contribute to the
abnormality of SHF-derived structures.

(Agarwal et al., 2003)
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4.4.1

Investigation of SHF-specific genes: Mef2c is upregulated in cKO embryos, but
Tbx1 and Fgf10 remain unchanged

During development, proliferation of the linear heart tube, in addition to recruitment
of SHF cells to the arterial and venous poles of the primitive structure, leads to
elongation. The SHF can be further subdivided into anterior and posterior regions;
the former eventually gives rise to the RV and the OFT, and the latter gives rise to the
atria and venous region (Moorman et al., 2003; Brade et al., 2013; Meilhac et al.,
2014). Insufficient contribution of SHF progenitors to the heart may lead to the short
OFT, RV hypoplasia and abnormal atria observed in cKO embryos at E10.5. Therefore,
the expression of SHF progenitor cell markers was investigated.
The loss of Tbx1 in the SHF leads to reduced cell proliferation and premature
differentiation, resulting in a reduced contribution of SHF progenitors to the heart.
Accordingly, OFT defects are observed when Tbx1 dosage is reduced (Liao et al.,
2004; Chen et al., 2009; Fulcoli et al., 2016). Importantly, Tbx1 exhibits marked dose
sensitivity, with the severity of phenotype increasing with decreasing levels of Tbx1.
Furthermore, overexpression of Tbx1 leads to developmental defects (Funke, 2001;
Zhang and Baldini, 2008; Vitelli, Huynh and Baldini, 2009). Tbx1 positively regulates
Fgf10 expression, a pro-proliferative marker of the anterior portion of the SHF (Vitelli
et al., 2002; Watanabe et al., 2012; Meilhac and Buckingham, 2018). Moreover, Tbx1
is a negative modulator of Mef2c expression, a gene that promotes cardiac
differentiation. Therefore, it is apparent that Tbx1 is important in promoting cardiac
proliferation and inhibiting cardiac differentiation (Pane et al., 2012, 2018). In
addition to the OFT myocardium, RV and ventricular septum, fate mapping studies
of the Mef2c AHF-enhancer show that derivatives play an important part in the
development of the DMP, a critical structure for atrial septation (Verzi et al., 2005;
Goddeeris et al., 2008; Meilhac and Buckingham, 2018).
Figure 4.9 shows that Tbx1 expression occurs in a similar pattern in the cKO embryo
compared to the control embryo (Setd5 Fl/Fl or Fl/WT, 100%, n = 5). Sectioning these
embryos revealed little difference between control and cKO embryos (Figure 4.10,
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100%, n = 3). There were subtle differences in Fgf10 expression observed between
control and cKO embryos, with a possible reduction in the RV seen in the cKO embryo
(Figure 4.11, arrow, 100%, n = 4). However, these subtle differences were not beyond
usual embryo-to-embryo variation. There is a clear upregulation of Mef2c in the cKO
embryo compared to the control embryo (Figure 4.12). The increased Mef2c
expression encompasses the pharyngeal arches, OFT, dorsal pericardial wall (DPW)
and occurs throughout the heart. This was observed in 5 out of 7 cKO embryos (71%),
3 of which showed a very strong upregulation. Figure 4.13 shows one example of the
internal staining of Mef2c ISH embryos. This revealed that Mef2c was upregulated in
the pharyngeal arches and DPW (n = 1).

4.4.2

There is a subtle reduction of Tbx5 in cKO embryos

Tbx5 is expressed in the FHF-derived cardiac crescent as well as in the posterior SHF
hence contributing to SHF-derived structures including the atrial septum by
promoting DMP formation (Xie et al., 2012; Misra et al., 2014; Meilhac and
Buckingham, 2018). At E10.5, cKO embryos show abnormally developed atria, with a
thickened atrial wall and the absence of the septum primum, a structure that
emerges before atrial septation. The Tbx5 ISH data points to a reduction in the RV
and atria at E9.5, as indicated by the bracket and arrow in Figure 4.14 (100%, n = 6).
However, these changes are subtle and may be within normal experimental
variation.

4.4.3

Investigation of AVC- and chamber-specific genes: Tbx3 expression is reduced
in the AVC of cKO embryos, and ANF is increased

Chamber morphogenesis requires the formation of the AVC, the point at which a
constriction forms between the developing atria and ventricle. Tbx3 is expressed in
the AVC and, together with Tbx2, functions to repress the chamber myocardial gene
program in the AVC which restricts chamber differentiation to the chamber
myocardium, and maintains AVC identity. Accordingly, mice that lack all functioning
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alleles of both Tbx2 and Tbx3 have an absent AVC constriction, with expansion of
chamber myocardial markers into the AVC. (Harrelson et al., 2004; Bakker et al.,
2008; Singh et al., 2012). At E9.5, the constriction at the AVC is less defined, or
absent, in cKO embryos compared to control embryos. There is a general
downregulation of Tbx3 in cKO embryos compared to control embryos, (Figure 4.15).
Of relevance to the phenotype at E10.5, there is a clear reduction in the pharyngeal
arches and AVC. This was observed in 4 out of 5 cKO embryos (80%), 3 of which
showed a very strong downregulation. Figure 4.16 shows the internal staining of 1
cKO embryo compared to the control. This revealed reduced Tbx3 expression in the
AVC and pharyngeal arches (n = 1).
There is a tight gene regulatory program that exists to restrict the expression of
chamber-specific genes to the chamber myocardium. Chamber-specific genes Hand1
and ANF were investigated by ISH. ANF expression was clearly upregulated and
expanded towards the AVC in cKO embryos (Figure 4.17, 100%, n = 3). The expansion
of ANF was confirmed by sectioning the embryos (Figure 4.18, n = 2). Hand1
appeared slightly reduced in the whole-mount pictures (Figure 4.19, 100%, n = 3).
Upon sectioning, this observation was maintained (Figure 4.20, n = 2).

4.4.4

Investigating non-cell autonomous effects of Setd5 deletion in the CPM on
CNCCs

CNCCs contribute to the formation of the aorticopulmonary septum at the distal OFT
which is important for the division of this structure. Furthermore, a sparse population
of CNCCs migrate and contribute to the endocardial cushions at the proximal end of
the OFT, and may be important in the final closure of the outflow septum (Calmont
et al., 2009; Kirby and Hutson, 2010). To investigate the non-cell autonomous effects
of Setd5 deletion in the CPM on CNCC migration, investigations of Sox10 expression,
a marker for migrating CNCCs (Kuhlbrodt et al., 1998), was performed. This would be
better performed at E10.5 to identify the migrating streams of CNCCs into the 4th PA
for contribution to OFT structures since OFT septation and remodelling of the PAAs
occur concomitantly at around E10.5 (Anderson, 2003; Frisdal and Trainor, 2014).
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However, due to the stages of the embryos collected at the time of the experiment,
the Sox10 ISH was performed on E9.5 embryos (Figure 4.21).
Expression was observed in the trigeminal ganglia, hindbrain neural crest, otic vesicle
vagal crest and dorsal root ganglia. Preliminary ISH results point to a possible
reduction in Sox10 expression in the dorsal root ganglia and within the vagal neural
crest.
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Figure 4.9: Whole-mount ISH at E9.5 for Tbx1 in control embryo (A – A’’’) and in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo (B – B’’’).
Expression is observed in the pharyngeal region and otic vesicle. There is no apparent difference in Tbx1 expression between control and cKO
embryos. (100%, n = 5). Somite numbers are included (s). Abbreviations: pharyngeal arch (PA), otic vesicle (OV), dorsal pericardial wall (DPW),
outflow tract (OFT), right atrium (RA), right ventricle (RV).
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Figure 4.10: Sagittal sections of E9.5 Tbx1 ISH embryos revealed no discernible
differences between control (Setd5 Fl/Fl or Fl/WT) and cKO embryos (Setd5 Fl/Fl ; Mesp1
Cre/+

) (n = 3).

Tbx1 expression is observed in the PA and DPW. There were no obvious differences
in Tbx1 expression beyond normal embryonic variation.
Abbreviations: pharyngeal arch (PA), dorsal pericardial wall (DPW), left atrium (LA),
left ventricle (LV).
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Figure 4.11: Whole-mount ISH at E9.5 for Fgf10 in control embryo (A – A’’’) and in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo (B – B’’’).
Expression is observed in the pharyngeal arches, forelimb and otic vesicle. There is a subtle reduction in Fgf10 expression in the RV of the cKO
embryo, as indicated by the arrow in panel B’’ (100%, n = 4). Somite numbers are included (s). Abbreviations: pharyngeal arch (PA), otic vesicle
(OV), dorsal pericardial wall (DPW), outflow tract (OFT), right ventricle (RV), left ventricle (LV).
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Figure 4.12: Whole-mount ISH at E9.5 for Mef2c in control embryo (A – A’’’) and in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo (B – B’’’).
Expression is observed in the somites, pharyngeal arches and throughout the heart. There is a clear upregulation of Mef2c in cKO embryo
compared to the control embryo, particularly in the pharyngeal arches and throughout the heart (n = 5 out of 7, 71%). Somite numbers are
included (s). Abbreviations: pharyngeal arch (PA), otic vesicle (OV), dorsal pericardial wall (DPW), outflow tract (OFT), right ventricle (RV), left
ventricle (LV), left atrium (LA).
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Figure 4.13: Sagittal sections of E9.5 Mef2c ISH embryos revealed an upregulation
of Mef2c in cKO embryos (Setd5

Fl/Fl

; Mesp1

Cre/+

) compared to control embryos

(Setd5 Fl/Fl or Fl/WT) in the pharyngeal arches, OFT and DPW (n = 1).
An upregulation of Mef2c expression was observed in the OFT, PAs and DPW in the
cKO embryo. Abbreviations: pharyngeal arch (PA), outflow tract (OFT), dorsal
pericardial wall (DPW), left atrium (LA), left ventricle (LV).
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Figure 4.14: Whole-mount ISH at E9.5 for Tbx5 in control embryo (A – A’’’) and in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo (B – B’’’).
Expression is observed heart and forelimb bud. There is a subtle reduction in Tbx5 expression in the atria and LV of cKO embryos, as indicated
by the arrows in panels A’’, A’’’, B’’ and B’’’ (n = 6, 100%). Somite numbers are included (s). Abbreviations: outflow tract (OFT), right atrium (RA),
right ventricle (RV), left ventricle (LV), left atrium (LA).
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Figure 4.15: Whole-mount ISH at E9.5 for Tbx3 in control embryo (A – A’’’) and in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo (B – B’’’).
Expression is observed in the pharyngeal arches, AVC and forelimb bud. There is a clear reduction in Tbx3 expression in the cKO embryo overall,
and in particular in the pharyngeal arches and AVC, as indicated by the arrows (n = 4 out of 5, 80%). Somite counts are included (s). Abbreviations:
pharyngeal arch (PA), outflow tract (OFT), right ventricle (RV). , left ventricle (LV), left atrium (LA), atrioventricular canal (AVC).
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Figure 4.16: Sagittal sections of E9.5 Tbx3 ISH embryos revealed a downregulation
of Tbx3 in cKO embryos (Setd5

Fl/Fl

; Mesp1

Cre/+

) compared to control embryos

(Setd5 Fl/Fl or Fl/WT) in the pharyngeal arches and AVC (n = 1).
Abbreviations: pharyngeal arch (PA), atrioventricular canal (AVC), left atrium (LA),
left ventricle (LV).
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Figure 4.17: Whole-mount ISH at E9.5 for ANF in control embryo (A – A’’’) and in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo (B – B’’’).
Expression is observed in the cardiac chambers. There is a clear increase in ANF expression in the cKO embryo with an increase towards the AVC
(n = 3, 100%). Somite numbers are included (s). Abbreviations: right ventricle (RV), left ventricle (LV), left atrium (LA), atrioventricular canal
(AVC).
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Figure 4.18: Sagittal sections of E9.5 ANF ISH embryos revealed an upregulation of
ANF in cKO embryos (Setd5 Fl/Fl ; Mesp1 Cre/+) compared to control embryos (Setd5
Fl/Fl

or Fl/WT) in the cardiac chambers, with an expansion towards the AVC (n = 2).

Abbreviations: atrioventricular canal (AVC), left atrium (LA), left ventricle (LV)
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Figure 4.19: Whole-mount ISH at E9.5 for Hand1 in control embryo (A – A’’’) and in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo (B – B’’’).
Expression is observed in the cardiac chambers. There is a possible reduction in Hand1 expression in the cKO embryo as indicated by the arrows
(n = 3 100%). Somite numbers are included (s). Abbreviations: right ventricle (RV). , left ventricle (LV).
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Figure 4.20: Sagittal sections of E9.5 Hand1 ISH embryos revealed an
downregulation of Hand1 in cKO embryos (Setd5

Fl/Fl

; Mesp1

Cre/+

control embryos (Setd5 Fl/Fl or Fl/WT) in the cardiac chambers (n = 2).
Abbreviations: outflow tract (OFT), left ventricle (LV).
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) compared to

Figure 4.21: Whole-mount ISH at E9.5 for Sox10 in control embryo (A – A’’’) and in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryo (B – B’’’).
Expression is observed in the trigeminal ganglia, hindbrain neural crest, otic vesicle, vagal crest and dorsal root ganglia. There is a possible
reduction in Sox10 expression in the cKO embryo at VC and the DRG. (n = 3, 100%). Somite numbers are included (s). Abbreviations: trigeminal
ganglia (TG), hindbrain neural crest (NC), otic vesticle (OV), vagal crest (VC), dorsal root ganglia (DRG).
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4.5 Investigation of gene expression changes by HCR
4.5.1

Mef2c was clearly upregulated in cKO embryos but Tbx1 and Fgf10 remained
unchanged

The most significant change observed by ISH was the upregulation of Mef2c in cKO
embryos (n = 5 out of 7). The upregulation of Mef2c in the OFT was also shown by
HCR in 7 out of 9 embryos (Figure 4.22, 78%). Quantification showed an increase of
Mef2c expression in the OFT by 38% in cKO embryos compared to control embryos
(Graph 4.4, unpaired t test, p < 0.05). Mef2c was also upregulated in the DPW (n = 5
out of 9, 56%). Notably, the increase in the pharyngeal arches observed in ISH was
not seen in the more sensitive experimental approach, highlighting possible
discrepancies with the ISH data.
Tbx1 was unchanged in the ISH data. This was supported by the HCR data which
showed that the levels and regions of Tbx1 expression remained unchanged between
the control and cKO embryos (n = 3, 100%, Figure 4.23). Quantification of Tbx1
expression revealed an average increase of 12% in Tbx1 expression in the cKO
embryos (Graph 4.5, unpaired t test, p > 0.05).
The Fgf10 expression data by ISH was inconclusive due to the very low signal
intensity. The HCR data showed that there were no discernible changes in Fgf10
expression (Figure 4.24). Quantification of the low signal revealed an average
increase of Fgf10 expression in the cKO embryos by 20% (Graph 4.6, unpaired t test,
p > 0.05). However, due to the low signal intensity and the autofluorescence of blood
cells when using a 488 nm fluorophore, the “real” signal may have been masked, and
as such, there may be some discrepancies in the quantification. Therefore, from the
current results, there appears to be no discernible changes in Fgf10 expression, and
the use of a different fluorophore to investigate Fgf10 expression may be worth
pursuing.
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Figure 4.25 shows the signal obtained from a no probe control. Notably, there is high
autofluorescence when using the 488 nm fluorophore. However, the “real” signal is
clearly distinguishable from the background autofluorescence.

4.5.2

Tbx5 expression is increased in the atria of cKO embryos

The ISH data pointed to a reduction in Tbx5 expression in the RV and atria in the cKO
embryos, however, due to the subtlety of this result, this may have been due to
experimental variation. An increase in Tbx5 expression was observed in the atria of
cKO embryos using HCR, as indicated in Figure 4.26 (n = 3, 100%). Quantification
revealed an average increase of Tbx5 expression by 20% in cKO embryos, although
this did not reach statistical significance (Graph 4.7, unpaired t test, p > 0.05).
During embryonic development, a transcriptional boundary between Tbx1 and Tbx5
forms to delineate the arterial and venous poles of the SHF: Tbx5 activates de novo
in Tbx1-expressing cells in the posterior SHF of the DPW. There is a subsequent
downregulation of a subset of the pharyngeal transcriptional program, including
Mef2c, Tbx1 and Fgf10 within the region of overlapping Tbx1 and Tbx5 expression
(De Bono et al., 2018). Figure 4.27 shows no discernible difference in the expression
of Tbx1 and Tbx5 in the DPW.

4.5.3

Tbx2 and Tbx3, which maintain AVC identity, are reduced in cKO embryos

A global reduction in Tbx3 was observed in cKO embryos by ISH, with a reduction in
the AVC at E9.5 being relevant to the abnormal chamber morphogenesis observed at
E10.5. This result was confirmed by HCR (Figure 4.28, n = 5 out of 6) which showed
an average decrease of Tbx3 expression by 41% in cKO embryos (Graph 4.8, unpaired
t test, p < 0.05). Notably, literature shows that mice lacking all functioning alleles of
both Tbx2 and Tbx3 have an absent AVC constriction (Harrelson et al., 2004; Bakker
et al., 2008; Singh et al., 2012). Accordingly, HCR also showed a downregulation of
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Tbx2 expression in the AVC with an average decrease of Tbx2 expression by 35% in
cKO embryos (Figure 4.29, Graph 4.9, n = 6, unpaired t test, p < 0.05).
4.5.4

Tbx20 expression is increased in cKO embryos

Tbx20 is essential for normal cardiac chamber formation and is important for the
development of the anterior SHF-derived structures which includes the OFT and RV.
It is expressed throughout the heart during embryonic development, including the
cardiac chambers and the OFT (Takeuchi, 2005). Figure 4.30 shows Tbx20 was clearly
upregulated in the OFT of cKO embryos. Quantification revealed an average increase
of Tbx20 expression in the OFT by 38% in cKO embryos (n = 6). However, analysis of
the raw data revealed one control and one cKO embryo to be outliers, as defined by
any value outside the range of: mean ± 2 x standard deviation. These were
subsequently removed from the statistical analysis, resulting in an average increase
of 34% (Graph 4.10, n = 5, unpaired t test, p < 0.05). An upregulation was also
observed in the proepicardial organ. Importantly, there are differences in OFT
morphology between the control and cKO embryos and due to the limitations of laser
penetration through the sample, the fluorescent signal, which reflects Tbx20
expression, of the OFT in the control embryos may have been partially obscured.
Therefore, the same embryos were remounted and imaged on the alternate side
(Figure 4.31). Upregulation of Tbx20 in the OFT was confirmed in the contralateral
imaging of the three embryos. Furthermore, Tbx20 was increased in the atria of cKO
embryos.
Tbx20 has been shown to activate the Mef2c AHF enhancer in vitro. Additionally,
Mef2c is reduced in Tbx20 null mutants (Takeuchi, 2005). Because of the relationship
between Mef2c and Tbx20, a multiplex experiment was performed to investigate the
expression of Mef2c and Tbx20. Figure 4.32 shows that the upregulation of Mef2c
and Tbx20 in cKO embryos was observed in overlapping expression domains in the
OFT, with cells co-expressing Mef2c and Tbx20 shown in white.
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Figure 4.22: Mef2c expression is increased in the outflow tract (OFT) and dorsal pericardial wall (DPW) of Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos.
Abbreviations: pharyngeal arches (PA), outflow tract (OFT), dorsal pericardial wall (DPW). Scale bar represents 400 µm and 200 µm.
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Graph 4.4: Mef2c is upregulated in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos
Quantification of the HCR signal using ImageJ revealed an upregulation of Mef2c
expression by 38% in cKO embryos compared to control embryos (Setd5 Fl/Fl or Setd5
) (* p < 0.05, unpaired student’s t test). Data is presented as mean ± SEM raw

Fl/WT

integrated density as a measure of the HCR signal.
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Figure 4.23: Tbx1 is unchanged in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos.
Abbreviations: pharyngeal arch (PA), otiv vesicle (OV), dorsal pericardial wall (DPW). Scale bar represents 400 µm and 200 µm.
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Graph 4.5: HCR results of Tbx1 expression in control (Setd5 Fl/Fl or Setd5 Fl/WT) and
cKO (Setd5 Fl/Fl ; Mesp1 Cre/+) embryos
Quantification of the HCR signal using ImageJ revealed an upregulation of Tbx1
expression by 12% in cKO embryos. However, this “increase” was marginal and may
reflect embryo-to-embryo variation (p > 0.05, unpaired student’s t test). Data is
presented as mean ± SEM raw integrated density as a measure of the HCR signal.
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Figure 4.24: Fgf10 remains unchanged in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos.
Abbreviations: pharyngeal arch (PA), dorsal pericardial wall (DPW). Scale bar represents 400 µm and 200 µm.
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Graph 4.6: HCR results of Fgf10 expression in control (Setd5 Fl/Fl or Setd5 Fl/WT) and
cKO (Setd5 Fl/Fl ; Mesp1 Cre/+) embryos
Quantification of the HCR signal using ImageJ revealed an upregulation of Fgf10
expression by 20% in cKO embryos. However, this “increase” was marginal and may
reflect embryo-to-embryo variation (p > 0.05, unpaired student’s t test). Data is
presented as mean ± SEM raw integrated density as a measure of the HCR signal.
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Figure 4.25: Comparison between autofluorescence and signal using the 488 nm fluorophore.
Panel A shows a section of a control embryo used as a technical control (no probe control). Tbx3 expression is indicated by the arrows in the
control embryo (panel B) and cKO embryo (panel C). The background is high when using the 488 nm fluorophore, but the specific signal can be
clearly distinguished as a brighter green.
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Figure 4.26: Tbx5 is increased in the atrium of Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos.
Abbreviations: right atrium (RA). Scale bar represents 400 µm and 200 µm.
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Graph 4.7: HCR results of Tbx5 expression in control (Setd5 Fl/Fl or Setd5 Fl/WT) and
cKO (Setd5 Fl/Fl ; Mesp1 Cre/+) embryos
Quantification of the HCR signal using ImageJ revealed an upregulation of Tbx5
expression by 20% in cKO embryos. However, this did not reach statistical
significance (p > 0.05, unpaired student’s t test). Data is presented as mean ± SEM
raw integrated density as a measure of the HCR signal.
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Figure 4.27: Tbx1 and Tbx5 expression at the dorsal pericardial wall (DPW).
There were no discernible differences in Tbx1 or Tbx5 expression in the DPW the control or cKO embryos.
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Figure 4.28: Tbx3 is reduced in the atrioventricular canal (AVC) of Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos at E9.5.
Abbreviations: left ventricle (LV), left atria (LA), atrioventricular canal (AVC). Scale bar represents 400 µm and 200 µm.
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Graph 4.8: Tbx3 is downregulated in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos
Quantification of the HCR signal using ImageJ revealed an downregulation of Tbx3
expression by 41% in cKO embryos compared to control embryos (Setd5 Fl/Fl or Setd5
) (* p < 0.05, unpaired student’s t test). Data is presented as mean ± SEM raw

Fl/WT

integrated density as a measure of the HCR signal.
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Figure 4.29: Tbx2 is reduced in the atrioventricular canal (AVC) of Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos at E9.5.
Abbreviations: left ventricle (LV), left atria (LA), atrioventricular canal (AVC), otic vesicle (OV). Scale bar represents 400 µm and 200 µm
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Graph 4.9: Tbx2 is downregulated in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos
Quantification of the HCR signal using ImageJ revealed an downregulation of Tbx3
expression by 41% in cKO embryos compared to control embryos (Setd5 Fl/Fl or Setd5
) (* p < 0.05, unpaired student’s t test). Data is presented as mean ± SEM raw

Fl/WT

integrated density as a measure of the HCR signal.
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Figure 4.30: Tbx20 is increased in the outflow tract (OFT) of Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos at E9.5.
Abbreviations: left ventricle (LV), left atria (LA), outflow tract (OFT). Scale bar represents 400 µm and 200 µm.
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Graph 4.10: Tbx20 is upregulated in Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos
Quantification of the HCR signal using ImageJ revealed an upregulation of Tbx20
expression by 34% in cKO embryos compared to control embryos (Setd5 Fl/Fl or Setd5
) (* p < 0.05, unpaired student’s t test). Data is presented as mean ± SEM raw

Fl/WT

integrated density as a measure of the HCR signal.
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Figure 4.31: Contralateral imaging of the same embryos presented in Figure 4.30 show that Tbx20 is increased in the outflow tract (OFT) and
right atrium (RA) at E9.5).
Abbreviations: outflow tract (OFT), right atrium (RA), right ventricle (RV). Scale bar represents 400 µm and 200 µm.
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Figure 4.32: Mef2c and Tbx20 are upregulated in the OFT of Setd5 Fl/Fl ; Mesp1 Cre/+ (cKO) embryos have overlapping expression domains at
E9.5.
The arrows indicate an upregulation of Mef2c and Tbx20 in the OFT of cKO embryos. Overlapping expression domains present in white, as
indicated by the bracket in A’’ and B’’. Abbreviations: pharyngeal arch (PA), outflow tract (OFT).
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4.6 Discussion
4.6.1

Setd5 is important in cardiac development and deletion in the
cardiopharyngeal mesoderm (CPM) causes morphological defects including a
short OFT and abnormal chamber formation at E10.5

Constitutive Setd5 null embryos are developmentally delayed and die by E10.5, with
evidence of cardiovascular defects such as haemorrhage and a single ventricular
chamber at E9.5 (Osipovich et al., 2016). This limits the full analysis into the role of
Setd5 during cardiac development. Results in the previous chapter show that
constitutive heterozygotes present with defects such as DORV and VSDs, which are
reminiscent of SHF-specific defects; however, deleting Setd5 in a portion of the SHF
using a Tbx1-Cre driver led to minimal cardiac defects, reflecting the idea that Setd5
may have an earlier role in cardiac development. Lineage tracing experiments show
that almost all cardiac cells and vascular cells are derived from Mesp1-expressing
progenitor cells (Saga et al., 1999; Bondue et al., 2008). As such, a Mesp1-Cre driver
was used to delete Setd5 earlier, and in a broader lineage, i.e. in the CPM, which
encompasses both the FHF and the SHF.
The deletion of Setd5 in the CPM using a Mesp1-Cre driver led to cardiac
abnormalities including short OFT, abnormal cardiac chamber ballooning and
pericardial effusion at E10.5, and abnormal AVC formation and pericardial effusion
at E9.5.
During development, elongation of the FHF-derived linear heart tube requires
proliferation, and recruitment of cells from the SHF. The anterior portion of the SHF
gives rise to the RV and the OFT, and the posterior portion gives rise to the atria and
venous region (Moorman et al., 2003; Brade et al., 2013; Meilhac et al., 2014). It is
crucial that SHF progenitors remain initially proliferative, with a delayed
differentiation so that sufficient numbers contribute to SHF-derived structures. As
such, there needs to be a balance between pro-proliferative and pro-differentiating
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signals to ensure that there are sufficient progenitor cells before differentiation
occurs.
The looping heart tube is segmented into atrial and ventricular components, the AVC,
and the OFT (Moorman et al., 2003). The atrial segments balloon, which requires
formation of the pulmonary vasculature, leading to the formation of the atrial
appendages. As the linear heart tube bends, the inner and outer curvature of the
tube are distinguished, and the interventricular foramen is distinct between the atrial
and ventricular components. Ballooning of the ventricular portion enables the outlet
and inlet portions of the tube to give rise to the developing apical part of the left and
right ventricles, respectively. The atria and OFT are shared between the left and right
ventricles, which requires the remodelling of the ventricular segment of the inner
heart. This positioning necessitates expansion of the AVC. The distal portion of the
heart tube subsequently attains an arterial phenotype and gives rise to the ascending
aorta and pulmonary trunk, while the proximal part separates by the fusion of
cushions within it for the formation of distinct ventricles (Christoffels et al., 2000;
Moorman and Christoffels, 2003; Christoffels, Burch and Moorman, 2004).
Due to the morphological defects observed in Setd5 cKO embryos at E10.5, analysis
of the relevant embryological processes were carried out using relevant molecular
markers.
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4.6.2

Deletion of Setd5 in the CPM leads to differential expression of some genes
important in cardiac development

Tbx1 expression was similar between cKO embryos and control embryos
Tbx1 is expressed in the pharyngeal mesoderm, pharyngeal endoderm, surface
ectoderm and otic mesoderm in mouse embryos (Arnold, 2006; Zhang, 2006; Randall
et al., 2009). Its role in the SHF is to maintain proliferation of progenitor cells whilst
inhibiting differentiation in order to ensure that there is sufficient contribution of
progenitor cells to SHF-derived structures. At E10.5, Setd5 cKO embryos have a short
OFT and RV hypoplasia. These defects of SHF-derived structures may be a result of
insufficient contribution of SHF progenitor cells, as a result of an incorrect balance
between proliferation and differentiation. Timed-based dissection experiments
reveal that Tbx1 is expressed in precursors that are destined to form the OFT and
that this requirement is critical between E8.5 and E9.5 (Xu, Cerrato and Baldini,
2005). However, in the Setd5 cKO embryos, there is no obvious difference in Tbx1
expression compared to control embryos at E9.5. Whole-mount ISH (n = 5) and HCR
(n = 3) images show no discernible difference in Tbx1 expression between control
and cKO embryos.
Mef2c is upregulated in cKOs vs control
Mef2c is required for cardiac morphogenesis. Mice that lack Mef2c die at E10.0 due
to failure of the heart tube to undergo rightward looping with no evidence of a future
RV (Lin et al., 1997). Both ISH (n = 5 out of 7) and HCR data show a clear upregulation
of Mef2c in the Setd5 cKO embryos in the OFT (n = 7 out of 9) and DPW (n = 5 out of
9), both SHF-derived regions.
At E10.5, there is hypoplasia of the RV in the Setd5 cKO embryos. This is similar to
what is observed in Mef2c mutants, which show an absent RV (Lin et al., 1997). In
the Setd5 cKO mutants presented here, there is an upregulation of Mef2c which
supports what is observed at E10.5 and may be an indication that the precise dosage
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of Mef2c is required for RV development. Mef2c mutants display abnormal Hand1
and Hand2 expression. At the tubular heart stage, Hand1 is usually expressed
throughout the OFT and the future LV, and restricted from regions that will form the
future RV. Meanwhile, Hand2 is expressed throughout the linear heart tube, with
specific restriction to the future RV. In Mef2c mutants, there is a lack of Hand2
expression in regions that form the future RV, and abnormal Hand1 expression (Lin
et al., 1997). The upregulation of Mef2c seen in the Setd5 cKO mutants at E9.5 may
lead to the abnormal expression of Hand1 or Hand2 which subsequently leads to
abnormal RV development. Indeed, preliminary ISH data showed a downregulation
of Hand1 in the cKO mutants. Therefore, the RV hypoplasia seen in cKO embryos at
E10.5 may be a result of abnormal dosage of Mef2c and the subsequent
downregulation of Hand1.
Tbx1 is a negative modulator of Mef2c; Mef2c is upregulated in Tbx1 null mutants
(Pane et al., 2012, 2018). In the Setd5 cKO embryos presented here, Tbx1 is
unchanged. By contrast, Mef2c is clearly upregulated. This suggests that in the
context of Setd5 deletion in the CPM, Mef2c upregulation is not due to reduced Tbx1
expression. Nevertheless, SETD5 may be required for TBX1 to regulate Mef2c
expression. Several studies show that SETD5 associates with HDACs to remove
histone acetylation marks (Osipovich et al., 2016; Deliu et al., 2018). There is
evidence that TBX1 binds to chromatin regions that lack H3K27ac (Fulcoli et al.,
2016). A mechanism may be present whereby SETD5 associates with TBX1 at
regulatory regions of the Mef2c gene. SETD5 binding to Mef2c regulatory regions
may lead to the association of HDACs to remove any acetylation marks necessary for
TBX1 to bind. Therefore, in the absence of SETD5 in the CPM, TBX1 does not bind to
negatively modulate Mef2c expression.
An alternative to this regulatory mechanism is that SETD5 is required to physically
form a complex with TBX1 in order for Mef2c to be downregulated. In the previous
chapter, there were no obvious requirements for Setd5 in the Tbx1 lineage, as shown
by the lack of any drastic defects observed when Setd5 was deleted using a Tbx1-Cre.
The lack of defects observed may be due to the possibility that SETD5 had already
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formed the complex with TBX1, before Setd5 was excised by the Cre recombinase
expressed under the Tbx1 promoter; i.e. there was a time lag before the Cre
recombinase was transcribed, translated, and excision of Setd5 completed. This time
lag may have been sufficient for SETD5 to form a complex with TBX1 and exert any
effects. In the context of Setd5 deletion in the CPM, SETD5 and TBX1 do not form the
complex which leads to the failure of Mef2c downregulation and hence some of the
cardiac-specific defects observed.
Fgf10 remains unchanged in cKO embryos
Fgf10 is a pro-proliferative growth factor expressed in the pharyngeal mesoderm,
including the anterior SHF and weakly in the RV (Watanabe et al., 2012). Although
loss of Fgf10 has no effect on early SHF progenitor cell deployment and subsequent
heart tube elongation, Fgf10 null mutants nevertheless display heart abnormalities,
including displacement of the ventricular apex into the thoracic cavity and a
hypoplastic RV wall (Rochais et al., 2014; Hubert, Payan and Rochais, 2018). Fgf10
regulates proliferation through the indirect phosphorylation of FOXO3 which leads
to the downregulation of cell cycle inhibitor p27

kip1

. Importantly, reduced FOXO3

phosphorylation and an upregulation of p27 kip1 is observed specifically in the RV of
Fgf10 null embryos at E18.5, highlighting the importance of Fgf10 in RV proliferation
(Rochais et al., 2014). In the Setd5 cKO embryos, RV hypoplasia is observed at E10.5.
There were no discernible changes in Fgf10 expression in Setd5 cKO embryos when
investigated by ISH and HCR, suggesting that the RV hypoplasia was due to other
factors. Importantly, there is a tight genetic network that regulates Fgf10 expression.
Fgf10 expression is activated by Isl1, which is predominantly expressed in SHF
progenitor cells as well as weakly in the FHF, and repressed directly by Nkx 2-5, which
is expressed in FHF-derived LV myocardium, as well as SHF progenitors that give rise
to the arterial pole of the heart (Watanabe et al., 2012). Furthermore, TBX1 is a direct
activator of Fgf10 in the SHF (Hu, 2004; Xu, 2004). Since Tbx1 expression remained
unchanged in cKO embryos, this may explain the lack of change observed in Fgf10
expression. Nevertheless, it may be interesting to investigate whether there are any
associated changes in Nkx 2-5 or Isl1 expression.
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Tbx5 expression is increased in atria in cKO embryos
TBX5 is the gene haploinsufficient in human Holt-Oram syndrome and its expression
exhibits marked left-right asymmetry during embryonic development, beginning
throughout the cardiac crescent at E8.0 and continuing in the posterior portion of
the heart tube destined to become the atria and sinus venosus. In the looping heart
between E8.5 and E9.0, Tbx5 expression expands to encompass the entire future LV.
This ventricular pattern of expression persists with more predominant expression in
the LV compared to the RV and OFT. During chamber maturation and septation, atrial
expression becomes more pronounced (Bruneau et al., 1999). In the SHF, TBX5
interacts with GATA4 and Hedgehog signalling to promote DMP formation, which
also involves activating Osr1, a gene required for atrial septation. (Xie et al., 2012;
Misra et al., 2014; Meilhac and Buckingham, 2018).
At E10.5, the atria of the cKO embryos are abnormal, with the majority exhibiting a
single atrium, no evidence of the septum primum which forms during atrial
septation, and a thickened atrial wall. Incorrect atrial formation may be due to
abnormal proliferation of atrial cells, or impaired expansion secondary to
electrophysiological defects. Tbx5 directly regulates ANF and cx40, in cooperation
with Nkx 2-5. There is reduced expression of these genes in Tbx5 null embryos
(Bruneau et al., 2001). Furthermore, cell studies show that Tbx5 overexpression is
sufficient to promote cardiac differentiation (Hiroi et al., 2001). Supporting this,
although the ISH data did not show any marked changes in Tbx5 expression, HCR
showed an increase of Tbx5 in the atria of cKO embryos. Preliminary ISH data showed
an increase in ANF expression in Setd5 cKO embryos with an expansion into the AVC.
The increased expression of Tbx5 in the atria of Setd5 cKO embryos at E9.5 suggests
that premature differentiation may occur within the atria which could lead to the
abnormal atrial expansion observed at E10.5. Importantly, cx40 is required for
normal electrophysiological function and impulse propagation through the heart.
Notably, Tbx5 heterozygotes present with abnormal AV conduction (Bruneau et al.,
2001). Electrophysiological defects may contribute to the abnormalities in cardiac
chamber ballooning observed in the Setd5 cKO embryos since normal chamber
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formation requires normal mechanical forces and haemodynamics (Conway et al.,
2003).
There is a tight relationship between Tbx1 and Tbx5. During embryonic development,
a transcriptional boundary between Tbx1 and Tbx5 forms to delineate the arterial
and venous poles of the SHF: Tbx5 activates de novo in Tbx1-expressing cells in the
posterior SHF of the DPW; this is dependent on retinoic acid signalling. There is a
subsequent downregulation of a subset of the pharyngeal transcriptional program,
including Mef2c, Tbx1 and Fgf10 within the region of overlapping Tbx1 and Tbx5
expression (De Bono et al., 2018). At present, there appears to be no difference in
Tbx1 and Tbx5 expression in the DPW, however, it may be interesting to investigate
the relationship between Tbx1 and Tbx5 in the Setd5 cKO embryos as an alteration
in this transcriptional boundary may lead to the defects observed in the cKO
embryos.
Tbx2 and Tbx3, important in maintaining AVC identity, are downregulated in cKO
embryos, and chamber-specific ANF is increased and expanded towards the AVC in
cKO embryos.
Tbx2 and Tbx3 are expressed in overlapping regions during embryonic development,
including the AVC, and are genetically and functionally redundant (Singh et al., 2012).
At E9.5, Tbx2 is expressed in the OFT myocardium, inner curvature, IFT and AVC
(Harrelson et al., 2004). Tbx3 plays an important role in the cardiac conduction
system, and is expressed in the IFT, OFT mesenchyme, AVC and in regions destined
to become the conduction system (Bakker et al., 2008; Gavrilov, Harvey and
Papaioannou, 2013). Both Tbx2 and Tbx3 play a functionally redundant role in the
development of the AVC. Embryos that are homozygous null for either Tbx2 or Tbx3
show relatively normal AVC development, however, embryos that lack both genes
fail to develop a normal AVC constriction (Singh et al., 2012). Notably, there are some
discrepancies as to whether homozygous Tbx2 deletion leads to abnormal AVC
development or not, possibly due to the genetic background of mice used (Harrelson
et al., 2004; Singh et al., 2012). Furthermore, there is an abnormal expansion of
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chamber-specific genes in Tbx2

-/-

; Tbx3

-/-

embryos into the AVC where they are

usually repressed, suggesting a compromise of AVC identity (Singh et al., 2012). In
Setd5 cKO embryos, there is a clear reduction in Tbx3 expression globally, and of
relevance, in the AVC at E9.5. A concomitant reduction in Tbx2 expression at E9.5
was observed. A reduction in both Tbx3 and Tbx2 expression likely contributes to the
abnormal AVC constriction observed in Setd5 cKO embryos at E10.5.
Tbx2 and Tbx3 are required to maintain proper AVC identity by repressing chamberspecific genes in the AVC. As such, increased ANF was observed in Setd5 cKO
embryos, in addition to an expansion towards the AVC at E9.5. This suggests that AVC
identity is compromised and provides an explanation for the abnormal chamber
morphogenesis observed at E10.5. Proper AVC formation is necessary for the correct
positioning of the atria and ventricles, in addition to future OFT alignment to the
ventricles. Abnormal AVC expansion may cause torsional stress such that the OFT
does not align properly (Moorman and Christoffels, 2003; Harrelson et al., 2004).
Indeed, OFT alignment defects, including DORV, present in the constitutive Setd5
heterozygotes presented in the previous chapter. Because OFT alignment and
septation begins at E11.5, and finishes around E14.5, the effects of homozygous
deletion of Setd5 in the CPM cannot be investigated due to the embryonic lethality
at E12.5.
GATA4 has a role in AVC development by binding to AVC-specific enhancers. In AVC
myocardium, this leads to the activation of these enhancers through the binding of
histone acetyltransferases (HATs) and leads to the enrichment of H3K27ac, a marker
of active enhancers. In contrast, binding of GATA4 in chamber myocardium leads to
the association of HDACs and the depletion of H3K27ac marks, leading to the
repression of AVC enhancers (Stefanovic et al., 2014). SETD5 could be involved in
HDAC association with GATA4 binding at regulatory regions. A mechanism may be
present whereby GATA4 and SETD5 binding is required in chamber myocardium
which subsequently leads to HDAC binding and removal of H3K27ac marks for
repression of AVC enhancers in chamber myocardium. In the absence of SETD5,
GATA4 may not be able to successfully repress AVC enhancers. Therefore, it might
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be worth investigating GATA4 binding in the absence of SETD5 by ChIP , dual ChIP of
GATA4 and SETD5, and acetylation marks at GATA4 targets in Setd5 mutants.
Tbx20 is upregulated in the OFT, atria and proepicardial organ.
Tbx20 is expressed throughout the heart and has particular importance in the
development of SHF-derived structures such as the OFT and RV (Singh et al., 2005;
Takeuchi, 2005). At E10.5, Setd5 cKO embryos have a short OFT and RV hypoplasia,
and at E9.5, HCR experiments showed a clear upregulation of Tbx20 in the OFT. Tbx20
mutants die by E10.5 due to morphological defects of the heart and circulatory
issues. The heart fails to loop and remains as a primitive structure (Singh et al., 2005).
Moreover, Tbx20 knockdown embryos have no morphologically distinct OFT and
impaired chamber formation (Takeuchi, 2005). Interestingly, similar defects were
observed when Tbx20 was increased in the OFT of Setd5 cKO embryos. This may
suggest that in the context of OFT development, a precise dosage of Tbx20 is required
for normal development of this structure and that increased Tbx20 expression
hinders OFT formation.
Tbx20 has overlapping expression domains with Mef2c, which was also upregulated
in the OFT of cKO embryos. Studies using 10T1/2 cells showed that cotransfection of
Tbx20 with a Mef2c-lacZ construct led to activation of Mef2c. TBX20 acts
synergistically with ISL1, GATA4 and NKX 2-5 to activate Mef2c. TBX20 also activates
NKX 2-5 in a similar manner (Takeuchi, 2005). Since the regulatory regions Mef2c and
Nkx 2-5 anterior SHF (AHF)-specific enhancers include ISL1- and GATA4- binding sites,
it is likely that Tbx20 is important for the development of AHF-derived structures by
binding to AHF-specific enhancers. The upregulation in Tbx20 and subsequent
upregulation of Mef2c in the OFT, an AHF-derived structure, suggests the possibility
that the Tbx20 is dose-dependent in OFT development and its increase at E9.5 may
have led to the short OFT observed at E10.5.
Tbx20 is increased in the PEO in Setd5 cKO embryos. The PEO forms at around E9.5
as a structure near the venous pole of the heart. This later gives rise to the
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epicardium, at around E10.5, an epicardial cell layer that envelops the heart. At later
stages, between E11.5 and E14.5, the epicardial cells undergo EMT to invade the
underlying myocardium and form cardiac fibroblasts and the coronary vasculature
(Zhou et al., 2008; Vincent and Buckingham, 2010; Meilhac et al., 2014; Greulich et
al., 2016). At E9.5, Tbx20 is usually expressed weakly in the PEO, with a higher level
of expression in the epicardium at E10.5 (Greulich et al., 2016). An increase in Tbx20
expression in Setd5 cKO embryos suggests that epicardial development may be
compromised. Despite this, epicardial defects were not observed at E10.5. Due to
the lethality of Setd5 cKO embryos occurring before E12.5, investigating the potential
role of Tbx20 in epicardial development of Setd5 mutants at later stages is limited.
As described above, restriction of AVC-specific genes from chamber myocardium
maintains AVC identity and restricts chamber differentiation to the atria and
ventricles. In the chamber myocardium, Tbx20 is required to repress Tbx2, enabling
chamber differentiation to occur. Consequently, in Tbx20 null mutants, Tbx2 is
expressed throughout the heart which blocks chamber differentiation, leading to
failure of the heart tube to loop and the inability to form cardiac chambers. This is
reflected by the lack of ANF, Chisel and Cx40 chamber markers in Tbx20 null mutant
hearts (Singh et al., 2005). An increase in Tbx20 observed in the Setd5 cKO embryos
may explain the reduction of Tbx2 in the AVC. This may further explain the expansion
of chamber-specific ANF towards the AVC at E9.5, hence reflecting a compromise in
AVC identity which leads to the abnormal cardiac chamber ballooning at E10.5.
On the other hand, TBX20 regulation of ANF expression has been shown to repress
ANF promoter activity in NIH 3T3 cells, and antagonises the activation of the
promoter by TBX5. However, in other contexts, TBX20 and TBX5 function
cooperatively to activate ANF promoter activity. Both Tbx20 and Tbx5 are increased
in the atria of Setd5 cKO embryos. This may explain the increase in ANF in the cardiac
chambers, including the atria (Plageman and Yutzey, 2004; Brown et al., 2005)

207

4.6.3

Mesp1 expression does not persist when Setd5 is deleted in the CPM

Mesp1 is the master gene regulator of cardiac development and is expressed very
transiently during embryonic development, beginning at the onset of gastrulation.
Early Mesp1-positive mesoderm cells ingress and exit the primitive streak between
E6.5 and E7.5, after which Mesp1 is rapidly downregulated in the cardiogenic
mesoderm, with restricted expression in the PSM after this stage. Mesp1
downregulation is required for the expression of late cardiac-specific genes, and the
downregulation of mesendodermal genes (Saga, 2000; Bondue et al., 2008; Bondue
and Blanpain, 2010).
Overexpression of Mesp1 in ESCs is sufficient to drive cardiac specification and
differentiation. Mesp1 is transiently upregulated and then switched off. This leads to
the activation of core cardiac transcription factors such as Mef2c, Tbx1 and Tbx5,
followed by the sustained expression of late cardiac structural genes including TnT.
ChIP-seq analysis shows that Mesp1 directly activates cardiac-specific genes, the
majority of which are activated by direct binding of MESP1 to the regulatory regions
of these genes (Bondue et al., 2008; Bondue and Blanpain, 2010).
Importantly Mesp1 directly represses genes implicated in maintaining pluripotency,
suggesting that Mesp1 directs progenitor cells away from pluripotency and towards
the cardiac lineage. Notably, cardiac differentiation necessitates transient Mesp1
expression because prolonged expression conversely inhibits cardiac differentiation
(Bondue et al., 2008; Bondue and Blanpain, 2010). Therefore, it seems proper cardiac
differentiation requires transient Mesp1 expression.
In addition to describing the morphological abnormalities shown in Setd5
constitutive null embryos, Osipovich et al performed RNA-seq studies on
undifferentiated mESCs. This showed an upregulation of Mesp1 and a
downregulation of genes involved in myocyte differentiation in null mESCs compared
to heterozygous mESCs. This is in contrast to the work of Deliu et al, conducted in
heterozygous versus wild-type whole E9.5 embryos and differentiated mESCs. Here,
208

findings which show a downregulation of endodermal and mesodermal genes when
Setd5 is heterozygous, compared to the wild-type state (Deliu et al., 2018). These
discrepancies are likely due to the comparison between null and heterozygous states,
and heterozygous to wild-type states, and cell type perhaps. Nevertheless, the
upregulation of Mesp1 observed in undifferentiated null mESCs compared to
heterozygous mESCs was supported by the partial rescue of Mesp1 expression
observed by qPCR when Setd5 was transfected back into undifferentiated null
mESCs,. Importantly, Mesp1 upregulation was shown in vivo, by qPCR using E8.5 null
embryos (Osipovich et al., 2016). Thus, the upregulation of Mesp1 observed in
undifferentiated Setd5 null mESCs and in whole Setd5 null E8.5 embryos, led to the
testable hypothesis that Setd5 is required to regulate Mesp1, and a persistence of
Mesp1 expression in constitutive null embryos has negative impacts on cardiac
development.
Therefore, in the first instance, Mesp1 expression was investigated by ISH in E8.5
embryos to investigate if deleting Setd5 in the CPM would lead to the persistence of
Mesp1 expression. Unfortunately, despite multiple experimental repeats using the
Mesp1 ISH probe, only one cKO embryo showed possible ectopic expression in the
CPM. Therefore, this was followed up using a more sensitive approach, HCR.
However, HCR performed in 10 cKO embryos, consistently failed to show any
increased Mesp1 expression in mutant CPM, making the hypothesis that Mesp1
persists unlikely.
There are several potential reasons why these results contradict the interpretations
from Osipovich et al. Firstly, Osipovich et al performed RNA-seq and qPCR studies
using mESCs derived from mice that were heterozygous or constitutively null for
Setd5 whereas the data presented in this chapter utilised embryos in which Setd5
was conditionally deleted in the CPM. Importantly, cell studies by Osipovich were
performed on undifferentiated mESCs. This means that cells should have been in a
pluripotent state and in fact should not have expressed Mesp1 or cardiac muscle
genes at all unless there was a degree of spontaneous differentiation (Figure 4.33).
The paper itself did not state whether the cells were undifferentiated or
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differentiated towards cardiomyocytes using one of the available protocols.
Therefore, testing of the hypothesis began prior to the authors responding to
question about the issue. Notably, despite studies being performed on
undifferentiated cells, RNA-seq results showed that markers of stem cell
maintenance were reduced in cKO mESCs, and Mesp1, which is usually expressed on
day 4 after cardiac differentiation in vitro (Bondue et al., 2008), was increased
compared to heterozygous mESCs (Figure 4.33). This supports the idea that some
differentiation may have taken place. One reconciliation could be that the
introduction of the Setd5 null allele led to spontaneous differentiation. Nevertheless,
to investigate the gene changes during cardiac development when Setd5 is absent,
either constitutively or conditionally, in vitro studies should be performed on
differentiated mESCs.
The authors also reintroduced Setd5 into null mESCs by transfection which rescued
the supposed increase in Mesp1 expression (Figure 4.34), suggesting that SETD5
regulates Mesp1 expression, which ultimately led to the formation of the hypothesis.
However, due to the expression of many different genes when the null mESCs were
supposedly undifferentiated, the “rescue” of Mesp1 expression may have just been
resetting the spontaneously differentiated null mESCs back to pluripotency.
Additionally, the authors showed that Mesp1 expression was increased in vivo in E8.5
embryos by qPCR (Figure 4.34). However, this was only performed on 3 biological
replicates, and was performed on whole embryos. Therefore, the increase in Mesp1
expression may have reflected differences in Mesp1 expression in the PSM, if
embryos were not carefully stage-matched, and this issue was not mentioned.
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Figure 4.33: RNA-seq data obtained from Osipovich et al on undifferentiated
heterozygous and constitutively null mESCs.
Osipovich et al performed RNA-seq on mESCs derived from mice that were either
heterozygous or constitutively null for Setd5. Figure shows differential gene
expression data. Figure reproduced from (Osipovich et al., 2016).

Figure 4.34: qPCR data showing the upregulation of Mesp1 in Setd5 null mESCs and
whole E8.5 embryos.
Osipovich et al verified RNA-seq data by qPCR. The authors showed that the
upregulation of Mesp1 observed in null mESCs was partially rescued in vitro. The
upregulation of Mesp1 was maintained in vivo in E8.5 embryos. (Osipovich et al.,
2016).
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4.6.4

Other potential causes of morphological abnormalities in cKO embryos

The role of Setd5 in CNCCs
The CNCCs are derived from the neuroectoderm and migrate towards caudal PA 3, 4
and 6, after which a subset continues to migrate into the OFT. Here, they form the
cardiac ganglia which is derived entirely from the cardiac crest, and condense to form
the aorticopulmonary septum at the distal OFT which contributes to the division of
this structure. Furthermore, a sparse population of CNCCs migrate and contribute to
the endocardial cushions at the proximal end of the OFT, and may be important in
the final closure of the outflow septum. Migration of the CNCCs occurs as a result of
EMT, and signalling cues such as Sema3C and Neuropilin 1/PlexinA2 signalling act as
guidance signals (Calmont et al., 2009; Kirby and Hutson, 2010; Plein et al., 2015).
Insufficient contribution of CNCCs to the OFT leads to OFT defects, including DORV
and VSDs (Creazzo et al., 1998; Hutson and Kirby, 2007). Indeed, these OFT defects
are observed in the constitutive Setd5 heterozygotes presented in the previous
chapter. Investigations of Sox10 expression, a marker for migrating CNCCs (Kuhlbrodt
et al., 1998), would be better performed at E10.5 to identify the migrating streams
of CNCCs into the 4th PA for contribution to OFT structures since OFT septation and
remodelling of the PAAs occur concomitantly at around E11.5. However, at the time
of the experiment, only E9.5 embryos were available. Expression was observed in the
trigeminal ganglia, hindbrain, otic vesicle, vagal crest and dorsal root ganglia.
Notably, remodelling of the PAAs and OFT occurs at E11.5 and changes to this
migrating stream of CNCCs, which eventually populate the OFT, may be observed at
this critical stage. Therefore, Sox10 ISH should be performed at E10.5. There appears
to be a slight reduction in Sox10 expression in the vagal crest and dorsal root ganglia
in cKO embryos compared to control embryos but this is not relevant to the cardiacspecific phenotype observed in cKO embryos.
In order to investigate the NC-specific requirement of Setd5, mice expressing Wnt1Cre are being used to conditionally delete Setd5. In the first instance, live-born pups
will be genotyped to investigate any embryonic lethality. Live-born conditional null
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pups would suggest that the cardiac-specific phenotype observed in Setd5
Mesp1

Cre/+

Fl/Fl

;

cKO embryos has a CPM origin rather than a CNCC origin. As Setd5

expression is not ablated in CNCC in the Setd5

Fl/Fl

; Mesp1

Cre/+

cKO embryos,

abnormal CNCC migration may be indicative of a non-cell autonomous effect of CPMablated Setd5 on CNCC contribution to SHF-derived structures. To investigate this,
exploration of CNCC lineage should be investigated within Setd5 Fl/Fl ; Mesp1 Cre/+ cKO
embryos. Ideally, a Wnt1-Dre (or other recombinase) would be used to investigate
this, but due to Setd5 and Rosa26 being transcribed from the same promoter, this
would necessitate the generation of a new Rox-stop-Rox reporter line using a
genomic location other than at Rosa.
Differentiation, proliferation and apoptosis
Osipovich et al directed differentiation of heterozygous and constitutively null mESCs
towards cardiac progenitors through embryoid body (EBs) formation and observed a
reduction in spontaneously beating EBs, indicating a compromise in differentiation
potential (Osipovich et al., 2016). There is a possibility that this altered state of
differentiation is also observed when Setd5 is specifically deleted in the CPM.
Therefore, it is worth investigating the differentiation potential of mESCs derived
from Setd5 cKO mice, or performing studies using markers of cardiac differentiation
on tissues. Thus, the gene expression changes presented above may be a
consequence of abnormal differentiation at the onset of CPM development.
As mentioned above, reduced proliferation may cause the RV hypoplasia observed
in Setd5 cKO embryos at E10.5. In addition to ventricular abnormalities, the OFT is
clearly shortened in cKO embryos. This may be due to the abnormal proliferation of
SHF progenitor cells and thus a failure to contribute to the OFT. Notably, Osipovich
et al show that constitutive Setd5 KO mESCs proliferate at a slower rate, with an
accompanying delay in cell cycle progression. However, these studies were
performed in undifferentiated mESCs and so may not necessarily reflect what occurs
in vivo. Therefore, it may be interesting to investigate proliferation and cell cycle
progression on differentiated mESCs derived from conditional KO mice to explore the
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effect of CPM deletion of Setd5 on proliferation. Complimentary proliferation studies
on whole embryos may also be examined.
Alternatively, there may be increased apoptosis within these structures which causes
these defects. Indeed, Osipovich et al showed increased apoptosis in
undifferentiated constitutive Setd5 KO mESCs. Therefore, in addition to proliferation
studies, apoptosis studies could provide more insights into the development of the
abnormal structures.
Between E8.5 and E9.5, there were no differences between the somite numbers
across all genotypes. However, at E10.5, cKO embryos were significantly smaller than
embryos from all other genotypes, indicating growth retardation. This may be due to
the poor cardiovascular function which causes the embryos to be less well-perfused
and growth to be inefficient. The heart begins to beat at E8.5 (Brade et al., 2013).
There is a possibility that the heart was functioning relatively well until E9.5, just
before cardiac chambers were required to balloon. After this, the poorly developed
cardiac chambers could have significantly impaired pumping efficiency which led to
inefficient perfusion of the embryos and hence the growth retardation.
Embryonic lethality of the cKO embryos is observed before E12.5. Abnormal cardiac
chamber ballooning may lead to inefficient pumping of the heart. Inadequate
perfusion of the developing embryo subsequently leads to death. Moreover,
abnormal haemodynamics and subsequent heart failure may feed back to the
improper heart morphogenesis since blood flow and normal mechanical forces are
required for proper chamber ballooning. In addition to the effect on growth
development, inefficient pumping may feed into the pericardial effusion that was
observed in cKO embryos at E9.5 and at E10.5. This is a major indicator of
haemodynamic insufficiency and heart failure (Conway et al., 2003).
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4.6.5

Summary, limitations and future work

The findings in this chapter reveal a novel importance of Setd5 specifically in the
cardiogenic mesoderm. Setd5 is important for cardiac morphogenesis and its
deletion in the CPM leads to growth retardation, and cardiovascular defects including
a short OFT, abnormal cardiac chamber ballooning and pericardial effusion at E10.5;
the latter two defects are also observed at E9.5.
The major limitation of using ISH to approach the analysis of differential gene
expression is that the technique is qualitative, and semi-quantitative at best.
Although the concentration of the probe was determined before hybridisation, the
strength of the signal for different genes does not directly correlate to the level of
expression between them. A robust probe may produce a stronger signal in a shorter
experimental time; a lower concentration of probe may be required in order to
detect the RNA in situ. By contrast, a much higher concentration of a weaker probe
may be needed. Therefore, even though the concentration of probe added to each
experiment for each gene is known, the signals of the same probes within the same
experiment can be compared, but because the strength of the signal is not
necessarily quantitative due to the nature of the probes used, the level of expression
between different genes cannot be concluded. In addition to the qualitative nature
of ISH, sectioning of whole embryos is required in order to reveal more subtle
differences in gene expression within the embryo.
Due to the limitations of ISH, more sensitive and quantitative methods are better at
detecting gene expression changes. HCR is a quantitative method that advances on
the traditional ISH. HCR uses fluorescently-labelled DNA probes to detect gene
expression, but the additional amplification step drastically increases the signal-tonoise ratio, meaning that a specific signal is clearer compared to traditional ISH
where a probe may be “dirty” and generate more background staining. Furthermore,
image analysis enables the quantification of expression levels of the same gene
between embryos, and between different genes.
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Another quantitative approach would be to perform RNA-seq on whole embryos or
dissected parts of the embryo containing only Mesp1-expressing regions. This would
enable a broader interpretation of all genes that may be implicated when Setd5 is
deleted in the cardiogenic mesoderm and may provide more insights into the
different pathways affected. However, depending on the embryonic stages
investigated, if microdissection of Mesp1-expressing regions is required, many
embryos will be required. Alternatively, FACS of Mesp1-lineage cells and single cell
RNA-seq may reveal that Setd5 deletion in Mesp1-expressing cells causes differential
gene expression in different subpopulations within the Mesp1-expressing region.
As mentioned above, SETD5 may be required to regulate Mef2c expression, possibly
in combination with TBX1 and histone-modifying enzymes. The abnormal chamber
ballooning observed at E10.5 may be attributed to the abnormal expression of AVCspecific genes, and ectopic expression of chamber-specific genes. The differential
binding of GATA4 to AVC-specific enhancers in the AVC myocardium and in chamber
myocardium leads to the enrichment of H3K27ac marks in the former setting, and a
depletion of these marks in the latter setting (Stefanovic et al., 2014). Therefore,
SETD5 may be required to regulate gene expression by associating with HDACs in
order to remove histone acetylation marks at different regulatory regions of cardiacspecific genes. Thus, in the absence of SETD5, these histone acetylation marks may
be altered, which alters the activation or repression of certain genes.
Coimmunoprecipitation may be used to investigate the direct physical interaction
between SETD5 and potential binding partners such as TBX1 and GATA4. Indeed, a
SETD5-FLAG plasmid has been purchased and can be used in combination with the
TBX1-HA plasmid, which has been successfully overexpressed in P19Cl6 cells within
the lab. Overexpression of SETD5 and TBX1 in vitro may be initially performed in
order

to

investigate

any

protein-protein

interaction.

One-armed

coimmunoprecipitation may be performed with overexpressed SETD5-FLAG, and
endogenous proteins such as GATA4.
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Genome-wide SETD5 binding may be investigated by performing SETD5 ChIP.
Focussing on cardiac-specific regulatory regions, such as the AVC enhancers bound
by GATA4, may enable a better insight into the regulation of relevant genes required
for cardiac development. This may be compared to ChIP on mESCs derived from cKO
mice to decipher the impact of Setd5 deletion in Mesp1-expressing cells on binding
at regulatory regions of cardiac-specific genes. Antibodies of interest may include:
GATA4, TBX1 and histone acetylation marks.
It may also be interesting to explore Tbx1 and Tbx5 expression together. Although
separately, there was no difference in Tbx1 and Tbx5 expression in the DPW, a slight
shift in the transcriptional boundary between Tbx1 and Tbx5 in the DPW may lead to
some

of

the

SHF-related

observed

at

E10.5.

Therefore,

a

double

immunofluorescence approach would be useful to observe the expression of these
two genes in the same embryo, in particular at their point of overlap in the DPW.
SETD5 may be required to ensure correct expression of AVC- and chamber-specific
genes to clearly demarcate AVC and cardiac chamber identity. Furthermore, OFT
alignment may be compromised due to the torsional stress caused by abnormal AVC
expansion (Moorman and Christoffels, 2003; Harrelson et al., 2004). Indeed, OFT
alignment defects, including DORV, present in the constitutive Setd5 heterozygotes
presented in the previous chapter. Since embryonic lethality seen around E12.5 in
Setd5 cKO embryos, and OFT septation and rotation beginning at E11.5 and
completing around E14.5, the use of an inducible Mesp1-Cre to ablate Setd5 in
Mesp1-expressing cells in a time-specific manner, i.e. after AVC constriction and
before chamber ballooning, may help decipher the role of Setd5 in OFT alignment.
Notably, the defects in conditional heterozygotes presented in this chapter does not
fully recapitulate the defects observed in constitutive heterozygotes presented in the
previous chapter. This may be due to a very early requirement of Setd5 in
gastrulation, i.e. even before Mesp1-expressing progenitors are specified. In order to
investigate the role of Setd5 in early gastrulation, Setd5 may be tagged to trace
Setd5-expressing cells at the onset of gastrulation. The GATA4-flap reporter line (Ma,
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Zhou and Pu, 2008) would have to be used in this case, instead of the traditional
ROSA26 reporter line, because Setd5 and Rosa26 are transcribed from a bidirectional
promoter (Osipovich et al., 2016).
To conclude, the results in this chapter present a novel role of Setd5 within the CPM,
with its deletion leading to the dysregulation of several genes important for cardiac
development at E9.5. This contributes to the cardiac defects observed at later stages,
including a short OFT and abnormal cardiac chamber ballooning.
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5

Concluding remarks

Haploinsufficient genes exist in hubs or networks, and are more likely to interact with
other haploinsufficient genes (Huang et al., 2010). Querying the DMDD database
with key words that define the cardiovascular phenotype caused by Tbx1
haploinsufficiency identified that out of the 209 genes presented in the browser, only
Setd5 caused DORV and VSD when haploinsufficient. Due to the overlapping
phenotypes caused by haploinsufficiency of Tbx1 and Setd5, the initial aim was to
identify potential interacting partners with Tbx1 or novel orchestrators in cardiac
development.
There were some discrepancies in the data presented by the DMDD database. For
example, CAT, which is observed in Tbx1 null embryos, was reported as being present
in one Setd5 heterozygous embryo. Closer examination of the HREM data files
revealed the presence of DORV, rather than CAT in this embryo. Therefore, it was
important to delineate the full range of cardiovascular defects observed when Setd5
is haploinsufficient. Findings from this thesis revealed that the main phenotypes
associated with Setd5 haploinsufficiency were rotational defects including DORV and
overriding aorta, and VSDs. Importantly, the generation of double heterozygotes in
which both Setd5 and Tbx1 were haploinsufficient did not reveal a detectable
synergistic genetic interaction.
Since the constitutive Setd5 null embryos die by E10.5, this limits the full assessment
of the cardiovascular phenotype. Hence, cKOs were generated using the Mesp1-Cre
driver which deletes Setd5 in the CPM. This led to a short OFT, abnormal cardiac
chamber ballooning and pericardial effusion at E10.5, with accompanying differential
gene expression in some key cardiac transcription factors at E9.5. Notably, one of the
initial hypotheses that Mesp1 expression persisted in the absence of Setd5 was
disproved, potentially highlighting some discrepancies in the data presented in
literature (Osipovich et al., 2016).
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Nevertheless, the cardiovascular phenotype observed in Setd5 constitutive
heterozygotes (DORV and VSD), and that observed when Setd5 is homozygously
deleted in the CPM (short OFT, abnormal cardiac chambers, pericardial effusion)
suggests that Setd5 likely has a role in cardiac development. Supporting this, there
are changes in some key cardiac transcription factors at E9.5 when Setd5 was deleted
in the CPM. Mef2c was clearly upregulated in the OFT and this was accompanied by
an upregulation in Tbx20, which was observed in the OFT, PEO and atria. AVC-specific
Tbx2 and Tbx3 were downregulated in the AVC, which likely contributed to the
corresponding increase and expansion of chamber-specific ANF towards the AVC.
There was also an increase in the atrial expression of Tbx5. There were no detectable
differences in Tbx1 and Fgf10 expression between the control embryos and the cKO
embryos.
SETD5 has been implicated to interact and associate with HDACs, thereby modifying
histones through the removal of histone acetylation marks. Figure 5.1 presents a
possible mechanism by which SETD5 may function in cooperation with TBX1 to
modulate Mef2c expression. TBX1 is a negative modulator of Mef2c expression, and
TBX1 binding sites typically colocalise with chromatin regions that harbour the
H3K4me1 mark, but lack the H3K27ac mark (Pane et al., 2012, 2018; Fulcoli et al.,
2016). Therefore, a possible mechanism may exist whereby SETD5 is required to
recruit HDACs in order to remove histone acetylation marks at Mef2c regulatory
regions, thus enabling TBX1 to negatively regulate Mef2c expression. Hence, in the
absence of SETD5 in the CPM, despite there not being a difference in Tbx1
expression, a potential hypothesis for the increased Mef2c expression could be that
TBX1 is unable to negatively regulate Mef2c expression due to the persistence of the
histone acetylation marks and the inability to bind at Mef2c regulatory regions.
Alternatively, there may be a requirement for SETD5 and TBX1 to form a physical
complex for the negative regulation of Mef2c expression.
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Figure 5.1: SETD5 may function in cooperation with TBX1 to negatively modulate
Mef2c expression.
TBX1 negatively modulates Mef2c expression. TBX1 binding sites is associated with
the depletion of H3K27ac marks. A possible mechanism may exist whereby TBX1
binds to Mef2c regulatory regions when SETD5 and HDACs associate to remove the
H3K27ac marks. This leads to the repression of Mef2c expression. Therefore, in the
absence of Setd5 these H3K27ac marks may persist, leading to the inability of TBX1
to repress Mef2c expression, and hence increased Mef2c expression.
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It is important that the AVC and chamber myocardium have defined gene expression
patterns to ensure proper cardiac chamber ballooning. The results in chapter 4 show
a reduction in chamber-specific Tbx2 and Tbx3, which potentially led to the increase
in chamber-specific ANF. GATA4 differentially binds to AVC-specific enhancers in
different contexts (Stefanovic et al., 2014). In the AVC, GATA4 binds to these
enhancers, which leads to the association of HATs and the establishment of histone
acetylation marks, and the subsequent activation of the enhancers. In the AVC
context, Tbx2 and Tbx3 are involved in maintaining AVC identity. As such, chamberspecific genes are repressed in the AVC. In the chamber myocardium, however,
GATA4 binds to the AVC-specific enhancers and leads to the association of HDACs. In
this context, SETD5 may be involved in recruiting the HDACs to remove the histone
acetylation marks associated with AVC enhancer activation, hence leading to the
expression of chamber-specific genes. Thus, in the absence of Setd5, the histone
acetylation marks persist, potentially leading to abnormal AVC and cardiac chamber
gene expression. This hypothesised mechanism is summarised in Figure 5.2.
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Figure 5.2: SETD5 may be involved in the differential binding of GATA4 in different
contexts.
In AVC myocardium, GATA4 binding leads to the association of histone
acetyltransferases (HATs) to establish H3K27ac marks, thus activating these
enhancers. With the expression of Tbx2 and Tbx3 maintaining AVC identity, and the
activation of AVC-specific enhancers, this leads to the repression of chamber-specific
genes. Meanwhile, in chamber-specific myocardium, GATA4 binding associates with
histone deacetylases (HDACs). SETD5 may be important in this context to recruit the
HDACs and remove the H3K27ac marks. This represses the AVC-specific enhancers
and enables the expression of chamber-specific genes. Therefore, in the absence of
SETD5, these H3K27ac marks may persist and perturb AVC identity and chamberspecific gene expression.
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Results from this thesis provide the basis for the hypothesis that Setd5 functions to
modulate cardiac gene expression by associating with HDACs, in different contexts.
In order to further investigate this, future work may include ChIP studies using
various antibodies to determine: the histone acetylation status at regulatory regions
of key cardiac genes, GATA4 binding at AVC-specific enhancers, and TBX1 binding at
Mef2c regulatory regions.
Whole-exome sequencing of CHD cohorts reveal the importance of chromatinremodelling genes (including histone modifiers), and show that de novo mutations of
these genes account for ~3% of CHD. Furthermore, there is an evident association
between patients with CHD and neurodevelopmental abnormalities, with poor
neurodevelopmental outcome affecting up to 50% of CHD patients (Zaidi and
Brueckner, 2017). There have been more clinical reports showing the implications of
SETD5 haploinsufficiency in human intellectual disability (Grozeva et al., 2014;
Szczałuba et al., 2016; Rawlins et al., 2017; Fernandes et al., 2018; Powis et al., 2018),
with some patients presenting with cardiac abnormalities; however, the role of Setd5
in cardiac development has not been extensively investigated. Results in this thesis
reveal that Setd5, a gene implicated in neurodevelopmental disorders, is also
important in cardiac development. As such, screening for mutations in SETD5 during
genetic testing could potentially provide some knowledge to families to better
understand if there could be recurrent risks of CHD to other family members, or
provide information for neurodevelopmental outcome. The genetic underpinnings
of CHD remains unknown in over 50% of cases, highlighting the importance of
identifying novel genes that may be involved in orchestrating cardiac development
(Zaidi and Brueckner, 2017).
This thesis presents new data about Setd5; a gene that was not previously reported
as having a significant role in cardiovascular development. The results described in
this thesis demonstrate a critical role of Setd5 in the cardiopharyngeal mesoderm,
whereby its deletion leads to cardiac defects and the dysregulation of specific
cardiac-relevant genes. Furthermore, analysis of constitutive heterozygotes
delineated the phenotypic defects caused by Setd5 haploinsufficiency, which were
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previously only reported in a small number of embryos. Despite there not being a
genetic interaction between Setd5 and Tbx1, this thesis provides a foundation for
further investigations into the mechanisms by which Setd5 may function during
cardiac development. Setd5 can now be placed within a growing number of genes
whose alleles are associated with both neurodevelopmental defects on the one
hand, and heart dysmorphogenesis on the other.
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