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Abstract

The heart is the first functioning organ to develop during embryogenesis to maintain the
growing embryo with oxygen and nutrients. However, cardiogenesis is a complex but well-
regulated process, and any changes to this regulation can result in detrimental defects of the
heart. For many years sarcomeric proteins have been associated with a range of
cardiomyopathies and in more recent years are known to been involved in congenital heart
defects (CHDs). To date, tropomyosin 1 (TPM1) and cardiac troponin T (TNNTZ2) have been
associated with cardiomyopathies but never with CHDs. These two genes are important
regulatory proteins of the thin filament of the sarcomere and vital for correct contraction and

force generation within cardiomyocytes.

To investigate a role for 7PM1 and TNNT2 in the early developing heart, using the chick as
an animal model, antisense oligonucleotide morpholino technology were utilised to
manipulate both genes in ovo. The gross anatomical structures, ultrastucture and molecular
functions of the treated hearts were analysed to determine if the morpholino treatment
resulted in any developmental abnormalities. In addition, the TPM1 gene, including introns,

was sequenced in a cohort of 380 patients with a range of congenital heart anomalies.

In the TPM1-morpholino treated hearts, atrial septation and ventricular chamber maturation
via the production of trabeculae were affected. Stereological analysis of these hearts revealed
a reduction in the proportion of myocardium in the ventricular chamber along with increased
luminal size. In addition, TPM1-morpholino treatment had an effect on myofibril maturation
in vitro, as well as causing increased apoptosis in the developing ventricle and atrial septum.
Four genetic variants of TPM1 were identified in the patient cohort; [130V, S229F,
IVS1+2T>C and GATAAA/AATAAA in the polyadenylation signal. /n silico analysis
predicted the missense mutations to be disease causing. In vitro functional analyses of the
IVS1+2T>C mutation that the [VS1+2T>C mutation resulted in abnormal splicing of the
TPM1 pre-mRNA. TNNT2-morpholino treatment affected the growth of the atrial septum.
However, the sarcomere appeared normal in this treatment group. Stereological analysis also

revealed normal cardiac proportions except for the atrial chamber, which was reduced in size.

The abnormal phenotypes observed in the TPM1 and TNNT?2 treated groups may be a result

of altered haemodynamics within the developing heart. Further studies such as in situ



hybridisation of markers of haemodynamics may elucidate this role in the future. The
abnormal splicing observed in the [IVS1+2T>C may be a contributing factor to CHD in man
and therefore, indicates that sarcomeric proteins are important for the future screening of

potential contributing factors to CHDs.
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Chapter 1 Introduction

1.1 Overview

Cardiogenesis or heart development is a complex early embryological process. It involves the
specification and migration of cells from a number of sources that contribute to certain
regions of the developing heart. The addition of cells to the developing heart also drives some
of the cardiogenic processes such as looping and valvulogenesis. While these events occur
early in embryonic development, shortcomings at any stage of cardiogenesis can have serious
consequences, ranging from some structural abnormality of the heart, to embryonic lethality.
This thesis will discuss some of the early processes of heart development and look at how

some important structural proteins are pivotal to a healthy heart.

1.2 Heart Development

The heart is the first organ to function in the developing vertebrate embryo. The initial
formation of a contractile tubular heart 22 days after fertilization in the human is followed by
complex remodeling processes including looping, chamber septation and specification, the
development of its own unique conduction system and valvulogenesis. In this section,
formation of the primitive heart and these major remodeling processes involved in
cardiogenesis which are of relevance to this thesis will be discussed. These processes have
been described in the chick and the mouse and will be referred to in the following sections.

A table summarizing some of these processes in different species can be seen in Table 1.1.



mouse chick human frog zebrafish
Migration of precardiac cells from epiblast 7 dpc (primitive streak) HH4 (definitive streak) 15-16 days stage 10 50% epiboly
(5.5 hpf)
First evident assembly of myocardial plate 7 dpc HHS5 18 days ~stage 13 8-10 somites
(late primitive streak: head process (~13 hpf)
just presomite) (19-22hrs)
Generation of single heart tube initiated 8 dpc HH9 22 days stage 28 20 somites (ring)
(5-10 somtes) (7 somites) (4-10 somites) (~19 hpf)
Tubular heart starts contraction 8.5 dpe HH10 23 days ~stage 33 26 somuites
8-10 somites) 10 somites (22 hpf)
(33-38 hrs)
Looping 8.5 dpc HHI11 23 days stage 33-36 33 hpf
(11-13 somites)
Cushions form 9.5 dpc HH17 28 days ~stage 41 48 hpf

(30-38 somites

The mouse data are primarily from DeRuiter et al. (1992) and Kaufman and Navaratnam (1981). the chick from DeHaan (1965), Garcia-Martinez and
Schoenwolf (1993), Manasek (1968), Patten (1957). Romanoff (1960) and Viragh et al. (1989). the human from Hamilton and Mossman (1972) and Sissman
(1970), the frog from Sater and Jacobson (1990) and the zebrafish from Stainier and Fishman (1992).

Table 1.1 A summary of early heart development in different species.

Table taken from (Fishman and Chien, 1997). dpc indicates days post coitum; HH, hamburger

and Hamilton; hpf, hours post fertilisation.



1.2.1 Formation of the primitive heart tube

As mentioned above, the formation of a tubular heart is initiated early in embryonic
development; day 22 in humans, embryonic day (ED) 8 in the mouse and 33-38 hrs or
Hamburger and Hamilton (HH) 9-10 in the chick. Myocardial cells, a major component of
the heart wall, are derived from mesoderm, one of the three germ layers of the early
embryo. Prior to heart tube formation in the pregastrula embryo, cardiac precursor cells
migrate to the posterior half of the epiblast, bi-lateral to the primitive streak and caudal to
Hensen’s node (HH3; Figure 1.1a and b) (Buckingham et al., 2005). These myocardial
progenitor cells are a small population of about 50 cells (Tam and Behringer, 1997).
During gastrulation (formation of a three layered germ disk), the progenitor cardiac cells
invaginate through the primitive streak and move cranio-laterally forming a bilateral pre-
cardiac mesoderm (HH4; Figurel.1c) (Yang et al., 2002). The pre-cardiac mesodermal
cells constitute the primary cardiac field and are surrounded by adjacent endoderm that
will play an important role in cardiac specification (HH5-6; Figure 1.1d). The pre-cardiac
mesodermal cells form a cardiac crescent at the cranio-lateral border of the mesoderm
(HHS-9; Figurel.le). At this time, the mesoderm of the embryo splits forming two parts;
the paraxial mesoderm, which contributes to the limb musculature, and the lateral plate
mesoderm, containing the cardiac precursors within a splanchnic mesoderm (Manasek,
1968). Embryonic folding carries the splanchnic mesoderm ventrally and the two cardiac
fields meet at the midline, ventral to the developing foregut. Cardiomyocyte differentiation
is underway at this time and the cardiac fields fuse forming a tubular heart (HH10;
Figurel.1f) (Abu-Issa and Kirby, 2007). This new tubular heart is suspended from the
foregut endoderm by the dorsal mesocardium (Ménner, 2000). The linear heart is
orientated such that the arterial pole of the heart or outflow portion cranial to the inflow
portion or venous pole. At this time the heart tube begins to contract, which from the
offset is peristaltic, but soon becomes sequential, as ventricular contraction follows atrial

(HH10; day 23) (Fishman and Chien, 1997).
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Figure 1.1 A schematic diagram showing the origin and migration of pre-cardiac cells
and the formation of the primitive heart tube in the chick.

a and b. In the pregastrula embryo, cardiac precursor cells migrate to the primitive streak. c.
During gastrulation, the pre-cardiac cells ingress through the primitive streak and move
cranio-laterally forming a bilateral pre-cardiac mesoderm. d. The pre-cardiac mesodermal
cells are positioned in the first cardiac field surrounded by adjacent endoderm. e. At the
cranio-lateral border of the mesoderm, the pre-cardiac cells form a cardiac crescent.
Embryonic folding carries the crescents ventrally and the two cardiac fields meet at the
midline, ventral to the developing foregut. f. The cardiac fields fuse forming a tubular heart
suspended from the foregut endoderm by the dorsal mesocardium. Adapted from (Lopez-

Sanchez and Garcia-Martinez, 2011).



1.2.2 Looping of the primitive heart

Fusion of the primary (first) heart fields results in the formation of a tubular, almost
symmetrical heart containing a primitive ventricle. Caudally, the primitive heart has paired
venous horns’ making up the inflow portion of the heart and an aortic sac cranially that
drains it. This primitive tube is short-lived as new cardiac cells from a second heart field
(discussed below in section 1.2.3) invade, resulting in elongation of the heart. As
elongation occurs, the central portion of the dorsal mesocardium disintegrates, but remains
at the venous and arterial poles (Ménner, 2004). This enables the heart tube to loop to the
right. The process of cardiac looping has been well investigated in the chick and,
therefore, is discussed in the context of the chick below (see Table 1.1 to refer to other
species). Looping can be divided into two phases: c-looping (including dextral looping)
occurring from HH10-12 and s-looping occurring at stages HH13-24. C-looping is the
transformation of a straight heart tube into a c-shaped tube, caused by ventral bending and
dextral (or right-ward) torsion (Figurel.2a and b). This movement results in the left side of
the heart tube being repositioned ventrally. Consequently, the original ventral surface
becomes the outer curvature of the heart and the dorsal side becomes the inner curvature.
This occurs most prominently in the atrioventricular (AV) canal and primitive ventricle.
During s-looping, driven by elongation of the heart tube, the primordial atrium moves
cranial to the ventricle (Figure 1.2c). Looping determines the approximate topographical

locations of the future chambers and great vessels (Sakabe et al., 2005, Taber, 2006).



Figure 1.2 Scanning electron micrograph of the developing heart demonstrating
looping.

a. A straight tubular heart is formed after embryonic folding and fusion of the two
cardiogenic fields (HH10). b. As cells migrate to the developing heart and its size increases,
dextral c-looping occurs. The heart undergoes ventral bending and rightward torsion, shifting
the left side of the heart ventrally (HH12). ¢. During s-looping the ventricles come to lie
caudally to the primitive atrium and the future chambers and great vessels lie in their terminal
location. A indicates aortic sac; RVH, right venous horn; LVH, left venous horn; AIP, anterior
intestinal portal; PO, proximal part of outflow tract; RV, right side of ventricle; LV, left side
of ventricle; AV, atrioventricular canal; LA, left half of primitive atrium; RA, right half of
primitive atrium; dotted line demarcates different regions of the heart. Taken from (Ménner,

2009).



1.2.3 The second heart field

During cardiac looping, a second heart field contributes to the primitive heart tube. This
population of cardiac progenitors is located in the medial splanchnic mesoderm known as
the pharyngeal mesoderm (Mjaatvedt et al., 2001, Kelly et al., 2001). The cardiac
progenitors of the pharyngeal mesoderm are a distinctive lineage from the cells giving rise
to the linear heart tube that originated from the epiblast prior to gastrulation. The second
heart field cells remain in the medial splanchnic mesoderm, undifferentiated and non-
proliferative, as the heart tube forms and come to lie in the dorsal mesocardium with the
heart tube situated ventrally (Cai et al., 2003). Once the early heart tube has formed, cells
from the second heart field begin to rapidly proliferate and migrate to the arterial and
venous poles of the heart tube during looping, driving elongation of the heart (van den
Berg et al., 2009). The second heart field contributes to the outflow tract (OFT), right

ventricle and the majority of the atrial myocardium (Moorman et al., 2003, Harvey, 2002).

Cells migrating to the arterial and venous poles from the second heart field express
different genes from each other suggesting the second heart field is pre-patterned.
Therefore, cells contributing to the arterial pole are called the anterior (or secondary) heart
field, and contribute to the myocardium of the OFT and right ventricle (Kelly et al., 2001,
Xu et al., 2004). Cells contributing to the venous pole are named the posterior heart field
and contribute mainly to the common atrium, sinus venosus and atrioventricular canal,

with some contributions to the arterial pole of the heart (Dominguez et al., 2012).

1.2.4 Neural crest cells

Neural crest cells are a multipotent group of cells found in the dorsal neural crest of the
developing embryo. These cells undergo extensive migration generating a number of
differentiated cell types including: neurons and glia of the sympathetic, sensory and
parasympathetic nervous system, the medulla of the adrenal gland, melanocytes of the
epidermis and skeletal and connective tissue components of the head (Marmigere and
Ernfors, 2007, Yoshida et al., 2008, Simdes-Costa and Bronner, 2013). In addition, the

neural crest can be divided into four functional compartments, which overlap with each



other. These compartments include the cranial, trunk, sacral and vagal, and cardiac neural

crest (Simdes-Costa and Bronner, 2013).

The cardiac neural crest was first termed by Kirby et al., who ablated a portion of the
cranial neural crest between the otic placode and somite 3, discovering that the embryonic
hearts did not develop an aorticopulmonary septum (septation of the OFT) (Kirby et al.,
1983). The importance of the neural crest for OFT septation was confirmed as the
migration of neural crest cells into the OFT cushions forming a divide within the OFT
(Waldo et al., 1998, Waldo et al., 1999). Cranial and cardiac neural crest cells first migrate
from the dorsal neural tube to the 3™, 4™ and 6™ pharyngeal arches. From there, a sub-
population migrates to the heart, thus contributing to the aorticopulmonary (or
conotruncus) septum of the OFT (Fishman and Chien, 1997). Therefore, ablation of neural
crest cells results in persistent truncus arteriosus, or failure of the separation of the OFT
(common arterial truck) (Nishibatake et al., 1987). Cardiac neural crest cells also play a
role in regulating the addition of cells from the second heart field to the developing OFT.
Failure of this addition results in a shortened OFT during looping leading to the
misplacement of the developing aorta such as an over-riding aorta seen in double outlet

right ventricle (Kirby and Waldo, 1990, Kirby and Waldo, 1995).

1.2.5 Chamber formation and maturation

As a result of looping, the future chambers and great vessels of the heart come to lie in situ
and constrictions in the heart wall demarcates different regions. These regions are the
sinus venosus, primitive atrium, the AV canal separating the primitive atrium and
ventricle, the primitive ventricle and the OFT (conus cordis and truncus arteriosus, or

proximal and distal OFT, respectively). These are discussed below.

1.2.5.1 Atrioventricular Canal

The AVC connects the primitive atrium and ventricle. Initially, the tubular heart
consists of an outer myocardial layer and an inner endocardial layer, separated by an
acellular extracellular matrix known as cardiac jelly. As looping occurs and prior to
atrial septation, the myocardium of the AV canal begins to secrete extracellular matrix
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(ECM) components resulting in the formation of localized ventral and dorsal
endocardial cushions (de Vlaming et al., 2012). They first appear as localized swelling
in the cardiac jelly, which are then infiltrated by endothelial cells, which have
undergone an epithelial to mesenchymal transition. The cushions grow towards each
other and eventually fuse, resulting in the separation of the AV canal into right and left
(Fishman and Chien, 1997, Anderson et al., 2003a). These cushions are destined to
become the aortic leaflet of the mitral valve and the septal leaflet of the tricuspid valve
(Snarr et al., 2008). Later in development, lateral mesenchymal swellings appear in the
AV canal (de Lange et al., 2004). The right lateral cushion contributes to the antero-
superior and inferior leaflets of the tricuspid valve, and the left lateral cushion forms the

lateral leaflet of the mitral valve (Snarr et al., 2008).

1.2.5.2 Sinus Venosus and Atria

The venous pole of the primitive heart contains structures that contribute to the mature
heart: the primitive atrium, the atrial portion of the atrioventricular canal, the sinus
venosus and the dorsal mesocardium. The atrial appendages are formed by expansions
(or ballooning) of the right and left side of the primitive atrium. The remnants of the
dorsal mesocardium provide the portal for the entry of the pulmonary veins to the left
atrium (Anderson et al., 2003a, Webb et al., 1998). While the atrial appendages are
expanding, the primitive pulmonary vein becomes canalised in the dorsal mesocardium
bringing the venous plexus into continuity with the developing left atrium at the
pulmonary pit (Anderson et al., 2002). This left to right remodelling sets the scene for

atrial septation.

The primary atrial septum develops as a crescent-shaped muscular growth from the
dorso-cranial atrial wall, ensheathed with a mesenchymal cap, that extends towards the
AV cushions (i.e. the future valves of the heart located in the AV canal; Figurel.3a)
(Moorman and Christoffels, 2003, Fishman and Chien, 1997). As the septum extends
towards the AV cushions, a communication remains between the left and right atria, the
foramen primum. Eventually the septum fuses with the AV cushions, while at the same

time a region of the septum, close to its origin at the atrial roof, develops fenestrations,



forming a foramen secundum (Figurel.3b). This is essential to ensure communication
between the systemic venous system and the left side of the heart for the remainder of
fetal development (Lamers and Moorman, 2002). The septum secundum forms when
the solitary pulmonary vein separates into left and right pulmonary veins. The
incorporation of their orifices into the roof of the left atrium causes a deep fold to form,
thus forming the septum secundum (Figurel.3c). The septum secundum develops to
the right of the septum primum and extends to cover the ostium secundum, hence
forming a valve. The opening is now called the foramen ovale (Figurel.3d) (Anderson

et al., 2003a).
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Figure 1.3 A schematic diagram demonstrating atrial septation.

a. The septum primum develops as a muscular outgrowth from the dorso-cranial atrial wall. It
extends towards the endocardial cushions of the atrioventricular canal. A communication
remains between the left and right atria, the foramen primum. b. As the septum primum
grows, fenestrations appear in the cranial part of the septum, forming a foramen secundum. ¢.
Eventually the septum fuses with the AV cushions, while the septum secundum forms to the
right of the septum primum. d. The septum secundum extends to cover the foramen
secundum, and the free edge of the septum primum forms a valve. The opening is now called
the foramen ovale. RA indicates right atrium; LA, left atrium; arrow, blood flow. Image

obtained from Dr. Siobhan Loughna.
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1.2.5.3 Ventricles

During cardiac looping, the ventricles undergo dextral torsion so that the original left
side of the heart tube becomes the ventral portion, while the right side is moved to a
dorsal position. This results in the ventricular loop having inlet and outlet components
such that the ventricular inlet supports the AV canal and the ventricular outlet supports
the OFT (Lamers et al., 1992). The ventricle also has an inner and outer curvature.
After looping, ballooning of the apical parts of the ventricle occurs at the outer
curvature, resulting in expansion of the ventricle (Christoffels et al., 2000). A
constriction, known as the primary interventricular foramen exits between the newly
distinguishable right and left ventricle (Moorman et al., 2003). The first heart field
contributes mostly to the developing left ventricle, while cells migrating from the
second heart field contribute to the right ventricle (Kelly et al., 2001). During
ballooning, the proliferating myocardial cells of the outer curvature express genes
demarcating them as the new working myocardium of the heart. Myocardium of the
inner curvature retains the molecular signals from the linear heart tube myocardium,

primary myocardium (Christoffels et al., 2000).

Trabeculae formation in the ventricular chamber is induced by signals from the
endocardium to the myocardium (Del Monte et al., 2007, Chen et al., 2013, Grego-
Bessa et al., 2007). Changes in the myocardium occur in that it differentiates into an
outer compact layer and inner spongy layer, in which the latter contributes to the
trabeculae. Groups of spongy myocardial cells separate from each other by ingression
of the endocardium, forming trabeculae composed of a myocardial core surrounded by
an endocardial sheet (Icardo and Fernandez-Teran, 1987). These trabeculae expand
rapidly to produce a dense spongy network in the myocardial wall, which resembles
finger-like projections when the heart is sectioned through. Trabeculated myocardium
is thought to play a role in oxygenating the myocardium prior to the development of the
coronary circulation, as well as contributing to the development of the conduction
system, enhancing the direction of blood flow prior to septation, therefore, obtaining

optimal contractility (de Jong et al., 1992).

Around the time of the development of the coronary circulation and septation of the

ventricle, the compact myocardium grows as the trabeculae begin to compact and
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become re-integrated into the ventricular wall (Rychter and Ostadal, 1971).
Compacting trabeculae contribute to the interventricular septum (ventricular septation
is required to maintain distinct boundaries between the systemic and pulmonary
circulation), papillary muscles and the conduction system (Moorman and Lamers,
1994). It is thought that the expansion of the compact myocardium replaces the
trabeculae in providing contractile force of the developing heart (Sedmera and Thomas,
1996). As the interventricular septum forms by the coalescence of trabeculae, it extends
towards the AV canal and OFT, leaving an opening in the apical ventricle, the
interventricular foramen. Closure of the septum occurs by fusion of the proximal OFT
cushions (section 1.1.5.4) with the AV cushions, forming the membranous part of the
ventricular septum and the interventricular septum contributing to the muscular portion

of the septum (Anderson et al., 2003a).

1.2.54 Outflow Tract

The OFT is a tubular structure that connects the outflow region of the ventricle to the
aortic sac and can be divided into the proximal and distal portions by a distinctive bend
in the tube (Ya et al., 1998). It is thought that the proximal part of the OFT will
contribute to the future roots of the arterial trunks (pulmonary artery and aorta) as well
as to the subarterial outlets. The distal portion will provide the interpericardial portions
of the great arteries (Anderson et al., 2003b). As the ventricular myocardium
differentiates into a working myocardium, the OFT elongates, while still retaining its
myocardial characteristics of the tubular heart (primary myocardium), i.e. slow
conduction with long contractions. This characteristic along with the shape of the OFT
allow it to act as a sphincter, preventing the regurgitation of blood into the ventricles

during ventricular relaxation (de Jong et al., 1992).

Endocardial cushions develop in the proximal and distal OFT, which act to separate
blood flow from the ventricular outflow, by forming the ascending aorta and
pulmonary trunk, respectively (Webb et al., 2003). Septation occurs by the growth of a
spiral mesenchymal septum from the distal to the proximal OFT (van den Hoff et al.,

1999).
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1.2.6 Development of the conduction system in the embryonic heart and the action

potential

Cardiomyocytes are the principal cell type of the cardiac conduction system.
Cardiomyocytes contributing to the conduction system possess a distinctive molecular
phenotype, morphology and function, such as poorly developed sarcomeres, expression of
transcription factors and sarcoplasmic reticulum, which distinguish them from the working
myocardium (Eichna and Dehaan, 1961, Hoogaars et al., 2004, Moskowitz et al., 2007,
Bakker et al., 2008). As the primary heart tube forms, a repetitive depolarisation impulse
is transmitted from the venous pole, through the heart tube to the arterial pole (Hoff et al.,
1939). This results in an even peristaltic movement in the muscle across the heart, insuring
unidirectional blood flow. An electrocardiograph (ECG) at this stage resembles a
sinusoidal conduction phenotype (Figure 1.4A) (Hoff et al., 1939). As the chambers of the
developing heart are undergoing septation, the chamber myocardium conducts a faster
depolarisation wave than previously seen, while the venous pole, AV canal and OFT retain
a conduction seen in the primary heart tube (or primary myocardium) (de Jong et al.,
1992). This delay in conduction at the venous pole, AV canal and OFT ensures
unidirectional blood flow, as well as preventing backflow. This fast to slow conduction
resembles the ECG of the adult heart (Hoff et al., 1939) with just the alteration of
cardiomyocyte type (primary and conducting cardiomyocytes) in the absence of
specialised conduction cells (such as insulating cells, differentiated nodes or a conduction

system).

The conduction system of the mature heart contains a sinoatrial node (SAN), which
develops in the main inflow portion of the developing heart. This SAN is the primary
pacemaking source for the heart, generating electrical impulses that propagates to the
atrioventricular node, rapidly, via the atrial muscle (Flack, 1907, Gourdie et al., 2003).
The electrical impulse in the atrioventricular node (AVN), located in the floor of the right
atrium, is slowed. This allows the ventricles to remain in diastole during atrial
contraction, and also provides protection to the ventricles from arrhythmias triggered by
the atria (Dobrzynski et al., 2003). From the AVN, the electrical impulses enter the fast-
conducting AV branches and the Purkinje branches in the ventricle, transmitting the

impulse to the working myocardium in an apex to base activation. In order for the heart to
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transmit electrical impulses at different rates, a number of cardiac gap junctions, called
connexins (CX), with variable conductance rates are expressed throughout the heart. The
atria and ventricles express CX40 (known as CX42 in chicken) and CX43, both fast
conducting gap-junction channels (Christoffels and Moorman, 2009). This provides the
fast conductance to these chambers. The slow conducting AV canal is negative for
(CX40/43 but expresses CX45 and CX30.2, slow conducting gap junctions (Kreuzberg et
al., 2006).

It is the generation of an action potential that allows the cardiac cells to contract and is
regulated by different ionic gradients present around the cells membrane. The action
potential can be divided into 5 phases (see Figure 1.4B). During phase 0, the cell
membrane decreases in permeability to potassium, and sodium floods into the cells
through fast sodium channels. This influx of sodium results in a rapid depolarisation from
-90mV to +10mV. During phase 1 of the action potential, there is partial repolarisation
due to the decrease in membrane permeability of sodium. Phase 2 consists of a plateau
phase, by which a calcium influx into the cell prolongs the depolarisation and the duration
of the action potential. As the membrane becomes less permeable to calcium towards the
end of the phase there is an influx of sodium ions via the sodium/calcium exchanger
(Pinnell et al., 2007). Calcium channels soon become inactive and there is an inward
movement of potassium causing a repolarisation, known as phase 3. This brings the
resting membrane potential back to -90mV of phase 4. In the early developing heart,
action potentials are usually spontaneous, with a longer duration (Moody, 1995). In
contrast, the more mature action potential has a shorter duration and usually triggered by

some neuronal input (Spitzer, 1991).
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Figure 1.4 Development of the early conduction system and action potential.

A. The heart tube contains primary myocardium which propagates show conduction which
has a sinusoidal ECG. As the chambers mature, the myocardium propagate fast conduction
though the heart. However, conduction remains slow at the venous pool, AVC and OFT. The
ECG in this heart resembles that of the fully formed heart. Grey indicates primordial heart
tube, blue indicates the expanding myocardium at the outer curvature of the heart and yellow
represents non-myocardial components of the heart. OFT indicates outflow tract; IFT, inflow
tract; RV, right ventricle; lv, left ventricle; AVC, atrioventricular canal; r(l)a, right (left)
atrium; SVC, superior vena cava; SAN, sinoatrial node; AVN, atrioventricular node; abv,
atrioventricular bundle (of His); avj, atrioventricular junction; r(1)bb, right (left) bundle
branch; pvcs, peripheral ventricular conduction system. Adapted from (Christoftels et al.,
2010). B. An illustration of an action potential (AP) in a cardiomyocyte. The AP is divided

into 5 phases in which different ions pass in and out of the cell membrane.
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1.3 Cardiac muscle and its role in heart development

1.3.1 The sarcomere

Cardiac muscle is a type of striated muscle, which, unlike smooth muscle, contains cross-
striations produced by the arrangement of protein filaments. The general structure of
striated muscle is composed of muscle fibres made up of many myofibrils arranged into
thick and thin filaments. The functional unit of myofibril is called the sarcomere (Figure
1.5) which is defined between two adjacent Z discs. Thin filaments extend from these Z
discs, giving rise to I bands, which are terminated by the overlapping of thick and thin
filaments. The thick filaments extend the total length of the A bands. It is the I bands that
shorten in length during muscle contraction, while the A bands retain a constant length.
The H zone is the component of the A band where actin and myosin do not overlap. The

M line runs down the centre of the sarcomere (Gregorio and Antin, 2000).

Thick filaments (1.5pum long, 15nm in diameter) are composed of 200-300 myosin II
molecules (containing a head and tail region), whereas the thin filaments (1um long, 7nm
diameter) are composed mainly of actin molecules (G-actin) polymerised into filamentous
actin (F-actin) (Ross et al., 2003). These two structural proteins are the major components
of the contractile apparatus of heart muscle. The head domain of myosin contains an ATP
binding site which generates muscle contraction via its binding to the actin filament

(Warrick and Spudich, 1987).
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Figure 1.5 A schematic illustration of the sarcomere.

The thick filaments composed of myosin overlaps with the thin filaments (made up of a

troponin complex and tropomyosin that interact with actin) in the region called the A-band.

The area where the two filaments do not overlap is called the I-band. The thick filaments are

anchored at a central point called the M-line, while the thin filaments are attached at the Z-

disk. Titin is present along the length of the sarcomere. Taken from (England and Loughna,

2013).
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The sarcomere also contains associated proteins that function, generally, to maintain
alignment of the thick and thin filaments and to allow efficient muscle contraction. Titin
and a-actinin anchor the thick filaments to the Z-discs as well as acting as a ruler for the
alignment of the sarcomere during myofibrillogenesis (Tokuyasu and Maher, 1987).
Myosin binding protein-C also interacts with titin, as well as myosin, directly binding
these thick filament proteins together. Tropomyosin, an alpha helical coiled coil dimer that
lies in the groove of the F-actin, masks the myosin-binding site on the actin filament
(discussed in Section 1.5). The troponin complex, a tri-globular protein, binds to Ca*" to
Initiate contraction (troponin-C), anchors tropomyosin (troponin-T; discussed in Section
1.6), and binds to actin, inhibiting its interaction with myosin (Troponin-I). Tropomodulin
caps the terminal end of the thin filament, preventing further elongation or depolarisation

of proteins with the filament (Ross et al., 2003, Gregorio and Antin, 2000).

Cardiac muscle differs from skeletal muscle in that it contains intercalated discs (Ross et
al., 2003). Intercalated discs contain specialised junctions that allow communication
between adjacent cells, for example, desmosomes. They function to connect individual
cardiomyocytes together and reinforce their attachment during repetitive contractions. Gap
junctions are also present in intercalated discs and are a vital component of the conduction

system (Ross et al., 2003, Stevens and Lowe, 2005).

1.3.2 Myofibrillogenesis

Sarcomeric proteins are first detected in the cardiac field just before the heart undergoes
cranio-caudal fusion and myofibril assembly has initiated by the time the linear heart
begins beating (England and Loughna, 2013). Therefore, myofibrillogenesis is a rapid and
co-ordinated process. As any impairment of sarcomere assembly leads to potentially
detrimental effects to heart development, this process has been investigated greatly. Many
studies use the chick as an animal model for myofibrillogenesis and so the following

section will be discussed in the context of the chick.

The process of myofibrillogenesis contains three key steps including: 1) the initial
formation of premyofibrils (Figure 1.6a), 2) the assembly nascent myofibrils (Figure 1.6b),
and the development of mature myofibrils (Figure 1.6¢) (Du et al., 2008, Rhee et al.,
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1994). Initially, at the periphery of the cells, a-actinin molecules condense to initiate the
assembly of Z-body structures, the first marker of premyofibrils (Rhee et al., 1994). Actin
monomers begin to incorporate between the Z-bodies at the cell periphery forming actin
filaments and continue to do so until the myofibrils reach full maturity (Suzuki et al.,
1998). At the same time, nonmuscle myosin I[IB can be identified between the assembling
Z-bodies. Muscle myosin Il is also present in these cells, however, it remains in the

perinuclear region of the cardiomyocyte (Du et al., 2008).
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Figure 1.6 The assembly of the sarcomere.

a. Premyofibrils. Sarcomeric protein a-actinin assembles at the periphery of the cell. Actin
monomers associate with the a-actinin and assemble into Z-bodies, with nonmuscle myosin
(NMHC) scattered between them. b. Nascent myofibrils. Muscle-type myosin II isoforms
(MHC) replaces the NMHC in the Z-bodies and stabilizing proteins such as titin become
incorporated into the myofibrils. ¢. Mature myofibrils. The nascent myofibrils fuse together

forming highly organised mature myofibrils. Taken from (England and Loughna, 2013).
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Premyofibrils develop into nascent myofibrils by the incorporation of muscle myosin II
1soforms and stabilizing proteins, such as titin (Figure 1.6b). In order for the premyofibrils
to develop into nascent myofibrils, muscle myosin II must replace the nonmuscle isoform,
and distribute itself throughout the myofibril. Titin is also incorporated into the developing
myofibril at the Z-disc, thus playing its role in organising and maintaining the structures of
the sarcomere and ensuring myosin integration (Turnacioglu et al., 1997, Van Der Ven et

al., 1999).

As nascent myofibrils fuse to one another they form mature myofibrils, identifiable by
presence of structural sarcomeric proteins, and their highly organized structure of A-bands
and Z-discs (Figure 1.6¢) (Du et al., 2008). By this stage, the first cardiac contractions are

underway.

1.3.3 Sarcomeric contraction

The sarcomere acts to produce muscle contraction and force generation within striated
muscle cells. Interactions between actin filaments and the myosin head produces this
cyclic contraction, which is fueled by adenosine triphosphate (ATP) and regulated by
calcium (Ca*"). ATP binds to myosin via the ATP-binding site on the myosin head (Figure
1.7A). Here it is hydrolysed forming adenosine diphosphate (ADP) and a phosphate
(Figure 1.6Ba and b) (Eisenberg and Hill, 1985). [somerization of the myosin head results
in strong bonding of myosin to actin, and extension of the lever arm of the myosin
molecule, thus the sliding of the thick and thin filament past each other. ADP is then
released and the myosin head dissociates from the actin filament. Rebinding of ATP

completes the cycle (Figure 1.7Bd) (Brenner and Yu, 1993, Maughan, 2005).

Ca’" regulates the cycle described above by controlling the movement of tropomyosin on
the actin filament. Low levels of Ca*" in the sarcoplasm results in non-binding of Ca*" to
troponin (Tn) C, and weak bonding between TnC, Tnl and TnT within the troponin
complex, while Tnl is strongly bound to actin. This means tropomyosin is held in place
on the actin filament, blocking the myosin binding sites on the actin filament (i.e. the
blocked state) (Lehman et al., 1994). When intracellular concentrations of Ca*" increase,

Ca®" binds to TnC, resulting in a conformational change in the troponin complex. TnC
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and Tnl interactions increase, and interactions between TnT and tropomyosin, Tnl and
tropomyosin, and Tnl and actin decrease (Vibert et al., 1997). Tnl is pulled away from the
actin filament, resulting in a shift of the tropomyosin molecule, thus exposing the myosin
binding sites on the actin filament (Figure 1.7Bc). This allows the actin and myosin
interactions in a stereospecific manner (the closed state). As Ca®" concentrations increase
tropomyosin is further pushed from its original closed position and allows complete
uncovering of the myosin binding sites on the actin filament resulting in the power stroke

and generation of force and contraction (Lehrer, 1994).
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Figure 1.7 Sarcomeric proteins and their involvement in the cross bridge cycle.

A. A schematic representation of the relationship between myosin heavy chain and the actin
filament. Tropomyosin, TnC, Tnl, and TnT sit in the groove along the actin filament. The
globular head of myosin heavy chain contains an actin-binding site, an ATP pocket, and
essential light chain (ELC) and regulatory light chain (RLC) binding domains. MHC
indicates myosin heavy chain; MLC, myosin light chain; S1, subfragment-1; Tn, Troponin.
B. A simplified view of the cross-bridge cycle. a. An ATP molecule binds to the myosin head
via the ATP-binding domain. b. When bound, ATP is hydrolysed converting it to ADP and a
phosphate. This conversion allows the myosin head to extend towards the actin filament. c.
Ca”" binds to troponin C (TnC) in the troponin complex resulting in a conformational change
of the complex. This pulls the tropomyosin filament around the actin filament (as indicated
by the purple arrows) exposing myosin binding sites on the actin filament and the myosin
head can bind to actin. d. Release of the ADP and phosphate nucleotides from the myosin
head results in the extension of the head permitting the sliding of the filaments (open arrows).
ATP quickly rebinds the myosin head, causing dissociation of the myosin away from the actin

filament, and the cycle is repeated. Taken from (England and Loughna, 2013).
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1.4 Cardiovascular dysfunction

Myofibrillogenesis is an essential process in early heart development as the assembly of this
contractile structure allows for a beating tubular heart and the supply of blood to the
developing embryo. Structural proteins of the sarcomere have long been associated with
cardiomyopathies (also skeletal myopathies) and more recently with congenital heart defects
(CHD). In order to understand the potential role for these sarcomeric proteins in heart
development and disease, a brief description of cardiomyopathies and CHDs will be

discussed in the following sections.

1.4.1 Cardiomyopathies

Cardiomyopathies are a group of diseases of the heart muscle that contribute to cardiac
dysfunction, thus leading to heart failure with a high rate of morbidity and mortality and
increased risk of sudden cardiac death (Wexler et al., 2009). According to the American
Heart Association, there are five classifications of cardiomyopathy: hypertrophic
cardiomyopathy, dilated cardiomyopathy, restrictive cardiomyopathy, arrhythmogenic
right ventricular cardiomyopathy and left ventricular non-compaction (Maron et al., 2006).
These cardiomyopathies are also further subclassified into inherited and acquired diseases.
Genetic mutations in genes involved in cardiac development and muscle contraction

contribute to a large proportion of these heterogeneous conditions.

14.1.1 Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is a cardiovascular disease that is prevalent in 1 in 500
individuals in the general population (Maron et al., 2006). This frequently occurring
cardiomyopathy is regularly transmitted as a Mendelian trait (autosomal dominant i.e.
50% chance of passing on the defective gene) (Maron et al., 1995). Although symptoms
can be mild, they can vary from asymptomatic to sudden cardiac death (McKenna et al.,
1981). In the United States, undetected hypertrophic cardiomyopathy is the leading
cause of sudden cardiac death in athletes (Seidman and Seidman, 2001). The general
morphology of hypertrophic cardiomyopathy in humans is characterised by left and/or
right ventricular wall thickening with non-dilation of the ventricles (Figure 1.8B)
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(Maron et al., 2006). Pathophysiological examination of hypertrophic cardiomyopathy
reveals myocyte disorganisation, fibrosis, increased calcium sensitivity and cardiac
arrhythmias leading to sudden adult death and/or heart failure (Wieczorek et al., 2008).
Mutations in sarcomeric, Z-disc and intracellular calcium modulating genes have been
linked to hypertrophic cardiomyopathy. Recent clinical guidelines have recommended
the comprehensive screening of 5 genes: MYBPC3, MYH7, TNNI3, TNNT2 and TPM1
(genes encoding myosin binding protein C, myosin heavy chain 7, cardiac troponin I,

cardiac troponin T and tropomyosin 1, respectively) (Towbin, 2014).

Normal

Figure 1.8 Autopsy specimens of hearts showing normal, hypertrophic cardiomyopathy,
dilated cardiomyopathy and left ventricular non compaction.

The normal myocardium (A) can be remodelled due to gene mutations. This may result in
increased wall thickness (B) as with hypertrophic cardiomyopathy, thinning of the ventricular
wall and increased ventricular chamber size (C) seen in dilated cardiomyopathy, or the
remnants of trabeculations and deep recesses in the ventricular myocardium as seen in left
ventricular noncompaction (D). LA indicates left atrium; LVNC, left ventricular non-
compaction; LV, left ventricle; *, ventricular septum; arrows, ventricular wall and septal

thickness. Adapted from (Ikeda et al., 2014, Seidman and Seidman, 2001).
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14.1.2 Dilated cardiomyopathy

Dilated cardiomyopathy has a high incidence of 1 in 2,500 people and is the most
common reason for heart transplants (Maron et al., 2006). Dilated cardiomyopathy
phenotype includes dilation of one or both ventricles and decreased systolic function,
and is usually associated with congestive heart failure (Figure 1.8C) (Towbin and
Bowles, 2002, Braunwald, 2008). Dilated cardiomyopathy is associated with a range of
causes such as familial, environmental, idiopathic, or related with the progression of
other cardiovascular disease, although genetic aetiology accounts for 30-50% of dilated
cardiomyopathy cases (Fatkin, 2011). Genetic forms of dilated cardiomyopathy usually
result from mutations in genes encoding cytoskeletal and sarcomeric proteins such as

MYH7, TNNT2 and TTN (gene encoding Titin) (Cahill et al., 2013).

14.1.3 Restrictive Cardiomyopathy

Restrictive cardiomyopathy is one of the rarest of the muscle diseases of the heart
(Kushwabha et al., 1997). Restrictive cardiomyopathy presents as dilated atria, restricted
ventricular filling and reduced diastolic volume in either a single or both ventricles.
Systolic function and wall thickness is usually unaffected, although fibrosis of the
myocardium may be present. Sudden cardiac death, heart failure and life-threatening
cardiac events are commonly associated with restrictive cardiomyopathy and death
usually occurs within a few years of diagnosis (Maron et al., 2006). Genetic
contributions to restrictive cardiomyopathy are autosomal dominant inheritance and
most mutations are found in genes encoding sarcomeric and Z-disc proteins such as
TNNI3, MYH7, ACTCI (gene encoding a-cardiac actin), TNNT2 and TPM1 (Towbin,
2014).

14.14 Left ventricular non-compaction

Left ventricular non-compaction is a congenital cardiomyopathy characterized by the
presence of prominent trabeculae and deep recesses in the ventricular cavity of the
mature heart. Although called left ventricular non-compaction, trabeculae can be

present in the left, right or both ventricular chambers (Figure 1.8D) (Towbin, 2010). It

26



was originally postulated that left ventricular non-compaction resulted in the arrest of
ventricular compaction of trabeculae during embryonic development (normal
development and maturation of the ventricular chambers is described earlier in Section
1.2.5.3) (Chenard et al., 1965). However, de novo acquired left ventricular non-
compaction and noncompaction disappearance have been reported in the literature,
bringing into question the abnormal embryogenesis hypothesis (Finsterer et al., 2010,
Stollberger et al., 2007). Left ventricular non-compaction can coexist with CHDs such
as atrial and ventricular septal defects, aortic stenosis and aortic coarctation (Towbin,
2010). The prevalence of left ventricular non-compaction among the general population
is unpublished, however, in a study with children with other cardiomyopathies, 9.2%
had left ventricular non-compaction (Andrews et al., 2008). In the adult population, the
prevalence of isolated left ventricular non-compaction was 0.01-0.26% (Stollberger et
al., 2006). Mutations in Z-disc and sarcomeric genes in patients with left ventricular
non-compaction (such as ACTC1, MYBPC3, MYH7 and TNNTZ2) have been reported
(Ichida, 2009). More recently, mutations have also been found in HCN4, a gene
associated with the SAN and pacemaker activity (Milano et al., 2014).

1.4.1.5 Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy is a less common inheritable heart
disease with a prevalence of 1 in 5000, although remains the fifth most common cause
of sudden cardiac death (Thiene et al., 1988). Arrhythmogenic right ventricular
cardiomyopathy is associated with cardiomyocyte replacement with fibrofatty tissue.
This fatty deposition results in obstruction of electrical conduction, thus resulting in
arrhythmias (Basso et al., 2009). Although arrhythmogenic right ventricular
cardiomyopathy has been linked to 12 genes, none have been identified as sarcomeric

genes (Lazzarini et al., 2015).
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1.4.2 Congenital heart defects

CHDs are defined as gross anatomical abnormalies of the heart that have or have the
potential of becoming functionally significant. In humans, CHDs occur in approximately
12-14/1,000 of live births and remain the leading cause of birth defect mortality in the first
year of life (Kodo and Yamagishi, 2011, Hoffman and Kaplan, 2002). Altered cardiac
development occurring at various stages of cardiogenesis, such as heart specification,
cardiomyocyte differentiation, chamber specification and valvulogenesis, may cause
several CHDs. Inherited or sporadic mutations in transcription factor and sarcomeric genes
have been linked to CHDs. Chromosomal abnormalities are also commonly association
with CHDs (14% of patients with Trisomy 21 or Down’s syndrome) (Trevisan et al.,
2013). Environmental factors are also associated, for example prenatal exposure to
angiotensin converting enzyme inhibitors, although these factors are associated with risk

rather than establishing an underlying disease mechanism (Bruneau, 2008).

CHD are classified into three main groups depending on their outcome: 1) septal defects

including: atrial septal defects (ASD), atrioventricular septal defects (AVSD) and

ventricular septal defects (VSD); 2) left side obstruction defects: including mitral and/or

aortic stenosis and aortic coarctation; and 3) cyanotic heart disease, resulting in the mixing

of oxygenated and deoxygenated blood including: tetralogy of Fallot, pulmonary atresia,

persistent truncus arteriosus, transposition of great arteries and double outlet right

ventricle. Bicuspid aortic valve is a CHD that does not fit into any of the above categories

(Bruneau, 2008).

The principal CHDs that are underlined in the text above are clinically significant and

important in the experimental context of this thesis and are briefly described below.

14.2.1 Atrial Septal Defects

Atrial septal defects (ASDs) occur when abnormal cardiogenesis results in a
communication between the right and left atria. ASDs account for 7-10% of all CHDs
diagnosed in children and 30-33% diagnosed in adults (Kazmouz et al., 2013). The
most clinically significant ASD is the foramen secundum defect. It is the result of an

inadequately sized septum primum that does not extended to cover the foramen
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secundum entirely, or if the septum secundum fails to form fully. Foramen secundum
defects often go undetected with the individual having few or no functional limitations.
However, larger, more severe foramen secundum defects may lead to right atrial
volume overload due to left-to-right shunting of blood between atrial chambers (Briggs
et al., 2012). Furthermore, persistence of the defect, which may sporadically close after
birth, leads to increased pulmonary resistance causing increased right-sided pressure
and result in right-to-left shunting of blood. This in turn leads to decreased systemic
oxygenation, as deoxygenated blood from the right side of the heart entered the left side
(Engelfriet et al., 2007).

Patent foramen ovale, on the other hand, results in failure of the septum primum and
secundum to fuse. The foramen ovale is an important embryonic intra-atrial
communication, allowing blood to bypass the underdeveloped pulmonary system, as
gas exchange occurs at the placenta. The establishment of pulmonary gas exchange
after birth increases intra-atrial pressure pushes the septum primum in contact with the
septum secundum, where they fuse together forming a continuous atrial septum. In
approximately 25% of the population the septum primum and secundum fail to fuse
leaving the foramen ovale patent (Silva, 2014). The patency of the foramen ovale may
not result in atrial communication, if left atrial pressure exceeds that of the right atrial
chamber. However, if communication does occur due to certain conditions, the patent
foramen ovale becomes pathological, resulting in conditions such as cryptogenic stroke,

migraine with aura, and decompression illness (Sztajzel et al., 2002, Wilmshurst et al.).

Foramen primum defects are considered as AVSD, in which the septum primum and
endocardial cushions do not fuse correctly in the AV canal. Although less common than
the foramen secundum defects, foramen primum defects can be more severe. As the
septum primum fuses with the endocardial cushions, associated malformations of
foramen primum defects include the mitral (more frequent) and tricuspid valves, and
the upper portion of the ventricular septum (Blount et al., 1956, Webb and Gatzoulis,
2006).
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1.4.2.2 Ventricular septal defects

Ventricular septal defects (VSD) appear to be one of the most prevalent forms of CHD,
accounting for 25% of CHDs (Hoffman and Kaplan, 2002). VSDs occur when a
component of the ventricular septum fails to align or grow adequately, resulting in the
left to right shunting of blood and left ventricular and atrial overload (Minette and
Sahn, 2006). VSDs can be classified into groups depending on what part of the
ventricular septum is affected: muscular (or trabecular), inlet, infundibular (outlet), and

membranous septal defects (Soto et al., 1980).

Muscular defects are likely to occur when the primitive ventricular septum fails to grow
adequately. The defect is present within the muscular portion and completely
surrounded by a muscular rim (Ramaciotti et al., 1995). Inlet defects occur due to
failure of the AV cushions to fuse with each other or with the septum primum of the
atrium. This may result in abnormalities of the tricuspid and mitral valves (Soto et al.,
1980). Outlet or infundibular defects can result from misalignment or poor
development of the OFT cushions and usually the aortic and pulmonary valves are
uninterrupted (Minette and Sahn, 2006). Finally, membranous septal defects result from
failure of the membranous component of the septum to fuse with the muscular
component. True defects of the membranous septum are surrounded entirely by fibrous
tissue usually without muscular contribution and identified by a continuous fibrosis

between the tricuspid and aortic valves (Penny and Vick, 2011).

The significant impact a VSD can have depends on VSD size, pressure loads in the
right and left ventricles and pulmonary resistance (Minette and Sahn, 2006). VSD
detection can be missed at birth due to the near equal pressures between the right and
left ventricles and therefore, the lack of shunting. When pressure differences change
between the ventricular chambers, then shunting increases and the defect becomes
clinically apparent. Shunt volume is then determined by the size of the VSD (Minette
and Sahn, 2006). Spontaneous closure can occur, usually by prolapse of the right aortic
cusp in the case of outlet defect, while muscular defects can undergo spontaneous

closure as a result of muscular occlusion (Eroglu et al., 2003).
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It is important to note that VSDs are not only isolated, but can be intrinsic to more
complex malformations such as Tetralogy of Fallot, transposition of the great arteries

and aortic coarctation.

1.4.2.3 Patent Ductus Arteriosus

The ductus arteriosus is a vital structure during embryonic life, where blood can by-
pass the fetus’s lungs which are not fully functional, while blood oxygenation is
obtained from the mother. The ductus arteriosus is located between the pulmonary
trunk, ascending from the right ventricle, and the aortic arch. The ductus arteriosus
usually closes in the first 48 hours after birth forming the ligamentum arteriousum,
although persistence of up to 3 months is not considered abnormal (Cassels, 1973).
Failure of the duct to close after 3 months is considered a patent ductus arteriousus
(PDA) and has an incidence of 1:2000 babies born at full term and accounts for 10% of
CHDs (Mitchell et al., 1971). Surgical intervention would be carried out should the

PDA remain open.

14.24 Pulmonary Atresia

Pulmonary atresia (obstruction of blood flow through the pulmonary trunk) is a rare
malformation (occurring 1 in 10,000 live births) that is usually lethal (Shams et al.,
1971). Pulmonary atresia is characterized by atretic pulmonary valves, due to
hypoplastic development of the pulmonary valve and artery. It is a complex defect and
occasionally accompanied by a narrowed right ventricle resulting in obstruction of the
pulmonary circulation, VSDs or Tetralogy of Fallot. Pulmonary blood flow in
pulmonary atresia is reliant on a patent ductus arteriosus (Maroto Monedero et al.,
2001). Treatment options for this cyanotic disease include: valvotomy, shunt operation,
heart catheterization and heart-lung transplantation (Januszewska et al., 2009, Dodds et

al., 1997).
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1.4.2.5 Tetralogy of Fallot

Tetralogy of Fallot occurs in 3 out of 10,000 live births, yet accounts for 7-10% of all
CHDs (Bailliard and Anderson, 2009). Before surgical intervention, 50% of patients
with Tetralogy of Fallot die in the first few years of life, and it is unusual for a patient
to survive past 30 years (Bertranou et al., 1978). Tetralogy of Fallot presents as a
number of defects in the heart including: (i) ventricular septal defect, (i1) overriding
aorta, (ii1) right ventricular outflow obstruction, and (iv) right ventricular hypertrophy
(Becker et al., 1975). During embryonic development, misalignment of the outflow
portion of the ventricular septum or failure of the outflow cushions to muscularise
results in the ventricular septal defects. This misalignment of the muscular septum
results in displacement and thus the root of the aorta overrides the muscular septum.
Blood shunts from right to left, and deoxygenated blood becomes mixed with
oxygenated system blood. Volume overload going to the aorta leads to dilation of the
aortic root in adults. The displacement of the aortic root narrows the outflow region to
the pulmonary trunk. This in turn can lead to narrowing of the pulmonary trunk and
arteries as well as hypoplasia of the pulmonary valves. The associated hypertrophy is
associated with the hemodynamic alterations caused by the defects (Bailliard and

Anderson, 2009).

1.4.3 Sarcomeric proteins associated with cardiac dysfunction

Mutations in sarcomeric proteins have been associated with cardiomyopathies, while more
recently, a subset of these proteins have been associated with CHDs. Studies into dilated
and hypertrophic cardiomyopathies have revealed that sarcomeric mutations lead to
dysfunction, including changes in Ca®" sensitivity, changes in sarcomeric tension, and
alterations in post-translational modifications of proteins, such as phosphorylation (Frazier
et al., 2011). Transcription factors such as 7BX5 (Basson et al., 1999), NKX2.5 (Schott et
al., 1998), TBX20 (Kirk et al., 2007) and GATA4 (Garg et al., 2003) were more commonly
associated with CHDs, although in recent years sarcomeric proteins have been elucidated

as candidates for CHDs. However, it is not yet known how mutations in structural proteins

32



can lead to CHD, but some alteration in haemodynamics may play a crucial role during

embryonic development (Granados-Riveron and Brook, 2012).

Mutations in MYH6 (encoding o myosin heavy chain or aMHC) were the first to be
associated with CHDs in 2005 (Ching et al., 2005), and found in patients with ASDs (see
Table 1.2 for summary of sarcomeric proteins associated with CHDs). Yet, relatively few
mutations in MYH6 have been linked to cardiomyopathies (Niimura et al., 2002, Carniel et
al., 2005). Since then, numerous missense, splice site and nonsense mutations have been
discovered in MYH6 causing a variety of CHDs, such as patent truncus arteriosus, patent
foramen ovale, tricuspid atresia and VSD (England and Loughna, 2013). Knockdown of
aMHC in the chick showed that atria septation was compromised, although atrial chamber

formation was unaffected (Ching et al., 2005, Rutland et al., 2009).

Numerous mutations have been reported in MYH7 (encoding BMHC) associated with
cardiomyopathies (Walsh et al., 2010), and in more recent years CHDs (Table 1.2). A
family with left ventricular non-compaction carried a mutation in MYH?7, and 4 members
were also afflicted with ASD and Epstein’s anomaly (malformed tricuspid valve) (Budde
et al., 2007). Interestingly, knockdown of BMHC in the chick showed a structurally normal
developed heart, although the hearts appeared enlarged and displayed abnormal calcium

transients in atrial and ventricular cells (Rutland et al., 2011).

Mutations associated with MYBPC3 and ACTC1 have also been identified in CHDs. Both
genes were linked to ASDs and VSDs that were either isolated or in patients with left
ventricular non-compaction or hypertrophic cardiomyopathy (Wessels et al., 2015,

Matsson et al., 2008).

33



*$199J3P 1.1B3Y [BITUISUOD YIIM PIIBIIOSSE SUI0.Ad JLIdWI0IABS JRIPIR) JO AIBWWNS YV ['[ d[qB], <

on

[°pP0CCId
dSA pue A[ewoue ura)sqg d06€T
(€107 “T® 30 1[oumIeg) o[eAO uoweIo] Judjed pue AJewIOUE UIASq]
asyv dE8CA
wnpund3s pue ersejdodAy A191re Areuownd ‘Afewioue uraisqyq MELSTA
ASA snoueiquowod pue A[ewoue uId)sqy
SAJBA AST6IN
onJoe pirdsnolq ‘elloe oY) JO UOIBIOIBOD A[BWOUR UId)SQY
(1107 “T® 10 BUYSO{) ASA snoueiquowLiod {SV WNPUNIIS pue A[BWOUR UId)SqH AS]TA
(00T “Te 30 BuIyD) asv NOZSI
asyv SY001V
asyv dersA
asyv d6ESO
(1102 “Te 312 Y2soq) dsV ‘dSAV HLTY
SNSOLIdYE ShouniJ, D<VT-LESAI
BARD BUOA JOLIOJUI PAJR[IP put JSA ‘SV WNpUnoos 0OS981 Y
dSV wnpunadsg asvviv
BISOUAYSIp [e1dos
‘o[eA0 udwelo] Juojed OIpLI O131I0BQNS ‘SISOUD)S A[BA OO a99siv
asyv SOTITY
o[eAo usweloj Juajed INOOLA
opouaA y3u onsejdodAy ‘S A ‘ersone prdsnorr], doi1S10sd
o[eAo uswelo] Judjed ‘sor1oye JeaI3 Jo uonisodsuel], OZSZH



1.5 Tropomyosin

Tropomyosins (TPM) are a diverse group of proteins with distinct isoforms found in muscle
and non-muscle cells (Gunning et al., 2005). Four TPM genes have been identified in
vertebrates (excluding zebrafish which has 6 TPM genes): TPM1, TPM2, TPM3, and TPM4.
Of these four genes, over 40 isoforms are expressed by alternating promoter regions or RNA
processing and are highly conserved (Perry, 2001, Lees-Miller and Helfman, 1991). TPM

gene organisation varies from species to species and is discussed below in relation to 7PM1.

1.5.1 TPM1 Structure and Function

TPM1 is a parallel double-stranded a-helical coiled-coil that is composed of 284 amino
acid residues. It binds to the long grooves of the helical filaments of actin, and is crucial in
regulating and stabilising actin functions. It is also associated with the troponins in a
contractile role in response to Ca>” in striated muscle (discussed in section 1.2.3). The N-
terminus and C-terminus of tropomyosin required for high actin affinity are encoded by
alternative exons (exon 2a/b and 9a/b). Both the general features of an a-helical coiled-coil
structure and the special features of the TPM1 molecule give TPM1 its regulatory role in
muscle contraction. The amino acid sequence of the molecule contains a number of
features (Figure 1.9). Firstly, it has a so-called short range repeat made up of 40
continuous seven-residue repeats labelled a-b-c-d-e-f-g (known as heptads). The a and d
residues are apolar resulting in them interlocking with one another by the winding of the
a-helices around one another, thus producing the coiled-coil structure (Crick, 1953). In
addition, the e and g residues on chains are joined by salt links that increase stability of the
coiled-coil and favours the parallel arrangement of the two-chained molecule (Parry, 1975,
Cohen and Parry, 1990). Residues at the b, ¢, and f'position are present on the surface and
are, therefore, available for binding of other molecules. Secondly, there are the long range
repeats/periods composed of 7 alternating charged and apolar surface side chains that
correspond the actin-binding sites, depending on which state of contraction is active

(Phillips et al., 1986).

TPM1 molecules bond head-to-tail with short overlaps of about nine-eleven residues. This

forms a long, unbroken filament that wraps around the actin filament, where each TPM1
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molecule spans seven actin monomers (Phillips et al., 1986, Palm et al., 2003). This
joining allows for cooperative interactions along the actin filament. Troponin-T binds to
TPM1 at the C-terminus, encoded by exon 9a, and spans the overlapping site of two TPM1
molecules, thus strengthening this head-to-tail joint (Hill et al., 1992). The amino acid
sequence for TPM1 also contains a repeat of core alanine residues that generate seven
bends in the molecule’s axis (Brown et al., 2001). This promotes winding of the molecule

around the actin filament.

In cardiac muscle, TPM functions to regulate the interaction of actin and myosin in
response to Ca”" (Ebashi et al., 1969). Under resting intracellular Ca>" concentrations,
TPM interacts with troponins to inhibit ATPase activity of the actin and myosin. After
Ca’" release in a muscle cell (from the sarcoplasmic reticulum) triggered by an action
potential, Ca® binds to troponin-C, inducing conformational changes between the TPM-
troponin complex. This induces ATPase activity, allowing actin and myosin binding,
resulting in contraction (Gordon et al., 2001). Unlike in striated muscle, the biological
function of TPMs in smooth muscle and non-muscle cells is poorly understood, as these
cells do not contain the troponin complex. These variations of TPM between different
tissues may account for the large number of isoforms which are structurally and

functionally different from each other (Lees-Miller and Helfman, 1991).
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Figure 1.9 Comparison of human, mouse and chicken TPM1 protein sequence.
The human TPM1a and TPM 1k protein sequences (TPM1a: NP_001018005.1, TPM1x:
AY640414.1) are compared to the mouse (TPM1a: NM 024427.4, TPM1x:
NP _001157721.1) and chicken (TPM1a: AY150210.1, TPM1x: NP_990732) with various

structural domains indicated on the human sequence (Brown et al., 2001). The sequences

were aligned in ClustalW2 (Larkin et al., 2007). TPM1 is highly conserved within the 3
species, although with slightly more variation in exon 2a corresponding to the TPM 1«
isoform. The amino-acid residues have 40 continuous seven-residue repeats (a-b-c-d-e-f-g;
highlighted in grey), the heptad repeats. The a-zones are the actin-binding regions are

outlined (underlined). TPM1 molecules join in a head-to-tail fashion so that the first and last
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11 residues overlap with adjacent molecules (rounded brackets). The Troponin-T binding
sites are highlighted yellow (Hitchcock-DeGregori et al., 2002). The Tropomodulin binding
site is located at the N-terminus (highlighted in green) (Sung and Lin, 1994, Kostyukova et
al., 2001). The 7 core alanine groups are responsible for generating seven bends in the axis of
the TPM1 molecule so that is wraps around actin (green triangles). The negatively charged a-

zones correspond to the actin-binding regions (red circles) (Brown et al., 2001).
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1.5.2 TPMI expression in the developing heart

In human (Homo sapiens), TPM1 (chromosome 15) contains 15 exons, 5 of which are
expressed in all isoforms. For these isoforms, alternative splice sites are found at exons
2a/2b, 6a/6b, and 9a, 9b, 9¢ and 9d. Two isoforms of 7PM1 have been shown to be
predominantly expressed in the developing, neonatal and adult human heart. These
1soforms are TPM 1o and TPMIx, and differ in that TPM1a contains exon 2b (an exon
associated with striated muscle isoforms), whereas 7PM Ik contains exon 2a (an exon
associated with smooth muscle isoforms) (Denz et al., 2004, Zajdel et al., 2003). Recent
studies have shown that mRNA levels of both TPM 1o and TPM Ik are expressed in equal
amount and are present in the 6 week old human fetal heart. Expression of 7PM1 increases
3-fold in the adult heart (Rajan et al., 2010). TPM2a is expressed at equivalent levels in
both the fetal and adult heart. Interestingly, protein levels in the adult heart revealed that
~92% of the total TPM was TPM1a, with the remainder being TPM 1k and TPM2a (Rajan
et al., 2010).

TPM?2 (chromosome 9) encodes various isoforms from alternative splicing of 11 exons.
These include the skeletal muscle isoform (7PM?2a), which is also found to be expressed
in the heart (Gunning et al., 2005). No cardiac muscle isoforms have been identified in the
human heart for TPM3 and TPM4, however they do play an important role in embryonic
stem cells in early embryogenesis and in fibroblasts, respectively (Gunning et al., 2005,

Hook et al., 2004).

In the developing mouse (Mus muscularis) heart, Tpmlo and Tpm?2 are expressed (5:1
ratio, respectively), while Tpmla is expressed mainly expressed in the adult murine heart
(60:1 ratio) (Muthuchamy et al., 1993). TPM Ik has been detected in the adult mouse heart
but at lower levels than TPM1a (Dube et al., 2014).

TPM]1 expression has also been shown in the developing chicken (Gallus gallus) heart.
TPM]Ia and x are expressed as early as stage HH12 and up to day 15 in development.
However, in the adult avian heart, both TPM1 isoforms are absent (Zajdel et al., 2003,
Wang et al., 2008). Instead a striated muscle isoform of TPM4, TPM4a., is the only
1soform to be expressed (Fleenor et al., 1992). TPM4 encodes 3 distinct isoforms by

alternative splicing of 11 exons in avians. These tissue specific isoforms include the
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cardiac muscle isoform (7PM4a), the cytoskeletal isoform and the smooth muscle isoform
(Fleenor et al., 1992, Forry-Schaudies et al., 1990). This expression is not evident in
human or other mammals. Nevertheless, because TPM1 is expressed in the developing
chicken heart, it provides a good animal model for studying the role of TPM1 in cardiac

development.

The axolotl heart (Ambystoma mexicanum) also expressed the Tpm4a transcripts, as well

as Tpmlo and Tpm Ik, in both the developing and adult heart (Zajdel et al., 2013).
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Figure 1.10 An illustration of the multiple genes and isoforms of tropomyosin.

There are four tropomyosin genes, three of which are illustrated above. TPM1 gives rise to 10
isoforms, 2 of which are expressed in cardiomyocytes, TPM1a and TPM1x. TPM2¢ is known
to be expressed in the human and mouse heart. The TPM4 gene has one isoform, 7PM4a,

which is expressed in the chick and axolotl heart.

41



1.5.3 TPMI and cardiac dysfunction

TPM1 has long been associated with cardiomyopathies (Braunwald, 2008). 35 amino acid
substitutions have been found associated with TPM1 and cardiomyopathies. 18 mutations
have been found in hypertrophic cardiomyopathy patients (Karibe et al., 2001, Thierfelder
et al., 1994, Chang et al., 2005, Yamauchi-Takihara et al., 1996, Otsuka et al., 2012, Frisso
et al., 2009, Van Driest et al., 2003, Regitz-Zagrosek et al., 2000, Morita et al., 2008,
Fokstuen et al., 2011, Olivotto et al., 2008), 12 in dilated cardiomyopathy (Hershberger et
al., 2010, Olson et al., 2001, Lakdawala et al., 2010, van de Meerakker et al., 2013,
Lakdawala et al., 2012), six in left ventricular non-compaction (Chang et al., 2011,
Hoedemacekers et al., 2010, Probst et al., 2011) and one associated with restrictive
cardiomyopathy (Caleshu et al., 2011). A summary of mutations can be seen in Table 1.3.
To date TPM1 has not been linked to CHDs, although much evidence suggests a critical

role for TPM1 in cardiogenesis.

The utilisation of the transgenic mouse as a model to study the developing heart has been
used to elucidate the role for TPM. The Tpm 1 heterozygous (+/-) knockout mouse was
first described in 1997 by Rethinasamy et al. (Rethinasamy et al., 1997). A 50% reduction
of Tpml mRNA was achieved. However, at the protein level there was no change in Tpm1
expression, and no transcriptional upregulation of other TPM transcripts was seen. The
authors suggested that the normal protein levels were maintained through increased
translatability of Tpm/ transcripts. Nonetheless, the +/- mice appeared normal, with no
abnormal cardiac morphology and lived a full lifespan (Rethinasamy et al., 1997).
Conversely, mating of the heterozygous litters to produce homozygous (-/-) knockouts
resulted in non-viable offspring that died in utero between embryonic day E8 to 11.5
(Rethinasamy et al., 1997). Upon further analysis of these embryos at E9.5, it was found
that the hearts were non-beating and had an abnormally thin ventricular wall with reduced
trabeculae. In addition, myofibrils did not form in the cardiomyocytes with aberrant F-

actin filaments dispersed.

TPMs have also been acknowledged for their role in myofibrillogenesis. In the axolotl

cardiac (c) mutant heart, the hearts do not beat, TPMs are greatly reduced and the
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cardiomyocytes lack sarcomeric myofibrils (Moore and Lemanski, 1982, Starr et al.,
1989). The lack of myofibrils was rescued by the delivery of murine 7pm I cDNA to stage
36-39 mutant hearts (equivalent to HH11-12 in the chick heart) (Rugh, 1962) and the heart

beat resumed in over half of these mutants (Zajdel et al., 1998).
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Cardiomyopathy | Amino acid location reference
Hypertrophic VO5SA (Karibe et al., 2001)
cardiomyopathy DI175N (Thierfelder et al., 1994)
E180G (Thierfelder et al., 1994)
E180V (Regitz-Zagrosek et al., 2000)
E62Q (Jongbloed et al., 2003)
L185R (Van Driest et al., 2003)
A63V (Yamauchi-Takihara et al., 1996)
K70T (Yamauchi-Takihara et al., 1996)
R21H (Fokstuen et al., 2011)
A22T (Otsuka et al., 2012)
A107T (Otsuka et al., 2012)
M281T (Van Driest et al., 2003)
D58H (Frisso et al., 2009)
1172T (Van Driest et al., 2003)
E192K (Morita et al., 2008)
S215L (Morita et al., 2008)
1284V (Olivotto et al., 2008)
D230N (Lakdawala et al., 2010)
Dilated K15N (Hershberger et al., 2010)
cardiomyopathy E23Q (Hershberger et al., 2010)
S16l (Hershberger et al., 2010)
192T (Hershberger et al., 2010)
A239T (Hershberger et al., 2010)
A277V (Hershberger et al., 2010)
E40K (Olson et al., 2001)
E54K (Olson et al., 2001)
D230N (Lakdawala et al., 2012)
MSR (Lakdawala et al., 2012)
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D84N

(van de Meerakker et al., 2013)

A211G (Lakdawala et al., 2012)
Left ventricular K37E (Chang et al., 2011)
non-compaction R160H (Hoedemaekers et al., 2010)
K248E (Probst et al., 2011)

c.241-12 241-11delinsTG

(Hoedemacekers et al., 2010)

D84N

(van de Meerakker et al., 2013)

E192K

(Probst et al., 2011)

Restrictive
cardiomyopathy

N279H

(Caleshu et al., 2011)

Table 1.3 A summary of 7PM1 mutations found in patients with cardiomyopathies.
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1.6 Troponin T

The troponin complex, a multipart protein found in the thin filament, is made up of three
components: troponins (Tn) C, I and T (Greaser and Gergely, 1971). TnC, as discussed in
section 1.2.1, binds Ca®" during muscle contraction, Tnl is an inhibitory component of
contraction and TnT is the TPM binding component (England and Loughna, 2013). Of the
TnTs, three TNNT genes exist in the human, slow skeletal TNNT (TNNTI), cardiac TNNT

(TNNT2) and fast skeletal TNNT (TNNT3). In addition, alternative RNA splicing adds another

dimension of generating multiple isoforms of 7TNNT.

1.6.1 TnT Structure and Function

The role of TnT is to bind the troponin complex to TPM and actin, therefore acting as the
glue, holding the thin filaments in contact. TnT is a 30-35-kDa protein that ranges from
223 to 305 amino acids in length due to varying isoforms. It is a comma in shape, located
in the groove of the actin filament extending along it (Ohtsuki and Nagano, 1982). The N-
terminal region of the protein varies in size between different isoforms and the first 1-59
amino acid residues of the N-terminus are enriched with negatively charged residues
glutamine and aspartate (Figure 1.10) (Jin et al., 2008). Conversely, the C-terminus and
middle portion of the protein are highly conserved and enriched with positively charged
residues (Jin et al., 2008). There are two TPM binding domains, one of which is present at
the N-terminus (known as T1 fragment) within residues 98-138 (Jin and Chong, 2010).
The T1-subfragment is thought to bind to the C-terminus of the TPM in the region where
TPM overlaps head to tail to form a continuous TPM filament (Pearlstone and Smillie,
1982). Residues 183-200 act as a flexible linker between the T1-fragment and the C-
terminus (Takeda et al., 2003). The C-terminus of TnT is composed of a-helical rings at
residues 204-220 (H1 which interacts with Tnl) and 227-271 (H2 which interacts with
TnC) (Takeda et al., 2003, Stefancsik et al., 1998). A second TPM binding domain (T2) is
located closes to the C-terminus but controversy remains as to where it is located (either at
residues 197-239 or the last 16 residues of the TnT sequence) (Pearlstone and Smillie,

1983, Jin and Chong, 2010, Morris and Lehrer, 1984, Franklin et al., 2012).
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Homo_sapien MSDIEEVVEEYEEEEQEEAAVEEEEDWREDEDEQEEA--AEEDAEAEAETEETRAEEDEE 58
Mus_musculus MSDAEEVVEEYEEEQEEEDWSEEEEDEQEEAVEEEEAGGAEPEPEGEAETEEANVEEVGP 60
Gallus_gallus MSDSEEVVEEYEQEQEEEYVEEEEEEWLEEDDGQEDQVDEEEEETEETTAEEQEDETKAP 60
* %%k ******** * ** **** *: : : : *: ** . *
Homo_sapien EEEAK-EAEDGPME-ESKPKP-RSFMPNLVPPKIPDGERVDFDDIHRKRMEKDLNELQAL 115
Mus_musculus DEEAK-DAEEGPVE-DTKPKPSRLFMPNLVPPKIPDGERVDFDDIHRKRVEKDLNELQTL 118
Gallus_gallus GEGGEGDREQEPGEGESKPKP KPFMPNLVPPKIPDGERLDFDDIHRKRMEKDLNELQAL 119
H *: * % T - kkkk : *************** ********* ******** *
Homo_sapien IEAHFENRKKEEEELVSLKDRIERRRAERAEQQRIRNEREKERQNRLAEERARREEEENR 175
Mus_musculus IEAHFENRKKEEEELISLKDRIEKRRAERAEQQRIRNEREKERQNRLAEERARREEEENR 178
Gallus_gallus IEAHFESRKKEEEELISLKDRIEQRRAERAEQQRIRSEREKERQARMAEERARKEEEEAR 179
******.********:*******:************.******* *:******:**** *
Homo_sapien RKAEDEARKKKALSNMMHFGGYIQK---TERKSGKRQTEREKKKKILAERRKVLAIDHLN 232
Mus_musculus RKAEDEARKKKALSNMMHFGGYIQKQAQTERKSGKRQTEREKKKKILAERRKALAIDHLN 238
Gallus_gallus KKAEKEARKKKAFSNMLHFGGYMQK---SEKKGGKKQTEREKKKKILSERRKPLNIDHLS 236
:***'*******:***:*****:** :*:*.**:***********:**** * ****_
Homo_sapien EDQLREKAKELWQSIYNLEAEKFDLQEKFKQQKYEINVLRNRINDNQKVS---KTRGKAK 289
Mus_musculus EDQLREKAKELWQSIHNLEAEKFDLQEKFKQQKYEINVLRNRINDNQKVS---KTRGKAK 295
Gallus_gallus EDKLRDKAKELWQTIRDLEAEKFDLQEKFKRQKYEINVLRNRVSDHQKVKGSKAARGKTM 296
**:**:*******:* :*************:***********:.*:***. :***:
Homo_sapien VTGRWK 295
Mus_musculus VTGRWK 301
Gallus_gallus VGGRWK 302
* kkkk

Figure 1.11 Comparison of human, mouse and chicken cTnT protein sequence.

The human c¢TnT protein sequence (NM_000364) was compared to the mouse (AB052890)
and chicken (M10013) with various structural domains indicated on the human sequence. The
sequences were aligned in Clustal W2 (Larkin et al., 2007, Goujon et al., 2010). ¢cTnT is
highly conserved within the 3 species, although with slightly more variation at the N-terminal
end of the protein. The T1 domain, that binds the tail of tropomyosin is found at residues 98-
136, while the T2 domain binding is thought to exist at the last 16 residues of the cTnT
protein (highlighted grey) (Jin and Chong, 2010, Franklin et al., 2012). Underlined is a
region known as the flexible linker of cTnT (Manning et al., 2011). The a-helical H1 and H2
domains are found in the C-terminus portion of the protein are are thought to interact with

Tnl and TnC, respectively (highlighted yellow) (Takeda et al., 2003, Stefancsik et al., 1998).
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1.6.2 TNNT?2 expression in the developing heart

The human TNNT?2 gene, which encodes cardiac TnT protein (¢TnT) is located on
chromosome 1 and contains 17 exons, some of which can be alternatively spliced, leading
to the creation of 4 different isoforms (¢TnT;, cTnT,, cTnT; and ¢TnT4). The differential
splicing for some TNNT2 exons is developmentally regulated, where cTnT isoforms 1, 2
and 4 are expressed in the human fetal heart, while isoform 3 is predominantly expressed
in the adult heart (Anderson et al., 1991). Thus, some isoforms are present only in specific

stages of development.

Expression of 7nnt2 in the mouse is detected at ED7.5 in the cardiogenic field of the
lateral plate mesoderm (Wang et al., 2001). As the heart tube forms, Tnnt2 is expressed
and restricted to the myocardium until ED16.5 (the latest embryonic stage investigated).
Four isoforms of ¢Tnt (cTnt;4) are expressed in the developing mouse heart by the
alternate splicing of exons 2, 3a, 4 and 12 (Jin et al., 1996). cTnt; and cTnt, are initially
expressed, however, a switch occurs at ED13.5, and ¢Tnts (and some c¢Tnt;3) is expressed

and persists in the neonatal and adult heart (Siedner et al., 2003).

Using whole mount in situ hybridisation, mRNA transcripts of TNN72 isoforms were first
detected in the chick at HH4 in the region of the primitive streak (Antin et al., 2002).
Expression of TNNT2 was then observed in the pre-cardiac fields at HH5-6. By HHO,
when cardiomyocyte differentiation is underway, TNNT2 expression was present in the
region of the heart tube and expression becomes restricted to the myocardium at HH12.
However, when whole embryo homogenates (from stages HH4 to HH12) were analysed
for cTnT protein expression by western blot, cTnT was not detected until HHO at the onset
of cardiomyocyte differentiation (Antin et al., 2002). As with the human and mouse, there
is also an isoformal shift of TNN72 in the chick. Using 2D SDS-PAGE, the high molecular
weight isoform of ¢TnT is expressed in the HH30-45 heart (day 7 to day 19 in the
embryo) (Yonemura et al., 2002). However, in the neonatal and adult chick heart, the low

molecular weight isoform of ¢TnT is predominantly expressed (Yonemura et al., 2002).
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1.6.3 Troponin and cardiac dysfunction

In heart undergoing heart failure, the fetal isoforms (cTnt; and c¢Tnt,) are re-expressed at
the mRNA and protein level (Anderson et al., 1995, Solaro et al., 1993). It has been
suggested that this alternate splicing is important because different ¢cTnT isoforms respond
differently to cytosolic Ca®" concentrations within the cell, and thus force development in
the sarcomere (Gomes et al., 2002). They may also play a role in the inhibitory activity of
the troponin complex in the absence of Ca** (Gomes et al., 2002). These data suggest not

just a structural role for ¢TnT, but also a functional one.

Mutations in TNNT are said to be responsible for some cardiomyopathies in human.
Although mutations of TNNT2 commonly result in mild hypertrophy, they can cause
sudden cardiac death (Watkins et al., 1995). Currently, over 90 mutations have been
identified in troponin subunits associated with hypertrophic cardiomyopathy, dilated
cardiomyopathy, left ventricular non-compaction and restrictive cardiomyopathy
(Murakami et al., 2010, Parvatiyar et al., 2012), with over 50 of those found in the TNNT2
gene. Mutations associated with hypertrophic cardiomyopathy and restrictive
cardiomyopathy generally lead to increased Ca®" sensitivity in the thin filament, while the
mutations associated with dilated cardiomyopathy mainly decrease the Ca*" sensitivity of
the filament (Murakami et al., 2010). See Table 1.4 for a list of TNNT2 mutations that play

a role in cardiomyopathy.
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Cardiomyopathy | Mutation Reference
Hypertrophic A27V (Rani et al., 2008)
cardiomyopathy | A28V (Curila et al., 2009)
K66Q (Olivotto et al., 2008)
S69F (Varnava et al., 2001)
F70L (Richard et al., 2003)
P77L (Varnava et al., 2001)
179N (Thierfelder et al., 1994, Watkins et al., 1995)
V85L (Konno et al., 2004)
D86A (Van Driest et al., 2003)
F87L (Gimeno et al., 2009)
190M (Xu et al., 2008)
RO2W (Varnava et al., 2001, Van Driest et al., 2003,
Moolman et al., 1997)
R92Q (Thierfelder et al., 1994, Watkins et al., 1995, Marian
etal., 1997)
R92L (Varnava et al., 2001)
R94C (D'Cruz et al., 2000)
R94H (Ho et al., 2009)
R94L (Varnava et al., 2001, Varnava et al., 1999)
K97K (Gimeno et al., 2009)
R102L (Forissier et al., 1996, Richard et al., 2003)
A104V (Nakajima-Taniguchi et al., 1997)
F1101 (Watkins et al., 1995)
F110V (Richard et al., 2003)
F110L (Olivotto et al., 2008, Torricelli et al., 2003)
P120V (Richard et al., 2003)
K124N (An et al., 2004)
R130C (Torricelli et al., 2003)
AE160 (Watkins et al., 1995, Richard et al., 2003, Torricelli et
al., 2003)
E163K (Watkins et al., 1995)
E244D (Watkins et al., 1995, Hershberger et al., 2008)
N262S (Ho et al., 2009)
D2711 (Gimeno et al., 2009, Richard et al., 2003, Brito et al.,
2012)
K273E (Konno et al., 2004)
R278C (Gimeno et al., 2009, Ho et al., 2009, Torricelli et al.,

2003, Erdmann et al., 2003)
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R278P (Erdmann et al., 2003, Miliou et al., 2005)
R286H (Van Driest et al., 2003)
W287ter (Richard et al., 2003, Brito et al., 2012)
R293C (Richard et al., 2003)
W294ter http://www.ncbi.nlm.nih.gov/clinvar/variation/177636/
IVS15+1G>A | (Varnava et al., 2001)
Dilated E96K (Zeller et al., 2006)
cardiomyopathy | R131W (Mogensen et al., 2004)
R134G (Hershberger et al., 2008)
R139H (Morales et al., 2010)
R141W (Lietal., 2001)
R141Q (Rani et al., 2008)
R144W (Rani et al., 2014)
R151C (Hershberger et al., 2008)
R159Q (Hershberger et al., 2008)
R205W (Hershberger et al., 2008)
R205L (Mogensen et al., 2004)
AK210 (Daehmlow et al., 2002, Kamisago et al., 2000)
D270N (Mogensen et al., 2004)
Restrictive AE96 (Peddy et al., 2006)
cardiomyopathy | E136K (Kaski et al., 2008)
Left ventricular | R131W (Klaassen et al., 2008)

non-compaction

Table 1.4 A summary of TNNT2 mutations found in patients with cardiomyopathies.
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In the mouse, Tnnt2 was ablated using homologous recombination gene targeting. The
heterozygous mouse (7nnt2"") showed a mild decrease in 7nnt2 mRNA, with no decrease
in cTnt protein. A normal cardiac phenotype was also observed (Ahmad et al., 2008). The
homozygous knockout mouse (7nnt2”") was not viable beyond ED 10.5. The study showed
although cardiac looping occurred normally, there was no contractile activity in the heart,
the ventricular myocardium was thin and the cardiomyocytes lacked sarcomeric
organisation (Ahmad et al., 2008). In another model of gene knockout of 7nnt2 using
homologous recombination gene targeting, the heterozygous Tnnt2”” mouse had a normal
cardiac structure and function; normal life-span; although there was a moderate decrease
in the amount of ¢cTnt protein expressed. However this decrease was not statistically
significant (Nishii et al., 2008). The Tnnt2” mouse also lacked a heartbeat and were
embryonic lethal at ED10 and the heart appeared enlarged (Nishii et al., 2008). However,
with this model there was defective looping of the heart. Internally, the endocardial
cushions also failed to develop. At the ultrastructural level, myofibril disassembly was
evident and likely caused by the lack of a heartbeat. Thin filament proteins (such as a-
actinin, actin and TPM) were colocalised into Z disc like structures, indicating no role for
cTnt in the formation of the thin filament (Nishii et al., 2008). However, the thin filament
proteins failed to form sarcomeric structures with the thick filament (Nishii et al., 2008).
Knockout animals are usually developed to evaluate phenotypic similarities to the human
disease. However, homozygous knockout, as described above, can result in severe cardiac
dysfunction resulting in lethality. In addition, heterozygous knockout models results in a
50% reduction of the targeted gene, rarely resulting in impaired cardiac dysfunction (Delic
et al., 2008). Therefore, other methods of gene manipulation, such as antisense
oligonucleotides (discussed in Section 1.8), should be investigated, rather than relying on

knockout methods alone to investigate the role of genes during cardiac development.

Transgenic mice expressing low levels (<10%) of the R92Q mutation, which causes
hypertrophic cardiomyopathy in human’s, results in induced cardiac myocyte disarray,
increased myocardial interstitial collagen content, and diastolic dysfunction (Tardiff et al.,
1999). These phenotypes observed were almost identical to that seen in humans with the
mutation (Maron et al., 1979), although the hypertrophic cardiomyopathy phenotype was

absent. At higher levels of expression (30-92%), the hearts were significantly smaller, and
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cellular disarray and fibrosis was evident compared to their control counterparts (Tardiff et
al., 1999). They also demonstrate enhanced systolic function in the presence of diastolic
dysfunction, resulting in hypercontractility of the heart, a common finding in patients with
hypertrophic cardiomyopathy (Maron et al., 1979). Although no myofibril disarray was
observed, sarcomeric shortening was apparent. In addition, alterations in mitochondrial
morphology and increased mitochondrial numbers were seen (Tardiff et al., 1999).
Transgenic mice expressing <10% of truncated 7nnt¢2 at the C-terminus also display a
small heart phenotype with diastolic dysfunction, however, the mice die within a few

hours of birth (Tardiff et al., 1998).

A knockin mouse model of a dilated cardiomyopathy causing mutation, deletion mutation
AK210, was used to determine the cause of pathogenesis in human (Du et al., 2007). The
phenotype presents as early onset dilation of the ventricle with a high incidence of sudden
cardiac death (Mogensen et al., 2004, Kamisago et al., 2000, Hanson et al., 2002). In this
model, the mice developed enlarged hearts and heart failure with a high incidence of
premature sudden cardiac death, just like the phenotype from human patients. In addition,
there was a decrease in myofilament Ca®" sensitivity of force generation, with no change
in maximum force generation capability because of the increase in peak amplitude of Ca®"

transient in cardiomyocytes (Du et al., 2007).

A role for Tnnt in the Mexican axolotl (Ambystoma mexicanum; salamander) has also been
investigated. The axolotl carries a recessive mutation in gene ¢, and in its homozygous
recessive condition results in abnormal cardiac development (Humphrey, 1972).
Phenotypically, these recessive mutant hearts fail to beat due to disorganised myofibrils
and do not survive beyond stage 42 (20 days) (Fransen and Lemanski, 1989). TPM and
TnT protein expression were dramatically decreased in the mutant hearts (Erginel-
Unaltuna et al., 1995), as well as decreased total RNA levels compared to normal hearts

due to aberrant splicing (Sferrazza et al., 2007).

Tnnt2 morpholino treatment in the Zebrafish did not affect the formation of Z-bodies, the
initial structure for myofibrillogenesis, however, the Z-bodies never assembled further into

pre-myofibrils (Huang et al., 2009).
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The animal models discussed above have elucidated the importance of TNNT2 in both the
structure and function of the developing heart. However, the importance of TNNT2 in the
developing chick heart has not been investigated and may reveal some important aspects
in relation to its role in the heart at very early stages of development and the important
processes that are occurring, such as atrial septation, trabeculation of the ventricular

chamber and myofibrillogenesis.

1.7 Chick as an animal model for cardiac development

In this thesis, embryonic domestic fowl (Gallus gallus) was used as an animal model. The
embryonic chick holds the longest record in history as an experimental model for studying
developmental biology (Table 1.5). Dating back to the ancient Egyptians, they have been
used to observe the progression of embryonic development after different lengths of
incubation. Hippocrates’s and Aristotle’s work on embryonic morphology (300BC) has been
referred to up until the 19" century (Needham, 1959).

These animals have many advantages for their use. Firstly, they are cheap and readily
available all year round. In addition, many eggs can be incubated together so that they are all
the same stage at the same time and are still part of the same experimental group. Secondly,
chick development is well documented throughout the literature. Therefore, if a specific stage
of development is required it can easily be obtained in the lab (Hamburger and Hamilton,
1951). The extrauterine development of the chick allows for easy access to the embryo for in
ovo manipulation rather than in vivo. Thirdly, with the development of approaches such as
spatial and temporal gain and loss-of-function techniques (such as siRNAs and morpholinos)
the chick can be genetically manipulated in ovo. For example, if a knockdown is being
carried out using a morpholino, then the morpholino can be applied on top of the chick
embryo once it has been exposed, with reasonable knowledge of the concentration being
added to the embryo. Knockdown in vivo is difficult in the mouse as the morpholino cannot
be applied directly to the embryos individually, and the morpholino can become diluted by
the maternal vasculature (Siddall et al., 2002, Kanzler et al., 2003). Finally, the chick

genome has been sequenced and is highly conserved to that of mammals (Wallis et al., 2004).
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There are some disadvantages of using the chick as a model for human development.

Although basic anatomical organisation is similar between the chick and the human during

early embryogenesis, there remain some anatomical peculiarities. In the developing heart,

during atrial septation, a septum primum develops from the cranio-dorsal wall of the atrium.

However, the chick does not develop a septum secundum and the septum primum matures to

form the atrial septum which closes within two days after hatching (Martinsen, 2005). The

use of chick embryos for procedures such as gene editing, CRISPR (clustered regularly

interspaced short palindromic repeats) or TALEN (Transcription activator-like effector

nucleases) technology has not yet reached fruition. It is hoped that strategies for using these

tools for genetic analysis will become available in the future.

Date Concept Discoverer(s)

1628 function of arteries and veins, proposed existence of capillaries Harvey

1672-1675 neural tube, somites, capillaries Malpighi

1817-1828 germ layers (ectoderm, mesoderm, endoderm) Pander, von Baer
1868 the neural crest His

1911 viruses cause cancer (Rous Sarcoma Virus) Rous

1929 gastrulation cell movements (Polonaise) Graper, Wetzel

1932 extraembryonic endoderm (hypoblast) regulates embryo polarity/mesoderm induction Waddington

1932 hemangioblast proposed (common precursor of endothelium and blood cells) Murray

1932-1937 Hensen's node is the amniote organizer Waddington

1936 first genetic map for the chicken Hutt

1948-1968 Apical Ectodermal Ridge controls limb outgrowth Saunders

1953 gut endoderm is derived from the epiblast via the primitive streak Bellairs

1956 Zone of Polarizing Activity pattems the A/P axis of the limb Zwilling, Saunders
1960-1968 T- and B-lymphocytes Miller, Good, Glick, Claman
1964-1970 provirus hypothesis and reverse transcriptase Temin

1967 contact inhibition Abercrombie

1970 importance of extraembryonic endoderm (hypoblast) in head development Eyal-Giladi and Wolk
1975 onwards  hemangioblast demonstrated Dieterlen-Liévre, Le Douarin
1976 first cellular oncogene (c-src) Bishop and Varmus
1984 somites control segmentation of peripheral nervous system Keynes and Stem
1985-1987 retinoic acid as a limb morphogen Tickle, Eichele

1988 the notochord pattemns the dorsoventral axis of the spinal cord Van Straaten

1989 rhombomeres are embryologically and functionally important Lumsden and Keynes
1991 DT40 cells undergo frequent homologous recombination Buerstedde

1993 Sonic hedgehog patterns the spinal cord (D/V) and specifies motor neurons Jessell

1993 Sonic hedgehog is the ZPA morphogen Tabin

1995 a genetic cascade patterns the dorsoventral axis of the limb Tabin

1995 a genetic cascade regulating left-right asymmetry Tabin, Kuehn, Stem
1997 oscillating gene expression during somitogenesis Pourquié

Table 1.5 Some major concepts discovered by work completed in the chick embryo.

Taken from Stern, 2005 (Stern, 2005).
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1.8 Anti-sense oligonucleotides ‘Morpholinos’ in vertebrate development

Oligonucleotides are sequence specific binding polymers that are capable of blocking
translation of a mRNAs sense strand, thus, antisense oligonucleotides, resulting in a targeted
inactivation. Initially, these oligonucleotides were developed for drug therapy in which a
pathogen or disease could be targeted and inactivated. Many challenges remained for their
therapeutic potential such as: good efficacy to attain an effective concentration within the
cell; specificity so no other sequences were targeted by the oligonucleotide; the need to be
stable within extracellular tissues, cell surface and intracellular proteins; deliverable; soluble
in aqueous solutions; non-toxic at the therapeutic concentration and affordable (Summerton
and Weller, 1997). First generation oligonucleotides contained natural genetic material with
cross-linking agents ensuring irreversible binding to their targets (Zamecnik and Stephenson,

1978). However, the stability, efficacy and delivery of these were poor.

Summerton developed the morpholino structural type oligonucleotide which overcame these
limiting properties of the early type oligonucleotides (Summerton, 1989, Summerton and
Weller, 1993). Morpholinos differ from other antisense oligonucleotides such as
Phosphorothioate-linked DNA (S-DNA) and short interfering RNA (siRNA), as these
oligonucleotides rely on cellular RNase-H or the RNA induced silencing complex (RISC) to
degrade the targeted RNA (Cohen, 1993, Saxena et al., 2003). On the other hand,
morpholinos bind so strongly to the targeted RNA, preventing translation or post-
transcriptional modifications, such as splicing, in a nuclease independent fashion. This is
known as steric block (Summerton, 2007). Morpholinos are capable of knocking down gene
expression, can modify RNA splicing (by the antisense sequence being designed to an exon-

intron boundary) or can inhibit miRNA activity and maturation.

Morpholinos are composed of a 6-membered morpholino ring, which replaces the 5-
membered-ring sugar backbone of naturally occurring nucleic acids. In addition, the
negatively charged phosphate intersubunit linkages of nucleic acids is replaced with a non-

ionic phosphorodiamidate intersubunit linkage (Figure 1.11) (Summerton and Weller, 1997).
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Figure 1.12 The structure of a morpholino.

A. The structure of DNA, with the ribose subunits linked together with a negatively charged
phosphate (P). B. Morpholinos are composed of a morpholine rings linked together by a non-
ionic phosphorodiamidate (P) intersubunit. N indicates the nucleic acid base (Adenine,

Cytosine, Guanine or Thymine). Adapted from (Summerton, 2007).
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1.9 Aims and Objectives of this study

A number of sarcomeric proteins have been shown to play a critical role in heart
development. In addition, mutations in these proteins have led to abnormal cardiogenesis and
CHDs (Ching et al., 2005, Budde et al., 2007, Matsson et al., 2008). Sarcomeric proteins
TPM1 and cTnT have not been linked to CHDs. The primary aim of this project was to
investigate a role for TPM1 and c¢TnT in the early developing heart. Antisense
oligonucleotide morpholinos were used to down regulate expression of both proteins in the
developing heart in a temporal manner, with the morpholino being applied once the heart
tube has already formed. External and internal phenotypic examination and stereological
analysis of embryos treated with morpholino were performed to determine if any gross
morphological effects had occurred. From there, the ultrastructural and cellular effect of the

morpholino treatment was investigated.

This project aims to provide greater insight into the role of TPM1 and c¢TnT in the developing
chick embryonic heart.

Sequencing of the TPM1 gene in a group of patients with a variety of CHDs revealed four
novel mutations (work completed by Javier Granados-Riveron). This project aims to
investigate the functional effect of these mutations in the developing heart using in silico and

in vitro techniques.

It is hypothesised that reduced expression of TPM1 and c¢TnT leads to abnormal cardiac
development and gross morphological abnormalities in the developing chick heart.
Furthermore, a novel mutations discovered in TPM1 is detrimental to normal 7PMI1 mRNA

modification.
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Chapter 2 Materials and Methods

2.1 Animal husbandry

White fertile chicken eggs (Gallus gallus; Dekalb White strain; Henry Stewart, UK) were
incubated at 38°C in a humidified atmosphere and underwent constant rotation prior to
opening (Bellairs and Osmond, 2005). The Hamburger and Hamilton (HH) staging system
was used to age developing chicks (Hamburger and Hamilton, 1992). The eggs were
incubated, unopened, until they reached the required age for each experiment. Once the
incubation time was complete, a small window was made in the egg shell. 3-5ml of albumin
was removed from around the embryo, avoiding the yolk and chorioallantois. This allowed
the embryo to separate from all extra-embryonic membranes, which were removed, thus,
exposing the embryo. This allowed for clear visualisation of the embryo so that it could be
staged. Animal work was completed within national (UK home office) and institutional

regulations and ethical guidelines.

2.2 Morpholino design

Antisense oligonucleotide morpholinos were designed against 7PM
(ENSGALT00000039589; ATG start-site morpholino
5’TCCCGCGAGAAGTACAGCCGAAATC3’; exonl-intron 1 (E111) splice-site morpholino
5’GAGCAAGCAGGTCTGCACTGAGAGC3’; and exon4-intron 4 (E414) splice-site
morpholino S’ TTCCCTGTGTCCCAAAACTGACCTC3’; GeneTools LLC, USA). An ATG
start-site morpholino was designed to TNNT2 (ENSGALT00000000401); 5°
ACGACCTCTTCAGAGTCCGACATGC3’. In addition, a standard control (SC) morpholino
was designed to mutated human f-globin (5’CCTCTTACCTCAGTTACAATTTATAZ’)
(GeneTools). Morpholinos were tagged with fluorescein fluorescent tag. All morpholinos
designed tested for sequence similarity using BLAST (http://blast.ncbi.nlm.nih.gov/) to

ensure gene specificity.
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2.3 Morpholino application and confirmation of uptake

Morpholino application was completed at either stage HH10/11 (referred to as HH11;
approximately 47-50 hours of incubation) or HH19 (TPM1 ATG morpholino only; 78-82
hours of incubation; TPM1-morpholino treated hearts n=296 eggs; TNNT2-morpholino
treated hearts n= 123 eggs; Untreated and standard controls n=429) (Bellairs and Osmond,
2005). Morpholino was applied to embryos at a concentration of 500uM suspended in 30%
F127 pluronic gel (BASF Corp., Germany) and HBSS. For the TNNT2 study, morpholino
was also applied at 250uM concentration for optimization of the morpholino concentration.
This experiment had already been conducted in the laboratory for the TPM1 ATG
morpholino (MRes student Diji Kuriakose). During this procedure, all pipette tips, pluronic

gel and morpholinos were stored on ice to prevent thermogelation of the pluronic gel during

application. Once the pluronic gel was applied, the eggs were resealed using masking tape
and were reincubated with no rotation until they reached the age required (a further 28-30

hours for HH19 or 62-66 hours for HH24). Untreated controls (UT) were also included, in

which the embryos underwent the same treatment as the experimental and SC groups, except

morpholino/pluronic gel mix was not applied.

Once at the desired age, the embryos were harvested by cutting around the chorioallantois
and placed into a petri dish with ice cold phosphate buffered saline (PBS). The
chorioallantois and amnion were removed from the embryo as these membranes fluoresce
due to the morpholino application technique. Morpholino uptake was confirmed for each
embryo by detection of the fluorescein tag within the embryonic tissue using a SV11
stereomicroscope (Zeiss, Germany). Embryos positive for morpholino uptake were graded
from one, not very positive, to five, very bright fluorescence, depending on how bright the
fluorescein was. Only embryos that graded at three or above were used for further

experiments, along with the UT controls.

2.4 Embryo tissue collection and processing
2.4.1 Embryo processing for phenotypic work

All embryos were externally examined at the time of harvesting. The overall gross

morphology, structure and size of the heart was observed as well as the embryo as a
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whole. Images were taken using Stemi SV 11 stereomicroscope and camera (Zeiss).
Embryos harvested and externally analysed were fixed at room temperature in 4%
paraformaldehyde (PFA) in PBS for 1.5 hours for HH19 and 3.5 hours for HH24.
Embryos were washed and stored in PBS overnight. The following day, embryos were
washed with double distilled water (ddH,O) to remove salts and dehydrated in 70-100%
series of ethanol and cleared with xylene. Embryos were embedded in paraffin wax in a
transverse orientation for sectioning. Each embryo was sectioned at 8um using a Leica
DSCI1 microtome (Leica Microsystems, Germany) and serial sections were floated onto
42°C ddH,0 for collection on glass slides. The glass slides used were 3-
Aminopropyltriethoxysilane treated to ensure adhesion of the sections to the slides.
Sections were dewaxed in xylene, rehydrated in a graded ethanol series, and stained with
nuclear stain Mayer’s Haemalum (Raymond Lamb, UK). Internal features such as atrial
septa, endocardial cushions, cardiac jelly and ventricular trabeculae were examined.
Analysis was performed blinded (unaware of the treatment the embryo received) using a

Nikon Eclipse microscope (Nikon Instruments Inc., UK).

2.4.2 Immunohistochemistry on serially sectioned embryos

Immunohistochemistry was completed on non-morpholino treated embryos to show
expression of TPM1 in the myocardium. Sections were deparaffinised and rehydrated in
xylene and graded alcohol solutions, respectively. Antigen retrieval was performed by
microwaving samples in 10mM sodium citrate (pH6) for 10 minutes. The sections were
blocked with 5% goat serum and incubated with CH1 primary antibody (1:200) at room
temperature for lhour for the indirect immunohistochemistry method. After washing, an
avidin-biotin phosphatase amplification kit was used to label the primary antibody with an
avidin-biotin complex (StreptABComplex duet kit; Dako, Denmark). Slides were then
incubated in 3,3 -diaminobenzidine reagent to develop the peroxidise bound to the avidin-
biotin complex. Sections were counter-stained with Mayer’s Haemalum (Raymond Lamb),
dehydrated in graded ethanol and xylene, and mounted with DPX mounting media.

Analysis was performed using a Nikon Eclipse microscope (Nikon).
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2.4.3 Transmission electron microscopy

Chicks treated with TPM1 ATG-start site morpholino at HH11 and harvested at HH19 had
the hearts dissected out and immediately fixed in 3% glutaraldehyde in Cacodylate buffer
(TPM1 n=9, SC n=3, UT n=3). Hearts were post-fixed in 1% osmium tetroxide for 1 hour.
The tissue was dehydrated in a graded ethanol series and incubated in 100% propylene
oxide. Fresh resin was made up on the day of use consisting of 25ml Araldite CY212 resin
(TAAB, UK), 15ml Agar 100 resin (Agar Scientific, UK) and 55ml of Dodecenyl Succinic
Anhydride (hardening agent; TAAB). 2ml of Dibutyl phthalate was added to the resin mix
to act as a softner (palsticizer; Agar Scientific). Each heart was infiltrated with the resin,
orientated and polymerised for 48 hours at 60°C. Samples were firstly sectioned semi-thin
(0.5um) using a glass knife to find a region of interest. The sections were collected onto
glass slides and allowed to dry. The sections were stained with one drop of 1% toluidine

blue for 1 minute on a hot plate at 90°C and sections were washed with ddH,O.

Once in a region of interest, samples were then sectioned ultra-thin (90nm) using a
diamond knife (DIATOME, USA) in that region of interest. Ultra-thin sections were
collected on copper grids and stained. Ultra-thin sections were stained using 50%
methanolic uranyl acetate made up in 100% methanol for 10 minutes in the dark (stains
proteins, nucleic acids and phospholipids). After rinsing the copper grids with the sections
attached in 50% methanol and ultrapure water the grids were placed in a drop of
Reynold’s lead citrate for 30 seconds (increases the contrast of the uranyl acetate)
(Bozzola and Russell, 1992). Sections were dried and visualised using the Tecnai 12

Biotwin TEM at magnifications 6000X-21000X (FEI, USA).

2.4.4 Proliferation and apoptosis study

ATG start site TPM1 morpholino or SC morpholino was applied to HH10/11 chick
embryos, which were harvested at HH19 (n=7; described above in Section 2.3). UT and
SC embryos were also included in the study (n=3, respectively). Embryos were fixed in
10% neutral buffered formalin (NBF) overnight at 4°C, washed, dehydrated in graded
series of ethanol and embedded in paraffin wax. Embryos were sectioned at Sum using

DSC1 microtome (Leica), where every 8" section was collected on poly-L-lysine slides
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(Sigma-Aldrich). Sections were de-paraffinised by immersing the slides in xylene for 5
minutes twice, then rehydrated through graded alcohols. The sections were washed in

ddH,O and allowed to equilibrate in PBS for 5 minutes.

Proliferation study

Antigen retrieval was completed by heating the slides in sodium citrate buffer (pH6) for 1
minute below boiling. Cell proliferation was detected using Zymed’s Proliferating Cell
Nuclear Antigen (PCNA) staining kit according to manufacturer’s instructions (Zymed
Laboratories, USA) and all steps were completed at room temperature. In short, the slides
were blocked using the blocking solution for 10 minutes. 100pul of the biotinylated mouse
anti-PCNA primary antibody was added to each slide and incubated for 30 minutes in a
humidified chamber. The slides were rinsed in PBS and 100pl of streptavidin peroxidase
was added for 10 minutes. The slides were again rinsed in PBS and 100ul of 3,3"-
diaminobenzidine chromagen was added for 3.5 minutes. Slides were immediately
immersed in ddH,O to stop the reaction. Slides were mounted in 100ul of
VECTASHIELD HardSet Mounting Media with nuclear stain 4',6-diamidino-2-
phenylindole (DAPI; Vector laboratories Inc., USA) and stored at 4°C. As a negative
control anti-PCNA antibody was replaced with PBS, while all other steps remained the
same. Positive control slides of mouse ilium were supplied with the kit and stained

alongside experimental chick sections.

Apoptosis study

Once tissue sections were rehydrated, they were digested in 20pg/ml of proteinase K for
20 minutes (Thermo Fisher Scientific). Sections were washed twice with dH,O to remove
the enzyme and then further pretreated in 3% H,0, to quench endogenous peroxidase. The
slides were again washed in dH,O and then in PBS for 5 minutes. The following reagents
were supplied by the ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Millipore,
USA). The sections were equilibriated in 75ul of equilibriation buffer for 1 minute and
without rinsing, 55ul of working strength terminal deoxynucleotidyl transferase (TdT)

enzyme was added to the sections. To spread the solution throughout the slide, a coverslip
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of parafilm was gently applied on top of the liquid which allows to liquid to cover the
entire slide by capillary action. The slides were placed in a humidified chamber and
incubated at 37°C for 1 hour. After the TdT incubation, the slides were transferred to
stop/wash buffer to inactivate the TdT enzyme for 10 minutes. Slides were washed three
times in PBS for 1 minute and 75ul of anti-digoxigenin peroxidase was added to the
slides. Again, coverslips were mounted to the slides, and they were placed in a humidified
chamber for 30 minutes at room temperature. The specimens were again washed three
times in PBS for 2 minutes. 100ul of 3,3 -diaminobenzidine chromagen was added for 3.5
minutes and the specimen was immediately immersed in H>O for 5 minutes. Slides were
mounted in 100ul of VECTASHIELD HardSet Mounting Media with DAPI (Vector
laboratories) and stored at 4°C. As a negative control, TdT enzyme was replaced with
PBS, while all other steps were followed. For a positive control, heart tissue was pre-

treated with DNase I (3000U/ml; Qiagen).

Analysis of apoptosis and proliferation

Tissue sections were imaged using the Axioskop 2 mot plus (Zeiss) and Openlab
(PerkinElmer, USA). Two images were taken in the ventricles and in the atria for each
section, and one of the atrial septum when present. The total number of non-proliferating
and non-apoptotic cells in each section was counted using the DAPI counterstain. This
was also completed for the brown (3,3 -diaminobenzidine reactive) proliferating and
apoptotic cells. A total of 47,747 and 44,297 cells were counted for the proliferation and
apoptosis studies, respectively. The DAPI and 3,3 -diaminobenzidine reactive cells were
added together to get a total cell number and the ratio of proliferating/apoptotic cells to
total cell number was obtained for each heart. A test for significance was also conducted

(Section 2.13).

2.5 Systematic Random Sampling of TPM1 and TNNT2 morpholino treated embryos

Systematic random sampling was used to quantify cardiac tissue proportions (HH11/19) and
was completed on embryos processed in Section 2.4.1. Three groups were analysed; UT

(TPM1 n=6; TNNT2 n=3), SC (TPM1 n=5; TNNT2 n=4) and TPM1/TNNT2-treated (TPM1
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n=13; TNNT2 n=9). A 96 point grid was placed over every third section through the heart,
and the tissue region and type on each point was identified (12,225 points counted for TPM 1
study; 7,900 points counted for TNNT2 study). Contributions of the outflow tract (OFT),
atrium and ventricle to the total heart size were initially measured by dividing the number of
points counted in that region by the total number of counts for that heart. These were tested

for statistical significance (Section 2.13).

Tissue contributions to OFT, atrium and ventricle were also examined. These tissues
included: atrial wall, ECM, lumen and septum; ventricular wall, ECM and lumen; and OFT
wall, ECM and lumen. The average tissue proportions were calculated by dividing the
number of points counted for that tissue type divided by the number of points counted in that

region. These proportions were also tested for statistical significance (Section 2.13).

2.6 Western blot
2.6.1 Protein quantification using pooled hearts

HH11 hearts were treated with TPM1 ATG morpholino as per section2.3. At harvesting,
hearts were quickly checked for morpholino uptake, and three hearts from each treatment
group (TPM1-treated n=9, SC n=9 and UT n=9) were pooled and snap frozen and stored at
-80°C until use. 250ul of 10mMTris/EDTA buffer was added to each sample and
sonicated. Protein was quantified using a BCA Protein Quantification Kit (Abcam, UK).
50ul of loading buffer was added and samples were heated to 95°C for 5 minutes. 15ug of
protein was loaded on a 12% sodium dodecyl sulphate polyacrylamide gel and resolved at
60mA. Protein was transfer to a Hybond-C Extra nitrocellulose membrane (Amersham
Biosciences, UK) via semi-dry transfer at 15Volts (V) in tris-glycine solution. Membranes
were stained with ponceau-S stain (Sigma-Aldrich) to ensure transfer of the protein. Each
membrane was blocked in 5% marvel semi-skimmed milk powder in 1X TBS with 0.1%
Tween-20 (TBST) for 1h at room temperature. CH1 antibody was diluted in marvel/TBS
in a 1:500 ratio (CH1 anti-mouse; detects striated muscle isoforms of tropomyosin;
Developmental Studies Hybridoma Bank, USA) for 1h at room temperature followed by
1:1000 rabbit anti-mouse horseradish peroxidase conjegated secondary antibody (Dako).

Membranes were washed in TBST and then incubated with enhanced Chemiluminescence
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(Thermo Fisher Scientific). The membranes were placed against X-ray fim (Fugifilm,
Japan) for 1 minute, and was then developed (Ilford, UK). To remove the bound antibody,
the membranes were again washed in TBST to get rid of the enhanced chemiluminescence
and then incubated with stripping buffer for 10 minutes (7.5g glycine, 0.5g SDS and 5ml
Tween-20, made up to 500ul and at pH2.2). Membranes were neutralised in PBS and
washed in TBST. Enhanced chemiluminescence was again added to the blots to ensure the
bound antibody was removed and no signal was detected. Membranes were rinsed in
TBST and blocked again in 5% marvel semi-skimmed milk powder in TBST and
incubated in 1:2500 dilution of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Abcam) over night at 4°C and the following day incubated in 1:1000 rabbit anti-mouse
horseradish peroxidase secondary antibody for 1h. Three 10 minute washes in TBST were
carried out, and the protein bands were again detected by enhanced chemiluminescence
detection method. All immunoblots were loaded with TPM1-treated, SC and UT samples

(n=4 for all samples) and all experiments were carried out in triplicate.

2.6.2 Protein quantification of TPM1 ATG start-site or TNNT2 ATG start-site

morpholino treatment in single hearts

Individual embryonic hearts from TPM1-treated (n=9), TNNT2-treated (n=4), SC (n=7)
and UT (n=7) groups were isolated and snap frozen following treatment at HH11 and
harvesting at HH19. Each individual heart was lysed in 60ul 10mM Tris/EDTA buffer
containing protease inhibitors and using a syringe. 15ul of 6X loading buffer was added
and samples were heart to 95°C for 5 minutes. Samples were resolved by sodium dodecyl
sulphate polyacrylamide gel in a 4-12% precast gel (Bio-Rad) at 175V along with
Precision Plus Protein Dual Color Standards (Bio-Rad). Gels were transferred onto

nitrocellulose membrane at 100V for 1 hour.

For the TPM1 study, the membranes were blocked for 1 hour at room temperature in 5%
marvel semi-skimmed milk powder in TBST. Blots were incubated in CH1 mouse
antibody (DSHB) at a concentration of 1:200 overnight at 4°C and lhour at room
temperature. As a loading control, blots were incubated with 1:500 rabbit monoclonal

Histone H3 (Cell Signalling Technology Inc., Massachusetts) overnight at 4°C.
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For the TNNT?2 study, nitrocellulose membranes were blocked in 10% bovine serum
albumin TBST for 1 hour at room temperature, followed by overnight incubation with
CT3 anti-mouse antibody (1:10 dilution; DSHB) at 4°C and 1 hour at 37°C. As a loading
control, blots were incubated with 1:2000 rabbit polyclonal GAPDH (Abcam) for 1 hour

at room temperature.

For both studies, two secondary antibodies with different infrared properties were used.
IRDye" 680RD was used to detect CH1 or CT3 and IRDye® 800CW was used to detect
Histone H3 or GAPDH (LI-COR biosciences, Germany). All immunoblots contained
TPM1-treated or TNNT2-treated samples, SC samples and UT samples, which were
carried out in triplicate. The immunoreactive bands were visualised using an Odyssey
infrared imaging system (LI-COR biosciences) and fluorescent intensities of the bands

were gathered for statistical analysis.

2.7 RNA work
2.7.1 Tissue isolated for RNA

The chorioallantoic membrane (chorioallantois) was cut around the embryos using
autoclaved scissors. The embryos were placed in ice cold DEPC treated PBS and the
hearts were removed from the embryo using sterile autoclaved forceps. Hearts were
removed from the chicks at HH12, 14, 19, 22, 24, 26, 34, neonatal (day 1) atrium and
ventricle, and adult atrium and ventricle and placed in RNase free micro-centrifuge tubes.
Neonatal and adult tissue was obtained from Dr. Siobhan Loughna according to national
and institutional guidelines. The heart tissue was snap frozen in liquid nitrogen and stored

at -80°C.

2.7.2 RNA Extraction

RNA was extracted using an RNeasy Micro kit (Qiagen, UK) for HH12-HH26 hearts
following manufacturer’s protocol. 150ul of buffer RT with B-mercaptoethanol was added
to <5 mg of tissue and homogenize using a 1ml syringe (Becton Dickinson, USA) with a

0.5mm x 16mm Microlance needle (Becton Dickinson). 295ul of RNase-free water was
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added to the homogenate with 5ul Proteinase K solution (100pg/ml; Qiagen) and mix
thoroughly. Each lysate was incubated at 55°C for 10 minutes and then centrifuged for 3
minutes at 10,000g at room temperature to obtain a pellet of cell debris and unlysed
material. The supernatant was removed and placed in a new RNase-free tube avoiding the
pellet. 0.5 volumes of ice cold 100% ethanol was added to the lysate, and the lysate
mixture was transferred to a RNeasy MinElute spin column placed in a 2ml collection tube
that was supplied with the kit. The tube was centrifuged for 15sec at 8000g (same for all
centrifugations unless otherwise stated) and the flow-through was discarded. 350ul of the
Buffer RW1 was added to the spin column and centrifuged to wash the spin column

membrane.

All lysates were DNase treated at this stage. 10ul of DNasel (1500 Kunitz Units; Qiagen)
was added to 70ul of Buffer RDD to make the DNasel incubation mix and was directly
added to the RNeasy MinElute spin column membrane. The lysates were left to incubate
on the benchtop for 15 minutes. Another 350ul of Buffer RW1 was added to the RNeasy
MinElute spin column and centrifuged. The flow-through was discarded along with the
collection tube. After placing the spin column into a new collection tube, 500ul of Buffer
RPE was added and centrifuged to wash the spin column membrane. 500ul of 80%
ethanol was then added to the spin column and centrifuged for 2 minutes. The flow-
through was again discarded along with the collection tube. The spin column was place in
a new collection tube, and centrifuged at 13,000g for 5 minutes with the lids open to get
rid of residual ethanol. The spin column was then transferred to a 1.5ml collection tube
and 14ul RNase-free water was added directly to the centre of the membrane and
centrifuge for 1 minute at 13,000g to elute the RNA. The concentration of the RNA was
measured using NanoDrop 2000c UV/IV spectrophotometer at 260nm absorbance
(Thermo Fisher Scientific, USA).

HH34, neonatal and adult heart tissue was homogenised in 1ml ice-cold Tri-reagent
(Sigma-Aldrich, USA). The homogenates were incubated for 5 minutes at room
temperature to permit complete dissociation of nucleoprotein complexes. 0.2ml of 1-
bromo-3-chloro-propane (BCP; Sigma-Aldrich) was added to the homogenates and
vigorously mixed. Homogenates were centrifuged at 10,000g for 15 minutes at 4°C in

order to separate the mixture into two phases. The upper (aqueous) phase was carefully
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transferred to a fresh tube, while avoiding contamination within the interphase and lower
phase containing DNA and proteins, respectively. The RNA was precipitated out of the
upper phase by adding 0.25ml 2M sodium acetate (pH 4) and 0.7ml of 100% isopropanol
(Fisher Scientific UK Ltd., UK), and storing at -20°C for 30 minutes.

The precipitate was collected by centrifugation for 10 minutes at 10,000g at 4°C. The
RNA pellet was washed twice with 70% ethanol and resuspended in 87.5ul of DEPC-
treated H,O. 2.5ul of DNasel and 10ul RDD buffer per sample (Qiagen) was added to the
RNA and incubated for 10 minutes at room temperature. 300ul of DEPC-treated H,O was
added along with 400ul of phenol/chloroform/isoamyl alcohol (Sigma-Aldrich). The
mixture was centrifuged at 10,000g for 10 minutes at 4°C. Again, the upper phase was
removed and transferred to a fresh tube. The RNA was precipitated by the addition of 1/10
volume of 3M sodium acetate (pH 5.2) and 2 volumes of absolute ethanol. The lysate was
incubate at -20°C for 20 minutes. The precipitated RNA was pelleted by centrifugation at
maximum speed for 10 minutes, washed with 70% ethanol and resuspended in 50ul
DEPC-treated H,O (ddH,O). The concentration of the RNA was measured using
NanoDrop 2000c UV/IV spectrophotometer at 260nm absorbance (Thermo Fisher

Scientific).

2.7.3 Reverse Transcription of mRNA

Reverse transcription (RT) reactions were performed using SuperScript® III Reverse
Transcriptase (Invitrogen, UK) following manufacturer’s instructions. An RT mixture was
made by mixing 200ng of Hexamer solution, 1pg total RNA, 10mM dNTPs and 13pl of
ddH,0 in an RNase-free tube. The mixture was heated to 65°C for 5 minutes and cooled
on ice. 1X reverse transcriptase buffer, DTT, RNase OUT and 1pl superscript III enzyme
(200U/pl) was added to the RT mixture to give a total volume of 20ul. The reaction was
heated to 25°C for 5 minutes and then to 50°C for 1h. The mixture was finally heated to

70°C for 15 minutes to deactivate the enzyme and store at -20°C.
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2.8 Primer Design and Polymerase Chain Reaction Protocols
2.8.1 TPMI and TNNT?2 expression profiles and polymerase chain reaction

Primers were designed to all 7PM1 isoforms (ENSGALT00000039589 Table 2.1).
Primers were designed to specific isoforms of chick TPM1 (TPM1a:
ENSGALTO00000039589; TPMIx: substituting in exon 2 of ENSGALT00000006394)
(see Table 2.1 for primer pairs and PCR conditions) using the online website Primer3
(http://primer3.ut.ee/) (Untergasser et al., 2012, Koressaar and Remm, 2007). Primers

were also designed to chick 7PM4 using a sequence available from (Fleenor et al., 1992).

Primer pairs were designed to TNNT2 gene (ENSGALT00000000401; Table 2.1)
utilising the presence/absence of exon 5 in the embryonic and postnatal chick heart. The

RT control used was GAPDH.

Polymerase chain reaction (PCR) was performed using Red Tag® DNA polymerase
(Sigma-Aldrich). PCR reactions were conducted in 20ul reaction mixtures comprising of
1X PCR bufter, 1.5mM MgCl,, 0.5mM deoxynucleotide mix (dNTPs), 0.5uM of forward
and reverse primer, 0.05U of DNA polymerase, 10ng of cDNA made up to a 20ul volume
with ddH,0.The PCR reaction was carried out using a T100 thermal cycler (Bio-Rad
laboratories Inc., USA). The cycling program began at 94°C for 2 minutes to heat activate
the DNA polymerase. This was followed by 35 cycles of 94°C for 30 seconds, and
annealing temperature cycle specific to each primer set (see Table 2.1), a 72°C extension
time, and a final single extension time of 8 minutes. All PCR cycling conditions for each

primer pair can be seen in Table 2.1.
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2.8.2 Splice donor-site mutation

Gene specific primers were designed to the 5’upstream region and exon 2a of TPM1
(ENST00000403994; forward primer 5’ggggggcaggagaaaaaag3’; and reverse primer
5S’TTGGCGGCGGCCTCTTC3’). The forward and reverse primers also contained
additional Nhel and Kpnl linkers, respectively. Genomic DNA was obtained from the
affected patient, with a heterozygous splice-donor site mutation at the exonl-intronl
boundary and a #gf insertion within intronl on the opposite strand (see Figure 2.1). DNA
was also obtained from an ethnically matched control. Consent was attained from all
participants and work was approved by local ethics committees. A PCR product was
obtained using the following PCR reaction: 1ul of each primer, 50ng of DNA, 15ul of
Extensor Long Range PCR Enzyme mastermix (a proofreading polymerase; Thermo
Fisher Scientific) and made up to 30ul ddH,O. The PCR was run at 95°C for 5 minutes,
and then 95°C 30 sec, 59.7°C 45sec and 72°C for 3 minutes for 30 cycles.
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2.8.3 Gel Electrophoresis

PCR products were run on 2% agarose gels (Sigma-Aldrich), prepared with 1X Tris-
acetate-ethylenediaminetetraacetic acid buffer and 1X ethidium bromide. 8ul of PCR
product was loaded onto the gel, with 5ul of 1Kb plus ladder (Invitrogen) and were run at
150V for 40 minutes. The gels were visualized under UV light using GeneGenius

Bioimaging System (Syngene, UK) and photographed.

2.84 PCR clean up

PCR reactions were purified using the GenElute™ PCR Clean-Up Kit (Sigma-Aldrich).
The PCR products were loaded on a spin column containing a silica membrane. DNA
from the PCR product binds to the membrane, where it is washed and cleaned. The
concentrated DNA was eluted in 30ul ddH,O. Purified PCR products were sent for

sequencing analysis (Biopolymer Synthesis and Analysis Unit, University of Nottingham).

2.9 Preparation of constructs for mutational analysis

2.9.1 Ligation and Transformation
Splice-site mutation

Once amplicons containing the splice donor-site mutation, the 7g¢ insertion and wild-type
were obtained (Section 2.8), they were ligated into pGEM-T Easy vector (Promega, UK)
at a 3:1 molar ratio of PCR product:vector and left at 4°C overnight. 2ul of the ligation
mixture was added to 30ul of DH5a competent cells. The tube was gently flicked to mix
the two components and left on ice for 30 minutes. The mixture was incubated at 42°C for
exactly 2 minutes and returned to ice. 950ul of Super Optimal broth with Catabolite
repression (SOC) media was added and the reaction was incubated at 37°C for 1 hour. The
reaction was spun for 1 minute to generate a cell pellet, which was resuspended in 200ul
of SOC and plated out on Luria broth (LB) with 100pug/pl of Ampicillin agar plates. The

plates were incubated upside down overnight at 37°C.

The following day, colonies were picked and inoculated in S5ml of LB (with 100ng/ml

ampicillin). Cultures were grown overnight at 37°C at 200 rotations per minute (RPM).
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Cultures were minipreped using the GeneElute Miniprep Kit (Sigma-Aldrich) and sent for
sequencing (Source Bioscience) to check we had vectors containing the splice donor-site

mutation, the 7g¢ insertion and that the wild-type had the correct sequence.

2.9.2 Digest of inserts and expression vectors
Splice site mutation

To obtain an expression vector containing the TPM1 inserts, pcDNA3.1(-) was singly
digested with two enzymes (Figure 2.2). Firstly, pcDNA was digested with Kpn/ in the
following reaction: 2l of the pcDNA vector, 3ul of NEB buffer 1, 3ul of 10X bovine serum
albumin, 2ul of Kpnl (15 U/ul; NEB, UK) made up to 30ul with ddH,O. The reaction was
incubated at 37°C for 3 hours. It was loaded on a 0.8% agarose gel and run at 150V for 40
minutes. The band was cut out under minimal UV light to visualize the band. The band was
extracted from the gel and purified using GeneElute Gel Extraction Kit (Sigma-Aldrich) and
eluted in 30ul ddH,O. For the second digest, 22ul of the eluted vector was mixed with 3ul of
NEB buffer 2, 3ul of 10X bovine serum albumin, 2ul of Nael (15U/ul) made up to 30ul with
ddH,0. The reaction was incubated at 37°C for 3h. The reaction was, again, run on a 0.8%
agarose gel. The band was extracted and purified using the gel extraction kit and eluted in
30ul ddH,0. T-vector containing the TPM1 inserts with the splice-site mutation, 7g¢ insertion
and wild-type were double digested with 1ul of Nhel, 1ul Kpnl, 2ul NEB buffer 1 and 2ul of
10X bovine serum albumin in a 20ul reaction. This reaction was incubated for 3 hours at
37°C. Similarly to the pcDNA digestion, the reactions were run out on a 0.8% agarose gel

and purified.
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TPM1 insert

pcDNA3.1 (+/-)
5428/5427 bp

Figure 2.2 pcDNA3.1 (-) with either: TPM1-WT, TPM1-tgt or TPM1-T>C inserted at
the Nhel and Kpnl sites.
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2.9.3 Ligations and transformations

Once the inserts and vectors were digested, they were ligated using 1ul of T4 DNA ligase
(40U/ul; NEB), 2ul of DNA ligase buffer, 3ul of vector and 14l of the insert. For a
negative control, the insert was replaced with ddH,O. The reactions were left on the bench

for 30 minutes and transferred to 16°C overnight.

The following day, 2l of the ligation was added to 30ul of DH5a competent cells. The
mixture was left on ice for 30 minutes and heat shocked at 42°C for exactly 2 minutes. The
mixture was returned to ice and 950ul of SOC was added. The cells were left in a water
bath at 37°C for 2 hours. The DH50. mixture was plated on LB-Ampicillin (100ng/ul) agar

plates. The plates were incubated upside down for 16 hours at 37°C.

After overnight growth, colonies were individually picked and inoculated in Sul of LB
broth containing Ampicillin. The cultures were grown overnight at 37°C rotation at 200
rotations per minute (RPM). Cultures were minipreped using the GeneElute Plasmid
Miniprep Kit (Sigma-Aldrich) and and each miniprep was digested using the enzymes
above to check and see if an insert ‘fell out’ from the vector. Constructs containing the
correct insert size were sequenced to check inserts were correct (Source Bioscience).
Glycerol stocks were made from the remaining cultures at a 1:1 ration of glycerol:culture

and stored at -80°C.
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2.9.4 Maxiprep

Using the glycerol stocks from section 2.9.3, cultures were streaked out on LB-Ampicillin
plates and incubated overnight at 37°C. The following day, colonies were picked and
inoculated in 5ml LB broth with Ampicillin. The cultures were grown at 200RPM at 37°C
for 10 hours. 1ml of this culture was then added to 100ml of fresh LB broth and grown
overnight at 200RPM. Each culture was centrifuged at 4000g for 10 minutes to pellet the
cells. Using the GeneElute Endotoxin-free Plasmid Maxiprep Kit (Sigma-Aldrich), the
plasmid was isolated from the cells and eluted in 2ml of ddH,O.

2.10 Cell lines and tissue culture
2.10.1 Cardiac cell micromass
Isolation of cell micromass from embryonic chick hearts

White fertile chicken eggs were incubated for 6 days (HH26) at 38°C in a humidified
atmosphere and underwent constant rotation prior to opening. Six eggs were washed with
trigene (Tristel Solutions Ltd, UK) and swabbed with IMS and placed in a clean and
sterilised class II Laminar flow hood. Forceps, scissors, ice box and necessary tools were
also sprayed with IMS and transferred to the hood. A window was opened in the egg
exposing the developing embryo. 3-5ml of albumin was removed from the egg allowing
the embryo to separate from extra-embryonic membranes. An incision was made around
the chorioallantoic membrane of the embryo so the embryo could be picked up and
transferred to a 90mm petri dish containing ice cold Hank’s Balanced Salt Solution
(HBSS). The heart was immediately removed from the embryo using straight forceps and
placed in prepared 1:1 horse serum/HBSS in a 15ml falcon tube, which was then placed on
ice. This method was repeated for 40 hearts. Once explanted, they were washed twice with
5ml HBSS to remove the horse serum and placed in 500ul warm trypsin/EDTA. The
mixture was incubated at 37°C, 5% CO, for 20 minutes, with gently agitation for five
minutes. During this time, the micromass embryonic cardiomyocytes culture medium was
prepared. 10% heat inactivated fetal bovine serum (FBS), 2mM L-glutamine and 50uU/ml
penicillin/50pg/ml  streptomycin was added to 500ml Dulbecco’s Modified Eagles
Medium (DMEM) and nutrient mixture F-12 HAM. This medium can be kept in at 4°C
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and utilised for no more than two weeks. The hearts were triturated several times until
they disappeared and a homogenous suspension was obtained. To neutralise the trypsin, 8
ml of culture media were added to 2ml trypsinised hearts suspension. The suspension was
centrifuged for 5 minutes at 1500rpm. The supernatant was aspirated and the packed cells
pellet was resuspended with 2ml of warm culture media. Using a haemocytometer to count
the cells, the cells density was determined to be 4 x 10° cells/ml. The cell suspension was
pipetted at the middle of the well of a 24 well plate containing glass coverslips. The cells
were left in the 5% humidified CO, incubator at 37°C for 2 hours to allow attachment to

the coverslips before adding 500ul of warm culture medium.

In-vitro morpholino application to cardiomyocyte micromass

TPM1 ATG start-site or TNNT2 ATG start-site morpholinos (Section 2.2) was pre-heated
to 65°C for 5 minutes to ensure morpholino was completely suspended in HBSS. 2.5ul of
the morpholino was added to 250ul of pre-warmed micromass embryonic cardiomyocytes
culture medium. 3ul of Endo-Porter (GeneTools) was added to the mixture and the
solution was mixed by pipetting. SC morpholino and no treatment were used as controls.
The culture media was removed from the cardiomyocyte micromass and 250ul of the
morpholino mixture was added to the well. Another 250l of fresh pre-heated culture
media was also added to the well leaving a 10mM morpholino concentration in each well.

Cells were left for 48 hours in a 5% CO, humidified incubator at 37°C.

Immunofluorescence and visualization of cell micromass

Culture media was removed from the cardiac cell micromass and were washed twice with
500ul PBS. The cells were fixed for 10 minutes in 4% PFA at room temperature and
washed again with PBS. Cells were permeabilised with 200ul of 0.2% Triton-X 100 in
PBS for 10 minutes at room temperature and washed with PBS. The cells were blocked for
1 hour at room temperature with 5% goat serum. The CH1 (anti-TPM1 antibody; used in
TNNT?2 study) and CT3 (anti-TNNT2 antibody; used in the TPM1 study) polyclonal
mouse primary antibodies (Developmental Studies Hybridoma Bank, USA) were prepared

at a 1:50 dilution in 0.1% bovine serum albumin in PBS. 200ul of the antibody mixture
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was added to the wells and incubated overnight at 4°C. The antibody was removed by
washing the cells three times with PBS. The goat anti-mouse secondary antibody,
Alexafluor 594 (Thermo Fisher Scientific) was also prepared in 0.1% bovine serum
albumin in PBS at a dilution of 1:1000 and 200l of the mixture was added to each well
and left for 40 minutes at room temperature. Cells were also stained with Hoechst to
indicate nuclei. The cells were finally rinsed with PBS and the coverslips were mounted
on glass slides with 2l of Fluorogel Mounting Medium (GeneTex, USA). Cells were
protected from light at all times during the procedure and stored at 4°C in slide box.
Examination of the cells was completed within two weeks. Cells were visualised using the
DMIRE? inverted microscope (Leica) and imaged using the Velocity™ 6.3
(PerkinElmer).

Analysis of morpholino treated cells in vitro

After cardiac micromass cells treated with morpholino were imaged, cells positive for
CHI1 or CT3 antibody were considered as cardiomyocytes. Cardiomyocytes positive for
morpholino uptake were included in the study. The assembly of the sarcomere was divided
into four stages. Stage one consisted of cells with positive staining around the periphery of
the cell but no sarcomeric structures can be clearly seen, especially around the nucleus.
Stage 2 cardiomyocytes contain assembled sarcomeres, however, they appear thin and
disorganised. Stage 3 cardiomyocytes present with organised sarcomeres that appear thin
but are organised and run parallel to one-another. Finally, stage 4 cardiomyocytes contain

mature cardiomyocytes with thick bands running through the cell.

2.10.2 COS-7 cells

COS-7 cells were cultured in Dulbecco’s Modified Eagle’s Medium (Invitrogen)
supplemented with 10% Foetal bovine serum (FBS) and 1% Penicillin-Streptomycin
(Invitrogen). Cells were grown at 37°C in a 5% CO, humidified atmosphere and were
passaged every 4 days by detaching the cells from the flask with 0.05% 1X Trypsin/EDTA

(Invitrogen) and reseeded at a ratio of 1:10.
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COS-7 cells were seeded at 1.6x10° in 100mm culture dishes (Corning, USA) 24h prior to
transfection. Cells were approximately 70% confluent when transfected. To each dish, 6ug
of plasmid DNA was added to 220ul of media (without FBS and Penicillin-Streptomycin)
and 40ul of Polyfect transfection reagent (Qiagen). The cells were incubated for 10
minutes at room temperature and then added to the cells along with 8ml of DMEM growth
media. Cells were incubated for 48h with transfection mixture. For each construct, three
transfection experiments were carried out. As a positive control, COS-7 cultures were

transfected with ‘empty’ pcDNA vector.

The cells were harvested after 48h post-transfection, washed in PBS and stored at -80°C.
RNA was extracted using Tri-reagent (Sigma-Aldrich) and RT was performed as
described in Section 2.7. Primers were designed to the 5’upstream region and exon 2a of
TPM1 (Forward primer 5’ gtattggctgtcttgaggaatg3’; reverse primer
5’GAGAAGTTGCTGCGGGTGT3’) to indicate whether transcription of the genomic
insert had occurred in the cells. B-actin primers were designed as a control (forward primer
5’ACTCCATCATGAAGTGTGACG3’; reverse primer
5’CATACTCCTGCTTGCTGATCC3’). PCR reactions were set up as follows: 4ul of
GoTaq buffer (5X), 0.5mM dNTPs, 0.5uM of forward and reverse primer, 0.05U
GoTaq® DNA polymerase (Promega), 1ul DNA made up to 20ul with ddH,O. The first
PCR was carried out at 94°C for 2 minutes followed by 94°C 30 seconds, 58.5°C for 30
seconds, 72°C 80 seconds for 27 cycles with a final extension time at 72°C for 8 minutes.
As there was genomic contamination, the extension time was decreased to 50 seconds for
each cycle. Products were resolved on 2% agarose gels against Hyperladder I (Bioline)

and visualized on the GeneGenius Bioimaging System (Syngene).

2.11 Microinjection of embryonic chick hearts
2.11.1 Optimization of the microinjecting

White fertile chick eggs were incubated at 38°C in a humidified incubator as described in
Section 2.1 until they reached HH11, HH14 and HH19. A window was opened in the eggs
to expose the embryo and albumin was removed to separate the embryo from the extra-

embryonic membranes. The HH19 embryos were left out of the incubator for 2 hours prior
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to injection to slow down the heartbeat. Following a published protocol (Ishii et al., 2010),
a transfection mixture was prepared as follows: 4ug pEGFP-C1 vector (Clontech
Laboratories Inc., USA), 10ul Lipofectamine in 50ul OptiMEM, (Life Technologies Inc.,
UK), and 0.5ul Fast Green. 4pul of the transfection mixture was loaded into a glass needle
that was prepared by heating the centre of the borosilicate glass capillary tubes under a
Bunsen burner and pulling the ends apart while the glass is molten. The glass needle was

attached to a picospritzer (Parker Hannifin, USA).

Once the tip of the needle was visualised under the SMZ1500 stereomicroscope (Nikon) at
8X magnification, the sealed tip of the needle was broken using a forceps and the drop size
was optimised to 3nl per injection using a graticule. The transfection reagent was injected
into the pericardial sac of the HH11, HH14 and HH19 embryos. The HH19 embryos
received 15, 20 or 25 injections to see if increasing the amount of reagent results in
increased transfection. The amount of Lipofectamine was also optimised at 10, 15 and

20ul. Embryos were placed in the humidified incubator at 38°C for 24 hours.

When embryos were harvested, they were checked for positive GFP fluorescence using a
SV11 stereomicroscope (Zeiss). GFP fluorescence was graded for 1-5 stars, 1 being low

transfection efficiency and 5 the highest efficiency.

2.11.2 Whole mount immunohistochemistry of microinjected embryos

Once the embryos had been checked for GFP, they were fixed for 1.5 hours in 4% PFA.
The embryos were transferred to a 96 well plate to limit the amount of reagent used. The
embryos were washed three times for 30 minutes in PBS containing 1% Triton-X.
Embryos were blocked twice for 1 hour in 10% normal goat serum and 1% Triton-X in
PBS. An anti-GFP antibody (GFP-12A6; Developmental Studies Hybridoma Bank) was
made up at 1:50 in blocking buffer and the embryo was incubated for 3 days at 4°C
undergoing gentle rotation. Embryos were washed for 1 hour 3 times in blocking buffer,
and a further 3 times for 10 minutes in PBS with 1% Triton-X. The secondary antibody,
polyclonal goat anti-mouse immunoglobulins/ horseradish peroxidase (Dako), was made
up at 1:100 in blocking buffer and incubated with the embryo for 2 days at 4°C under

gentle rotation. After washing the embryos in PBS, 1% 3,3 -diaminobenzidine was added
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to 0.3% H,O, PBS. This 3,3 -diaminobenzidine reaction was added to the embryos until a
colour reaction was seen. The 3,3 -diaminobenzidine solution was then quickly removed
and embryos were rinsed in PBS. Embryos were imaged using a SV11 stereomicroscope

(Zeiss).

2.11.3 Harvesting and fixing embryos for cryosectioning to check GFP location in a

transfected heart

24 hours post transfection, the embryos were removed from the egg by cutting around the
chorioallantois and placed in ice cold PBS. The membranes were removed under a SV11
stereomicroscope to visualise the embryo and embryos were checked for fluorescence of
the GFP. Embryos that tested positive for transfection were scored according to their level

of fluorescence on a scale of 1-5 stars.

To check the location of the fluorescence inside the cell, embryos were fixed in 4% PFA
for 30 minutes, washes with PBS and transferred to 30% sucrose until the embryos sank to
the bottom of the solution. The embryos were transferred to individual 1cm moulds and
orientated so that the right side of the embryo was facing down. The mould was filled with
Optimum Cutting Temperature Compound to embed the embryo and placed on dry ice
until the compound set. The moulds were transferred and stored in a -80°C freezer.
Embryos were sectioned at 10um using a cryostat (Leica) and sections containing the

heart were collected and stored at -20°C.

Sections were rehydrated in PBS and mounted in 100ul of VECTASHIELD HardSet
Mounting Media with DAPI (Vector laboratories). Sections were stored in the dark at 4°C.
The transfected embryonic hearts were visualised using the DMIRE2 inverted microscope

(Leica).

2.11.4 Quantification of GFP by immunohistochemistry on microinjected hearts

Microinjected embryos with a fluorescent score of 5 were fixed and processed according
to Section 2.4.1. The embryos were sectioned at 8um (see Section 2.6) and every third
section was collected. The slides were left to dry at 42°C overnight. Sections were

deparaffinised in xylene, re-hydrated in a graded series of ethanol and rinsed in dH,O.
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Tissue sections were permeabilised with 0.1% Triton-X 100 in PBS for 30 minutess and
rinsed with dH,O. Sections were blocked with 10% normal goat serum with 1% bovine
serum albumin for 1 hour at room temperate. Without rinsing the sections, GFP-12A6
monoclonal anti-mouse antibody was added to the sections made up with 1% bovine
serum albumin in PBS at a 1:10 dilution and incubated for 1 hour at 37°C. Sections were
rinsed with PBS and incubated for 1 hour at room temperature with Alexa Fluor 448 at
1:100 dilution in 1% bovine serum albumin in PBS. All incubations were completed in in
a humidified chamber. Sections were rinsed with dH,O and mounted with

VECTASHIELD heard-set mounting media with DAPI (Vector Laboratories).

Images were taken of 3 areas of the ventricular chamber and 3 parts of the atrial chamber
throughout the heart. The total number of DAPI cells and GFP positive cells were counted
and divided to obtain the percentage of GFP positive cells (5,919 cell nuclei counted).

2.12 Insilico analysis of novel mutations found for 7PM1

In silico analysis of the four novel mutations of TPM1 was carried out to investigate the
potential damaging effects these mutations may have. This was done using three online
mutation-predicting programs; Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT
(Sorting Intolerant From Tolerant; http://sift.jcvi.org/) and MutationTaster
(http://www.mutationtaster.org/). Polyphen-2 and SIFT programs were used to predict
whether or not the non-synonymous substitutions were likely to affect protein structure, and
in turn, function. MutationTaster on the other hand, predicts mutational affects from the DNA

sequence of the gene.

2.13 Statistics

Levene’s test for equality of variances was used followed by a t-test for equality of means on
SPSS V21.0 (SPSS Inc, USA). Where appropriate, the mean + standard error of the mean

was calculated.
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Chapter 3 Investigating a role for 7PM]1 in the developing chick heart

3.1 Overview

The use of developing chick embryos has the potential to give insight on how the dynamic
heart develops, and the effect genetic manipulation has on development. This chapter
describes the in ovo manipulation of 7PM1 and the phenotypic and structural outcomes of

this manipulation. The aims of the experiments were to:

* show the overall expression of 7PM isoforms in the developing and post-hatch chick

heart

* determine if in ovo delivery of TPM1 specific morpholinos resulted in an abnormal

morphology in the developing heart

* assess functionally the consequence of TPM1 morpholino application leading to an

abnormal phenotype using apoptosis and proliferation studies

* investigate at the cellular level the consequence of TPM1 morpholino application to

cardiomyocytes in culture

* to develop a protocol by which in ovo gene rescue can be achieved using

microinjection

Three morpholinos were designed to TPM 1, one targeting translation via the ATG start-site,
while the remaining two targeting splicing via exonl-intronl (E111) and exon4-intron4

(E414) boundaries. Morpholinos were applied in ovo to the developing embryo. Phenotypic
and structural analyses were conducted after serial sectioning of the treated hearts. Potential

mechanisms resulting in the abnormal morphology were investigated.

Recently, in ovo over-expression of genes in the developing heart was achieved using a
microinjection technique (Ishii et al., 2010). Using this method, this technique was optimised

with the intention to achieve a rescue after morpholino treatment.
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3.2 mRNA expression of TPM1 and TPM4

RT-PCR expression profiling was performed for all isoforms of tropomyosin 1 (TPM1), and
more specifically for TPM1a and TPM Ik isoforms, during critical stages of cardiogenesis
(HH12, HH14, HH19, HH22, HH24, HH26 and HH34) and in the neonatal and adult heart.
Primer pairs were first optimised using HH24 whole embryo cDNA. A primer pair was
designed that was specific to all isoforms of 7PM 1, including; striated muscle, smooth
muscle, fibroblast, non-muscle and brain (Table2.1). PCR revealed expression of 7TPM]
throughout embryonic development and in the neonatal and adult heart (221 base pairs;
Figure 3.1Ba). Due to the alternate spicing of TPM1, TPM 1o and TPMIx were identified
separately using primers specific to each isoform (see Figure 3.1A for the alternate spicing of
TPM]1 striated muscle isoforms). When looking more specifically at striated muscle isoforms
of TPM1, TPM 10 and TPM Ik were present at all stages analysed in the embryonic chick (721
and 725 base pairs, respectively); conversely, expression was absent in the neonatal and adult
atria and ventricles (Figure 3.1Bb and c¢). RT (-) and PCR (H,O) controls were negative and
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was utilised as a loading control (500
base pairs; Figure 3.1Be).

TPM4 expression was also examined as it is known to be expressed in the adult chick heart
(Fleenor et al., 1992). Primers were designed to TPM4 from a published sequence on
ENSEMBL (www.ensembl.org; accession number ENSGALT00000039281; Table 2.1) The
sequences obtained from the PCR product were aligned with the published sequence for
TPM4 and sequences were homologous (Figure 3.2). These results show that TPM4 is also
expressed in the chick heart. An expression profile of 7PM4 was then conducted for the
developing and postnatal chick heart. TPM4 is expressed at the early stages of heart
development (HH12) and is continuously expressed throughout development as well as in the
neonatal and adult chick heart (507 base pairs; Figure 3.1Bd). In addition, TPM4 was also
aligned against 7PM1 to compare homology in the sequences (Figure 3.3). TPM1 and TPM4
are 82% homologous, showing the similarity of the two mRNA transcripts produced by two

separate genes.
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HH12 HH14 HH19 HH22 HH24 HH26 HH34 NeA NeV AdA AdV
+ - % - + - + - + - + - + - HO L + - + - + - + - H20

-~ 221bp

— o

Figure 3.1 Figure 3.1 Expression profile of Tropomyosin in the chick heart.

A. A schematic diagram of 7PM 1, where exons 2a and 2b are alternatively spliced in TPM 1«
and TPMIx. B. Primers designed to all isoforms of TPM1 showed expression in the
embryonic stages of development as well as in the neonatal and adult atrium and ventricle (a).
Primers designed specifically to striated muscle isoforms TPM1a and k showed expression in
the embryonic heart, but not the neonatal and adult (b and c¢). TPM4 is expressed in the
embryonic chick heart as well as in the neonatal and adult (d). GAPDH was used as a loading
control (e). L indicates ladder; +, RT; -, no RT; Ne, neonatal; AD, adult; A, atrium; V,

ventricle; H,O, water control; bp, base pair.
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AGAGCAGAGCAGGCTGAAACGGATAAGAAGGCAGCTGAGGACAAATGCAAACAGGTCGAG
AGAGCAGAGCAGGCTGAGACGGATAAGAAGGCAGCTGAGGACAAATGCAAACAGGTCGAG

GATGAGCTGGTAGCTCTGCAGAAGAAGTTGAAAGGAACTGAAGATGAGCTGGATAAATAC
GATGAGCTGGTAGCTCTGCAGAAGAAGTTGAAAGGAACTGAAGATGAGCTGGATAAATAC
——————————————————————————————————————— GAAGATGAGCTGGATAAATAC

KAKKKA KA KA KKK KKK KKK KKKk

TCTGAGGCTCTGAAAGATGCCCAGGAAAAGCTGGAGCAGGCTGAAAAGAAGGCCACGGAT
TCTGAGGCTCTGAAAGATGCCCAGGAAAAGCTGGAGCAGGCTGAAAAGAAGGCCACGGAT
TCTGAGGCTCTGAAAGATGCCCAGGAAAAGCTGGAGCAGGCTGAAAAGAAGGCCACGGAT

R R R R R R R R R R R R R R R R R R R I E dE E E E I E E E E E E h 3 3

GCAGAAGGTGAGGTGGCGGCGCTCAACAGACGCATCCAGCTGGTGGAAGAGGAGCTGGAT
GCAGAAGGTGAGGTGGCGGCGCTCAACAGACGCATCCAGCTGGTGGAAGAGGAGCTGGAT
GCAGAAGGTGAGGTGGCGGCGCTCAACAGACGCATCCAGCTGGTGGAAGAGGAGCTGGAT

R R R R I R R R R R R R R R R R R R I E E E E E E h E E E E E h E h 3h b E 3

CGGGCCCAGGAGCGGCTGGCCACAGCCCTGCAGAAGCTGGAAGAGGCCGAAAAAGCGGLCG
CGGGCCCAGGAGCGGCTGGCCACAGCCCTGCAGAAGCTGGAAGAGGCCGAAAAAGCGGLCG
CGGGCCCAGGAGCGGCTGGCCACAGCCCTGCAGAAGCTGGAAGAGGCCGAAAAAGCGGLCG

R R R R R R R R R R R R R R R R R R I E dE E R dE E E E h E h 3h b I E I

GATGAGAGTGAGAGAGGAATGAAAGTCATTGAGAACAGAGCAATGAAAGATGAAGAAAAA
GATGAGAGTGAGAGAGGAATGAAAGTCATTGAGAACAGAGCAATGAAAGATGAAGAAAAA
GATGAGAGTGAGAGAGGAATGAAAGTCATTGAGAACAGAGCAATGAAAGATGAAGAAAAA

R R R R R I R R R R R R R R R R R R I E E I E R E E E E h h b I

ATGGAAATTCAGGAAATGCAGCTGAAGGAGGCCAAGCACATCGCTGAGGAGGCCGACCGC
ATGGAAATTCAGGAAATGCAGCTGAAGGAGGCCAAGCACATCGCTGAGGAGGCCGACCGC
ATGGAAATTCAGGAAATGCAGCTGAAGGAGGCCAAGCACATCGCTGAGGAGGCCGACCGC

R R R R R I R R R R R R R R R R R R I E E E E h h E R E h h E h 3 I i

AAATACGAAGAGGTTGCCCGCAAGTTGGTGATTTTGGAGGGGGAGCTGGAAAGAGCTGAA
AAATACGAAGAGGTTGCCCGCAAGTTGGTGATTT-GGAGGGGGAGCTGAAAAGGGG-—-——
AAATACGAAGAGGTTGCCCGCAAGTTGGTGATTTTGGAGGGGGAGCTGGAAAGAGCTGAA

KAK KKK KA KKK KKK KA KA KA KA AR AR AKAKKKN A AR KRR K K Ak kK

GAGCGCGCAGAGGTGTCCGAAGTGAAATGCAGTGACCTTGAAGAGGAGTTGAAGAATGTC

Figure 3.2 Alignment of PCR product sequences from primers 1 and 2 with 7TPM4
transcript available on ENSEMBL .

The sequence obtained from the PCR product was aligned with a TPM4 transcript published
on ENSEMBL (ENSGALT00000039281). There is 100% homology between the sequences.

The primer pair used to obtain the PCR products are underlined.
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TEM1 ATC AT CATC ARG ISR ACATCCACATCCTCAARCTCOACARCCACARTCCCTICAAC €D

TEME ATCC ARG CATC ARG ISR ACATCCACATCTTCARCCTCOACARCCACARTCCCATTICAT €D
.'.'.:.Q...................... ...._..........'.'.'.' :. -

TEM1 AR RS AR S OO R A SO oA C ARG AR SO ACCOoRCCRACRACCACCAACCAC CTCLRS 120

TEMG AR R R S RS T O R CAC AT ARG AR CCCACCTORACCACI A TCCARCCACCTCOAS 120

...O._.0.0...O O....... AR AARAAARR AR an ............ hAes

TEM1 CRCCRCCTCLTCCCTCT OO ARG AR CCTCARCCLCACTCRACCATCRCCTCOAC AARTALC 180
TEME SR CARCCTCLTCOCCCT O ARG ARG TC IR ACCAACTCRACCATCRCCTCLAT AARTAT 180

PRAAARAAAAAAAd AAAAd AR AAARRRAR dh AR RRRd R dRRRRdRRd Rhdee

TEM1 T CACTCCCTT AR CATCCACACCI R ACTTCCARCTCOCTCACI SR ACCCC ACACAT 240
TEME T ARG ECTICTC A AR CATCCACACCI SR ACCTCORACCACCCTCI A ARCARCOCC ARCCRT 240

RARAAR A AR ARRARRARARARRRRARRRRRRR ARRR AL ARRRRR AR AR RRRR e

TEM1 ST CRCARCTCAACTACCTTCCCTCARCACARCCCATCCARCTCLOTTCACCARCAC TTCCAT 200
TEME SRRSO L CRCCTCLC LT ARCACCCCCATCCACCTOLOTCCARCACCRAC CTCLRC 200

- ..'.. ....Q... - e .............Q'..... .....'... LA

TEM1 TR CRC OO TTCCTACTOOCCTOCACARCCTCCRCCACCCTCACARC CCTCCR 26D
TEME O o CACCRCCCCTTCLCCACRCCACTOCACI AR CTCORCCACCITCIA AR A CCRECC 26D

CRAAE AAAARAAR AR Rd AR R hhRee ................O_O.‘..:.._

TEM1 CRTCACACTC AR CACCAATCARCCTCATTICA A AATACACCCCACARCCATCAR CRACARS 420
TEME CRTCACACTCACACACCAATCAAACTTATICACARCACACCCATCARACATCAR CARARA 420
...Q.Q.Q.Q...Q............ ........ LA L . :...-...... .....-
TEM1 ATCCI A TCC AR CACATCCACCTT AR CARCCTARCCACATTICCTCARCACCCT CRCCEC 480
TEME ATCC AT TCRACC A AR TCCACCTCRARCCRACCOCARCCACATCOCTCRACCACCCT CRCOCEC 480

RRAARARRAR AR AR AR ARRRR AR AR AR AR RRRRRR AR R AR RR AR

TEM1 AR CTATCARCACCTCLCTCCTARCCTCOTCATCATTICACCLTCACCTCOACCCL CCTCRE 540
TEME AT ACCRCCRACCTTCCCCOARCTTICLOTCATICTCORACCCRACACCTCLIAACACCTCRAR 540

O.‘OO OO‘OOOOO R AR ARR A ARRRes .. .....:.. ..'.O.‘.‘.....‘

TEM1 RSO CTCCTCARCTATCACA ARG A AATCTCCTCACCTTCARCACCACTICARAACTICTIC €00
TEME GACCGR A TETCCEARC TEARRATC TACTGACCTCOARGAG---TTGARG ARTCTC 557
.....:.Q:Q.. Q-....... ....... RR AR AR .....-.-...
TEM1 AR AR T AR ST OO TCCRACCCTCACCCTCACARCTACTCOCACRARCARA CACARR. EED
TEME AR AR TCTCARCTCTTTICCARCCTCACTCTCIS AR CTACTCOC A A A ACCAA CATARSG €57

R ARRAR AR RRRAS RRARE AARARARARR AR ARRRRRRRR A AR AR AR A

TEM1 TRT AR CACCACATTIAACTICTARCTCACARACTCARCCRACCCTCRACACCCOT CCTCRAR 720
TEME TATCAACARCI AT AR CATTICTTICTCACARCCTOAARCARCCTCRARCTCCT CCTCRE 717

'O'OOOO0.00.00 O..‘0.0.: :.......... .._........... ..'......

TEM1 TITCCTCACACCTCACT ARCCARCCTCOACARCACCATICATCATCTACARCGAT GRCCTT 780
TEME TITCC T ARG ARG CCTTCCC A AR CTOO IS AR CTCCATTCATCATCTCLARCGAT CRACCTC 777

RRRRRRRRAA, . BR . AAAR ARARR ARR. ARRARRRARRRAR ARRRRR AR RS

TEM1 TRTCCTCACIAACTCARCTACIARCCCATCACCCACCACCTOOACCATCCTICTC ARCCAT 2840

TEME TRCCCTCAC ARG TCARCTACI AR CC AR TCACCCAL--~CTCOACCACCOCCTC ARTCRC B34
- Q.Q.............................. RRAARAAR AR AR AR e

TEM1 ATCACTICCATCTARAT 857

TEME ATCACCTCCCTICTACTIC BE1

Figure 3.3 Alignment of TPM1 and TPM4 to show homology.
TPM1 and TPM4 sequence are highly homologous (82%). Base pairs highlighted in yellow
indicate primers designed for all isoforms of TPM1. The grey base pairs indicate the TPM4

primer pairs and the underlined primers are designed specifically to TPM1a.



3.3 Protein expression of TPM1

To look at the protein expression of TPM in the chick heart at different ages, an antibody
designed to TPM1 cardiac and skeletal muscle (CH1) was used. However, the epitope of this
antibody is unknown, but is thought to target exon 9a of TPM1. Since the homology of
TPM1 is known to be similar to TPM4 (Figure 3.3), there is a possibility CH1 antibody can
detect both TPM1 and TPM4. Therefore, the following results investigate the expression of
both TPM1 and TPM4 in the chick heart at different developmental ages

Immunohistochemical staining with CH1 antibody showed positive staining throughout the
myocardial wall of the early heart tube at HH12 and HH14 (Figure 3.4a and b). Positive
staining was also seen in the atrial (including septum), atrio-ventricular canal, ventricular
(including trabeculae) and OFT myocardium in stage HH19, 24, 26, and 34 embryos as well
as in the neonatal atrium and ventricles (Figure 3.4c-h). No staining was seen in the cardiac
jelly, endocardium or endocardial cushions other than the haemalum counterstain. Non-
specific binding was not seen in the negative control heart where the primary antibody was

omitted (Figure 3.41).

90



Figure 3.4 Expression of TPM in the chick heart.

The CH1 antibody was used to detect TPM expression in the heart. TPM expression is brown,
while the counterstain, Mayer’s Haemalum stains light purple. Expression was seen at all
stages including HH12, HH14, HH19, HH24, HH26, HH34, neonatal atrium and neonatal
ventricle (a-h). Antibody reactivity was restricted to the myocardium of the hearts and no
expression was seen in surrounding tissue including the endocardium, endocardial cushions
and cardiac jelly. No reactivity was seen in the negative control (i). A indicates atrium; V,
ventricle; OFT, outflow tract; arrow, atrial septum. Scale bars indicate 100um; scale bar in a

is same for b and ¢ and scale bar in d is same for e-i.
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3.4 Embryo grouping, survival and morpholino uptake

TPM1-morpholino delivery was completed at two ages: 1) delivery at HH10/HH11 and
harvested at HH19 (HH11/19), or 2) delivery at HH19 and harvesting at HH24 (HH19/24).
The HH11/19 embryos were analysed for survival and uptake of each morpholino used.
Survival rates for untreated (UT) chick embryos (n=81), standard control (SC) group (n=92)
and TPM1-morpholino treated group (ATG n=52; E111 n=36; E414 n=35) were 91.4%,
89.1% and 88.6%, respectively (P=0.98, no significant differences). Surviving embryos were
examined for ‘morpholino uptake’ determined by the degree of fluorescence. 68.3% of the
SC and 88.1% of the TPM1-treated embryos were considered positive (P=0.76, no significant

difference).

In the HH19/24 study, embryos were treated with the ATG morpholino only. The survival
rate was 100% for the embryos receiving TPM1 morpholino (n=14), 87.1% for SC embryos
(n=31), and 71.4% for UT embryos (n=21; P=0.236, no significant difference). Embryos
were again examined for morpholino uptake. Morpholino uptake was 64.3% for TPM1-

morpholino embryos, and 66.7% for SC embryos.

3.5 Looping defects were present upon TPM1-treatment

At the time of harvesting, all embryos were observed at high and low magnifications, to
ensure they had developed correctly. Images were taken of the heart at high and low
magnifications, with photos being taken on the left and right hand sides of the embryo.
Particular features studied were atrium and ventricle size, cardiac looping, length of the OFT,
and any misplacement of the heart components. The UT and SC groups all appeared normal
(n=137; Table3.1; Figure3.5Aa and b). Upon application of TPM1 morpholino at HH10/11
and harvesting at HH19 (HH11/19), the external phenotype of the embryonic hearts appeared
normal for the majority of embryos (92/96, 96%:; Figure 3.5Ac and d). However, of the 4%
that appeared abnormal (2/36 ATG, 1/31 E414 and 1/29 E111; Table 3.1) the hearts appeared
to be distorted dextrally, indicating a looping defect (Table 3.1; Figure 3.5Ae and f).

Nevertheless, the overall size of the OFT, ventricle and atrium looked normal in these hearts.

For the HH19/24 study, all control and TPM1-treated embryos appeared to have a normal
external phenotype (SC n=18, UT n=15, and TPM1-treated n=9; Figure 3.5Ba-c).
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Figure 3.5 External analysis of TPM1 treated embryos at HH11/19 and HH19/24.

A. HH11/19 embryos that are untreated or SC treated display normal external phenotype (a
and b). This is true for the majority of TPM1-morpholino treated embryos (c and d). In a
small proportion of TPM1 morpholino treated embryos the external heart appears to be
abnormally looped with the ventricle appearing dextrally (e and f). B. HH19/24 embryos all
appear to have a normal external appearance (a-c). * indicates outflow tract; V, ventricle;

arrow, atrium; UT, untreated; SC, standard control; TPM1, TPM1-morpholino treated.
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3.6 TPM1-treatment results in abnormal atrial septa in the HH11/19 heart

HH11/19 embryos were serially sectioned in a transverse orientation to observe internal
structures. The septum emerges from the roof of the atrial wall, extending into the atrial
chamber towards the atrioventricular canal. The atrial septa appear to develop normally in all
the controls (n=60; Table 3.1; Figure 3.6a and b). However, in 41% of the morpholino treated
embryos, the septum appeared small and resembled a knuckle shaped outgrowth from the
atrial myocardium (ATG n=11/29, E111 n=9/26, and E414 n=7/14; Table 3.1; Figure 3.6c¢).

The septum can be observed at higher magnification in Figure 3.6d-f.

One ATG morpholino-treated embryonic heart displayed a remarkable septal phenotype with
the initiation of a second atrial septum from the dorso-cranial wall of the atrium (1.4%;
Figure 3.7). Firstly, there was the appearance of the septum proper (Figure 3.7a); soon after, a
second septum appeared to the right (Figure 3.7b). These septa progressed in size, achieving
close to normal septal length, however, both still appeared slightly smaller than usual (Figure
3.7¢ and d). Finally, the septa fused towards the posterior heart wall of the atrium (Figure
3.7e and f).
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Figure 3.6 TPM1-morpholino treatment at HH11 results in reduced atrial septum size.
Normal septation initiation and growth can be seen in the untreated and standard control
embryos (a,b,d and e). TPM1-treated embryos have reduced atrial septa size (c and f). At

indicates atrium; V, ventricle; arrow, septum. Mag bars indicate 100pum in a-c and d-f.

Figure 3.7 Initiation of a double atrium septum was seen in a TPM1-treated embryo.

The atrial septum grows from the dorso-cranial wall of the atrium (a). Soon, the appearance
of a second septum can be seen emerging to the right of the original septum (b). Both septa
continue to grow as (c and d) until they both fuse at the posterior aspect of the atrial chamber
(e and f). Arrow indicates septum. Mag bar indicates 100pm.
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3.7 Abnormal ventricular trabeculation is observed in HH11/19

During normal cardiac development, trabeculae form a vibrant sponge-like meshwork within
the myocardium, which appear as finger-like projections in the transverse orientation of the
ventricular cavity. These projections appeared normal in the UT and SC groups (n=60; Table
3.1; Figure 3.8a and b). In morpholino treated embryos, 38% of the hearts appeared to have
abnormal trabeculae development, with most hearts having a severe reduction in number and
size of trabeculae (n=13/29 for the ATG, 5/26 for the E111 morpholino and 8/14 for the E414
splice site morpholino; Table 3.1; Figure 3.8d), with one heart completely lacking defined

trabeculae, and apparent thinning of the ventricular wall (Figure 3.8¢).

In total, of the 4 embryos with an abnormal external looping phenotype, each had an internal
abnormal phenotype. With regards internal phenotypes to the developing atrial septa and
trabeculae, 55% of hearts (38/69) had at least one defect (in either the atrium or ventricle) and

23% (16/69) had both internal phenotypes.
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Figure 3.8 TPM1-treatment at HH11/19 results in reduced trabeculation in the
ventricle.

Trabeculae grow from the caudal surface of the ventricular chamber in the untreated and
standard control embryos (a and b). In the TPM1-treated embryos these trabeculae are
reduced in both number and size (¢ and d). * indicates trabeculae; V, ventricle; At, atrium,;

SC, standard control. Mag bar=100um.
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3.8 TPM1-treatment at HH19 does not result in an abnormal internal phenotype

Internal analysis was conducted on embryos treated with TPM1 morpholino at HH19 and
harvested at HH24 (HH19/24). No abnormalities were observed upon internal analysis of
TPMI-treated (n=8), SC (n=5), or UT embryos (n=5) (Table 3.1). Serial sectioning through
the HH19/24 hearts revealed normal atrial septation when comparing the controls to the
TPMI-treated hearts. In the atria, an inter-atrial septum is present and is fully extended and
fused with the dorsal and ventral endocardial cushions obliterating the foramen primum, thus
dividing the atria in two (Fig. 3.9Aa-c). No abnormalities in the mesenchymal cap of the

septum were seen.

In the ventricular chamber, numerous trabeculae can be seen protruding into the ventricular
lumen (Fig. 3.9Ba-c). Major trabecular bundles can be seen inside the un-septated ventricle
in the region of the ventricular groove (Fig 3.9Bd-f). However, at this stage no solid muscular

septum can be seen.
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Figure 3.9 TPM1 morpholino treatment at HH19/24 results in normal atrial and
ventricular development.

A. The atrial septum has fused to the endocardium cushions in the atrioventricular canal at
HH24 (arrowhead). Normal atrial septation can be seen in all groups (a-c). B. By HH24
trabeculae are protruding into the ventricular lumen in all groups (a-c) and begin to coalesce
to form the ventricular septum (arrow; d-f). OFT indicates outflow tract; V, ventricle; UT,

untreated control; SC, standard control; TPM1, TPM1-morpholino treated. Mag bar=100pum.
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3.9 Stereological analysis reveals normal total heart proportions

For stereological analysis, a 96-point grid was placed over every third 8um section through
the HH11/19 embryonic heart. Each point at which the grid hit a specific region (atrium,
ventricle or OFT) of tissue (or lumen) was counted for that specific region. For the control
hearts (SC and UT; n=5 and n=6, respectively) 5842 points in total were counted, and 6383
points were counted for the TPM 1-treated hearts (n=13). The TPM1-treated group included
hearts with normal atrial or ventricular phenotype (no phenotype; n=3), hearts with an atrial
septal phenotype only (n=6) and hearts with an abnormal ventricular phenotype (n=4). Once
all points were counted, the total number of counts per region was divided by the total
number of counts for that heart, giving a percentage proportion that each region contributed

to the heart.

The percentage proportion of atrium, ventricle and OFT was not significantly different
between the UT and SC hearts so these were pooled into one group (P=0.662 atrium,
P=0.889 ventricle and P=0.656 OFT). The normal, abnormal ventricular and abnormal atrial
septal phenotyped TPM1-treated groups were also not significantly different and were pooled
together into one TPM1-treated group (P>0.253). When compared to the control group, the
TPM1-treated groups showed no significant difference (P=0.693, 0.318 and 0.489 for the

atrium, ventricle and OFT, respectively; Figure 3.10).
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Figure 3.10 Stereological analysis revealed normal atrial, ventricular and outflow tract
size in TPM1-treated hearts.

The proportion of atrium, ventricle and OFT contributing to each heart was calculated using

stereological methods. No significant difference was seen between control and TPM 1-treated

hearts.
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3.10 Stereology revealed changes in the ventricular components of TPM1-treated

hearts

Stereological data was also obtained to look at the percentage the heart wall, ECM and lumen
contributed to the atrium, ventricle and OFT of the heart. When the UT and SC groups were
compared, no differences were seen in any of the regions tested (P>0.094) and the two groups
were pooled. Similarly, no significant difference was seen in the regions of the atrium,
ventricle and OFT when the TPM 1-treated hearts with different phenotypes were compared
(P>0.062). Therefore, these samples were pooled into one TPM1-treated group.

The pooled TPM 1-treated group was compared against the control group and no significant
differences were seen in the OFT wall (P=0.536), lumen (P=0.162) or ECM (P=0.064; Figure
3.12).

Similarly, in the atrium, no differences were seen in the lumen (P=0.775), ECM (0.795) or
wall (P=0.507; Figure 3.11). However, the stereological data showed that the atrial septum
represented 0.61+0.13% of the control hearts while in the TPM1-treated hearts it represented
0.42+0.11%, a 30.18% decrease in atrial septal myocardium compared to control groups.
However, the number of points counted for the atrial septum was low (200 points required;
38 and 25 points counted for the control and TPM1-treated groups, respectively) and

statistical analysis could not be completed.

Stereological analysis showed that the ventricular wall and trabeculae in control hearts
represented 16.18+0.87% of the heart, while the TPM1-treated ventricular wall (including
trabeculae) accounted for 12.68+0.60%; a decrease of 21.64% (P=0.003; Figure 3.11).
Consistent with this, the ventricular lumen for the control and TPM1-treated hearts accounted
for 20.17+2.72% and 28.90+2.37% respectively, an increase of 43.25% for the TPM 1-treated
groups (P=0.024; Figure 3.11).
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3.11 TPMI1 morpholino-treatment did not affect cell proliferation in the heart

Cell proliferation in the heart was detected using an antibody targeting Proliferating Cell
Nuclear Antigen (PCNA), a protein expressed in the nucleus during the S-phase of the cell
cycle and a co-factor of DNA polymerase delta (important for DNA replication and repair)
(Kubben et al., 1994). PCNA positive cells were identified as cells containing dark brown
nuclei (Figure 3.13A shows an example of sections stained for PCNA). Light brown nuclei
were not considered positive for PCNA. DAPI was used as a counterstain to identify the total

cell count. A total of 47,747 cells were counted as either PCNA positive or negative.

No significant differences in PCNA positive cells were seen between the SC and UT hearts
(P>0.085) and therefore, these two groups were pooled. TPM1-treated hearts with normal
(n=3) and abnormal (n=4) phenotypes were included in the study, and therefore, were tested
for significant differences between the groups (P>0.433). Since no significant difference was

seen between the TPM1-treated groups, they were also pooled.

In the atria of the control hearts, 31+£1% (average percentage + standard error of the mean)
were PCNA positive, while in the TPM1-treated hearts 29+3% were positive for PCNA
(P=0.702; Figure 3.12B).

In the septum, 26+2% of the control hearts were PCNA positive in comparison to 26+3% of
the TPM1-treated heart (P=0.974; Figure 3.12B).

Finally, the ventricles of the control hearts had 37+1% proliferating cells and the TPM1-
treated hearts had 33+3% PCNA positive cells (P=0.271; Figure 3.12B). Therefore, no
significant differences in proliferation were seen between the control and TPM1-treated

hearts in the atrium, septum or ventricles.
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Figure 3.12 TPM1-treated hearts show normal proliferation.

A. An example of cells staining positive for a proliferation marker PCNA in the atrium, atrial
septum and ventricles of control and TPM1-treated hearts using PCNA staining protocol. B.
When TPM1-MO treated and control hearts were compared, no significant difference was
seen between the groups in any regions examined (P>0.271).
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3.12 TPMI1 morpholino-treatment results in increased levels of apoptosis

Apoptosis was quantified in the chick heart by enzymatically labelling the free 3°’-OH
terminus of DNA with TdT. A total of 44,297 cells were identified as positive or negative for
apoptosis. Cells positive for apoptosis were found isolated with no apoptotic foci observed
(Figure 3.13A). No significant differences in apoptosis was seen between the UT and SC
hearts and were therefore pooled into one control group (P>0.087). However, there were
significant differences in apoptosis observed between TPM1-treated hearts with abnormal
atrial septation/ventricular trabeculation (n=3) and TPM1-treated hearts with a normal gross

morphology (n=4), hence these two groups were analysed separately against the controls.

In the atrial wall, 0.47+0.07% of the control cells, 0.434+0.08% of the normal phenotypic
TPMI1-treated hearts and 0.9540.24% of the abnormal phenotypic TPM1-treated hearts were
apoptotic (P=0.709 non-phenotype, P=0.179 with phenotype; no significant differences;
Figure 3.13B).

In the atrial septum, apoptosis accounted for 0.49+0.06% of the control hearts and
0.37+0.04% of the normal phenotypic TPM1-treated hearts (P=0.224). However, apoptosis in
the abnormal phenotypic TPM1-treated hearts accounted for 1.56+0.27% (P<0.001;
significant difference; Figure 3.13B).

Finally in the ventricular wall (including trabeculae), 0.43+0.05% of the cells were apoptotic
in the control hearts and 0.41+0.01% in the normal phenotype TPM1-treated hearts
(P=0.775). For the TPM-treated hearts with an abnormal phenotype, apoptosis accounted for
0.68+0.05% of the cells (P=0.013; significant difference; Figure 3.13B). These results
compliment the abnormal phenotypes observed from the internal phenotypic analysis
(Section 3.6 and 3.7). An increase in apoptosis is observed in the ventricular wall and atrial
septum, which are reduced in size in a subset of the TPM1-morpholino treated hearts, while
normal levels of apoptosis is observed in TPM1-morpholino treated hearts which appear to

have normal atrial septum and ventricular trabeculae development.
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Figure 3.13Apoptosis is increased in the atrial septum and ventricular wall of TPM1-
treated hearts.

A. An example of apoptotic cells detected in the atrium (a and b), septum (c and d) and
ventricle (e and f) of a HH19 heart. An arrow indicates an apoptotic cell. B. Apoptosis was
measured in untreated, standard control (pooled as controls), TPM1-treated hearts with a
normal phenotype and TPM1-treated hearts with abnormal phenotypes. Apoptosis was
normal in the normal phenotypic TPM1-treated hearts when compared with the controls
(P>0.224). However, in the atrial septum and ventricles of the abnormal phenotypic hearts,

apoptosis was significantly increased. *P<0.05 ***P<0.001.
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3.13 Ultrastructural analysis

To investigate a potential cause of the internal abnormal phenotype observed in the HH11/19
hearts, morpholino treated hearts were examined at the ultrastructural level. Both the atrial
and ventricular regions of the heart were analysed separately. Numerous cellular structures
were observed, including sarcomere assembly into myofibrils to show maturation of the
tissue, the presence of multiple mitochondria and the presence of desmosomes (an adherent
junction that join neighbouring cells indicating good muscle integrity). Interestingly, these
structures appeared normal upon comparison between the control (n=6) and TPM1-treated
groups (n=9) in both the atrial and ventricular chambers, with normal myofibril formations,
mitochondria and desmosomes present (Figure 3.14a-h). Intracellular spaces and cellular size

within the tissue also appeared normal across the groups.
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3.14 TPMI1-morpholino treatment in culture results in sarcomere disarray and

decreased sarcomeric maturity

The effect of TPM1-morpholino treatment on sarcomere assembly was investigated using
cardiac cell micromass. Full embryonic hearts can be harvested and trypsinized to obtain
beating cardiomyocytes surrounded by fibroblasts, endothelial cells and other cells present in
the heart, in culture. Cardiomyocytes that actively uptake morpholino were studied and they
can be distinguished due to the fluorescein tag present on the morpholino structure. Using an
anti-TNNT2 antibody to detect the sarcomere, the cardiomyocytes were classified into one of
four stages depending on its sarcomeric maturity (Figure 3.15Aa-d). Stage one consisted of
cells with positive staining around the periphery of the cell but no sarcomeric structures could
be clearly seen, especially around the nucleus (Figure 3.15Aa). Stage 2 cardiomyocytes
contained assembled sarcomeres, however, they appeared thin and disorganised (Figure
3.15Ab). Stage 3 cardiomyocytes presented with organised sarcomeres that appear thin but
were organised and run parallel to one-another (Figure 3.15Ac). Finally, stage 4
cardiomyocytes contained mature cardiomyocytes with thick bands running through the cell
(Figure3.15Ad). More than 1000 cells were analysed in three independent experiments.
Additionally, the classification was done blinded to avoid bias interpretation of results.
Untreated and SC-treated cells had no significant difference between each other in any of the
classifications and were pooled into one control group (P>0.217). When the control group
was compared with the TPM1-treated group, the number of TPM1-treated cells at stage 1 and
2 were significantly increased (P<0.001 and P=0.012, respectively; Figure 3.15B). No
significant difference was seen at stage 3 between the groups (P=0.120), however, the
number of TPM1-treated cells that reached stage four was significantly reduced compared to
the control group (P<0.001; Figure 3.15B). Therefore, TPM1-morpholino treatment in vitro
results in decreased sarcomeric assembly and maturation in cardiomyocytes. These results
may elucidate a possible cause for the abnormal structural defects observed in Sections 3.6

and 3.7.
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Figure 3.15 TPM1-morpholino treatment leads to immature sarcomere assembly.

A. Sarcomere assembly was categorized into 4 types: type 1 is immature myofibril
assembling at the periphery of the cell with no fibril structures present (a); type 2 fibres are
present in a disorganised fashion (b); type 3 has organised fibrils that are thin (¢); type 4 has
fully developed thick fibrils running across the cell (d). B. TPM1-treatment results in an
increase in type 1 and type 2 immature cells, while there is a decrease in the number of type 4
cells. Type 3 appear reduced in the TPM1-treated group, but was not statistically significant.
*P<0.05 ***P<0.001.
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3.15 The molecular effect of TPM1-morpholino application

Western blot analysis was used to quantify the degree of protein knockdown in hearts treated
with ATG start-site morpholino. This was performed on pooled hearts and later on single

isolated hearts to confirm protein quantity.
3.15.1 Western blot using pooled hearts

TPMI-treated, SC and UT hearts were pooled in groups of three per sample. The optical
density of the bands were measured for CH1 antibody detecting TPM1 and normalised
against GAPDH (Figure 3.16A). No difference in optical density was seen between the SC
(n=3) and UT (n=3) groups and they were pooled into one control group (P=0.622). No
significant difference was seen between the control and TPM1-treated hearts (n=3; P=0.664)

indicating no decrease in TPM1 protein after morpholino treatment (Figure 3.16B).
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Figure 3.16 Western blotting to detect alterations in TPM1 after morpholino treatment
in pooled hearts.

A. Three hearts of the same treatment were pooled into one sample to ensure there was

enough protein for detection. B. No significant difference was seen between the control

groups and the TPM1-morpholino treated group (P=0.664).
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3.15.2 Western blot using individual embryonic hearts

As the penetrance of the phenotype of the TPM1-treated hearts was not 100%, it was
postulated that the decrease in TPM1 protein may not be present in all of the morpholino
treated hearts. Therefore, pooling the hearts in groups of three may dilute the decrease in
TPM1, making it insignificant. Hence, individual TPM1-treated hearts were analysed.
CHI1 antibody detecting TPM1 was normalised using Histone H3 (Figure 3.17A). No
significant difference between the UT and SC groups (n=4 for both UT and SC) was seen
(P=0.403). Therefore, these two groups were pooled into one control group. When the
control and TPM 1-treated hearts (n=9) were compared, again no significant difference was

seen in protein concentration (P=0.189; Figure 3.17B).

As no differences in protein concentrations were seen, a western blot was conducted using
CHI1 to test its specificity. TPMI is expressed in the embryonic chick heart, however, after
birth, it is replaced with TPM4 (Zajdel et al., 2003). A western was performed on HH19,
HH34, neonatal and adult heart. CH1 antibody was positive in all the ages tested,
including the adult heart, where TPM1 is known not to be expressed (Figure 3.17C). This
data suggests that CH1 antibody is not only detecting TPM1, but also TPM4. Therefore,
CHI1 is not a suitable antibody to investigate a possible reduction of TPM1 after TPM1-
morpholino treatment, since TPM4 expression may be increased due to compensatory

effects.
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Figure 3.17 Western blot ting using individual hearts revealed no significant change in
TPM1 protein after morpholino treatment.

A. Instead of pooling hearts together western blot was performed on individual hearts from
each treatment group. B. Again, no significant difference in TPM1 protein was detected when
compared with the control groups (P=0.189) although TPM1 appears to be increased. C. To
check whether the antibody was specific to cardiac and skeletal TPM1, a western blot was
done using embryonic heart (HH19 and 34) and neonatal and adult heart tissue which is
known not to express TPM1. CH1 antibody was reactive in both the embryonic and postnatal

tissues. CH1=38kDa, Histone H3=15kDa.
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3.16 Optimizing the delivery of GFP containing construct directly to the developing

chick heart in ovo

The delivery of plasmid mRNA and over expression its protein in the chick heart directly in
ovo has been previously accomplished (Ishii et al., 2010). Ishii et al. microinjected plasmid
containing noggin mRNA linked with gfp into the pericardial space of HH13-14 chick
embryos. After harvesting at HH17, they found expression of the construct in the
myocardium of the heart, but not in other tissues. The over-expression of genes in the
myocardium would be ideal for doing a rescue after morpholino treatment. Utilizing their
method, various modifications have been made to the protocol, including: microinjection at
different ages, as well as amounts of transfection mixture injected into the pericardial space

and amount of transfection reagent used.

3.16.1 Replication of the microinjection technique

Following Ishii et al.(Ishii et al., 2010), fifteen injections of 3nl of transfection mixture
were injected into the pericardial sac of HH14 embryos. The transfection mixture
contained 4ug pEGFP-CI vector and 5pul of lipofectamine. Fast green was added to the
transfection mixture so that the location of the injection could be visualized. Initially, 16
HH14 embryos were injected and all but one embryo survived (94%). From the surviving
embryos, GFP fluorescence was checked and fluorescence, if present, was always
observed in the heart and not in the surrounding tissues. The degree of fluorescence was
classified using a star rating system, with 1-star (*) meaning a low level of fluorescence
and 5-stars (*****) meaning a high level of fluorescence (see Figure 3.18A). From this
initial experiment, two embryos scored 1-star (13.3%), one embryos scored 2-stars (6.6%),

7 scored 3-stars (46.7%) and five embryos scored 4-stars (33.3%; Table 3.2).
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3.16.2 GFP expression confirmation using indirect detection method

Using an anti-GFP antibody, GFP expression was detected using whole mount
immunohistochemistry. Upon 3,3 -diaminobenzidine reaction, GFP could be detected in
the same areas as the fluorescent-GFP produced from the plasmid (Figure 3.18B). It also
showed that all GFP fluorescent signals coming from the live embryonic heart could be
detected by the anti-GFP antibody. Therefore, all translated GFP in each cell is visible

using fluorescence.

3.16.3 Whole mount immunohistochemistry confirms location of GFP expression

In order to confirm the location of the GFP observed and the percentage of expression,
immunohistochemistry was completed on 8um sections through a 5-star chick heart.
Consecutive sections were collected, stained for GFP and DAPI and imaged. The total
number of cells per section were counted on every third section using the DAPI stain for
all nuclei (Figure 3.18C). GFP could be seen in the cytoplasm of a small proportion of
myocardial cells, but was generally seen on the outer myocardial layer of the heart and not
internally (Figure 3.18C). The total number of cells with GFP expression was also
counted. 7.2% of the myocardium was positive for GFP. This compares with 4%
expressed observed by Ishii et al. (Ishii et al., 2010). Therefore, it may be possible to
further increase the expression by optimizing the amount of construct, transfection reagent

and volume of transfection mixture injected.

3.16.4 Microinjection technique is also possible at HH11 and HH19

To attempt microinjecting transfection mixtures directly to the myocardium of varying
ages of embryos, HH11 and HH19 embryos were used. HH11 embryos have a very weak
heart beat and can be difficult to visualize. However, the heart is only newly developed
and very few structural processes have occurred compared to the HH19 heart. HH19
embryonic hearts are large relative to embryo and are clearly visible at 1.5X
magnification. However, the heart beats powerfully and quickly at this stage, so in order to
decrease the risk of damage to the heart, the embryos were left at room temperature 2hrs

prior to injection in order to slow the heartbeat.
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Firstly, 14 HH11 embryos were microinjected. Two embryos died (14%), and of the
remaining survivals, all embryos were fluorescent. Six embryos scored 4-stars for

fluorescence (50%), and six scored 5-stars (50%; see Table 3.2).

For the HH19 study, out of 29 embryos injected, 5 died (17%; see Table 3.2), while the
remaining embryos displayed variable amounts of fluorescence. Four embryos scored 1-
star (16.7%), one of the embryos scored 2-stars (4.2%), two embryos scored 3-stars
(8.3%), seven embryos scored 4-stars (29.2%) and 10 embryos scored 5-stars (41.7%; see
Table 3.2). This data suggests that microinjection is a viable technique at HH11 and HH19

and embryo survival and GFP expression is not adversely affected by the technique.

Embryo Age No. of Embryos No. of Embryos | Fluorescence %
Dead Alive Scores

HH14 1 (6%) 15 *2 13.3%
**1 6.6%
wHET 46.7%
RAARS 33.3%

HH11 2 (14%) 12 *HERG 50%

HH19 5(17%) 24 *4 16.7%
**1 4.2%
*xED 8.3%
wHART 29.2%
KAEEELO 41.7%

Table 3.2 Optimisation of the microinjecting technique at various stages of heart

development.

To optimise the microinjection of 4ug DNA at different ages, HH14, HH11 and HH19 were

attempted.




3.16.5 Increasing the incubation time from 24 to 48 hours does not increase GFP

expression

The length of incubation time was also investigated for the HH11 and HH19 injected

embryos. From the above results (Section 3.16.1 and 3.16.2) fluorescence is present after

24hr incubation. To see if increasing the incubation time resulted in an increase in
fluorescence, HH11 and HH19 embryos were injected with the pEGFP-C1 transfection

mixture fifteen times and left for 48hrs.

HH11 embryos left for 48hrs post-injection had a 14.3% death rate. Of the surviving
embryos, 6 were negative for fluorescence (33.3%). Seven scored 1-star (38.9%), four

scored 2-stars (22.2%) and one embryo scored 3-stars (5.6%; Table 3.3).

For the HH19 embryos the death rate was 50%, 33% of the embryos scored 1-star and
66% scored 3-stars (Table 3.3). Increasing the duration of incubation time does not

increase the expression of GFP in the HH11 or HH19 heart.

Embryo Age No. of Embryos No. of Embryos | Fluorescence %
Dead Alive Scores

HH11 3 (14.2%) 18 *7 38.9%
**4 22.2%
*xE] 5.6%
None 6 33.3%

HH19 3 (50%) 3 *1 33.3%
*xED 66.6%

Table 3.3 Leaving embryos for 48hrs post injection does not increase fluorescence.
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3.16.6 Increasing the amount of transfection mixture delivered to the chick heart

results in increased death rates

The amount of transfection mixture injected into the pericardial space was analyzed to see
if increasing the volume injected would increase the degree of fluorescence in the
myocardium. 20 and 25 injections of 3nl were tested. Increasing the volume of
transfection reagent delivered to the heart increased the death rate when compared to the
15 injections in Table 3.2. 28.6% and 55.6% of the embryos died when injected with 20
and 25 times, respectively (Table 3.4).

Of the embryos that survived after 20 injections, one embryo scored 2-stars (20%), three
scored 3-stars (60%) and one scored 4-stars (20%). After 25 injections, one embryo scored
1-star (25%) and three scored 3-stars (75%). Therefore, increasing the number of

transfection mixture, by increasing the number of injections to the pericardial space,

results in increased deaths, possible due to the increased risk of damaging the embryo.

Embryo | Amount No. of No. of Fluorescence | %
Age Injected Embryos Dead | Embryos Alive | Scores
HH19 15x3ul 5(17.2%) 24 *4 16.7%
**1 4.2%
*xED 8.3%
wHART 29.2%
krAEX](Q) 41.7%
20x3 2 (28.6%) 5 **] 20%
*HA3 60%
25x3 5(55.6%) 4 *1 25%
kA3 75%

Table 3.4 Increasing the volume of liquid delivered to the pericardium by increasing the
number of injections results in increased deaths.

Increasing the number of injections into the pericardium from 15, 20 and 25 times results in

increased deaths.
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3.16.7 Increasing the amount of Lipofectamine does not increase fluorescence

The amount of transfection reagent, Lipofectamine, added to the transfection mixture was
optimized in order to see if it increased transfection efficiency of the pEGFP-C1 construct.

Results from embryos injected with 10ul of Lipofectamine can be seen in Table 3.2.

4ug of the construct was added to 10, 15 or 20ul of Lipofectamine, made up to 50ul with
OptiIMEM (see Table 3.5 for summary). The death rate for each group was 14.3%, 0% and
14.3%, respectively.

Embryos injected with 15ul Lipofectamine were all positive for GFP expression, with
embryos scoring: one 1 star (5%), four 2-stars (20%), seven 3-stars (35%), seven 4-stars

(35%) and one 5-star (5%).

Finally, embryos injected with 20ul Lipofectamine had one 1-star (16.7%), one 2-stars
(16.7%) and four 3-stars (66.7%). This data infers that increasing to ration of
Lipofectamine to construct does not increase the expression of GFP within the heart,

suggesting it does not increase delivery of construct to the cells of the heart.

Embryo | Amount of Amount | No. of No. of Fluorescence | %
Age lipofectamine | of DNA | Embryos Dead | Embryos Alive | Scores
HH11 10ul 4ng 2 (14.3%) 12 *HERG 50%
15 ul 4 ug - 20 *1 5%
**4 20%
wHET 35%
20 pl 4 ug 1 (14.3%) 6 *1 16.7%
**1 16.7%
*xE4 66.7%

Table 3.5 Increasing the amount of Lipofectamine does not increase transfection.
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3.16.8 Increasing the concentration of construct to Lipofectamine ratio to increase

fluorescence

As the 10ul Lipofectamine mixtures appeared most promising, that amount was used for
future experiments. In order to increase expression further in the hearts, the amount of
plasmid DNA to Lipofectamine was also optimized. 4, 6, 8 and 10pug of the pEGFP-C1
DNA was used (see Table 3.6). Data from the 4ug injections can be found in section
3.16.4 and Table 3.2. The death rate for the 6pug injections was 12.5%, while the surviving
embryos were positive for fluorescence with 3 embryos scoring 2-stars (42.9%) and 4
scored 3-stars (57.1%). The 8ug injections were most similar to the 4pug injections (Table
3.2), with 4 embryos scoring 4-stars (44.4% and 5 embryos scoring 5-stars (55.6%).
Finally, for the 10ug injections, 2 scored 3-stars (25%), 2 scored 4-stars (25%) and 4
scored 5-stars (50%).

Embryo | Amount of | Amount | No. of No. of Fluorescence | %
Age lipofectamine | of DNA | Embryos Dead | Embryos Alive | Scores
HH11 | 10pl 4ng 2 (14.3%) 12 *HERG 50%
6 g 1 (12.5%) 7 *%3 42.9%
*xEY 57.1%
8 ug - 9 kHAEL 44.4%
RHAEES 55.6%
10 pg - 8 *AAD 25%
*xE*D 25%

Table 3.6 Increasing the amount of DNA does not result in increased transfection
compared to Table 3.2.
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3.17 Summary

TPM]1 is a gene that gives rise to alternative splicing isoforms some of which are expressed in
the developing heart and not the neonatal and adult heart. After birth, there is a shift in
expression to TPM4.

Using three antisense morpholino oligonucleotides targeting 7PM1, in ovo manipulation was
achieved leading to a range of cardiac defects. Externally, the heart of TPM1-treated embryos
had dextral distortion of looping. Internally, the hearts developed sub-optimal septa in the
atrial chambers, while trabeculation in the ventricles appeared reduced in size and number.
Ultrastructurally, these hearts appeared normal, with good tissue integrity and the production
of sarcomeres in the cardiomyocytes. However, apoptosis was increased in the abnormal

phenotypic TPM1-treated hearts while proliferation remained unchanged.

Manipulation of cardiomyocytes in vitro revealed abnormal sarcomere assembly in that
immature sarcomeres were significantly increased and mature sarcomeres, though present,
were decreased in the treated cells. Although TPM1-treatment results in a wide range of
phenotypes, quantitative analysis of protein changes caused by the morpholino were not
detected due to the non-specificity of the anti-TPM1 antibody with data suggesting it also
detects TPM4.

To amend this shortcoming we attempted to express plasmid DNA within the developing
heart using microinjection technique into the pericardial cavity. This technique could
potentially be used to perform a rescue if enough plasmid could be delivered to the
developing organ. We found that upon changing concentrations of plasmid and transfection
reagent, we could not get expression of GFP above ~7% in the cardiac cells. Adding to this,
expression of the plasmid containing GFP was only seen on the outer periphery of the
myocardium and did not penetrate the tissue to the inner cell layers. Therefore, the degree of

transfection may not be adequate to perform a rescue.

Since it was not possible to detect a decrease in protein in the ATG start site TPM1-MO
treated embryos and a TPM1 specific antibody is not available, other techniques, such as in

vitro translation systems, may provide a solution (Taylor et al., 1996).
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Chapter 4 Novel TPM1 mutations found in patients with congenital heart
defects

4.1 Overview

This chapter presents the results from the screening of the TPM1 gene for rare variants that

could predispose to congenital heart defects (CHDs). The objectives for this chapter were to:
* Analyse the novel identified variants using in silico techniques

* Determine whether a novel splice-site mutation of the donor site of intron 1-2 is

functionally significant in vitro

Fifteen primer pairs were designed spanning the 7PM1 gene and its surrounding sequences.
WAVE dHPLC (denaturing High Performance Liquid Chromatography) system was used to
determine any amino acid substitutions, deletions or insertions. WAVE dHPLC works by
denaturing double stranded DNA. As the DNA helix unwinds, it is eluted and flows across a
matrix. It then becomes paired with the control (or unmutated) DNA. Where a mutation is
present, the paired strands are heterozygous, forming hetroduplexes, which elute before
homoduplexes, or homozygous strands of DNA. These hetroduplexes appear on an
electropherogram as two or more peaks (Jongbloed et al., 2005). Samples traces with
suggestive variations were obtained and these variations were re-amplified and sequenced.
Potentially deleterious variants were screened by dHPLC in 380 individuals with a CHD and
384 ethnically matched control subjects. This work was completed by Dr. Javier Grandos-
Riveron. To complement the work completed by Dr. Granados-Riveron, the novel variants

were analysed in silico and the functional effect of the splice-site mutation was investigated.

4.2 Description of four novel 7PM1 mutations found in patients with congenital heart

defects

The coding region of the human TPM1 gene was sequenced in a cohort of 380 unrelated
patients with a range of CHDs, while 384 healthy unrelated individuals were used as a control
(completed by Dr. Javier Granados-Riveron). Four novel mutations of the human 7PM1 gene
were identified in four separate samples of DNA. Two of these mutations were non-

synonymous (a nucleotide substitution resulting in a change in amino acid) and named 1130V
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and S229F according to their amino acid substitution. Another mutation was found in the
splice donor-site of intron1-2a, while a fourth mutation was found in the polyadenylation
(poly-A) signal of exon 10. The following patient information, family history and
identification of mutations were completed by Dr. Javier Granados-Riveron, while I

completed the following in silico and in vitro analysis.

The 1130V mutation was found in a British patient with pulmonary atresia, an atrial septal
defect (ASD) and a patent ductus arteriosus. The family history of this patient reveals an
unaffected mother who is not a carrier of the mutation, while a male dizygotic twin sibling of
the patient also has an ASD, although it is unknown whether they are a carrier of the 1130V
mutation. The father was not tested (Figure 4.1A). In this case, an adenine in exon 4 (which is
highly conserved) is replaced with a guanine nucleotide, resulting in an amino acid change
from isoleucine to valine (Figure 4.1C,D and E). Both of these amino acids are non-polar at
physiological pH. Interestingly, the amino acid substitution is located in the d position of the
seven residue heptad repeats (see Figure 1.9). This d position, as mentioned previously, is
important for interlocking with the a position, that gives TPMs their coiled-coil configuration
(Crick, 1953), and therefore, interuptions in these binding regions may affect the coiled-coil

stability (Monera et al., 1995).

The S229F mutation was also found in a British patient with a secundum ASD. Both parents
of this proband are deceased and it remains unknown whether they were carriers.
Interestingly, the mother’s twin (also untested) has a child with a known ASD, but was not
tested for the S229F mutation (Figure 4.2A). In this case, a cytosine in exon 7 is replaced
with a thymine, resulting in an amino acid change from serine to phenylalanine (Figure 4.2C
and D). Serine is a polar amino acid, while phenylalanine is non-polar. The S229F mutation
occupies a conserved position through evolution, as shown by a multi-species alignment of
TPM1 orthologues (Figure 4.2E), where serine or threonine residues exist in birds, fish,
mammals, X. tropicalis, Drosophila and C. intestinalis. Both serine and threonine have a
small, polar side chain. The S229F mutant allele encodes a protein in which a phenylalanine
residue occupies this position. A molecular homology model of the S229F TPM1 protein
predicts that the much bulkier, non-polar side chain of the phenylalanine residue would
impair the binding of the two TPM1 peptide molecules that form the coiled-coil tropomyosin

filament by steric hindrance (Figure. 4.2).
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Another mutation was found in the essential splice site (the first or last two bases of an
intron), where the second base thymine was replaced with a cytosine (IVS1+2T>C; Figure
4.3B and C). The location of the mutation was in the intron 1-2. This novel splice-site
mutation was found in a British patient with Tetralogy of Fallot (TOF). In addition, a known
nucleotide polymorphism was located in this proband on the opposite strand to the
IVS1+2T>C mutation. This was a gt insert (accession number RS34102093) located 185bp
into intron1-2 (Figure 4.3).

The final mutation was found in the poly-A signal of exon 10. Both parents of the proband
are untested and deceased (Figure 4.4A). The mutation presented in a patient with two ASDs
and dilated right atrium and ventricle. The mutation resulted in a GATAAA/AATAAA
change, in which an adenine is replaced for a guanine in the first position of the consensus.
This mutation has been identified in three healthy individuals (present in dbSNP database;
RS545752658). The functional effect of this mutation was not analysed in this thesis (Figure
4.4).
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Figure 4.1 An overview of the data available regarding the 1130V novel mutation found
in a patient with pulmonary atresia, ASD and PDA.

A. This patient’s mother is not a carrier of the 1130V mutation and the father was not
screened. A dizygotic twin of the patient also has an ASD, however, we were unable to
screen this individual. B. An electropherogram from the analysis of the WAVE dHPLC. The
arrow indicates the hetroduplexes released from the heterozygous DNA (DNA with mutation
on one strand) from the patients. C. A chromatogram indicating the point of mutation
(arrow). D. The nucleotide and amino acid sequence of normal (top sequence) and the 1130V
mutated TPM1 (bottom sequence). E. This Isoleucine residue is highly conserved throughout

species. This work was completed by Javier Granados-Riveron.
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Figure 4.2 An overview of the data available regarding the S229F novel mutation found
in a patient with an ASD.

A. The parents of this patient are both deceased and, therefore, were not screened. A
dizygotic twin of the patients mother has a daughter with a septal defect. B. An
electropherogram from the analysis of the WAVE dHPLC. The arrow indicates the
hetroduplexes released from the heterozygous DNA. C. A chromatogram indicating the point
of mutation (arrow). D. The nucleotide and amino acid sequence of normal (top sequence)
and the S229F mutated TPM1 (bottom sequence). E. Serine and threonine are both highly
conserved polar amino acids at position 229 of TPM1. This work was completed by Javier

Granados-Riveron.
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Figure 4.3 A splice site mutation was discovered at the splice donor site of a patient with
tetralogy of Fallot.

A. An electropherogram from the analysis of the WAVE dHPLC. The arrow indicates the
hetroduplexes released from the heterozygous DNA. B. A chromatogram resulting from
sequencing indicating the point of mutation. C. The T>C nucleotide swap is located at the
second base on inron1-2, the splice donor site of an intron. This work was completed by

Javier Granados-Riveron.
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Figure 4.4 A mutation was discovered in the polyadenylation signal of a patient with
two ASDs and dilated right chambers.

A. The parents of this patient are both deceased and, therefore, were not screened. B. An
electropherogram from the analysis of the WAVE dHPLC. The arrow indicates the
hetroduplexes released from the heterozygous DNA. C. A chromatogram resulting from
sequencing indicating the point of mutation. This work was completed by Javier Granados-

Riveron.
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4.3 In silico analysis of the TPM1 mutations

Non-synonymous single nucleotide mutations stand for more than 50% of the mutations
known to be involved in human inherited diseases (Krawczak et al., 2000). For this reason, it
1s important to investigate the possible effect of these novel mutations. The 1000 Genomes
Project provides the sequences of genomes of a large group of people from various
populations in order to find genetic variants that have a frequency of at least 1% in the
populations studied (Abecasis et al., 2010). This is important in the foundation for
investigating the relationship between genotype and phenotype. The project contained three
categories: 1) low-coverage (2-4X) sequencing of 180 whole genome samples; 2) high
coverage (20-60X) sequencing of two mother-father-child trios; and 3) exon-targeted
sequencing in 900 samples. This data now describes the location, allele frequency and local
haplotype structure of approximately 15 million single nucleotide polymorphisms, one
million short insertions and deletions, and 20,000 structural variants, most of which were
previously undescribed. None of the mutations found in our mutational scan were present in
the 1000 genome database (http://browser.1000genomes.org) and, therefore, still remain

novel putative mutations with a probable frequency <1%.

In silico analysis of the four mutations was carried out to investigate the potential damaging
effects these mutations may have. This was done using three online mutation-predicting
programs, Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT (http://sift.jcvi.org/) and
MutationTaster (http://www.mutationtaster.org/). Mutations within introns and untranslated

regions cannot be analysis by PolyPhen or SIFT.

PolyPhen-2 (Polymorphism Phenotyping V2) predicts the possible impact of an amino acid
substitution on the structure and function of a protein by using sequence and structural-based
considerations (Adzhubei et al., 2010). It does this via a direct comparison of the normal
allele (wild type) to the mutated (possible disease causing) allele. Results are graded on a

score form 0-1, where 0 is less damaging and 1 is the most damaging.

SIFT on the other hand uses a sequence homology-based method in order to classify amino
acid substitutions (Kumar et al., 2009). It uses the evolutionary conservation of amino acids
within protein families to predict whether a substitution is likely to be damaging to the
protein. So for highly conserved amino acid positions, a substitution would more likely be

intolerant than an amino acid position with low degree of conservation. SIFT prediction
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works differently in that the grading of the predictions run from 0-1 were 0 is the most
damaging and 1 is the least. A mutation is predicted as damaging if the score is <0.05 and

tolerated if >0.05.

MutationTaster has evolved from a large training set of known mutations (>40,000) and
polymorphisms (>500,000). From these sets, and using the Bayes classifier of probability, it
predicts if an alteration is a disease causing mutation or harmless polymorphism. The training
sets contained different types of alterations, such as non-synonymous, mutations in introns,
alterations that lead to substitution, insertion or deletion of an amino acid, or complex
alterations such as introduction of a premature stop codon. It ranges its predictability score on
the scale of 1 to 0, 1 indicating a high ‘security’ (not probability such as t-test statistics) of

the given prediction.

The two non-synonymous mutations were entered into the PolyPhen-2 website server to
predict any polymorphisms within the protein. The output from the software showed that the
novel mutation 1130V is predicted as benign with scores of 0.154, while the S229F mutation
is predicted as possibly damaging with a score of 0.671 (Table 4.1).

Results in the SIFT server came back as damaging for both mutations, with an extremely low
score of 0, unanimously. This is an expected result as SIFT works as a homology based
system and both the 1130 and S229 amino acids are conserved in TPM1 (see Figure 4.1E and
4.2E).

All four mutations were analyzed by MutationTaster, as both protein and transcript sequences
are accepted by this program. The two non-synonymous mutations are predicted as being
disease causing with a high score of 0.971 and 0.888. The splice site and the poly-A signal
mutations are predicted as harmless polymorphisms with good predictability scores of 0.729

and 0.711, respectively.
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4.4 Investigating the effect of a novel splice-donor site mutation in vitro

To assess the functional consequence of a novel 7PM1 spice site mutation, three constructs
were created, spanning the 5’ upstream region of TPM1 to exon 2a, using the patient and a
control’s genomic DNA (see Figure 4.5A). One construct contained the [IVS1+2T>C splice
site mutation, one contained the 7g¢ insertion, and the final construct was a wild-type with no
variations in the consensus. COS7 cells were transfected for 48 hours and harvested for
analysis. RT-PCR showed that the wild-type and gt insertion produced a transcribed 7PM 1
product from the constructs of 370bps. However, no band was seen at this size for the splice-
site mutation construct (n=3). Genomic bands could be seen for all transfected constructs

indicating that transfection had occurred for all the samples (Figure 4.5B, top panel).

When the extension time of the PCR reaction was decreased, the genomic contamination
disappears for the IVS1+2T>C and wild-type (Figure 4.5B, middle panel). No signal was
detected for the splice-site mutation (T>C mutant) while the 370bp signal was detected for
the wild-type. No signal was detected for the negative RT controls (-) or water controls
(H20). The bottom PCR gel indicates ACTB (B-actin) which was used as a loading control
(249bps; Figure 4.5B, bottom panel).
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Figure 4.5 RT-PCR showing the splicing of 7PM1 containing a T>C mutation at the
splice-donor site versus the 7zgz insert and the wild-type.

A. Schematic diagram showing the alternate splicing of 7PM1 and the regions to which the
primers were designed. Top panel. The wild-type and 7g¢ insert mRNA appears to have
spliced normally, giving an expected band size of 370bps. On the other hand, the T>C
mutants produce no splice product. However, genomic contamination is present for all three
constructs. Middle panel. After decreasing the extension times of the PCR reaction, the
genomic contamination disappears. A normal spliced product is present for the wild-type, but
absent in the T>C construct. Bottom panel. ACTB (B-actin) was used as a loading control
(247bp). The —ve RT, empty (transfection with empty vector) and —ve PCR controls were

negative. + indicates RT; -, no RT; H,O, water control.
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4.5 Summary

Four novel variants of the TPM1 gene were discovered in a cohort of 380 patients with a
range of CHDs. In silico analyses using SIFT and MutationTaster predicted both the non-
synonymous mutations, [130V and S229F, to affect protein function. However, Polyphen-2
predicted only the S229F mutation to have a detrimental effect to function. Interestingly,
mutation taster predicted the novel splice site mutation IVS+2T>C to be benign, even though
the mutation is found in the donor site of the intron known to be important for splicing. This
benign prediction was also found for the polyadenylation signal. In vitro analyses of the
splice-site mutation showed that a mutation in the donor site of intron 1-2 resulted in failed

splicing of the intron.

138



Chapter 5 Investigating a role for TVNT2 in the developing chick heart

5.1 Overview

The chick embryo is a useful tool for studying heart development as the chick heart develops
quickly after fertilisation. The chick can also be manipulated in ovo, allowing it to continue
developing in its natural environment. This chapter describes the in ovo and in vitro role of

TNNT2 in the developing heart.
The aims of these experiments were:

* To investigate a potential role for TNN72 in the developing chick heart by morpholino
treatment in ovo. Using this method, the effect of TNNT2-morpholino treatment
(TNNT2-MO) on 3-Dimensional structures that are developing the embryonic chick,
such as the heart chambers, the atrial septum and ventricular trabeculae can be

studied.
* Stereological analysis to detect any alterations not detectable by qualitative analysis.

* [nvitro TNNT2-MO treatment in cell culture to investigate the effect on myofibril

assembly.

Similarly to Chapter 3, an ATG start-site morpholino specific to TNNT2 was designed to
conduct in ovo and in vitro manipulation. The development of the heart was studied after
morpholino treatment to investigate whether the morpholino had an effect. In cell culture,

sarcomere assembly was monitored in cardiomyocytes positive for morpholino uptake.
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5.2 Differential expression of 7VNT2 isoforms in the chick heart

A primer pair specific to TNNT2 was designed to exon 1 and exon7/8, which are both present
in the embryonic and adult isoforms of 7TNNT2. In addition the primer pair isvlocated around
exon 5 which is absent in the adult isoform due to alternate splicing (Figure 5.1A). Therefore,
designing a primer pair surrounding exon 5 would produce different band sizes by PCR,
depending on whether the exon was present or absent in the transcript. cDNA was obtained
from the heart tissue of different stages of embryonic development (HH12, HH14, HH19,
HH22, HH24, HH26 and HH34) and from the neonatal and adult atrium and ventricles.
Primer pairs were first optimised using HH24 whole embryo cDNA.

During embryonic stages of development, a high molecular weight band was present at all
stages examined (235bp; Figure 5.1B top panel). A faint band was also present below the
intense band at all stages (178bp).

In the neonatal atrium and ventricle, the faint band present in the embryonic hearts was now
more intense and was expressed similar to the higher band that was originally present in the
embryonic hearts (178bp; Figure 5.1B). In the adult atrium and ventricle, the upper band
displayed a reduced signal, while the lower band remained and was intensely expressed
(Figure 5.1B). This data shows the alternate splicing observed embryonically and postnatally.
RT (-) and PCR (H,0) controls were negative and Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was utilised as a loading control (Figure 5.1B).
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Figure 5.1 Expression profile of TVNT2 showing the alternate splicing of 7NNT72 in the
embryonic, neonatal and adult chick heart.

A. An illustration depicting the alternate splicing of exon 5 (57 base pairs) in the embryonic

and adult heart. Exon 5 remains in the embryonic transcripts, while it is spliced postnatally.

B. A primer pair was designed to TNNT2 around the alternately spiced exon 5. The top panel
showed a 235bp expression of a TNNT2 isoform in the embryonic chick (HH12-34). A

rd
smaller 178bp band can be seen faintly expressed at those stages. In the neonatal heart (3

panel) two bands can be seen in both the atrium and the ventricle. In the adult atrium and

ventricle, the upper band is faintly expressed while the lower band has a strong signal.

nd h
GAPDH was used as a loading control (2 and 4t panels). +, RT; -, noRT; H, O, PCR control;

bp, base pairs.
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5.3 Embryo grouping, survival and morpholino uptake

Two concentrations of TNNT2 morpholino, 250uM and 500uM, were initially used to
optimise the required concentration needed to obtain a strong phenotype. HH11/19 represents

morpholino treatment at HH10/11, and harvesting at HH19.

Survival rates were calculated for the 250uM and 500uM studies. For the 250uM study, the
survival rates for UT (n=22), SC (n=30) and TNNT2-MO treated (n=22) embryos were
95.5%, 93.34% and 86.36%, respectively (P=0.171, no significant difference).

Survival rates for the 500uM study for UT chick embryos (n=35), SC group (n=45) and
TNNT2-MO treated group (n=43) were 91.4%, 91.1% and 97.7%, respectively (P=0.761, no

significant difference).

Surviving embryos were examined for ‘morpholino uptake’ determined by the degree of
fluorescence. In the 250uM study, 39.3% and 47.4% of the SC and TNNT2-treated embryos
were positive for morpholino uptake, respectively (P=0.59). For the 500uM study, 51.2% of
the SC and 76.2% of the TNNT2-MO treated embryos were positive (P=0.123).

5.4 Quantification of the degree of protein ‘knockdown’ achieved by morpholino

treatment

Western blot analysis was used on individual HH11/19 hearts treated with TNNT2-MO to
quantify the degree of protein ‘knockdown’. CT3 antibody, which is an anti-cTnT antibody,
was normalised using GAPDH. No significant difference between the UT and SC groups
(n=3 for both UT and SC) was seen (P=0.233). Therefore, these two groups were pooled into
one control group. When the control and TNNT2-MO treated hearts (n=5) were compared,
cTnT was significantly decreased by 32.8% in the TNNT2-MO treated hearts (P=0.016;
Figure 5.2).
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Figure 5.2Western blot using individual hearts revealed knockdown of ¢TnT in the
morpholino treated hearts.

A. An example of a blot detecting cTnT (red) and GAPDH (green). B. TNNT2-treatment at
HH11 results in significant reduction of cTnT in the chick hearts (P=0.016).
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5.5 Development of the heart appears normal externally after TNNT2-morpholino

treatment

Once embryos were confirmed positive for morpholino uptake, embryos were examined
under low and high magnifications. Features such as looping; atrial and ventricular

positioning and size; length and shape of the OFT were studied.

For the 500uM study all controls (n=54) and TNNT2-MO treated (n=43) embryos appeared
to have a normal external phenotype (Figure 5.3; see Table 5.1 for a summary of TNNT2-

MO experiments).

Similarly, no abnormal external phenotype was observed for the 250uM study for either the
controls (n=20) or TNNT2-treated (n=22) embryos (Figure 5.3; Table 5.1).

Control

Figure 5.3 The external features of TNNT2-treated embryos appears normal.
At the time of harvesting, the external features of the embryos were studied. All of the control
(a and b), 500uM (c and d) and 250uM TNNT2 treated embryos (e and f) display normal

external shape and development. V indicates ventricle; *, outflow tract; arrow, atrium.
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5.6 TNNT2-morpholino treatment results in abnormal atrial septation

HH11/19 embryos were serially sectioned in a transverse orientation to analyse internal
structures of the developing atrium, such as development of the atrial septum from the roof of
the common atrium; the presence and size of endocardial cushions protruding into the

chamber; and the presence of cardiac jelly.

In the 500uM study, the atrial septa appear to develop normally in all the controls (n=38;
Table 5.1; Figure 5.4a, b and a’). In the TNNT2-treated embryos, atrial septation is induced
in all TNNT2-treated hearts. However, in 57.1% of the morpholino-treated embryos, the
septum appeared small and resembled a knuckle shaped outgrowth from the atrial

myocardium (n=12/21; Table 5.1; Figure 5.4c, d and c’).

For the 250uM study, atrial septation was present in all control (n=15) and TNNT2-treated
(n=9) embryos and all septa appeared have a normal size in all embryos (see Table 5.1 for

summary).

The presence of cardiac jelly and normal endocardial cushions was observed in all hearts,

including those treated with 500 and 250uM of TNNT2-morpholino (Figure 5.4a-d).
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Figure 5.4 Internal examination of TNNT2-treated embryos revealed abnormal atrial
septation and trabecular formation in the ventricles.

The internal appearance of the UT and SC hearts appeared normal (a and b), with initiation
and growth of an atrial septum (a’) and trabeculae (a””). TNNT2-treated hearts displayed
atrial septation initiation, however, the atrial septa in these hearts appeared small and stunted
in size (c, ¢’ and d). The trabeculae were also affected in a subset of TNNT2-treated hearts
with an atrial phenotype (¢ and c¢’’). At indicates atrium; v, ventricle; *, trabeculae; arrow,

septum. Mag bar=100um.
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5.7 Trabeculation of the ventricular myocardium appears normal for the majority of

TNNT2-treated hearts

Similar to the TPM1-treated embryos in Chapter 3, the presence of trabeculae in the
ventricular region of the developing heart was examined in TNNT2-treated embryos. These
trabeculae appear as finger-like projections into the ventricular lumen. Trabeculation appears
normal in the UT and SC groups in both the 500uM and 250uM studies (n=38 and n=15,
respectively; Table 5.1; Figure 5.4) and appeared normal for the entire 250uM TNNT?2-
treated group (n=9).

In the 500uM study, almost all embryos appear to have normal trabeculation; however, a
small proportion of the hearts appeared to have reduced number and size of trabeculae (2/21
or 9%; Figure 5.4). Interestingly, the hearts displaying the abnormal ventricular trabeculae

also had a reduced atrial septum.

5.8 Stereological analysis reveals reduced atrial size in the TNNT2-treated hearts

Stereological analysis was completed on TNNT2-treated embryos in order to obtain
information regarding tissue proportions compared to control hearts. This technique, as
mentioned previously in chapter 3, involves placing a 96-point grid over every third tissue
section of the heart, and counting the regions that the points hit. For the control hearts (UT
n=3; SC n=4) 3978 points were counted, while 3922 points were counted for the TNNT2-

treated hearts (n=4 with an atrial phenotype; n=5 with no internal phenotype).

The percentage proportion the atrium, ventricle and OFT contribute to the heart was first
achieved by dividing the total number of counts per region by the total number of counts for
that heart (Figure 5.4). No significant difference was seen between the UT and SC groups
(P>0.567), so the two were pooled together. This also applied for the TNNT2-treated
embryos with a normal and abnormal phenotype (P>0.283). No significant difference of
proportions was seen in the ventricle or OFT between the control and TNNT2-treated hearts
(Figure 5.5; P>0.062). However, there was a difference seen in the total proportion of the
atrium, where the control and TNNT2-treated hearts contributes 24.8+1% and 22.3+0.5% of
the total hearts (P=0.045).
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The data collected here also confirms data collected for the TPM1 study of control hearts,
where the ventricle makes up ~60% of the total heart, while the atrium and OFT contribute to

~25% and ~15%, respectively (Figure 3.10 and 5.5).

3 80

S B Control
n BTNNT2
c 60—

.9

5

g 40 *

o

Q. 20

[40]

°

et

Atrium 1 Ventricle OFT

Figure 5.5 Stereological analysis reveals reduced atrial size.

The contributions of the ventricles and the OFT to the overall heart size remains constant
between the controls and TNNT2-treated hearts (P>0.062). However, the atrial contribution
to the heart is significantly decreased in the TNNT2-treated hearts (P=0.045).
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5.9 Stereological analysis reveals normal tissue proportions

The percentage of lumen, myocardium and ECM within each region of the heart region
(OFT, ventricle and atrium) was analysed using the stereological method from above. The
UT and SC groups were first tested for any significant differences using an independent t-
test. As no significant difference was seen, these two groups were pooled (P>0.091). A t-test
was also used to check significance between the TNNT2-treated groups either with an atrial
septal phenotype, or with no abnormal phenotype present. No significant difference was seen
between the regions tested in the atrium and OFT, therefore the groups were pooled
(P>0.076). However, a difference was seen in the ventricular ECM between the TNNT2-
treated hearts with and without an abnormal phenotype (P=0.035). Therefore, the ventricular
regions were analysed separately (Figure 5.6). This data suggests that there is an increase in
the amount of ECM secreted by the cells of the developing heart. No differences were seen in
the atrial or OFT regions tested between the controls and the TNNT2-treated hearts (P>0.217;
Figure 5.6A).

In TNNT2-treated hearts with the atrial phenotype, ventricular ECM accounted for
21.67+2.35%, while the ventricular ECM in the normal phenotypic TNNT2-treated hearts
accounted for 27.354+0.92%. However, when the TNNT2-treated groups are tested against the
controls separately, no significant difference is seen in the ventricular ECM (P=0.856 normal
phenotype; P=0.073 with abnormal phenotype; Figure 5.6B). No differences were seen in the

ventricular lumen or wall proportion.

The variation observed between the TNNT2-morpolino treated hearts with and without the
abnormal structural phenotypes, and the lack of variation observed when they are compared
against the control group separately suggests that the number of hearts used should be

increased to elucidate whether or not the ECM is increased in the non-phenotypic hearts.
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Figure 5.6 Stereological analysis reveals no differences in tissue proportions in the
TNNT2-treated hearts when compared against the controls.

A. Differences in contributions of various cardiac tissue types to each region of the heart
were examined. No differences were seen between the control and the pooled (normal and
abnormal phenotypes) TNNT2-treated hearts (P>0.073). B. When the TNNT2-treated hearts
with and without an abnormal phenotype were tested against each other, there was a
significant difference in the proportions of ECM in the ventricular region (P=0.035).

However, neither were significantly different from the control (P>0.073).
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5.10 Morpholino treatment in vitro does not affect sarcomere assembly or maturity

Sarcomere assembly upon TNNT2-morpholino treatment was investigated in vitro using
cardiac cell micromass. Using a TPM1 antibody to detect the sarcomere, we classified each
cardiomyocyte into one of four stages depending on its sarcomeric maturity. Over 500 cells
were analysed in this study. Stage 1 consisted of cells with positive staining around the
periphery of the cell but no sarcomeric structures could be clearly seen, especially around the
nucleus (Figure 5.7Aa). Stage 2 cardiomyocytes contained assembled sarcomeres, however,
they appeared thin and disorganised (Figure 5.7Ab). Stage 3 cardiomyocytes presented with
organised sarcomeres that appear thin but are organised and run parallel to one-another
(Figure 5.7Ac). Finally, stage 4 cardiomyocytes contained mature cardiomyocytes with thick
bands running through the cell (Figure 5.7Ad). Cardiomyocytes that actively uptake
fluorescein-tagged morpholino were studied (Figure 5.7C). No significant difference was
seen between UT and SC-treated cells, therefore these groups were pooled into one control
group (P>0.582). When the control group was compared with the TNNT2-treated group, no
significant difference was seen in sarcomere assembly in any of the groups (P>0.180; Figure

5.7C).
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Figure 5.7 TNNT2-MO treatment does not lead to immature sarcomere assembly.

(A) Sarcomere assembly was categorized into 4 types: type 1 is the immature myofibril that
is assembling at the periphery of the cell and no fibril structures can be seen (a); type 2 when
fibres are present but in a disorganised fashion (b); type 3 has organised fibrils but are still
thin (c); and type 4 has fully developed thick fibrils running from one end of the cell to the

other (d). B. TNNT2-treatment does not appear to affect sarcomere assembly or maturity.
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5.11 Summary

Using antisense oligonucleotide morpholinos, knockdown of ¢cTNT was achieved. This
reduction in ¢TnT resulted in abnormal atrial septal development and ventricular
trabeculation. Although no abnormal external phenotype was distinguishable by qualitative
analysis, stereology revealed that the atrial chamber was reduced in size in the TNNT2-
treated embryos. However, the atrial wall, lumen and ECM proportions similar to that of the
controls. Furthermore, tissue proportions remained unchanged in each region quantified,
except where the ECM in the ventricle was significantly different between the TNNT2-
treated groups with and without an abnormal phenotype. Knockdown of ¢TnT in vitro
revealed normal sarcomere assembly in cardiomyocytes extracted from 6 day old embryonic

chick hearts.
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Chapter 6 Discussion

6.1 Overview

This is the first study looking at a role for 7PM1 and TNNT2 in the early developing chick
heart. Using antisense oligonucleotide morpholino technology, targeted manipulation of both
genes was conducted in ovo using pluronic gel as a transporter. The gross anatomical
structures of the developing hearts were analysed to determine if the morpholino treatment
resulted in any developmental abnormalities. Atrial septation and ventricular chamber
maturation via the production of trabeculae were affected in both the TPM1 and TNNT2
morpholino groups. In addition, TPM1-morpholino treatment had a detrimental effect on

myofibril assembly in vitro, as well as causing increased apoptosis in the developing heart.

In a cohort of 380 patients with a range of congenital heart anomalies, the TPM1 gene,
including introns, was sequenced. A total of four de novo genetic variants were identified by
Dr. Javier Granados-Riveron; 1130V, S229F, IVS1+2T>C and GATAAA/AATAAA in the
polyadenylation signal. None of the novel mutations were found in the controls. Where
possible the inheritance of the variants was determined. /n silico analysis was completed for
the four mutations revealing predictions to whether or not the mutations were detrimental to
the protein and its function. /n vitro functional analyses of IVS1+2T>C was carried out to
investigate the effect of the mutation compared to the wild type. The principal novel finding
of these studies was that the [VS1+2T>C mutation results in abnormal splicing of the 7PM1

pre-mRNA and may be a contributing factor to CHD in man.

6.2 TPM1 plays a number of roles during cardiogenesis

TPM1 is a a-helical coiled-coil double-stranded protein, which binds to itself from head to
tail and sits in the long grooves of the helical filaments of actin (Brown et al., 2005). TPM1
functions in regulating actin and stabilising it, and also works with the troponin complex in
response to Ca”", by blocking the actin-myosin interaction in its absence and exposing the
myosin binding site on the actin filament to allow contraction in its presence (Jagatheesan et
al., 2003, Brown et al., 2005). The TPM1 homozygous knockout mouse has already been
created, although these embryos died at ED9.5-13.5 (Blanchard et al., 1997). In turn, the

phenotype of these embryos was not described prior to the commencement of this thesis.
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TPM1 has been linked to cardiomyopathies in humans and animal models (Van Driest et al.,

2003), yet, it has not previously been associated with CHDs.

Part of the aim of this thesis was to determine a role for tropomyosins in the developing heart.
Therefore, an expression profile of different isoforms of 7PM1 and TPM4 at different stages
of development was initially completed. Isoforms TPM 1o and TPMIx were expressed
throughout development in the chick heart up to HH34 (day 8 in development), while these
isoforms were absent in the neonatal and adult heart. Instead, TPM4 is expressed in both the
embryonic and postnatal heart. This is consistent with the results from Wang ef al. who
looked at the expression of these genes and isoforms, but only in the HH12 and HH41 (15-
day old embryo) and adult chick heart (Wang et al., 2008).

A protein expression profile was also conducted using an anti-TPM1 antibody, CH1. TPM1
appears to be restricted to the myocardium of the atrium, ventricle and OFT, and is not
present in the ECM and endocardium in the embryonic and neonatal heart. The RT-PCR
conducted showed TPM 1o and TPM1x were not expressed in the neonatal heart, however, the
immunohistochemistry using the CH1 antibody stained positively in the neonatal heart
indicating that is may be detecting TPM4 in addition to TPM1. Furthermore, TPM1 and
TPM4 are highly homologous at the C-terminus. CH1 antibody is known to react within the
C-terminus of TPM1, in the region of exon 9a, although the epitope for CH1 is not known.
Therefore, it is likely that the CH1 antibody can detect TPM4 as well as TPM1. Regardless,
this data shows the overall expression of tropomyosins in the developing heart, where it is
restricted only to the myocardium of the atrium, ventricle and OFT, and absent from the

ECM, endocardium and surrounding non-cardiac tissues.

Targeted manipulation of 7PM1 using antisense oligonucleotide morpholinos was performed
at HH10/11 in the chick, just after the heart tube had formed, and at HH19, when atrial
septation and trabeculation are well underway. For these studies, 500uM of morpholino was
applied to the developing embryos. This concentration was previously optimised in the
laboratory by an MRes student Diji Kuriakose. Upon TPM1 morpholino application, she
observed abnormal atrial septation and trabeculae formation. In addition, she found that
500uM morpholino application gave the best phenotype penetrance (Kuriakose, 2008). In this

current thesis, three morpholinos were designed to TPM1, one ATG-start site morpholino
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targeting translation of mRNA, and two splice site morpholinos designed to either exonl-

intronl or exon4-intron4 which interferes with splicing of the pre-mRNA.

Upon external analysis of the TPM1-morpholino treated embryos, almost 4% (4 out of 96
embryos) presented with an abnormal external phenotype in which the heart was abnormally
looped. Alterations in cardiac conductivity and contractility are known to have a
morphological effect on cardiogenesis. Previous studies involving retinoic acid treatment of
HH15 chick embryos resulted in abnormal looping of the heart. This in turn led to the
misalignment of the ventricular septum and resulting in cardiac defects such a double outlet
right ventricle (Bouman et al., 1995). Retinoic acid is thought to decrease cardiac contraction
forces, therefore causing haemodynamic alterations leading to looping abnormalities
(Broekhuizen et al., 1995). In the Connexin 40 deficient and null mouse, animals displayed
VSD, double outlet right ventricle, TOF, endocardial cushion defects, bifid atrial appendage
and aortic arch defects (Gu et al., 2003). Connexins are gap junction proteins responsible for
the propagation of an action potential through the myocardium (Gros and Jongsma, 1996).
The electrical conduction in those hearts was remarkably impaired (Tamaddon et al., 2000). It
is possible, therefore, that alteration in haemodynamics of TPM1-treated heart results in

abnormal looping.

Action potential recordings were obtained from TPM1-treated ventricular and atrial
cardiomyocytes (unpublished data obtained in collaboration with Dr Luis Polo-Prada). Both
cardiomyocyte groups exhibited shorter action potential durations and increased maximal rate
of rise (0v/6t) when compared to the untreated control cells (Figure 6.1B and F). In addition,
the ventricular cells that were treated with TPM 1-morpholino had significantly reduced
amplitudes (Figure 6.1A). Interestingly, 100% of the cells measured in the TPM1-treated
group had an affected action potential (n=187 cells, P<0.005).

157



158

'S00°0 >d xx “SAAI0AWOIPILD

(D) TeINOLIIUSA pUe () [eLIIe A ul uonesLe[odap Y} JO sa0eM dARIUSAIAIY *0) pue J 'SAAI0AWOIPILd JB[NOLIUIA

pue [eLne oy} Yjoq ur (3Q/AQ Aq painseawr) uonesue[odap jo aje1 Y[, *q ‘senudiod uonoe ay Jo uonemp pue apnydwe ay)

ur 93ueyd A} FUIMOYS SAIAI0AWOIPILD ((]) JR[NILIIUIA o) puk (D) [e1ne Ay} woyj senudiod uonoe ay) Jo sooes) dANeIUdSAIdoy
‘@ pue D ‘syuedy pajean [N L Y} Ul paonpar A[Juedijrugis sem s91A00AWOIPILD JB[NOLIJUIA PUE [BLIE 3} [}0q Ul

Tenuojod uonoe Ay} Jo uoneINp Y[, *g "[OLIUA ) Ul SAAI0AWOIPILD PAjedl)- [N L Y} Ul Pasearddp st opmyrjdwe oy, "spedy
[01U0D pue Pajednt-[ NJ.L WO SAIAI0AWOIPILD JB[NILIJUIA Pue [eLne dy) ul apmyrdwe ay) ur sadueyd ayp s3ordop ydeasd sy vy

uauneda) ourjoydaow-J A4 L 193J8 $93A30AwoIp.aed Jo uonesriejodap pue sjenudjod uonde Iy, 1°9 9an3I

SIOLJUBA  WNU

Sty
B R AR A4

X* ¥




Considering 100% of the TPM1-morpholino treated cardiomyocytes had affected action
potentials, only 58% of the hearts of the same treatment displayed gross morphological
abnormalities (i.e. abnormal atrial septation and/or reduced ventricular trabeculae). This may
indicate that the contractile mechanism may be more sensitive to the effect of the TPM1-
treatment and the structural phenotype may be a secondary anomaly caused by the abnormal
contraction in a form follows function paradigm (Midgett and Rugonyi, 2014, Granados-
Riveron and Brook, 2012, Rutland et al., 2011). In other words, the abnormal physiology
observed by the action potential recordings in turn cause abnormal development of

anatomical structures such as the atrial septum and ventricular trabeculae.

It is thought, the increase in &v/5t may indicate an increase in the number of active Na**
channels which are opened at the initial stages of depolarisation (Pinnell et al., 2007).
However, since the amplitude (only ventricular) and duration of the action potential was
significantly reduced in TPM1-treated hearts, it may suggest that the number of L-type Ic,*"
channels are significantly decreased with an increase in the number of active I channels,

producing a rapid repolarisation effect (Pinnell et al., 2007).

In the eMHC knockdown chick heart, action potential recordings were also obtained and
appeared different to the TPM1-treated hearts. While the amplitude of the action potentials
were decreased in the eMHC knockdown hearts, the durations and depolarisations of the
action potentials were significantly increased (Rutland et al., 2011). In addition, no obvious
changes in the contraction patterns of the TPM1-treated cardiomyocytes were observed. In
contrast, 75-80% of the eMHC knockdown cardiomyocytes had no action potential (Rutland
etal., 2011). These differences in action potential between TPM1 and eMHC morpholino
treated hearts may be down to the regulation of ion channels of the cardiomyocytes. Changes
in the Ca”" transients in the eMHC knockdown resulted in the extension of the plateau phase
of the action potential, therefore, increasing the duration of the action potential (Rutland et

al., 2011). Therefore, it may be worthwhile investigating Ca>" in TPM1-treated hearts.

Serial sectioning through TPM1-treated hearts revealed an abnormal atrial septum and/or
reduced trabeculae in 58% of the embryos (embryos treated and harvested at HH11/19). All
of the embryos with the abnormal external phenotype had abnormal atrial septation and/or
reduced trabeculae. Stereological analysis further complemented this qualitative phenotype

and revealed reduced proportions of ventricular wall and trabeculae in morpholino treated
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hearts (P=0.003). In addition, stereology also revealed increased ventricular lumen size in
TPMI-treated embryos, including those TPM1-treated hearts that appeared to have no
abnormal internal phenotype upon morphological analysis (P=0.024). This may be due to the
method by which each heart was analysed, whereby the each serial section through the heart
1s studied. Perhaps those hearts that were marked as normal (with no abnormal phenotype)
from the qualitative analysis may actually have reduced ventricular wall mass that is not
obvious from visual examination as it is too minute to see on one section. In the recently
described 7pm1 homozygous knockout mouse, the ventricular myocardium appeared thin,
and only one cell thick in places (McKeown et al., 2014). In addition, those hearts had fewer
trabeculae which were thinner and wispier in appearance. This data fits with the thin
myocardial wall and reduced trabeculae observed in the TPM1-morpholino treated hearts

reported in this thesis.

Unfortunately, the stereological analysis was unable to back up the reduced atrial septum
phenotype, as there were not enough counts to complete a statistical analysis. However, the
trend did indicate a decrease in atrial septal proportions (Figure 3.11). In addition, although
the atrial septum was abnormal in 41% of the hearts (n=28/69), the structure was never
absent from the developing TPM1-treated hearts, suggesting a role for TPM1 in the growth
and maintenance, and not initiation of atrial septation (Figure 3.7). This may be indicated by
the presence of a double atrial septum observed in one of the TPM1-treated hearts. Instead of
a normal single septum extending from the dorso-cranial wall of the atrial chamber, two septa
were present and both appeared reduced in size. As we reach the most posterior part of these
septa, they fuse together as they merge into the atrial wall. A similar phenotype was observed
after knockdown of aMHC, where 97% of embryos had reduced or absent atrial septa
(Rutland et al., 2009). Two of these embryos had either two or three atrial septa growing
from the dorso-cranial atrial chamber. Therefore, structural sarcomeric proteins may play a
role in the specification of myocardial processes such as atrial septation to ensure correct

myocardial architecture.

The abnormal looping, abnormal atrial septum or reduce trabecular phenotypes were not seen
in the HH19/24 TPM1 -treated embryos. At HH10/11, formation of the myocardium and
migration of cardiac cells is still underway, therefore, TPM1 may not be fully expressed in

large amounts at this time. However, in the older HH19 heart, large quantities of TPM1 with
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a long half-life (5.5 days) (Marston and Redwood, 2003) are already present in the heart. In
addition, as the heart tissue is much denser at HH19 than HH10, it may be more difficult for

the morpholino to penetrate into the inner layers of the heart tissue.

Apoptosis is an important event during development, by which tissues can be remodelled or
removed. The level of apoptosis in the TPM1-treated hearts was quantified by enzymatically
labelling the free 3’-OH terminus of DNA with TdT. Apoptosis was significantly increased in
the ventricular myocardium when compared to the control hearts. Although apoptosis was
unaffected in the atrial myocardium, apoptosis was increased in the atrial septum. This
increase in apoptosis could explain the stunted atrial septum and reduced trabeculae that was
seen in the TPM 1-treated hearts. Increased apoptosis during development and in the adult has
been associated with dilated cardiomyopathy in human and animal models (Das et al., 2010,
Guerra et al., 1999, Tintu et al., 2009, Wencker et al., 2003). However, in this chick model,
although the lumen size is increased and ventricular wall mass is decreased, the overall
proportion of the ventricular chamber is comparable to that of the control heart. Therefore, in
this study there is not a dilated cardiomyopathy phenotype that is characterised by dilated left
and/or right ventricles with thinned ventricular wall (Towbin and Bowles, 2002). It has been
postulated that apoptosis may be linked to CHDs as the arrest of a developmental process
during cardiogenesis due to insufficient cell numbers required for that process (Fisher et al.,
2000). Previous studies using teratogens such as glucocorticoids resulted in alterations in the
timing and level of cell death in the OFT cushions (Pexieder, 1975). This was often
associated with VSDs and malalignment of the great vessels. Altered haemodynamics also
disrupts apoptosis in the heart (Pexieder, 1975). It was found that high sheer stress protects
the heart from apoptosis, while low sheer stress and turbulent blood flow can result in
increased apoptosis (Li et al., 2005). In addition, TPM1 may play a role in aiding cell survival
in the developing heart, and increased apoptosis resulting from reduced TPM1 expression

results in abnormal atrial septum development and reduced trabeculation in the ventricles.

Ultrastructural analysis of the TPM1-treated hearts revealed normal tissue integrity of the
hearts compared to the controls. With this, myofibril presence, the size of intracellular spaces,
cellular size, presence of mitochondria and the assembly of adherens junctions (desmosomes)
were all analysed and appeared normal. In the 7pm 1 homozygous knockout mouse

cardiomyocytes appeared enlarged with expanded intracellular spaces and extended cellular
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processes, accounting for the enlarged heart phenotype (McKeown et al., 2014). No
myofibrils appeared to have assembled, but instead disorganised thick filaments were
interspersed with Z-body like thin filaments. Adherens junctions appeared small in the
homozygous knockout heart (McKeown et al., 2014). These structures appeared normal in
the heterozygous mouse (McKeown et al., 2014). One limitation of this paper is, however,
that the embryos used for the ultrastructural analysis are embryonic lethal early in
development (ED9.5), yet the analysis was carried out on ED9.5 embryos. If the embryo is
dying and possibly undergoing absorption, then the ultrastructure of the tissue in these
embryos is going to be poor. Therefore, the data may not be a true reflection of the tissue

integrity in TPM1 homozygous knockout hearts.

TPM1-morpholino treatment of cardiomyocytes in cell culture revealed normal myofibril
assembly, but the number of immature myofibrils was increased and mature myofibrils
reduced in these cells when compared to the control. In the 7pm I homozygous knockout
mouse, myofibril assembly was completely halted and the thick and thin filaments fail to
interact (McKeown et al., 2014). Similarly, in the cardiac mutant axolotl heart, the reduction
of Tpml1 resulted in the failure of myofibrils to assemble resulting in a non-contractile heart
(Moore and Lemanski, 1982, Starr et al., 1989). However, sarcomeric structures were
initiated and remained in the nascent stages of myofibrillogenesis (Zajdel et al., 2007). In the
data described within this thesis, morpholino treatment is conducted after the initial heart tube
has formed and therefore, TPM1 was already present in the heart. Conversely, in the
homozygous knockout mouse and cardiac mutant axolotl, 7pm1 is absent or diminished from
the outset. From these studies, we can hypothesize that sufficient amounts of TPM1 is

required for normal myofibrillogenesis.

6.3 In ovo transfection may not be an appropriate method to perform a rescue in

morpholino treated hearts

Since it was not possible to demonstrate the degree of protein knockdown in the TPM1 study
in the chick, the development of a rescue was attempted to show that the phenotypes
observed were due to specific targets of the morpholino and not non-specific effects. The
over expression of protein in the chick heart in ovo was previously accomplished (Ishii et al.,

2010). These investigators directly microinjected a construct containing a Noggin insert

162



linked with Gfp into the pericardium of HH13-14 chick embryos. When these embryos were
harvested, they found expression of the GFP in the myocardium of the heart, with no
expression observed in other tissues. They achieved a typical transfection efficiency of 4%
expression of GFP. They also showed by real time PCR that the expression of Noggin was
increased by 170-270 times in the injected hearts.

After the first attempt at microinjecting a GFP construct into the HH14 chick pericardium,
survival rates in this study were much greater. A 94% (only one embryo died) survival rate
was observed while Ishii et al. reported a survival of only 40-80% (Ishii et al., 2010). The
studies in this thesis showed that microinjection was also possible at HH11 and HH19, where
HHI11 gave very high transfection, or 5 stars using the scoring system. Immunohistochemical
analysis showed that there was GFP expression in about 7.2% of the myocardium after

random sample counting.

The high levels of Noggin expression in the microinjected experiments by Ishii et al. is
expected, since Noggin is a signally molecule, that may be secreted and have non-
autonomous actions on surrounding cells. Since TPM1 is not a signally molecule and the
purpose of this experiment was to complete a rescue in TPM1-morpholino treated hearts, an
much larger amount of construct transfection would be required. To do this the amount of
transfection reagent, concentration of the construct and incubation times were altered.
However, none of these factors increased the level of GFP expression. In addition, the
transfected cells were located in the outer myocardial layer of cells, with no transfection
observed in the atrial septal tissue, trabeculae, or endocardial cushions. It was agreed that this
level of expression would not be sufficient to conduct a rescue in morpholino treated

embryos.

6.4 The functional consequence of TPM1 mutations in patients with CHDs

To determine a role for 7TPM1 in human cardiogenesis, a cohort of 380 individuals with a
range of CHD were screened. Four novel variants were detected, two non-synonymous, one
splice-site mutation and one found in the polyadenylation site of 7PM 1. Non-synonymous

single nucleotide mutations represent more than 50% of the mutations known to be involved
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in human inherited diseases (Krawczak et al., 2000). For this reason, it is important to

investigate the possible effect of these novel mutations.

The [130V mutation is located within the fourth a-zone of the TPM1 protein, which has been
proposed, based on structural analysis, to interact with subdomains 1 and 3 of F-actin, in the
context of the sarcomere (Brown et al., 2005). In silico analysis based on amino acid
conservation predicted the mutation to be disease causing. This d position, as mentioned
previously, is important for interlocking with the a position, that gives TPMs their coiled-coil
configuration (Crick, 1953), and therefore, interruptions in these binding regions may affect
the coiled-coil stability (Monera et al., 1995).The second non-synonymous mutation
identified , S229F, was also predicted to be disease causing. In addition, the substitution of a
small polar serine for a larger polar phenylalanine could possibly impair the binding, by steric
hindrance, of the two TPM1 peptides that form the coiled-coil TPM1 filament (Mamidi et al.,
2013).

In silico analysis was also completed on the [IVS1+2T>C mutation found in a patient with
Tetralogy of Fallot, a complex defect including: ventricular septal defect, overriding aorta,
right ventricular outflow obstruction, and right ventricular hypertrophy. Surprisingly, the
mutations was not predicted to be harmful.. However, this is not consistent with the literature.
GT>GC substitutions in the splicing donor site of exonl-intronl are known to cause human
disease when present in other genes (Rossi and Superti-Furga, 2001, Verot et al., 2007). The
most likely outcome of this donor-site mutation is: intron1-2 inclusion in the mature mRNA;
the use of cryptic donor sites in the same intron or in the adjacent exon; or exon skipping
(Talerico and Berget, 1990, Schwarze et al., 1999). In vitro analysis revealed a spliced
mRNA product failed to be produced in COS7 cells transfected with the mutated transcript.
Therefore, since no mRNA product was produced, a mutation in the first donor site does not
result in the use of cryptic donor sites (first one seen 137 bases downstream of the donor-
splice site). In addition, intron inclusion was not seen. Therefore, the donor-splice site in the
first intron of TPM1 is essential for the generation of normal RNA products. However, as the
construct was designed to span exonl to exon2a (see Figure 4.5), this experiment could not
distinguish between three different possibilities; exonl and/or exon2a could be absent from
the mRNA product, a premature stop codon in intron1/2a may have been reached, or no

product at all could be produced.
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A mutation detected in the 3" untranslated region of the gene modifies the first base of the
sequence of the polyadenylation signal (AATAAA/GATAAA). This mutation has been
identified in 3 healthy individuals in the general population with no known phenotype.
Polyadenylation is important for the stability, translation efficiency and transportation of
mRNA and mutations of the polyadenylation signal consensus can cause human disease
(Bennett et al., 2001), and specifically, it has been shown that this particular substitution
reduces the efficiency of the cleavage of the mRNA precursor at the polyadenylation site to
approximately 30% of the wild-type sequence whereas the polyadenylation itself is reduced
to 11% (Sheets et al., 1990), therefore, an increase of pre-mRNA degradation of 7TPM1 may
occur. Interestingly, this mutation is also located within an experimentally validated binding-
site for microRNA-21 (Zhu et al., 2007). microRNAs are small non-coding RNAs that
regulate gene expression by repressing their translation or cleavage (Pillai, 2005). In addition,
microRNAs are believed to act as tumor suppressors or oncogenes, depending on their
targeted gene. TPM1 is a known tumor suppressor and binding of microRNA-21 to TPM1
represses its expression, resulting in tumor growth. However, mutations within the
microRNA-21 binding site, such as the one describe in this thesis, would reduce its
suppression of 7PM] resulting in tumor growth suppression and may be a promising future

therapeutic target for tumor growth (Zhu et al., 2007).

To date, a range of genes have been associated with CHDs, from transcription factors, ligands
and their receptors to structural proteins (England and Loughna, 2013, Wessels and Willems,
2010), with mutations in these structural proteins also associated with cardiomyopathies
(Walsh et al., 2010, Morimoto, 2008). It is also of note that some mutations in these genes
have been associated with a wide spectrum of CHDs which may be isolated or in
combination, such as ASDs, transposition of the great arteries, TOF, VSD and conduction
anomalies (Budde et al., 2007, Ching et al., 2005, Granados-Riveron et al., 2010). This study
demonstrates that TPM1 plays a crucial role in cardiogenesis, both structurally and
physiologically. Functional analysis of novel human mutations has provided proof that TPM1

is a candidate gene worthy of further screening for cardiovascular disorders.

Unfortunately, not much is known about the family trees of the patients in each case. For the
[130V mutation, the affected male has a dizygotic twin, who also has an ASD. For the S229F,

the parent of the affect individual has a dizygotic twin of unknown sex. This individual also
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has a daughter with a septal defect. Clarifying the carriers within these complex family trees
could provide some important information regarding the inheritance of these mutations. In
addition, no family history was available for the [IVS1+2T>C carrier. A follow up study with

the families was attempted, however, without success.

6.5 TNNT2 role in the developing heart

c¢TnT forms part of the troponin complex, in which it binds to tropomyosin regulating its
movements around the actin filament. TNNT2 is known to play a role in cardiomyopathies,
with a large number of mutations identified in patients with cardiomyopathies. In addition,
the Tnnt2 homozygous knockout mouse has been described in the literature and the embryos

are not viable beyond ED10 (Ahmad et al., 2008, Nishii et al., 2008).

One of the aims of this thesis was to show the expression of TNNT2 through a number of
embryonic stages and in the neonatal and adult heart. TNNT2 is expressed in the heart
throughout embryonic development and expression remains in the neonatal and adult heart.
In addition, an isoformal shift of TNNT2 between embryonic and neonatal life has been
demonstrated. Taking advantage of the alternate spicing of exon 5 in TNNT2, primers were
designed to demonstrate the inclusion and exclusion of this exon in the embryo and
postnatally, respectively. The high molecular weight isoform of TNNT?2 is expressed as early
as HH12 in the embryonic chick heart and is present through all the stages of development
studied. The low molecular weight isoform of TNNT?2 is also detected as a faint band. In the
neonatal heart, an isoformal shift occurs, where both the high and low molecular weight
1soforms are present with both producing strong signals. In the adult heart, however, the high
molecular weight isoform of TNNT2 appears decreased with the predominant expression of
low molecular weight one. Concurrent with the literature, TNNT2 is detected in the
embryonic chick heart at HH12, and even earlier at HH4 in the mesoderm (Antin et al.,
2002). However, expression of cTnT, the protein produced by TNNT2, was not detected until
HHO (Antin et al., 2002). The isoformal shift of TNNT2 is consistent with a study conducted
looking at the expression of cTnT at the protein level. In the HH31 chick, the high molecular

weight isoform is predominantly expressed, however, the expression of the low molecular
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weight isoform increases as development continues, while the high molecular weight
diminishes (Yonemura et al., 2002). By HH46 (or day 20-21; hatching stage) the expression
of both isoforms appear equal. Throughout neonatal development and in the adult, the low
molecular weight isoform becomes predominantly expressed, replacing the high molecular

weight one (Yonemura et al., 2002).

Using a morpholino designed to the TNNT2 ATG start-site, targeted manipulation was
possible in ovo. Two different concentrations of morpholino were initially used, 250uM and
500uM to determine an effective knockdown to produce a phenotypic effect. Neither
concentrations produced an abnormal external phenotype. However, another ATG start-site
morpholino that was designed to TNNT2 upstream of the ATG start site produced an
abnormal external phenotype at a 500uM concentration (unpublished data, Kar-Lai Pang).
This phenotype presented as a diverticulum (or outgrowth) from the primitive ventricle.
Congenital ventricular diverticula have been reported in the literature, but as of yet, have not
been linked to sarcomeric proteins (Jeserich et al., 2006, Ashraf et al., 1984, Kobza et al.,
2003, Del Rio et al., 2005). The penetrance of this diverticulum is very low and only present
in 2 out of 69 TNNT2-morpholino treated embryos. In addition, a diverticulum was never
observed in our laboratory previously. It is thought that congenital ventricular diverticula
occur in 0.04% of the general population. Although the diverticulum defect was not observed
using the TNNT2-morpholino used in this thesis, the penetrance of the defect adds difficultly

in assessing whether the defect is due to TNNT2 knockdown or independent of the treatment.

In the7Tnnt2 homozygous knockout mouse designed by Ahmad et al., cardiac looping
appeared normal (Ahmad et al., 2008) , which is consistent with the TNNT2-morpholino
treated heart. However, in another Tnnt2 homozygous knockout mouse model, abnormal
looping was seen along with dilation of the heart tubes (Nishii et al., 2008). However, this
abnormal looping was potentially due to the lack of heart beat in the knockout mouse. In this
thesis, all TNNT2-morpholino treated embryos had a heartbeat, therefore, we would expect

the phenotypes to vary between the two experimental models.

After serial sectioning through the 250uM and 500uM TNNT2-morpholino treated hearts, no
abnormalities were obvious in the 250uM treated hearts. However, in 57.1% of the 500uM
treated hearts, the atrial septum appeared reduced in size as it protrudes from the dorso-

cranial wall of the atrial chamber, although it was never absent. There was no report of an
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abnormal atrial septum in the homozygous knockout mouse, although the morphology of the
atrial chamber as a whole was not assessed (Ahmad et al., 2008, Nishii et al., 2008).
Stereological analysis revealed normal tissue proportions (myocardial wall and ECM) and
lumen size in the TNNT2-treated hearts. Unfortunately, no statistical data could be collected

for the atrial septum, as not enough counts were collected to complete the analysis.

Interestingly, in a subset of embryos with an abnormal atrial septum, reduced trabeculation
was observed in the ventricular chamber (16.7% of embryos with a reduced atrial septum).
Although stereological analysis of the TNNT2-morpholino treated hearts did not reveal
reduced myocardium in the ventricular chamber, the hearts included in this study did not
carry the ventricular phenotype as the penetrance was low. In the homozygous knockout
mouse, the ventricular walls appeared thinner although the trabeculae were not mentioned in

this study (Ahmad et al., 2008).

Stereological analysis has shown that the total proportion the atrium contributing to the hearts
of TNNT2-morpholino treated embryos was reduced compared to the control hearts. The
OFT and ventricular contributions remained normal when compared to the controls. It is
unknown whether this reduction in size is due to underdevelopment of the chamber itself, or
caused by reduced blood-flow through the chamber. To date, no report of a reduced atrial

chamber size, independent of the ventricle, has been within the literature.

TNNT2-morpholino treatment of cardiomyocytes in vitro revealed normal myofibril
assembly, with the number of immature and mature myofibrils consistent with the controls.
In the homozygous knockout mouse, thick and thin filaments failed to assemble together into
sarcomeres, however, the thin filaments did arrange into Z-body like structures (Nishii et al.,
2008). This was not evident in the si# mutant zebrafish (null allele for tnnt2) where thin
filaments did not assemble (Huang et al., 2009). The authors concluded that cTnt was
required for the stability of the thin filament, which myofibril assembly relies on. However,
other thin filament proteins such as Tpm1 and c¢Tni (cardiac troponin I) were either
diminished or undetectable, respectively, in this model and may contribute to the lack of
myofibrils (Huang et al., 2009). Morpholino treatment was also completed by Huang et al.,
which resulted in a 98% decrease in ctnt and these embryos displayed the same phenotype as
the sih mutant (Huang et al., 2009). TNNT2-morpholino treatment conducted in the chick in

this study only resulted in a 33% decrease of protein. This may possibly explain the
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differences in the severity of the phenotypes observed between the mouse, zebrafish and the
chick. In addition, in the mouse and zebrafish, targeting manipulation of 7nnt2 occurs prior to
heart development, before a protein pool of ¢TnT is available, whereas in the chick,

manipulation occurs after the heart tube is formed and after the initiation of cTnT expression.

6.6 Strengths and limitations of this work

ATG start site morpholinos are designed to decrease or ‘knockdown’ the amount of
endogenous protein in the model organism (Nasevicius and Ekker, 2000). They achieve this
by steric block, preventing the initiation of translation of the spliced RNA into protein. This
knockdown can be detected and measured by western blot, whereby the protein band should
be reduced in expression or absent from the blot. It was attempted to perform a western blot
using an anti-TPM1 antibody, CH1. Unfortunately, it was not possible to detect any protein
decrease using this antibody. However, when looking at TPM in the individual hearts, there
appeared to be an increase in TPM protein in the morpholino treated hearts, although this was
not significant. This may suggest an upregulation of 7PM4 induced by compensatory
mechanisms (Izumo et al., 1988). It was shown by RT-PCR that TPM1a and TPM 1k were not
expressed in the neonatal heart and TPM4 was expressed. However, immunohistochemistry,
using the anti-TPM1 antibody was positive in the neonatal heart, suggesting that it may also
detect TPM4. To overcome this problem, three morpholinos were designed to the TPM1
gene, one targeting the ATG start site, one targeting exonl-intronl and another targeting
exon4-intron4. The phenotypes obtained using these three morpholinos were similar and non-
significantly different in penetrance, therefore, the morpholinos were not producing non-
specific effects. Since there were also two splice-site targeting morpholinos, primers were
designed around the exonl-intronl and exon4-intron4 boundaries in the hope that an

alternately spliced product could be detected. However, this was unsuccessful.

Of late, morpholinos themselves have been the subject of much criticism. In the zebrafish,
countless studies have been published utilising this technology. However, due to the potential
of non-specific effects caused by morpholinos, newly described phenotypes in zebrafish
embryos treated with morpholinos (morphants, with the morpholino injected at the one cell
stage) should be compared with a genetic mutant prior to describing it as a specific

phenotype. In the zebrafish, a comparison was done between morpholino treated and nuclease
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induced mutant embryos. 80% of the observed phenotypes in the morphants were not present
in the mutant embryos indicating a high level of non-specific effects from the morpholino

(Kok et al., 2015).

Another limiting factor when working with morpholinos in the chick is the method of
application of the embryonic tissue. Pluronic gel is a cheap and effective way of internalising
morpholino into developing embryonic tissue. However, it is unknown how much
morpholino actually becomes internalised and bound to its target. Although the morpholinos
are tagged with a fluorescent marker and their location can be visualised in the embryo, it is
not possible to quantify how much is in the embryo. It is believed that it is the unbound
morpholino that can lead to the non-specific binding to unintended targets (Eisen and Smith,
2008). However, careful bioinformatic analysis was performed during the morpholino design
to reduce the chance of non-specific binding. In addition, morpholinos induce a temporary
inhibition of gene function. Some morpholinos have shown remarkable similarities and
appear to work specifically when compared to their mutant counterpart and therefore, this
method should not be discarded as it is a valuable technique (Kok et al., 2015). Morpholinos
are still invaluable tools in developmental biology and data can be rapidly obtained with their

use, however, the investigator must be aware of the potential pitfalls.

Morpholinos are most commonly used in the Xenopus and zebrafish (Draper et al., 2001,
Heasman et al., 2000, Nutt et al., 2001). The major advantage of these model organisms is
that the embryos themselves develop externally, and therefore can be easily accessed for
manipulation. This allows the microinjecting of morpholinos at the one cell stage of
embryonic development. Morpholino can therefore, be passed to subsequent daughter cells
after cell division of the blastula. In these studies, investigators have achieved almost 100%
knockdown of the targeted gene with high efficiency as they are targeting manipulation prior
to protein pools being produced (Sehnert et al., 2002, Nutt et al., 2001). However, this results
in a more severe phenotype with a range of defects, and while embryonic death usually
occurs in the early stages of heart development, it can be difficult (and sometimes
impossible) to decipher the role that a protein plays in cardiogenic processes, such as atrial
septation, ventricular trabeculation etc. (Rethinasamy et al., 1997, McKeown et al., 2014,
Fritz-Six et al., 2003, Nishii et al., 2008, Chen et al., 1998). In the chick, this degree of

knockdown cannot be achieved as morpholino application is not completed until just after the

170



heart tube has formed. Previous studies completed in this laboratory have shown a protein
knockdown of 82.6% and 63% for eMYH and aMYH, respectively (Rutland et al., 2009,
Rutland et al., 2011). In the ¢TnT study, there was a knockdown of 32.8%. This degree of
knockdown can still, however, produce abnormal phenotypes in the developing chick heart.
In addition, the chick heart resembles mammalian heart development much more than the
Xenopus and zebrafish, as these models produce a three and two chambered heart,
respectively (Warkman and Krieg, 2007, Lieschke and Currie, 2007). This means that certain
developmental features such as atrial and/or ventricular septation cannot be studied in these

models.

One major limitation of the microinjection transfection technique is that by using a plasmid
and Lipofectamine as a means of transfection. Only ~7% of the cells within the heart
appeared to express GFP 24 hours after microinjection. Although this is an improvement in
the transfection efficiency achieved by Ishii and colleagues, this amount is most likely not
sufficient to complete a rescue (Ishii et al., 2010). This limitation may be due to the
expanding size of the heart tube as a result of second heart field cell addition (Soufan et al.,
2006). Techniques such as electroporation along with plasmid microinjection may help solve
the transfection efficiency, although may affect embryo survival due to increased risk of

tissue damage (Norris and Streit, 2014).

6.7 Future directions
6.7.1 Potential functional effect of missense mutations found in TPM1

Due to time limitations, the functional analysis of the two missense mutations found in
TPM1 from the patient cohort was not completed. An experiment was designed to
differentiate C2C12 cells, a myoblast cell line, which had been transfected with a construct
containing 7PM1 mRNA containing the missense mutations. Using this method it would
be possible to look at the effect the missense mutations have on sarcomeric assembly as
the myoblasts differentiated into myocytes. Unfortunately, the C2C12 cells were detaching
from the coverslips while differentiating, and I was unable to analyse the transfected cells.
However, taking advantage of earlier experiments in this thesis using the microinjection

technique, transfection of whole embryonic hearts with the TPM1 constructs may provide
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information into the role of these mutations in the developing heart, such as myofibril

incorporation and formation. These studies are currently ongoing.

6.7.2  Further investigation into the action potentials in the TPM1-treated heart

Patch clamp techniques revealed abnormal action potentials in cardiomyocytes treated
with TPM1-morpholino. The action potentials in the TPM1-morpholino treated cells were
more like those from an adult heart (Arguello et al., 1986, DeHann, 1967) and may
suggest an increase in sodium channels activated on the cell surface. In addition, the
reduced duration of action potentials may be due to an increase in calcium activated
potassium or L-type calcium channels. Investigating the expression of sodium channels,
such as Na,1.5, using quantitative PCR may elucidate changes in their regulation (Lowe et
al., 2008). Calcium transient markers, such as Fura-FF AM, would allow the quantification
of the changes in intracellular calcium by detecting fluorescence intensities emitted by the

dye by single cardiomyocytes in culture (Rutland et al., 2011).

6.7.3 Functional analysis of TNNT2-treated hearts

It is known that the T-box transcription factor, 7TBX35, is expressed in the myocardium and
endocardium of the atrium and is necessary for normal atrial septal development (Bimber
et al., 2007). Haploinsufficiency of 7BX5 leads to Holt-Oram syndrome in which the
patients have limb and cardiac abnormalities, most commonly an ASD (Bruneau et al.,
1999, Xie et al., 2012). It also plays a role in myocardial proliferation, where 7hx5
mutants have a thinner compact myocardium (Xie et al., 2012). Using in situ hybridisation
techniques, it might be interesting to look at the expression of transcription factors
expressed in the atrial septum of the TPM1 and TNNT2-morpholino treated hearts.
Transcription factors, such as 7BX5 and NOTCH 1, which are known to play a role in atrial
septation and ventricular maturation, respectively, may elucidate any alterations in the
molecular signals in the morpholino treated embryos, thus leading to the abnormal

phenotypes observed (Y1 Li et al., 1997, Grego-Bessa et al., 2007).

Unlike the TPM1 study, it was not possible to make electrical recordings in the TNNT2-

knockdown hearts. The presence of the abnormally small atrial septum and the lack of
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ventricular trabeculae in a subset of these hearts may indicate some alterations in the
haemodynamics of the heart (Groenendijk et al., 2007). Endothelial Nitric oxide synthase
or NOS3 is upregulated under high sheer stress (Groenendijk et al., 2005). Qualitative
PCR (qPCR) may indicate if there are changes to sheer stress within the endocardium of
TNNT2-knockdown hearts that are leading to abnormalities in the atrial septum and

ventricular trabeculae. These studies are currently ongoing.

6.7.4 Screening of TNNT2 gene in CHD patients

TPM1 has long been associated with cardiomyopathies, as has MYH6, MYH7, ACTC1 and
TNNT?2 (Morimoto, 2008). More recently, MYH6, MYH7 and ACTC1 have been linked to
CHDs, where MYHG6 has been linked to VSD and left ventricular non-compaction, while
MYH?7 and ACTC1 mutations have been found in patients with ASDs (Ching et al., 2005,
Budde et al., 2007, Matsson et al., 2008). In this thesis, four de novo mutations in the
TPM]1 gene have been described in patients with a range of CHDs, three of which were
found in patients with ASDs. Targeted manipulation of TPM1 in the chick revealed
several structural phenotypes, such as a reduced atrial septum (with a double septum
identified in one heart), decreased trabeculae and abnormal looping, which may contribute
to CHD like structural defects in the adult heart. These defects include double outlet right
ventricle resulting from the abnormal looping, ASDs due to the shortened atrial septum
unable to fuse to the endocardial cushions, or VSDs, as the lack of trabeculae will affect
the compaction of the ventricular myocardium during ventricular septation. The atrial
septum and ventricular trabecular phenotype was also observed after knockdown of ¢TnT
in the chick heart, although at less penetrance. Regardless, screening of the TNNT2 gene in

a cohort of patients with CHDs may elucidate de novo mutations that cause CHDs.

6.7.5 New techniques for targeted gene manipulation

Although morpholinos have been extremely useful in targeting specific genes, their many
pitfalls have been discussed above (Section 6.6). New methods of gene targeting or
‘genome editing’ use nucleases with a specific DNA-binding domain that can recognise

any known sequence when the nuclease is fused to a DNA cleavage element (Urnov et al.,
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2010). The nuclease can then induce specific and efficient double-stranded DNA breaks,
which in turn stimulates the cellular DNA repair mechanisms. These mechanisms include
error-prone non-homologous end joining and homology direct repair (Wyman and Kanaar,
2006). The CRISPR-Cas9 gene editing system would provide a cheaper and more
effective method of gene knockout in the chick, rather than establishing transgenic chicks
though conventional knockout models (Flemr and Buhler, 2015). However, the utilization

of these technologies has not come to full fruition in the chick.

6.8 Conclusions

This study has shown that targeted manipulation of TPM1 in the developing heart can lead to
structural abnormalities, such as a small atrial septum, reduced trabeculation and abnormal
looping, and apoptosis, most likely a secondary defect caused by changes in the action
potential of the cardiomyocytes within the myocardium. /n vitro manipulation of the

cardiomyocytes also showed decreased myofibril maturity within these cells.

In addition to this animal model of 7PM1 function, novel variants of the 7TPM1 gene were
found in a cohort of patients with a range of CHDs. The two non-synonymous mutations are
highly conserved and predicted to be disease causing using in silico analysis. A novel splice
site mutation although not predicted as damaging, led to abnormal splicing in vitro. As TPM1
has not previously been linked to CHDs, this study could have implications for clinical
practice and may possibly provide genetic counselling to patients regarding recurrence risk to

their offspring in the future.

As well as TPM1, TNNT? has not been linked to CHDs and more historically associated with
cardiomyopathies. However, in this animal model where ¢TnT was knocked down in ovo,
atrial septation was affected and to some degree ventricular trabeculation. Although myofibril
assembly was not affected, haemodynamic alterations may be a primary cause of the
structural anomalies. Full gene sequencing of TNNT2 in patients with CHDs should be

considered in the future as a likely candidate gene.
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Chapter 8 Appendix

Appendix 1: Amino acid abbreviations

Amino Acid
Alanine
Arginine
Asparagine
Aspartate
Cysteine
Glutamate
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine

Valine

Abbreviation (1 letter)

- n oo oo Z = o»

< < £ 3 ®»n " mZ RO

Abbreviation (3 letter)
Ala
Arg
Asn
Asp
Cys
Glu
Gln
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val
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