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ABSTRACT

Embryonic heart development is a complex process that is intricately controlled by
various transcription factors and signalling pathways. Perturbations to this process
can lead to congenital heart disease, the most common cause of infant mortality in
the UK. In this project, cellular models of heart development were used to investigate
the function of histone deacetylation in cardiac differentiation. P19CL6 murine
embryonic carcinoma cells and murine embryonic stem cells were differentiated and
mESCs were chosen for downstream analyses. RNA-Seq was employed to study
genes involved in normal differentiation, in addition to the consequences of
nonspecific Class I HDACS inhibition using Trichostatin A
(TSA) and Hdac4 knockout mediated by CRISPR/Cas9. Differentiated cells showed
lower expression of pluripotency-associated genes such as Nanog and Sox2. Genes
linked with processes like cytoskeletal assembly and extracellular matrix formation
were upregulated. Results also suggested that Trichostatin A treatment
and Hdac4 knockout may have contributed to changes in gene expression. TSA was
found to alleviate repression of Thx5 and Hand2. Hdac4 knockout uncovered a
possible role for methylation in cardiomyocyte gene regulation. Contractility genes
were also investigated by comparing the transcriptional profiles of beating with non-
beating differentiated cells. Genes associated with congenital heart disease, such as
Tnni3 and Myh6 were identified. This analysis also revealed a newly-identified
pathogenic gene, Ryr2, as well as the candidate gene Sh3bgr. While the results are
not fully conclusive and require further validation, this study corroborated that
HDACSs play a regulatory role in cardiac differentiation and contractility and found
an interesting similarity between the consequences of pan-HDAC inhibition and

specific Hdac4 knockout.
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Mammalian heart development

1.1.1 Embryonic cardiac morphogenesis

In mouse and man, heart development follows a parallel set of steps, though on
different timelines due to longer gestation in man. This section will outline the
anatomical stages involved in embryonic heart development, the following section

will concentrate on cardiomyocyte differentiation and biology.

After fertilisation, a bilaminar embryonic disc made of two layers, the epiblast and
hypoblast, forms. This structure is formed by the second week of development in
humans. During the third week, a thickened groove, the primitive streak, is formed in
the midline of the embryonic disc, towards the caudal end, determining the
embryonic axes in the process (See Figure 1-1 for an illustration of the human
embryo at 18 days, showing the primitive streak in the midline). Following the
formation of the primitive streak, cells detach from the epiblast and start migrating
towards the interior of the embryo, displacing the hypoblast. By the end of that
process, a trilaminar embryonic disc with three germ layers has formed. The layers
are the ectoderm, mesoderm and the endoderm. Cells of the ectoderm give rise to the
future epidermis, nervous system and migratory neural crest cells. The endoderm
gives rise to the gastrointestinal tract and the mesoderm forms the circulatory system

and musculature (Sylva, van den Hoff and Moorman, 2014).

After the formation of the primitive streak the embryo undergoes embryonic folding,
around three weeks of human development and 7.5 days post coitus (dpc) for mouse.
The embryo’s shape goes from a disc to cylinder-like as it folds horizontally and
medially. Cardiac precursors in the splanchnopleuric layer are found symmetrically
lateral to the future mouth (somatopharyngeal membrane). Due to folding, bilateral
cardiac precursors are brought together to form an epithelial structure known as the
cardiac crescent (Moorman et al., 2003; Ivanovitch, Temifio and Torres, 2017; Rossi
et al., 2021). See Figure 1-1 B for a mouse embryo at embryonic day (E)7.5 showing
the cardiac crescent relative to the primitive streak. The cardiac crescent fuses at the
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midline to form the heart tube, which is composed of an inner layer of endocardium
and an outer layer of myocardium, called the proepicardium (Saga et al., 1999;
Meilhac and Buckingham, 2018), see Figure B showing the heart tube at E8.5. The
anterior end of the tube is the arterial pole and the venous pole lies at the posterior

end (Ivanovitch, Temifio and Torres, 2017).

The heart tube grows further by the addition of newly differentiated cardiomyocytes
from the adjacent mesoderm, rather than by proliferating cardiomyocytes of the tube
itself (Devine et al., 2014). Cells from nearby mesoderm migrate to the heart tube
where they differentiate into cardiomyocytes. The identity of these cardiomyocytes is
then determined by their location in the developing heart (Esteban et al., 2022). The
heart tube is formed of three layers, which are also found in the adult heart. These are
the endocardium, forming the endothelial lining of the tube, the myocardium, which
makes up most of the heart’s musculature, and the visceral pericardium, forming the

outermost external surface (lvanovitch, Temifio and Torres, 2017).

The cardiac precursor cell pool can be divided into two groups, those that are present
in the heart tube and those that are added later from nearby mesoderm. These are
known as the first and second heart fields (FHF and SHF), respectively (Esteban et
al., 2022). Lineage tracing experiments showed that the first heart field (FHF) gives
rise to the left ventricle and parts of the atria (Zaffran et al., 2004). The second heart
field, on the other hand, gives rise to the right ventricle, outflow tract and parts of the
atria (Lescroart et al., 2010; Vincent and Buckingham, 2010). Schematics illustrating

human and mouse heart development are shown in Figure 1-1 A and B, respectively.
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Figure 1-1. Mammalian heart development takes place in similar steps in human and
mouse embryos, but on different timelines. (A) shows human heart development.
After gastrulation and primitive streak formation, the cardiac crescent gives rise to
cardiac tubes which fuse in the middle. The heart tube and its distinct areas are
indicated. The tube undergoes rightward looping starting at 23 days and the process
ends with the arteries being placed anterior to the ventricles. Septation occurs
concurrently, starting at 28 days and continues to divide the heart into four chambers,

Tasabeeh Mohamed - November 2023 3



Transcriptomic analysis of the role of hdac4 in cardiac differentiation of mouse embryonic stem cells

with the process completing fully at birth. The arrows show the direction of blood
flow and embryonic age is indicated in numbers below the images. Illustration from

Anatomy & Physiology, Connexions Web site http://cnx.org/content/col11496/1.5/

(B) Mouse heart development in the mouse also starts with the specification of the
cardiac crescent after gastrulation. Endocardial tubes fuse and undergo looping at
E8.5. Atria take their place anterior to ventricles and chambers are clearly specified
by E10.5. As in humans, septation also takes place concurrently. Figure taken from
Meilhac and Buckingham, 2018

1.1.2 Chamber formation

The transition from a two-chambered heart to the four-chambered heart seen in
mammals occurred as vertebrates adapted to life on land. The transition to land
required greater oxygenation of the body, and the development of a four-chambered
heart allowed for more efficient separation of oxygenated and deoxygenated blood.
Partitioning the heart involves the development of septa and valves that ensure a
unidirectional blood flow (Dong, Qian and Liu, 2021). This section will discuss the
development of atria and ventricles, followed by valve development. It must be noted
that while these structures are presented in this order, some developmental stages

happen simultaneously or may overlap.

As the cardiac tube grows further, it undergoes significant morphological
remodelling. This is orchestrated by various transcription factors such as Nkx2.5,
Tbx5 and Gata4, and various signalling pathways such as, Wnt, BMP, FGF and
Notch. These work in concert to regulate the proliferation, differentiation and
migration of cardiac progenitors, as noted previously (Mandrycky et al., 2020). Next,
the heart tube loops into an S-shape with inner and outer curvatures (Le Garrec et al.,
2017) (See figure 1-1, panel A, looping is depicted at days 23 and 24 for humans,
and panel B, mouse cardiac looping at E8.5 and embryonic heart chambers shown at
E10.5). As a result of this looping, the atria and sinus venosus end up behind the
ventricles (Katano et al., 2019) (see Figure 1-1).

The chambers begin forming in a process known as ballooning, characterised by
proliferation and differentiation in localised areas of the heart tube (Christoffels et
al., 2000). Atria form symmetrically at the dorso-lateral sides of the heart tube. Local

myocardium undergoes rapid proliferation, faster than surrounding myocardium,
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leading to the formation of two pouches, which later become the embryonic atria
(Glnthel, Barnett and Christoffels, 2018). Broadly, atria are structurally formed of
four components: the sinus venosus, the primary atrial septum (or septum primum),
the arterial appendages and the atrioventricular canal (Moorman and Christoffels,
2003). The muscular bulk of the atria is formed of a complex network of
subendocardial muscular bundles (Mantini et al., 2023). Notably, atrial myocytes
have secretory granules that produce the cardiac hormones atrial natriuretic peptide
(ANP) and brain natriuretic peptides (BNP) (Galow, Brenmoehl and Hoeflich, 2023).

Concomitantly, the development of the ventricles also happens right after cardiac
looping. This starts when ventricular myocytes form sheet-like projections into the
extracellular matrix between the endocardium and the myocardium, known as the
cardiac jelly (Figure 1-2 A) (Dong, Qian and Liu, 2021). These extrusions are known
as trabeculae carneae, in a process named cardiac trabeculation, which involves
morphological changes and the rearrangement of adhesion junctions. The expansion
of these sheet-like muscles into the ventricular lumen increases surface area for
oxygenation, and cardiac mass (Fatemifar et al., 2019). This process entails the
delamination of cardiomyocytes, where they extend their projections into the lumen
(see Figure 1-2 B) This is followed by the constriction of their apical membranes by
remodelling cell-cell junctions. As development progresses, the trabeculae gain
structural complexity and radially-arranged trabecular projections form along the
outer curvature of the ventricle (see Figure 1-2 C). As a result, two morphologically
distinct layers appear in the ventricular myocardium, the inner trabecular layer and

the outer compact layer (Jiménez-Amilburu et al., 2016) (Figure 1-2 D).
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Figure 1-2. Ventricular trabeculation during embryonic development. (A) At

week 3 of gestation, extracellular matrix known as cardiac jelly is sandwiched
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between endocardial cells and layers of differentiated and proliferating
cardiomyocytes. (B) At week 4, the cardiac tube undergoes looping and
endocardial cells delaminate and form projections into the ventricular lumen.
(C) During weeks 5-8, epicardial cells invade and contribute to the formation of
coronary vasculature while trabecular myocardium undergoes compaction. (D)
During later stages of gestation, the compact myocardium undergoes further
thickening and compaction to form the mature, trabeculated ventricles. Figure

redrawn from (Cherian et al., 2016) using biorender.com.

Compact myocardium is more proliferative than trabecular myocardium and exhibits
epithelial-like characteristics such as a cobblestone appearance and the expression of
cell-cell adhesion proteins from the cadherin family (Cherian et al., 2016; Jiménez-
Amilburu et al., 2016). Moreover, the two layers are characterised by different
patterns of gene expression, where compact myocardium highly expresses Thx20, N-
Myc and Hey2 and trabecular myocardium shows increased expression of Bmpl0,

p57 and Sphingosine 1-phosphate receptor-1 (Wu, 2018).

Trabeculation involves epicardial cells (Figure 1-2), derived from coelomic
epithelium, that are mesodermal in origin (Adrian Ruiz-Villalba and José M Pérez-
Pomares, 2012). When the epicardium is specified, between E9.0 and E9.5 in the
mouse, epicardial cells spread and adhere to the myocardium. They next undergo
EMT, forming a population of invasive epithelia-derived cardiac cells (EPDCs).
EPDCs migrate from the extracellular matrix between the myocardium and
epicardial epithelium to the compact trabeculated ventricles, followed by the
atrioventricular valves (Wolters et al., 2021). This cell population also gives rise to
cardiac fibroblasts, coronary endothelial and smooth muscle. EPDCs differentiation
involves Gatab, Thx18, Wtl, as well as BMP and FGF signalling (Wolters et al.,
2021).

The last final stages of ventricular development begin with the collapse of
myocardium towards the base of the myocardial wall, resulting in the formation of a
compact, solid ventricular wall. This process is regulated by the Notch signalling
pathway (Grego-Bessa et al., 2007). During late foetal and neonatal stages,
ventricular myocytes form helical and spiral sheets, forming three-dimensional,
multi-layered muscular bundles which take on the role of blood pumping during
development (Wu, 2018).
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1.1.3 Chamber septation

For the four chambers to carry out their functions properly in the fully-formed heart,
direction of blood flow must be controlled. Septa form to divide the chambers, in
addition to valves that ensure unidirectional blood flow. Septation takes place
between the atria, in the middle of the ventricles, between the primary myocardium
of the atrioventricular canal and primary foramen and in the outflow tract (Anderson
etal., 2014).

Atrial septation is a complex process and involves myocardial and mesenchyme cells
of both endocardial and non-endocardial origin, including the neural crest. It broadly
takes place in two stages, starting with the development of the primary septum,
followed by the formation of the more solid secondary septum. The primary septum
is a crescent-shaped structure growing from the atrial roof towards the
atrioventricular cushions (Pustovit et al., 2022) (see Figure 1-3). This growth is
initiated from a mesenchymal cap in the atrial roof that lies adjacent to the dorsal
mesenchymal protrusion (DMP) (see purple structure in Figure A). The primary
septum, with the mesenchymal cap at the leading edge, does not reach the
atrioventricular cushions and the gap between them is called the primary foramen
(Jensen, Wang and Moorman, 2019). By the fifth week of gestation, the
mesenchymal cap comes into contact with the atrioventricular cushions and these
merge with the DMP to close the primary foramen. However, before closing, small
perforations in the primary septum form by apoptosis (Jensen et al., 2017; Jensen,
Wang and Moorman, 2019). These merge and form a second opening named the
secondary foramen. The secondary foramen allows right-left blood atrial shunting,
which is needed for foetal blood oxygenation before the development of pulmonary
circulation. The primary and secondary septa are marked by differential expression
of Thx3, Thx18, Isl2 and Nkx2.5 (Pustovit et al., 2022).

Around weeks 6 to 8, the mesenchymal components that closed the primary foramen
differentiate into myocardium, thus starting the formation of the secondary atrial
septum (Jensen, Wang and Moorman, 2019). Inward folding of the atrial
myocardium and subsequent growth towards the atrioventricular cushion follows.
The secondary septum partially overlaps the secondary foramen, resulting in the
formation of an oblique passage between the right and left atria, known as the

foramen ovale (Jensen et al., 2017). The foramen ovale becomes visible around week
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12 of human gestation. In the foetus, blood can flow from right to left through the
foramen ovale as the pressure is higher in the right atrium than the left. However,
after birth, this pressure reverses, bringing the primary and secondary septa together,
and closing the foramen ovale (Lindsey, Butcher and Yalcin, 2014). When closed,

the remaining oval depression is called the fossa ovalis (Pustovit et al., 2022).

A B
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cap septum
Primary perforations
septum
Endocardial Pri
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C D
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Figure 1-3. Atrial septation takes place in stages involving cells of myocardial,
mesenchymal and neural crest origin. (A) The primary septum starts growing
from the atrial roof, led by a mesenchymal cap. This structure grows towards
the endocardial cushions and the space in between is called the primary
foramen. (B) The primary septum continues to grow and cover the primary
foramen. Concomitantly, secondary perforations appear due to apoptosis. (C)
The primary septum and mesenchymal cap then fuse with the mesenchyme of
the endocardial cushions, closing the primary foramen. A fold appears in the
atrial roof as the atrium takes its shape and the secondary septum starts to
form. The merged mesenchyme becomes muscularised and also contributes to
the secondary septum. The perforations in the primary septum coalesce to form
the secondary foramen, also known as the secondary foramen. This leads to the
emergence of the secondary foramen. (D) The primary foramen is now closed,
the septa continue to grow and mature and the foramen ovale allows blood
shunting from the right to the left atrium. LA, left atrium; RA, right atrium.

Figure created using biorender.com.
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Ventricular septation takes place concurrently with atrial septation. The ventricular
septum is formed from two populations of cells. The first population is of a
myocardial origin and those grow upwards from the apex of the heart towards the
endocardial cushion. The septum grows by a process called apposition, where cells
are added from the adjacent left ventricular wall. The second population forms the
membranous septum and those grow downwards from the endocardial cushion and
connect the endocardial cushion to the myocardial septum (Sylva, van den Hoff and
Moorman, 2014; Meilhac and Buckingham, 2018). The membranous septum
develops to close the primary interventricular foramen, which forms as a result of the
fusion of the primitive ventricle and the bulbus cordis (Goswami et al., 2019). Unlike
in atria, this foramen must be closed. The membranous septum develops from bulbar
ridges in the outflow part of the developing ventricles, which fuse and form bulbar
septum. The bulbar septum grows towards the interventricular septum, where the
endocardial cushions proliferate to close the interventricular foramen (Poelmann et
al., 2016; Goswami et al., 2019).

The muscular ventricular septum is divided into the inflow and outflow parts. The
inflow septum is thick and rough, due to trabeculation. It also contains papillary
muscles. The smaller outlet septum is smooth and leads to the pulmonary trunk on
the right and the aorta on the left (Goswami et al., 2019).

Cardiomyocytes in the muscular intraventricular septum are of both right- and left-
ventricular origin. This was found using fate mapping where it was shown that they
express Miclv, which is expressed in the right ventricular myocardium, and Mic3f,

which is expressed in left ventricular myocardium (Franco et al., 2006).

In humans, ventricular septation is completed around 2 months after conception. The
heart continues to mature for 7 months and atrial septation is completed by birth
upon the initiation of pulmonary circulation. However, in murine embryos, septation
completes only 2 weeks post conception, meaning less than a week is left for the
foetus before birth. It can be argued, therefore, that some developmental processes
that are completed at human birth are still ongoing in a neonatal mouse (Wessels and
Sedmera, 2003).

1.1.4 Outflow tract development
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At 26-30 dpc in human and 9.5 dpc in mouse, the outflow tract (OFT) is simply a
myocardial tube that runs from the developing ventricles to the aortic sac and
pulmonary sac (Sylva, van den Hoff and Moorman, 2014). The aortic sac in turn, is
connected to the pharyngeal arch arteries (see Figure 1-4). The development of the
OFT is a tightly regulated complex process, and perturbations its elongation or
rotation during cardiac looping can give rise to congenital heart diseases (CHDs)
(Roux et al., 2015). OFT cardiomyocytes originate from a population of the anterior
SHF that express Fgf8 and Milclv, and a population of posterior SHF cells that
express Isl1, but not Fgf8 (Roux et al., 2015).

Endocardial cushions, as well as neural crest-derived cells also contribute to OFT
development. Endocardial cushions undergo EMT to give rise to valvular interstitial
cells (DeLaughter et al., 2013). These cells move towards each other and converge in
the midline to separate the pulmonary and aortic outflow tracts ( Figure 1-4). The
aortic pulmonary septum is characterised by its spiral shape, ensuring separation
between oxygenated and deoxygenated blood. The aorta and pulmonary trunk

therefore spiral in opposite directions (see Figure).

Arteries of the

pharyngeal arches Systemic Pulmonary
circulation circulation
—_———— U
Truncus % % f u
arteriosus —
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Ventricles
Septated
Aortic outflow
pulmonary tracts
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Figure 1-4. Outflow tract septation. The OFT begins as the common conduit
formed from the truncus arteriosus and bulbus cordis of the looping cardiac
tube. This channel allows blood to flow out of the heart and into the arteries of
the pharyngeal arches. Neural crest cells on either side of the wall of the OFT
proliferate and grow towards each other. They meet in the middle to form the
spiral aortic pulmonary septum. Following further growth and maturation, this

spiral septum separates the OFT into the ascending aorta and pulmonary trunk,
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maintaining separation between oxygenated and deoxygenated blood. Figure
redrawn from https://simplemed.co.uk/subjects/cardiovascular/embryology-of-

the-cvs using Biorender.com.

Migratory neural crest cells also give rise to the pharyngeal arch arteries (Figure
1-4). These cells are characterise by their ability to coalesce upon reaching their
destination and contribute to the development of that structure, or inducing
differentiation in neighbouring cells. In the pharyngeal arches, neural crest cells
populate the region, resulting in their remodelling. They contribute to the vascular
smooth muscle of the brachiocephalic root of the internal carotid and pulmonary
arteries, and the dorsal aorta (Bulatovic et al., 2016). Tgfb2, Bmp2, Wnt4 and retinoic
acid are factors known to be expressed in cardiac neural crest cells (Yamagishi,
2021).

1.1.5 Valves formation

To control unidirectional blood-flow and ensure no back-flow occurs, valves form
between atria and ventricles (atrioventricular valves) and between ventricles and the
great atria (semilunar valves). The mitral valve controls blood flow from the left
atrium to the left ventricle, while the tricuspid valve controls blood flow from the
right atrium to the right ventricle (see Figure 1-1 A for the location of
atrioventricular valves in a human embryonic heart at 8 weeks). The mitral valve is
composed of two leaflets while the tricuspid valve has three. Cells from the inferior
atrioventricular cushion give rise to the anterior mitral valve leaflet and the septal
tricuspid leaflet (Bulatovic et al., 2016). The posterior mitral leaflet and the anterior
and posterior tricuspid leaflets originate from mesenchymal cells situated laterally to
the atrioventricular canal. Atrioventricular valves form as a result of increased
extracellular matrix complexity and lower endocardial cushion proliferation (Sylva,
van den Hoff and Moorman, 2014).

Semilunar valves, on the other hand, only have a partial contribution from
endocardial cushions. There are four endocardial cushions in the OFT, two of which
give rise to the spiral septum and two that develop into the anterior cusp of the
pulmonary valve, and the noncoronary cusp of the aortic valve. Aforementioned

neural crest cells from the pharyngeal arches contribute to valve formation and
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maturation (Mifflin et al., 2018). To summarise cardiac development in human and

mouse, please see Figure 1-5 for a timeline of key events.

A Atrial septation
_______ Primary septum
Secondary septum
Cardiac looping Ventricular sepation
' ‘ Muscular intraventricular septum
Intraventricular  Qutlet intraventricular septum
foramen
l 66/7 1 73/7 l 8 l g4/7 J. 91/7 93/7
64/7 I 71/7 I 75/7 T 827 W 86/7 T I
Atrioventricular Inlet ventricular
valve formation septum
OFT septation
Semilunar valve
formation
B Atrial septation
Atrioventricular valve
formation
Migration , I Ventricular sepation I
of cardiac 1,;??;2:?;'2? OFT sepation
p{g%{;ﬁ;s Heart tube cushions in Migration of
formation OFT NCCs to OFT
l E7.5 l E9.5 l E11.5 1 E13.5 1
E6.5 I E8.0 I E10.5 I E12.5 T E14.5
Formation L L ) '
of
cardiac Cardiac Intrventricular Semilunar
crescent looping foramen valve
formation formation

Figure 1-5. Timeline of human and mouse embryonic cardiac development. (A)
Shows human heart development, initiation of developmental processes is
plotted alongside corresponding days of gestation. (B) Depicts mouse cardiac
developmental events relevant to embryonic days. In both timelines, the process
can be summarised in the formation of the cardiac tube from mesodermal
progenitors in the cardiac crescent, followed by looping and further expansion
of the heart that involves chamber and OFT development followed by septation.
ALPM, anterior lateral plate mesoderm; NCCs, neural crest cells; OFT,

outflow tract. Figure created using biorender.com.

1.1.6 Genetics of heart development
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Heart morphogenesis is strictly controlled by a network of transcription factors in
addition to secreted molecules like bone morphogenetic protein (BMP), fibroblast
growth factor (FGF) and Wnt proteins (Verhoeven et al., 2011). These are expressed
in gradients in a spatiotemporal-dependent manner, thus patterning the embryo and
sending activating or inhibitory cues to underlying cells (Spéter et al., 2014). These
signals elicit a response in the form of gene expression which leads to cell
proliferation, differentiation and structure formation. Cardiac-specific factors are
thus only expressed in a defined sub-population of the mesoderm that gives rise to
cardiac fields (Noseda et al., 2011).

An evolutionarily conserved network of transcription factors and interacting
signalling pathways regulate heart development. Four core conserved transcription
factors contribute to heart development. These include NK2- (NK2 homeobox),
MEF2- (myocyte enhancer factor), GATA- (GATA binding protein), TBX- (T-box)
and HAND- (heart and neural crest-derived) type proteins, with species-specific
variations. They control cell fate, contractile protein gene expression and cardiac
structure morphogenesis (Olson, 2006; Akerberg et al., 2019). Interestingly, these
transcription factors also regulate each other’s expression, thus stabilising the cardiac
gene program (Buckingham, Meilhac and Zaffran, 2005; Kodo and Yamagishi,
2017). These core transcription factors have been found to function in cardiac
development from drosophila to humans (Olson, 2006). Homologues of NKX2.5 and
MEF2C were even observed to be expressed in the rhythmically contracting pharynx
muscle of the nematode Caenorhabditis elegans, possibly the most primitive heart
(Sylva, van den Hoff and Moorman, 2014).

MEF2 is a MADS-box protein that is well conserved in all metazoans. It is the most
ancient myogenic transcription factor. In cardiac cells, MEF2 interacts with other
cardiac transcription factors to control the expression of genes encoding for
contractile proteins (Schlesinger et al., 2011). Mef2 expression is enhanced by NK2-
type homeodomain proteins (Deng et al., 2017). There are four MEF2 proteins in
vertebrates, and Mef2c in particular is needed for the induction of a subset of cardiac
contractile protein genes, in addition to the development of cardiac structures that
originate from the second heart field (Lin et al., 1997). Mef2c-expressing cells can be
detected as early as the late streak stage. Mef2c expression marks progenitors of the

right ventricle and outflow tract myocardium (MP et al., 2005). Additionally, Mef2c
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knockout in mice is embryonic lethal at E9.5 due to severe cardiac defects (Lin et al.,
1997).

The gene Nkx2.5 is expressed in cardiac progenitors and the associated endoderm in
vertebrates (Zhang et al., 2014), it is a homologue of Drosophila’s tinman.
Overexpressing nkx2.5 in zebrafish and frogs led to the expansion of the heart field
and promoted cardiac gene expression (Chen and Fishman, 1996). Moreover, a
dominant-negative mutant nkx2.5 protein blocked cardiogenesis in frog embryos (Fu
et al., 1998). In mouse embryos lacking Nkx2.5, early events in heart formation take
place normally but embryos die from aberrant heart tube morphogenesis and
perturbed left ventricle development (Lyons et al., 1995). Cre-mediated deletion of
Nkx2.5 in mice led to the ablation of the outflow tract and a lack of ventricular
compartmentalisation. In this experiment, a gene for Cre recombinase was inserted
into the 3” untranslated region of Nkx2.5, leading to Cre expression under the control
of Nkx2.5 cis-regulatory control. Deletion was confirmed by crossing these mice with

Cre-dependent reporter strains (Stanley et al., 2002).

Nkx2.5 therefore is widely expressed in the second heart field and has a role in
maintaining the role of SHF progenitors (Prall et al., 2007; Chung and Rajakumar,
2016). Nkx2.5 also plays a regulatory role and modulates the transcription of Etv2,
required for endocardial development. Etv2-expressing cells only form endocardial
cells and in its absence, these cells differentiate into other lineages (Ferdous et al.,
2009).

The GATA family of zinc finger transcription factors control the expression of
numerous contractile protein genes, in addition to upstream genes such as Nkx2.5,
Mef2 and Hand. Six Gata genes are expressed in vertebrates, and three of those
(Gata4, -5 and -6) are expressed in the heart and are involved in heart development
(Gallagher et al., 2012). Overexpression of cardiac gata genes in frog and zebrafish
embryos prematurely activates cardiac gene expression (Reiter et al., 1999; Latinkic,
Kotecha and Mohun, 2003). In the SHF, Gata4, along with Tbx5 and the Hedgehog
signalling pathway modulate the formation of the DMP and atrial septation. Gata4
also activates the expression of Glil in the posterior SHF to stimulate cell
proliferation. Gata4-deficient mice exhibit atrial and atrioventricular septation
defects which can interestingly be rescued by promoting constitutive Hedgehog
signalling in the SHF (Zhou et al., 2017).
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The Hand genes regulate the development of ventricles (Buckingham, Meilhac and
Zaffran, 2005). Notably, amphibians and fish have only one hand gene, which
corresponds to them having only one ventricle. Zebrafish lacking this hand gene fail
to develop ventricles (Yelon et al., 2000). Mice have two Hand genes, Hand1 and
Hand2. Hand1 and Hand2 proteins are both involved in the formation of ventricles,
albeit differently. Hand2 also regulates the formation of the atrioventricular canal
and cardiac valves (Laurent et al., 2017). Hand2 mutant mice develop a hypoplastic
right ventricle while reduced Hand1 activity results in failure of formation of the left
ventricle (Vincentz, Barnes and Firulli, 2011) and mutations in Hand1l have been
shown to cause TOF (Wang et al., 2017) and familial dilated cardiomyopathy (Zhou
et al., 2016). Additionally, knocking out Handl in embryonic stem cells renders
them unable to contribute to the outer curvature of the heart that later forms the left
ventricle (Riley et al., 2000). Handl expression marks a domain of cells in the
outflow tract and the epicardium, in addition to left ventricular myocardium (Barnes
etal., 2010).

Members of the T-box family are also pivotal players in this process as they function
in myocardial proliferation and patterning. They are transcription factors that
recognise a DNA sequence known as the T-half site through their highly conserved
DNA-binding region (Steimle and Moskowitz, 2017). There can be a single, or
multiple T-half sites with varying orientations and spacing in target gene promoters.
Binding can then lead to transcriptional activation or repression (Tada and Smith,
2001). The T-box is also a conserved interaction domain for other transcription
factors, histone-modifying enzymes and chromatin remodelling complexes that
function in transcriptional control (Boogerd, Moorman and Barnett, 2009). 6 of the
17 members of the T-box family function in the development of the mammalian
heart, namely Tbx1, Thx18 and Tbhx20 of the Thx1 subfamily, and Thx2, Thx3 and
Thx5 of the Tbx2 subfamily (Zhu et al., 2017). These work in concert and are
expressed in different progenitor pools as well as different regions of the developing
heart (Plageman and Yutzey, 2005; Hoogaars et al., 2007). Interestingly, their role is
also evolutionarily conserved in invertebrates, such as Drosophila, which have
uncompartmentalised heart tubes (Stennard and Harvey, 2005). Thx2 and Thx3 are
able to repress the myocardial gene programme to modulate the venous pole,

atrioventricular canal and outflow tract formation. Tbx1 expression is found in
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outflow tract cardiac precursors and Thx18 expression is detected in the venous pole
(Sylva, van den Hoff and Moorman, 2014).

Tbx5 is an important member of the T-box family in which mutations leads to Holt-
Oram syndrome (Ghosh et al., 2001; Vanlerberghe et al., 2019). Holt-Oram
syndrome is characterised by heart and upper limb defects (HOLT and ORAM,
1960). During development, Tbx5 expression is detected in the first heart field (FHF)
and its derivatives (Greulich, Rudat and Kispert, 2011), marking the left ventricular
myocardium. This is shown by the fact that its expression is first detected in the
bilateral wings of the cardiogenic mesoderm. Moreover, it is later found in the
endocardium and myocardium of the inflow region, atria, the atrioventricular canal
and the left ventricle. It is expressed in a gradient from the venous pole to the right
ventricle (Sylva, van den Hoff and Moorman, 2014). However, Thx5 expression is
not found in the outflow tract (OFT) of the looping, chambered heart tube (Bruneau
etal., 1999).

Thx5 is a key regulator of the cardiac gene network. It is able to directly activate the
expression of Cdk6 to drive cardiac progenitor proliferation (L. Xie et al., 2012).
Moreover, it activates the expression of Osrl, encoding for a transcription factor
needed for atrial septation. In addition, along, with the Sonic Hedgehog pathway, it
plays a role in the formation of the DMP involved in atrial septation. It directly
activates the expression of Gasl, the product of which is a Sonic Hedgehog

signalling pathway component (L. Xie et al., 2012).

Upstream factors controlling Tbx5 expression have been debated. Retinoic acid
signalling has been shown to limit Thx5 expression to the posterior region of the
heart tube. Moreover, JAK-STAT3 signalling has been shown to be necessary and
sufficient to drive Tbx5 expression in P19CL6 cells, a cellular model of
cardiomyocyte differentiation (Sirbu, Zhao and Duester, 2008; Snyder, Huang and
Zhang, 2010). Thx5 interacts with other genes such as Nkx2.5, Gata4 and Mef2c and
they work cooperatively to drive and regulate cardiac development (Ghosh et al.,
2009, 2014; Waldron et al., 2016). Interestingly, Tbx5, Gata4 and MEf2c were able
to rapidly and efficiently drive direct reprogramming of post-natal and dermal
fibroblasts into cardiomyocyte-like cells (leda et al., 2010). This can have immense
implications for regenerative medicine and can be a leap in treatment options

available for patients suffering from CHDs. One aim of elucidating the cardiac gene
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network is to achieve efficient cell reprogramming of patients’ own cells for
applications in regenerative medicine and cardiac damage repair. Adding other
factors, such as Hand2, Mycod, Zfpm, Esrrg and Mespl enhanced the reprogramming
efficiency of human embryonic stem cells and mouse tail tip and cardiac fibroblasts
(Song et al., 2012; Fu et al., 2013)

Cardiomyocyte development involves the formation of sarcomeres, which is also
governed by a specific set of genes. Sarcomeres (characterised by filamentous
proteins) are the basic functional units of cardiac muscles and are crucial for the
structure and function of cardiomyocytes (Gautel and Djinovi¢-Carugo, 2016)
(depicted in Figure 1-6). Two major types of filamentous proteins play a part in
muscle contraction and relaxation. They are organised into thin and thick filaments
that interlock (Teekakirikul, Ho and Seidman, 2013). Thin protein elements are
Cardiac troponin complex members T (TNNT2), I (TNNI3), C (TNNCI), a-
tropomyosin (TPM1) and a-cardiac actin (ACTC1). Thick protein elements are o/f-
myosin heavy chain (MYHG6/7), ventricular regulatory light chain (MYL3),
ventricular essential light chain (MYL2) and cardiac myosin-binding protein C
(MYBPC3). Titin-type and z-disc proteins, such as a-actinin are also found. These
proteins use ATP hydrolysis to drive muscle shortening and lengthening (Morimoto,

2008), a process that requires precision as well as energy.
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Figure 1-6. A sarcomere is formed of thin and thick filamentous proteins
arranged in an interlocking pattern. It is the basic contractile unit of striated
muscle. The thin filament is formed of a troponin, tropomyosin and actin

complex. Myosin forms the thick filament. Figure created using Biorender.com.

Mutations in genes encoding for sarcomeric proteins can also lead to CHDs
(Morimoto, 2008; Harris and de Tombe, 2019). a-myosin heavy chain (aMYHS®6) is a
sarcomeric protein associated with cardiomyopathies. A mutation in aMYH6 was
found to cause a type of atrial septal defect (Ghosh et al., 2014) while fJMYH?7 was
the among the most frequently associated genes with dilated cardiomyopathy
(McNally and Mestroni, 2017). Various mutations in the troponin complex, in
addition to z-disc proteins have been found to cause a range of cardiomyopathies,
such as hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM) and
restrictive cardiomyopathy (RCM) (Morimoto, 2008; McNally and Mestroni, 2017).

1.1.7 Cardiomyocyte differentiation and development

The heart contains several cell types, namely, cardiomyocytes, cardiac conduction
cells, cardiac fibroblasts and vascular smooth muscle cells within the myocardium
and endothelial cells in the myocardium and endocardium (Spater et al., 2014).
Cardiomyocytes are a highly specialised cell type that undergoes a complex, step-
wise differentiation process, outlined in Error! Reference source not found..
Cardiomyocytes of their various subtypes arise due the cooperation of a network of
transcription factors and signalling pathways, defined by location and function.
During differentiation, pluripotency-associated markers like Oct4, Sox2, and Nanog
are downregulated while T (also known as Brachyury) is upregulated. T expression
itself is regulated by Wnt signalling.

Pluripotent stem cells in the gastrulating mouse embryo transiently express Oct4 in
the epiblast before the emergence of the primitive streak (Figure 1-7). Oct4 acts on
Sox17 to activate mesoendodermal/endodermal genes. Sox2 is also expressed in the
anterior epiblast (Van Vliet et al., 2012). Oct4 and Sox2 transcription factors work in
concert to activate a large number of genes by recognising and binding to chimeric
motifs. They have also been shown to bind with Nanog at enhancers of multiple
genes (Van Vliet et al., 2012).
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T was shown to be expressed throughout gastrulation (Figure 1-7), with the first cells
exiting the epiblast were found to co-express Gata6 and T. As cells differentiate
down the mesodermal lineage and move proximally, the first cardiac-committed
mesodermal population to emerge expresses FIk1, or human KDR. BMP4 secreted by
the extraembryonic ectoderm drives posterior mesodermal differentiation (Van Vliet
et al., 2012). Mesp1 drives the differentiation of cardiac progenitors (see Figure 1-7).
Notably, MESP1 and ETS2 were found to be sufficient to reprogramme human

dermal fibroblasts into cardiac progenitors (lIslas et al., 2012).
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Figure 1-7. Cardiomyocyte differentiation is a complex process under the
control of stage-specific gene expression. The figure shows markers of
differentiation at each stage. Stem cells express pluripotency factors shown.
Mesodermal lineage specification is driven by T and MIXL-1. Cardiac lineage
commitment is marked by MESP1, MESP2 and KDR expression. As
differentiation progresses, cardiac progenitors express known cardiac genes
NKX2.5, GATA4, TBX5 and MEF2C. Mature myocytes express genes associated
with contractility proteins such as cTnT, ACTAL, the sarcomeric proteins
MLC2A and MLC2V and ion channels SCN5A and CACNA. Figure created with

biorender.com

T also forms a negative feedback loop with the transcription factor Mespl. T initially
upregulates Mespl expression but subsequently represses. Mespl in turn supresses
endodermal lineage commitment by downregulating Sox17 and Foxa2 and promotes
the expression of Mef2c, Gata4 and Nkx2.5, leading to the formation of cardiac
progenitors (Error! Reference source not found.A). Concomitantly, Isl1, a
secondary heart field marker, activates the expression of Foxhl and Mef2c, directing
cells towards the right ventricle and secondary heart field (Wu et al., 2006) (Error!
Reference source not found.). Nkx2.5 is one of the earliest genes expressed in
cardiac progenitor cells and its downstream targets include Anp, Hand1, Gata6 and
cardiac a-actin. It also interacts with other transcription factors like Tbx5 and Gata4
to activate downstream cardiac targets such as cardiac-restricted ankyrin repeat
protein (CARP) and natriuretic peptide precursor type A (Nppa) (A. Parikh et al.,
2015).

Cardiomyocytes also form specialised structures at their cell membranes to enable
cell-cell adhesion and electrical coupling between adjacent cells. Desmosomes
anchor adjacent cells together through the interaction of cadherin molecules and
provide mechanical stability. Adherens junctions also contain cadherins, in addition
to catenins, to mediate cell-cell adhesion (Karbassi et al., 2020). Gap junctions allow
for electrical communication between cardiomyocytes, spreading action potentials
and coordinating cardiac contraction. Propagation of action potential occurs via ion
channels, where sodium channels open and potassium channels close to control
depolarisation, which is maintained by the opening of calcium channels. Sodium and
potassium channels are encoded by SCN5A and KCNA5S, among others (Priest and
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McDermott, 2015) (Figure 1-7). Calcium channels are encoded by CACNA1C and
CACNAB2 (Shah et al., 2022) (Figure 1-7).

In the next phase of foetal growth and during heart septation and formation of the
outflow tract, differentiated cardiomyocytes undergo exponential proliferation.
Cardiomyocytes contribute to hyperplasic (growth due to an increase in cell number)
heart growth and undergo full cytokinesis (Padula, Velayutham and Yutzey, 2021).

full

electrophysiological functionality, cardiomyocyte growth and maturation involves

Altogether, from initial lineage commitment to contractile and

multiple gene and signalling pathways. These are strictly regulated to confer cellular
identity and function. Figure 1-8depicts a summary of the master genetic and
molecular regulators of this process. Following mesodermal commitment, future

regions of the heart are patterned via differential gene expression and signalling

pathway-mediated induction/inhibition (Karbassi et al., 2020).
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Figure 1-8. Step-wise lineage commitment and differentiation of cardiomyocytes
is carefully regulated by a host of transcription factors and signalling molecules.
Differentiation is driven by loss of Oct4, Nanog and Sox2 expression and the
FGF, Activin/Nodal

Mesodermal cells expressing Brachyury (or T) commit to the cardiac lineage and

induction of Wnt/B-catenin, and BMP pathways.

22 Tasabeeh Mohamed - November 2023



Chapter 1: Introduction

express Mespl, Flkl (or KDR) and Pdgfra. These cells go on to form the FHF or
SHF in response to BMP or Wnt/B-catenin and FGF signalling, respectively.
Hcn4/Thx5/Nkx2.5- expressing cells go on to form the FHF which contributes to
the atrium, left ventricle, cardiac conduction cells and bundle cells.
IsI1/Nkx2.5/FIk1- expressing cells differentiate into the SHF which forms the
right ventricle, parts of the atria, conduction cells, vascular smooth cells and
endothelial cells. Epicardium-derived cells emerge from cells expressing Wtl,
Thx18, Sema3d and Scx. These undergo EMT to generate ventricular myocytes,
fibroblasts, endothelial cells and vascular smooth muscle cells. Cardiac neural
crest cells are ectodermal in origin and contribute to cardiac innervation,
vascular smooth muscle cells and valves. EPDCs, epicardium-derived cells;
EMT, endothelial-to-mesenchymal transition; SAN, sinoatrial node; RBB, right
bundle branch; LBB, left bundle branch; PF, Purkinje fibers; AV,
atrioventricular. Adapted from (Spater et al., 2014).

1.1.7.1 Post-natal cardiomyocytes

After birth, heart growth switches from hyperplasic to hypertrophic (growth due to
an increase in cell size) whereby cardiomyocytes go through mitosis without
cytokinesis. This results in the binucleation of cardiomyocytes. Murine
cardiomyocytes exit the cell cycle approximately one week after birth while that

process lasts for several years in humans (Payan, Hubert and Rochais, 2020).

Cardiomyocytes continue to mature postnatally. The heart must adapt to various
organismal conditions after birth, such as ambient oxygen levels and energy
requirements. Energy is primarily produced by glycolysis in murine foetal hearts and
rapidly transitions to fatty acid oxidation in the first few days post-birth (Lopaschuk
and Jaswal, 2010; Payan, Hubert and Rochais, 2020). Additionally, sarcomeres in
cardiomyocytes undergo switching from foetal contractile proteins such as Myh7,
Tnnil and Myl7 to adult isoforms Myh6, Tnni3 and Myl2 (Payan, Hubert and
Rochais, 2020).

1.1.8 Epigenetics in heart development
Eukaryotes have evolved an efficient method of packaging DNA that also functions
in gene regulation. Eukaryotic nuclei are able to contain up to billions of base pairs

of DNA in their miniscule sizes because DNA is tightly packaged in nucleosomes.
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Nucleosomes are the repeating basic unit of chromatin, a dynamic polymer that
forms the ‘genetic material’ (Rudnizky et al., 2017). Epigenetic regulation is crucial
to control gene expression and this section will outline how epigenetic modifiers

function in cardiac differentiation.

A nucleosome is a structure formed of approximately 147 base pairs of DNA spooled
around an octamer of core histone proteins- 2 copies of each of histone proteins
H2A, H2B, H3 and H4 (Rudnizky et al., 2017). Histones are small basic proteins
formed of a globular domain and an NH2 terminus that projects from the nucleosome
forming the “tail” (Jenuwein and Allis, 2001). H1 is a linker histone linking
nucleosomes together and stabilising the octameric core into higher-order structures
(Verdone et al., 2006). Chromatin fibre also contains a variety of other accessory
proteins and different variants of histones that are expressed in a cell- and
developmental stage-specific manner. A variant of H3, for example, is present in
eukaryotic centromeres, necessary for their assembly and function (Watts, Kumar
and Bhat, 2016). H2A.Z, a variant of H2A, facilitates chromatin compaction through
promoting polycomb repressive complex 2(PRC2)-mediated silencing and is
correlated with H3K27me3 (histone 3 lysine 27 trimethylation) in mouse embryonic
stem cells. While H3.3 counteracts PRC2-dependent silencing by hindering
chromatin compaction (Y. Wang et al., 2018).

Chromatin is subject to a wide range of posttranslational modifications that mostly
manifest on histone amino termini, regulating access to the underlying DNA
(Jenuwein and Allis, 2001). A wide variety of histone-modifying enzymes work in
concert to carry out post-translational modifications (PTMs) that include acetylation,
methylation, phosphorylation (Strahl and Allis, 2000) and the more recently
discovered succinylation (Z. Xie et al.,, 2012) among others. Enzymes work
individually or in ATP-dependent complexes to carry out their functions and modify
chromatin (Owen-Hughes, 2003). Thus histones not only provide an elegant means
of DNA packaging, but play an important role in regulating chromatin dynamics and

gene expression.

Distinct modifications of histone amino-terminal domains, such as lysine acetylation
and methylation, serine phosphorylation or arginine methylation can cause dynamic
transition between transcriptionally active or silent chromatin. The enzymes carrying

out these histone tail modifications are able to recognise designated amino acids at
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particular positions (Strahl and Allis, 2000; Verdone et al., 2006) providing a
controlled level of specificity. Figure 1-9 depicts the winding of DNA around
nucleosome histones and shows the various histone tail modifications that may occur

on amino acids on histone tails.

@ Methylation @ Acetylation @ Ubiquitination Q Phosphorylation

Figure 1-9. Schematic of DNA packaging around nucleosomes and histone-tail
modifications. (A) Nucelosomes, represented by light blue cylinders, are the
basic unit of chromatin and are made of histones. DNA winds around individual

nucleosomes. Chromatin can be made more or less accessible via the
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introduction of chemical modifications on histone tails. Examples of these
modifications, methylation (Me) and acetylation (Ac) are shown in the figure.
(B) Nucleosomes are octamers made of two of H2B, H2A, H4 and H3 proteins.
DNA is wound around each nucleosome. Chemical marks are placed on specific
amino acids on histone tails and those affect gene expression by controlling
DNA polymerase and transcription factors’ access to underlying DNA. The
numbers indicate the position of amino acids. S, serine; K, lysine; R, arginine;

T, threonine. Figure created with Biorender.com.

Condensation of nucleosomes, in addition to reducing the surface area for DNA
storage, forms a physical barrier preventing transcription factors gaining access to
the DNA and thus preventing gene expression. Three epigenetic processes and the
interaction between them control this process. These are firstly, the involvement of
ATP-dependent chromatin remodellers in the manipulation of histones and higher
order chromatin structures. Secondly, post translational modifications of histone
proteins by covalent labelling, and finally direct methylation of cytosine bases on the
DNA (Zhu et al., 2013; Quaife-Ryan et al., 2016).

A major form of histone modification is methylation. Histone methylation can be
associated with gene activation or repression, depending on the location of the lysine
residue that is methylated and the number of methyl groups (mono-, bi- or
trimethylation). Methyl groups are added by enzymes called methyl transferases
(Quaife-Ryan et al., 2016). Methylation occurs on cytosine residues in CpG
dinucleotides in the DNA sequence or on histone proteins around which the DNA is
wound (Gilsbach et al., 2014). Methylation marks at lysine 9 on Histones 1 and 3 are
usually associated with transcriptionally silent heterochromatin (Xu and Jiang, 2020).
On the other hand, methylation of lysine 4 on histone 3 is associated with

transcriptional activation (Collins et al., 2019).

Changes in DNA methylation patterns occur during the development and maturation
of cardiomyocytes (Gilsbach et al., 2014). In ESCs, transcription factor binding sites
for Nanog and Oct4 are unmethylated (hallmark of gene activation in this case)
contrary to the methylation of Gatal and Mef2c binding sites. As ESCs differentiate

down the cardiac lineage, the pattern is reversed as pluripotency-related TF binding
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sites become hypermethylated as opposed to the demethylation of cardiogenic TF
binding sites (Gilsbach et al., 2014).

Another type of epigenetic change is histone acetylation, carried out by histone
acetylases (HATSs). HATSs add acetyl (CH3CO) groups to lysine residues on the tails
of histone proteins. This adds a negative charge to histones, thus neutralising the
lysine’s positive charge and as a consequence, destabilising the electrostatic
attraction between histones and the negatively charged DNA (Yang and Seto, 2007).
This leads to a more relaxed chromatin structure, facilitating the access of gene
transcription machinery and TFs and thus the consequent transcription of genes
(Marmorstein and Zhou, 2014), see Figure 1-10. The “histone code” thus provides a

means of controlling gene expression temporally, developmentally and spatially.

Acetylation by Deacetylation
HATs by HDACs

IR NN

Figure 1-10. Illustration of the effect of histone acetylation on nucleosome (blue

cylinders) compaction. DNA is tightly wound around nucleosomes.
Acetylation/Deacetylation affects gene expression by strengthening or
weakening the electrostatic charge between DNA and nucleosomes, respectively.
A more ‘open’ chromatin structure leads to higher gene expression. Figure

created using Biorender.com.

1.1.8.1 Histone acetylases
Acetylation of histone tails is an example of a post-translational modification (PTM)
that modulates chromatin dynamics mediated by histone acetyltransferases (HATS).

Acetylation is a prevalent protein modification found in both prokaryotes and
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eukaryotes. More than 15,000 acetylation sites have been reported in some tissue
types (reviewed in (Choudhary et al., 2014)). Mutations affecting acetylation or
acetyltransferase functions have been correlated with several human diseases. Most
HATS are regulated by association with binding partners, through tethered domains
or other PTMs. Acetylation occurs when an acetyl moiety is added to the e-amino
group of a lysine residue in a reversible reaction known as Ne-acetylation (Devaiah
et al., 2016) in an evolutionarily conserved manner that functions in a wide array of
cellular pathways (De Luca et al., 2014). This mechanism is not to be confused with
N-terminal acetylation which is carried out by Na-acetyltransferases (Linster and
Wirtz, 2018). Protein acetylation was observed in all domains of life, playing roles in
chromatin maintenance, protein stability, cell structure, cell metabolism and
transcriptional regulation (Tucker et al., 2014). Acetylation marks are placed on
lysine residues usually located in N-terminal tails of core histones, examples are
lysines 4, 9, 14 and 18 of histone H3 and lysines 5, 8 and 12 of histone H4 (Sun et
al., 2012). Acetylation of lysine residues by acetyltranferases is a reversible reaction
(Tucker et al., 2014).

The idea that histone acetylation might play a part in gene regulation was first put
forward by Allfrey and colleagues in 1964 (Allfrey, Faulkner and Mirsky, 1964).
However, it was thirty years later that the first HAT, HAT1 was identified in yeast
(Kleff et al., 1995; Parthun, Widom and Gottschling, 1996). GCN5, more recently
known as KAT2A, was then isolated from tetrahymena in 1996, and with it ushering
in more discoveries of other HATs and histone PTMs (Brownell et al., 1996). When
early histone acetylases (HATS) were identified it was thought that they only
acetylate histone tails but it was later discovered that these HATs themselves had
non-histone substrates as well, such as p53 (Kouzarides, 2000). Acetylation marks
are ‘read” by well-conserved bromodomain-containing proteins that mediate
downstream responses (Sanchez and Zhou, 2009). Bromodomains are present in
HATSs- and ATP-dependent chromatin remodelling complexes (Sun et al., 2012) such
as the SWI/SNF complex. The latter contains bromodomains that function in
recognising acetylated lysines which is followed by recruitment of the complex to
the targeted region, changing its conformation to a more ‘open’ form to allow

transcription machinery access (Hassan et al., 2002).

28 Tasabeeh Mohamed - November 2023



Chapter 1: Introduction

There are at least five families of HATS, which act in larger protein complexes, thus
enabling targeting of different enhancers and promoters. They are grouped into these
families based on sequence and structural homology: HAT1, GCN5/PCAF, MYST
(MOZ, Ybf2, Sas2 and Tip60), p300/CBP and Rtt109 (Yang and Seto, 2007). These
HATs have a structurally conserved Acetyl Coenzyme A (AcCoA) binding core
comprised of a three-stranded B-sheet and a helix that functions in AcCoA binding.
Interestingly, while the structure of this core is conserved, there is little to no
sequence homology among the different HAT families (Friedmann and Marmorstein,
2013). Many HATSs like members of the p300/CBP and MYST families have been
shown to acetylate both histone and non-histone proteins. Moreover, there are
acetyltransferases such as a-tubulin acetyltransferase that only acetylate non-histone
proteins (Spange et al., 2009). As a matter of fact, thousands of proteins with
different functions, such as kinases, transcription factors and ribosomal proteins are
acetylated. Akin to phosphorylation and other PTMs, acetylation plays a part in
regulating the function of these proteins in addition to taking part in cellular activities
such as cell cycle control, cytoskeleton organisation, endocytosis and metabolism
(McCullough and Marmorstein, 2016). Aberrant acetylation or deacetylation is
thought to play a role in uncontrolled growth and division of tumour cells as cell-

cycle checkpoints are disrupted (Sun et al., 2012).

Acetylation of lysine 27 on histone 3 (H3K27) is typically associated with enhancers
of active genes, for example (Bannister and Kouzarides, 2011). Two of the most
well-known HATs are p300 and CREB binding protein (CBP). Those are
ubiquitously expressed and cooperate with many transcription factors to regulate
gene expression in different cell types. Interestingly, p300 also directly acetylases
cardiac transcription factors such as Mef2, Gata4 and serum response factor (Srf) to
enhance DNA binding (Slepak et al., 2001). Knocking out p300 is embryonically
lethal as it leads to proliferation defects, downregulation of cardiac structural genes

(e.g. Myh7, a-actinin) and cardiac structural abnormalities (Shikama et al., 2003).

1.1.8.2 KAT2A AND KAT2B

Human KAT2A (lysine acetyltransferase, also known as GCN5) and KAT2B
(PCAF) are acetylases that share 70% sequence similarity. They are involved in a
myriad of cellular processes such as chromatin remodelling, transcriptional

regulation, DNA regulation and repair, cell cycle progression and cell death
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(Fournier et al., 2016). KAT2A/B acetylate lysine residues on mainly histone H3 and
to a lesser extent, H4 to loosen chromatin compaction. However, KAT2A/B also
have many non-histone targets. One example is the polo-like-kinase 4 (PLK4)
protein that is a major regulator of centrosome assembly. PLK4 depletion leads to
aberrant centriole formation while its overexpression leads to an abnormally high
number of centrosomes, a hallmark of many cancers. Acetylating PLK4 inhibits its
kinase activity (Fournier et al., 2016). Depleting KAT2A/B activity in mammalian
cells has been shown to increase centrosome numbers (Orpinell et al., 2010).
KAT2A and KAT2B are expressed ubiquitously but KAT2A is highly abundant in
the heart while KAT2B is highly expressed in the pancreas (Yang et al., 1996).

Kat2a knockout is embryonic lethal, while Kat2b-null mice do not display an
obvious phenotype. Double knockouts of Kat2a and Kat2b, however, result in severe
developmental defects (Xu et al., 2000). Kat2a and Kat2b show different expression
patterns during embryogenesis, as Kat2a is expressed earlier (Yamauchi et al., 2000).

1.1.8.3 KAT2A and KAT2B involvement in cardiac development

Protein acetylation adds a further level of complexity to the regulation of
embryogenesis and heart development. Loss of function mutations in the p300 gene
in mice is embryonic lethal between E9.5 and E11.5 due to cardiac defects (Sartorelli
et al., 1997). Even in adult hearts, p300 overexpression leads to hypertrophy and
heart failure (Kawamura et al., 2005). Gata4 and Mef2c are both acetylated in
cardiomyocyte differentiation (Ma et al., 2005; Shimizu et al., 2018). Gata4 is
acetylated by p300, leading to an increase in its transcriptional activity and the
induction of the hypertrophy gene program (Takaya et al., 2008). A dominant
negative form of p300 was able to inhibit Gata4-mediated transcription in cardiac
myocytes (Yanazume et al.,, 2003). Moreover, overexpressing p300 in mice
increased Gata4 acetylation leading to myocardial hypertrophy and left ventricular
remodelling in models of myocardial infarction (Miyamoto et al., 2006). Hdac3 was
found to participate in keeping Thx5 acetylation levels in check to regulate

cardiogenesis (Lewandowski et al., 2014).

In families with mutations in the ADD3 gene, encoding for adducin-y, a cytoskeletal
protein, associated with some types of cerebral palsy, a homozygous pathogenic
mutation KAT2B was found to be associated with kidney and heart disease.

Synergistic knockdown of both ADD3 and KAT2B were found to confer
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susceptibility to heart and kidney disease in ADD3-associated diseases (Goncalves et
al., 2018). Since KAT2B was shown to acetylate cytoskeletal regulators implicated
in cardiomyopathies, like actinin-4 and myosin-7, it is possible that cardiac defects
seen in patients with this genetic background are due to the loss of KAT2B-
dependent acetylation of adducin-y. Moreover, in a study looking at Chinese patients
with congenital VVSDs, two novel mutations were found in TWIST1. Twistl is
required for cardiac neural crest cell migration, endocardial cushions formation and
activates Thx20 expression (Chakraborty et al., 2010). TWIST1 was also shown to
interact with KAT2B, inhibiting its acetyltransferase activity (Hamamori et al.,
1999). The two mutations in the patients were found to impair this chemical
interaction between TWIST1 and KAT2B, leading to the loss of TWIST1-mediated
repression of E-cadherin (Deng et al., 2015). These studies implicate KAT2B in
cardiac development septal defects but the exact mechanism remains to be

elucidated.

In a recent study conducted by our group investigating the role of KAT2A and
KAT2B in cardiac development, it was found that they both acetylate TBX5.
Meanwhile, P300 failed to do so. The presence of KAT2B also increased expression
at downstream target promoter of TBX5, Anf. The acetylation site in TBX5 was
mapped to lysine 339. Specific mutagenesis of the amino acid (K339R) abrogated
KAT2A and KAT2B-mediated acetylation (Ghosh et al., 2018).

To validate the in vitro results, in vivo studies in zebrafish were also conducted.
Morpholinos were used to knockdown both kat2a and kat2b. It was found that their
knockdown led to cardiac and forelimb defects, reminiscent of those seen in Holt-
Oram syndrome patients in freshly injected, FO embryos. Cardiac looping was
impaired, in addition to the presence of cardiac oedema. Pectoral fins were also short
and stumpy (results shown in Figure 1-11). CRISPR/Cas9-mediated knockout of
kat2a and kat2b recapitulated these results. Kat2a and kat2b knockout embryos also
showed an absence of looping, cardiac oedema and stumpy fins. Moreover, chemical
inhibition of Kat2b using Garcinol treatment resulted in similar cardiac and fin
phenotypes. In all cases, morphant, knockout and chemically treated embryos
displayed bradycardia (Ghosh et al., 2018)
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wildtype tbx5 mo kat2a mo
Y&

kat2b mo

Figure 1-11. Wild-type, Thx5, kat2a and kat2b morphants. Knocking down
either kat2a or kat2b mirrors knocking down tbx5 in that embryos show
pericardial oedema, aberrant heart looping and stumpy or absent fins (Ghosh et
al., 2018). Cardiac phenotypes are shown in the top row and fin phenotypes in
the bottom row. The heart is compact in wild-type embryos. Morphants display
a reduction in compaction and in looping, in addition to oedema around the
heart. Arrows on bottom images point to pectoral fins at 72 hpf. In tbx5
morphants, pectoral fins are severely affected. In both kat2a and kat2b
morphants, fins are stumpy. A, atrium; hpf, hours post fertilisation; V,

ventricle.

A Control kat2a KO kat2b KO tbx5 KO

B kat2a KO kat2b KO tbx5 KO
Control Mild Severe Mild Severe Mild Severe

; £ A 'S A : ' »
Stumpy No fins Stumpy No fins Stumpy No fins
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Figure 1-12. CRISPR/Cas9-mediated knockout of kat2a and kat2b in zebrafish
phenocopies morpholino knockdown, and results in a similar phenotype to
knocking out tbx5. Panel A shows the control embryo, with a normal looped
heart, as evident by microscopy and in situ hybridisation using a cmlc2 probe,
followed by mild and severe phenotypes for each knockout. Mild embryos
showed reduced cardiac looping. Severe embryos showed a lack of looping and
apparent cardiac oedema (black arrows). Panel B shows the pectoral fin
phenotype in the control and knockout embryos. Mild embryos showed stumpy
fins whole severe embryos lacked fins (black arrowheads). A, atrium; PE,
pericardial oedema; V, ventricle. Scale bars= 200 pm.

Downstream target genes of tbx5 were also reduced in kat2a and kat2b knockouts.
Attempts using a tbx5 acetyl-mimic transcript was successful in rescuing kat2a
CRISPR/Cas9-mediated knockout. Morphant embryos were also rescued by injected
MRNA of a downstream target of thx5, camk2d1 (unpublished data).

1.1.9 Histone deacetylases

Keeping the acetylation state in check requires both adding acetyl groups as well as
removing them. The removal process is performed by histone deacetylases
(HDAC:S). Traditionally, it was thought that deacetylation exclusively takes place on
histones leading to gene repression through strengthening the electrostatic attraction
between histones and DNA and thus reducing TFs’ access to DNA. However,
deacetylation of many non-histone proteins has now been shown and there have been
calls to rename them acetyl-lysine deacetylases (acKDACSs), but for simplicity, they
will be referred to as HDACs in this thesis. HDACs remove acetylation marks
through catalysing their hydrolysis, producing lysine and a free acetate (LOpez,
Sullivan and Fierke, 2016). Deacetylation of non-histone substrates has been shown
to play a significant role in the regulation of many cellular processes (Seto and
Yoshida, 2014).

HDACs are classified into 4 subclasses (Figure 1-13). Class | and Class Ill are
ubiquitously expressed while Class Il members are more enriched in the brain,
muscles and T cells (Backs and Olson, 2005). Class | HDACs include HDACs 1, 2, 3
and 8 and are predominantly located in the nucleus (Milazzo et al., 2020). They have

a serine-binding domains and nuclear localisation sequences, with the exception of
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HDAC?2. Class Il can be further subdivided into Ila and Ilb. The former includes
HDACSs 4, 5, 7 and 9 while the latter is comprised of HDACs 6 and 10. Class lla
HDACSs have nuclear localisation domains, serine-binding motifs and MEF2-binding
domains. HDACG6 features a zinc finger protein-binding domain and a serine-
glutamate tetradecapeptide sequence(Wang, Qin and Yi, 2015). Class Il HDACs are
able to shuttle between the nucleus and cytoplasm. Class I1l HDACs are members of
the Sirtuins family (Sirt1l-7). These are more involved in metabolic functions and

contain zinc binding domains (Yang et al., 2015).

Class IV’s lone member is HDAC11 (Voelter-Mahlknecht, Ho and Mahlknecht,
2005). Members of Classes I, Il and IV depend on the metal zinc for their catalytic
activity. While Class Il1, the sirtuins, need NAD (nicotine adenine dinucleotide) as a
cofactor. HDACs often work in multi-subunit complexes. Class I HDACs, like
HDACL1 and 2, are found in the NuRD (nucleosome remodelling and deacetylating),
Sin3 and CoREST (co-repressor for element-1-silencing transcription factor) nuclear
complexes (Yang and Seto, 2007). Another Class | member, HDAC3 functions in
either the NCOR (nuclear receptor corepressor) or its homologue SMRT (silencing
mediator of retinoic and thyroid receptors) (Sun et al., 2013). Most members of Class
| are ubiquitously expressed in various tissues while members of Class Ila show a
more restricted expression pattern. HDACs 4, 5 and 9 show highest expression in the
heart, skeletal muscles and brain. The highest expression of HDAC7 was observed to
be in CD4/CD8 double positive thymocytes (Verdin, Dequiedt and Kasler, 2003).
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Figure 1-13. Schematic of HDAC protein classes and their domains. Class |
contains 4 members with homologous architecture. Class Il can be further
divided into Class Ila containing HDACs 4, 5, 7 and 9 and Class Ilb with
HDACs 6 and 10. Class 111 are also known as sirtuins and Class IV has a single
member HDAC11. The protein domains, motifs and localisation signals are
indicated and shown in the colour key on the bottom right. Figure adapted from

(Barneda-Zahonero and Parra, 2012).

The removal of the acetyl moiety from lysines does not only affect transcription. It
also takes part in the regulation of other posttranslational lysine modifications of
non-histone proteins, such as ubiquitination, methylation and sumoylation. The

establishment or removal of an acetyl group can then ‘free’ that lysine for further
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modifications with varying consequences. For example, HDAC2 was shown to
shield a fusion oncoprotein from ubiquitination in synovial sarcoma cells (Patel et
al., 2019). Moreover, HDAC inhibition resulted in the protection of p53 from
ubiquitination, allowing the acetyltransferase p300 to bind to its target genes and
activate their transcription in human lung cancer cells (Zhao et al., 2006). The
microtubule-associated protein, a-tubulin is another target of HDAC-mediated
regulation, where deacetylation by HDACG6 regulates cell motility (Hubbert et al.,
2002). HDACs may also take part in histone “cross talk”. They are themselves
tightly regulated and are controlled via protein-protein interactions and various
posttranslational modifications. Phosphorylation is an example of post-translational
modification and it activates HDACs 1, 2 and 3 but represses HDACS8. Aberrant
HDAC activity was found to be a hallmark of various human diseases, including
cancer (Seto and Yoshida, 2014).

HDACSs do not directly bind to DNA to exert their functions, as they do not contain
DNA-binding domains. Instead they bind directly to DNA-binding transcription
factors and are recruited to promoters in this manner (Haberland, Montgomery and
Olson, 2009).

Sequence homology was the route used to discover and isolate HDACS in various
organisms. Results from a phylogenetic analysis of all HDAC family proteins from
all available fully sequenced organisms indicated that the common ancestor of
metazoans harboured 2 Class I, 2 Class Il and a lone Class IV HDAC (Gregoretti,
Lee and Goodson, 2004). Notably, the aforementioned HDAC classes evolved before
histone proteins did, strongly suggesting that prime substrates may have not been
histones (Seto and Yoshida, 2014).

1.1.9.1 Class | HDACs

Class I HDACs 1, 2, 3 and 8, contain highly conserved deacetylase domains and
share significant homology with each other. Sequence similarities between them
range from 45% to 94%. HDACs 1, 2, 3 and 8 are known transcriptional repressors
and they can be localised to the nucleus, cytoplasm or specialised subcellular
organelles (Seto and Yoshida, 2014).

Class | HDACs are often found in protein complexes. Studies where HDAC1 and

HDAC2 were isolated individually showed they had very low intrinsic enzymatic
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activity. Follow-up studies showed that HDAC1 and HDAC2 can be found together
in at least three different multiprotein complexes namely the Sin3, the NuRD and the
CoREST complexes. Sin3 and NuRD have a common core formed of HDACI,
HDAC2, RbAp46 and RbAp48. In addition, each of those complexes contains
additional polypeptides such as Sin3, SAP18 in the Sin3 complex and Mi2 and
MBD3 in the NuRD complex, among others. In experiments isolating individual
subunits of the NuRD complex it was shown that the catalytic core on its own had a
greatly reduced HDAC activity compared to the native holo-complex (Ayer, 1999).
HDAC1 and HDAC2 are highly homologous and show widespread functional
redundancy, except during embryonic development, the brain and the heart
(Jamaladdin et al., 2014).

1.1.9.2 Class lla: HDAC4, 5, 7 and 9.

HDACSs 4, 5 and 6 were discovered together by querying the GenBank database for
homologues of yeast Hdal (Grozinger, Hassig and Schreiber, 1999). They were
found to contain conserved catalytic domains akin to those found in Class | HDACs,
in addition to unique domains indicating that their divergence form Class | HDACs
occurred early in evolution. HDAC7 was isolated as a silencing mediator that
interacts with the SMRT complex (Kao et al., 2000). HDAC7 has 3 silencing
domains including a histone deacetylase domain. The other 2 possess autonomous
independent repression function. Not a long time after HDAC7, HDRP (HDAC-
related protein) was identified by studying human HDAC4 homologues. HDRP had
50% sequence identity with the noncatalytic amino-terminal domain of HDACs 4
and 5 (Zhou et al., 2000). HDAC9 was also identified by its sequence homology to
HDAC4 and was later found to have multiple isoforms, including HDRP, also known
as myocyte enhancer-binding factor 2-interacting transcriptional repressor (MITR).
Class lla HDACs share 48-57% overall sequence identity between them (Seto and
Yoshida, 2014).

Phosphorylation of a Class Il HDAC, HDAC4 promotes its interaction with the 14-3-
3 protein and subsequently changes its localisation. Multiple residues (S246, S467
and S632) on HDAC4 and corresponding conserved sites on HDAC5, HDAC7 and
HDAC9 confer the HDAC-14-3-3 interactions (Seto and Yoshida, 2014). Members
of the highly conserved acidic 14-3-3 family and Ca2+/CaM-dependent kinases

(CaMKs) phosphorylate serine residues in the N-terminal. The phosphorylation event
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leads to their sequestration in the cytoplasm, preventing nuclear localisation.
Mutations in these residues was also shown to prevent their export to the cytoplasm
(Li et al., 2004; Williams et al., 2013). Controlling nucleo-cytoplasmic shuttling of
Class Ila HDACs regulates their repressive activities. Overexpressing CamKs leads
to the cytoplasmic export of Class Ila HDACs and represses their transcriptional
silencing activities (Karamboulas et al., 2006). Upon export, the HDACs are

separated from their substrates.

Peculiarly, Class Ila HDACs have limited intrinsic de facto enzymatic activity. This
is due to a Tyrosine to Histidine substitution within its catalytic deacetylase core.
The substitution destabilises the transition state complex formed during an enzymatic
reaction (Clocchiatti et al., 2013). An experiment that generated a gain-of-function
histidine to tyrosine mutation in HDAC4 showed that the protein was able to repress
MEF2-dependent transcription in levels compared to the wild-type (Lahm et al.,
2007).

Class lla HDACs are also often found in multi-subunit protein complexes (Figure
1-14) They do not bind DNA directly and interact within these complexes (or
individually) with other DNA-binding proteins to exert their function. One of the
most well-known targets of this subtype of HDACs is the MEF2 family of
transcription factors. Other targets include CtBP (ELA C-terminal binding protein),
heterochromatin protein HP1a and calmodulin (CaM). They also interact with the
SMRT and NCoR (Verdin, Dequiedt and Kasler, 2003). MEF2 transcription factors
are known to play a significant role in the transcriptional regulation of myogenesis.
HDACSs bind to MEF2 to supress myogenesis at various promoters of genes required

for muscle differentiation (Ginnan et al., 2012).

HDACs 4, 5, 7 and 9 were found to contain a conserved 17-amino acid motif in their
N-termini that recognises and binds MEF2. HDAC4 was shown to interact with and
repress MEF2-D which is expressed in thymocytes, a process regulated by calcium
signalling (Youn, Grozinger and Liu, 2000). HDACs4 and 5 are also involved in
muscle differentiation through their repression of members of the MEF2 family.
Through repressing MEF2, MyoD expression is blocked. MyoD is a known activator

of muscle-differentiation gene programme. The repression could be overcome by
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CamK-mediated signalling (Lu et al., 2000).

14-3-3 1433

CamKII/PKD phosphorylation
and recruitment of 14-3-3
protein for nuclear export
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Figure 1-14. HDACs 4 and 5 interact with the SMRT/NCoR complex and their
phosphorylation. Phosphorylation of HDAC4 and HDACS serine residues by

CamK or PRKD recruits 14-3-3 proteins and sequesters them to the cytoplasm.
Non-phosphorylated HDACs 4 and 5 are able to localise to the nucleus and,
bind to MEF2 and repress the expression of MEF2 target genes. Figure created

with biorender.com.

Class Ila HDACs take part in important processes such as B-cell activation and
differentiation, inflammation and cell-cycle regulation. Through their repression of
BCL6 either directly via their N-terminal domain or by being recruited to the
promoter by SMRT they regulate BCL6 protein activity. Dysfunction in this protein
is associated with B-cell lymphomas (L6pez, Sullivan and Fierke, 2016). HDACs 4
and 5 also take part in heterochromatin maintenance by interacting with HP1a via

another specific domain in the N-terminus (Wang, Qin and Zhao, 2014).

1.1.9.3 Class Ilb: HDAC6 and HDAC10.

Class 1lb HDACs are more closely related to each other than to other HDACs (de
Ruijter et al., 2003). They are characterised by having duplicated HDAC domains,
although it is partial in HDAC10. Interestingly, site-directed mutagenesis of the
catalytic HDAC domains in HDACG indicate that they might function independently
despite their proximity to each other (Hai and Christianson, 2016) while separating
them leads to loss of enzymatic activity (Fischle, Wang and Allis, 2003). HDAC6
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also has a ubiquitination signal on the C-terminus domain (Ferreira De Freitas et al.,
2018). Members of Class I1b also show a more restricted expression pattern, and are
less well understood than Class Ila HDACs (Park and Kim, 2020). HDACEG is the
most significant deacetylase for tubulin (Miyake et al., 2016). It is noteworthy that
HDACS6 also has a role in oncogenic transformation and cancer metastasis, making it
an interesting target for drug design (Hai and Christianson, 2016).

HDACI10 is predominantly expressed in the liver, spleen and kidney (Fischer et al.,
2002; Tong et al., 2002). Hdac10 also demonstrates alternative splicing, with two
different mRNA species being reported (Fischer et al., 2002). This is evidence of a
further level of regulation by modulating RNA processing. HDAC10 has a catalytic
domain on the N-terminus and an NES and a catalytic domain on its C-terminus.
HDAC10 has been shown to interact with HDACs 1, 2, 3, the SMRT complex, in
addition to HDACs 4, 5 and 7 but not 6. HDAC10 has been shown to be involved in
deacetylating sperimidine, a polyamine whose aberrant regulation could lead to

cancers of the colon, prostate and neuroblastoma (Hai et al., 2017).

Class Ilb HDACs are more resistant to wide scale HDAC inhibitors like trapoxin and
sodium butyrate and are less sensitive than Class | and Class Ila HDACs (Furumai,
2001; Guardiola and Yao, 2002). Interestingly, deleting the partially duplicated
HDAC domain in HDAC10 depletes their inhibitor resistance and restores their
sensitivity (Furumai, 2001).

1.1.9.4 Class Il (Sirtuins)

Sirtuins are also known as the Sir2 (silent mating-type information regulation 2)
family, named for their function in yeast. There are 7 members in this class (SIRT1-
7). Class 11l HDACs differ from other members of the HDAC superfamily in that
they require NAD+ as a cofactor, as opposed to the zinc ion found in the catalytic
core of conventional HDACs. Their catalytic mechanism is also different in that they
do not simply hydrolyse acetyl-line like other HDACSs. Instead, lysine deacetylation
is coupled with NAD hydrolysis, yielding O-acetyl-ADP-ribose, nicotinamide and
the deacetylated substrate. Interestingly, nicotinamide itself is an inhibitor of sirtuin
activity, meaning a self-feedback loop is employed to regulate their functions.
Sirtuins are divided into subgroups based on phylogenetic analysis or their
localisation in mammalian cells between the nucleus, cytoplasm or mitochondria

(Houtkooper, Pirinen and Auwerx, 2012). Sirtuins exhibit diverse expression patterns
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and have distinct substrates and that lends them to take part in a wide variety of
cellular processes. Despite being the third class of HDACs, Sirtuins are not exclusive
histone or non-histone deacetylases. They possess other PTM-related functions such
as ADP-ribosyltransferase, desuccinylation and demalonylation. They have been
shown to be involved in cellular metabolism, the maintenance of ‘stemness’ and
differentiation in mESCs and cancer stem cells. In addition, sirtuins take part in
various cellular signalling pathways such as Hedgehog, Notch and Wnt (reviewed in
(O’Callaghan and Vassilopoulos, 2017)

1.1.9.5 Class IV (HDAC11)

HDAC11 is particularly interesting due to its role as an immunoregulator. It interacts
with the promoter of the interleukin 10 (IL-10), repressing its expression leading to
the activation of immune function. HDAC11 depletion through genetic knockouts or
treatment with small molecular inhibitors increases the immunosuppressive functions
of Foxp3+ T-cells leading to immune tolerance (Huang et al., 2017). HDAC11 was
found to be localised to both the nucleus and cytoplasm. It is equally nuclear and
cytoplasmic in immature astrocytes and oligodendrocytes and is predominantly
cytoplasmic in embryonic astrocyte precursors (Milazzo et al., 2020). It was shown
to change localisation in response to stimuli, such as in stimulated Treg cells, where
it changes from both nuclear and cytoplasmic location to mainly nuclear. HDAC11
lacks the nuclear localisation signals and phosphorylable serines that enable class 11
HDACSs to shuttle between the cytoplasm and nucleus. However, its small size
renders it able to move through nuclear pores by passive diffusion (Milazzo et al.,
2020).

1.1.10 HDAGC: in cardiac development

HDACSs are needed for normal cardiac development as demonstrated by global and
heart-specific knockout experiments. Widespread deletion of Hdacl is embryonic
lethal before E9.5 (Lagger et al., 2002). However, Hdacl expression is not detected
in the heart at that point but Hdac2 activity is increased in response (Lagger et al.,
2002). Hdac2 knockout results in extensive perinatal cardiac anomalies including
cardiomyocyte hyperplasia and apoptosis (Montgomery et al., 2007). Double

Hdacl/Hdac2 KO results in female infertility, aberrant gene transcription. In the
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heart, double KO results in arrhythmias, dilated cardiomyopathy and neonatal
lethality (Montgomery et al., 2007; Ma et al., 2012).

Intriguingly, HDAC2 interacts with a small homeodomain factor, Hopx, to
deacetylate Gata4, a major cardiac TF. Deletion of both Hdac2 and Hopx causes an
increase in the expression of Gata4 targets, higher cardiomyocyte proliferation and
eventually perinatal lethality (Trivedi et al., 2010). Hdac2 was also shown to have a
role in cardiac hypertrophy by regulating GSK3p-mediated signalling (Trivedi et al.,
2007). Cardiac hypertrophy occurs as a response to normal mechanical or
neurohormonal stimuli but if perturbed, can lead to congestive heart failure. This
manifests in altering gene expression patterns and signalling pathways. These genetic
changes include the reactivation of the foetal gene programme in cardiomyocytes
(Carrefio et al., 2006). In heart failure, cardiomyocytes metabolism reverts from fatty
acid oxidation to produce ATP, to glycolysis by increasing HIF-1a expression, which
regulates the switch from fatty acid oxidation to glycolysis. Another example is the
switch from the foetal, slow-twitch MHC-f to the fast-twitch MHC-o. upon cardiac
injury in mice (van der Pol et al., 2020; Hong and Zhang, 2022). Hdac?2 is involved
in regulating the expression of Inpp5f, which encodes for a phosphatase that
modulates the PI3K/Akt/GSK3p pathway, the signalling pathway that transmits
hypertrophic signals (Trivedi et al., 2007). Homozygous hdac2 mutant mice showed
increased GSK3p signalling and an increased resistance to induced hypertrophy
(Trivedi et al., 2007).

HDACSs 1 and 2 were shown to be major mediators of cardiac hypertrophy through a
different mechanism, by increasing autophagy in cardiomyocytes in response to
stress. Autophagy is a hallmark feature of pathological remodelling. These results
were obtained by treating neonatal cardiomyocytes with hypertrophic agonists in the
presence of HDAC inhibitors (Cao et al., 2011).

It is thought that Hdacl and Hdac2 have redundant roles in cardiac development, as
the deletion of either gene does not lead to an extreme phenotype (Montgomery et
al., 2007). However, knocking out both of them results in severe cardiac
malfunction,. (Montgomery et al., 2007). Double knockouts also exhibit an increase
in the expression of cardiac contractile and calcium handling genes. Despite their
clearly crucial role in cardiac development, it is unclear whether they exert their

functions by direct deacetylation of histones or other core cardiac factors such as
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Gata4 (Quaife-Ryan et al., 2016). Furthermore, Sirtl-deficient mice display
developmental defects that include cardiac, bone and retinal abnormalities
(McBurney et al., 2003). KO mice were smaller, and had cranio-facial and eye
defects (Gabay et al., 2013). Moreover, Sirtl protein acts as a cardioprotective
molecule, inhibiting cardiomyocyte apoptosis, regulates cardiac energy metabolism
and confers protection against aging and hypertrophic stresses (L. Wang et al.,
2018). Consequently, cardiomyocyte-specific Sirtl KO mice had impaired responses
to ischaemic injury as the metabolic switch between fatty acid and glucose oxidation
was perturbed (Gabay et al., 2013).

Global deletion of Hdac3 is embryonic lethal at E9.5 while heart-specific knockouts
survive for 3-4 months, before dying of severe cardiac hypertrophy and
abnormalities in fatty acid oxidation pathways. This demonstrates the involvement of
Hdac3 in postnatal cardiomyocyte development and metabolism (Montgomery et al.,
2008). Moreover, knocking out either Hdac5 or Hdac9 results in cardiac hypertrophy
by the virtue of the activation of Mef2 targets and subsequent activation of the foetal
hypertrophic gene programme. A double knockout of both Hdacs is perinatally lethal
(Chang et al., 2004). Hdac9-KO mice also show a higher propensity to stress-
induced cardiac hypertrophy as well as stress-dependent cardiomegaly.
Cardiomyocyte-specific mutations in phosphorylation sites in HDACS5 also leads to
the activation of hypertrophy-associated genes in response to phenylephrine (Zhang
et al., 2002). Hdac5-null mice also display cardiomegaly in response to pressure
overload. These phenotypes suggest possible redundancy in Hdac5 and Hdac9
functions in the heart (Chang et al., 2004). Interestingly, a study showed that
expressing a mutant form of Hdac9 could block the induction of the foetal
cardiomyocyte gene programme in the presence of potent inhibitors (Zhang et al.,
2002).

HDACS3 has been shown to interact physically with Thx5 modulating its acetylation
level. Mutant mice lacking Hdac3 in their cardiac progenitors showed premature
cardiomyocyte differentiation in addition to severe cardiac developments. These
phenotypes were accompanied by an upregulation in the expression of Thx5 targets
and embryonic lethality. HDAC3 functions in repressing Thx5 activity thus
preventing the activation of cardiomyocyte lineage-specific genes (Lewandowski et

al., 2014). Interestingly, another study showed that Hdac3 is able to repress cardiac
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differentiation of cardiac progenitors independent of its catalytic deacetylase activity.
It was demonstrated that Hdac3 regulates differentiation by organising
heterochromatin at the nuclear periphery (Poleshko et al., 2017). A third study
showed that Hdac3 represses Fgf9 and Igf2, via miR-322 and miR-503 through its
deacetylase activity, resulting in disrupted epicardial formation, compromised
ventricular compaction and hypoplastic ventricular wall. Additionally, Hdac3 was
reported to also act as a gene activator. Altogether, these results suggest that Hdac3
is a dynamic protein , able of performing different functions in response to stimuli,
interacting partners and cellular context (Jang et al., 2022). Therefore, it can be
concluded that Hdac3’s activation of foetal gene programmes involved in

cardiomyocyte differentiation upon myocardial stress can lead to hypertrophy.

1.1.11 Background work leading to this project

More relevant to this project is the member of Class Ila, HDAC4. Work conducted
by our group indicate the interaction and functional relationship between HDAC4
and TBX5. HDAC4 and 5 were both found to remove acetylation of lysine 339
mediated by KAT2A and KAT2B. In these studies, TBX5 was found to be acetylated
specifically by KAT2A and KAT2B, but not P300 in Cos7 cells. This acetylation
was enhanced by the addition of TSA. Transcription of MYH6 target genes was
enhanced when analysed using promoter-reporter assays. Acetylation also increased
the expression of another TBX5 target promoter, ANF. The acetylation motif was
mapped using protein sequence homology followed by site-directed mutagenesis in
the candidate region. Mutation of K339R resulted in complete loss of acetylation by
both KAT2A and KAT2B, demonstrating that it is a the key lysine residue target (see
Figure 1-15). Interestingly, this lysine residue is located within the nuclear
localisation signal domain. In K339R mutant cells, only 17% showed nuclear TBX5
localisation, where 94% of the wild-types did. 83% of the mutant cells showed
cytoplasmic localisation. This process is mediated by CRM1 nuclear export protein
and was confirmed by treating K339R mutants with a chemical inhibitor of CRM1,
leptomycin B. Following treatment, TBX5 remained in the nucleus in 96% of Cos7
cells and 85% of C2C12 cells. Altogether these results demonstrate that acetylation
indeed activates expression of TBX5 target genes and that TBX5 acetylation is

important for its nucleocytoplasmic shuttling.
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Following on from identifying acetylases of TBX5, our group sought to study the
link between TBX5 and deacetylases. Building on the knowledge that TBX5 is
acetylated by KAT2B (Ghosh et al., 2018), Cos7 cells were co-transfected with
tagged TBX5 and KAT2B expression plasmids, and either HDAC4 or HDACS.
Acetylation levels were analysed using an anti-acetylated lysine antibody. It was
found that HDAC4 or HDACS5 overexpression significantly reduced TBX5
acetylation. Moreover, it was shown that the presence of HDAC4 or HDACS
affected the cellular localisation of TBX5. TBX5 was nuclear in 100% of the wild-
type cells but overexpressing HDAC4 or HDACS5 resulted in cytoplasmic
localisation in 20-30% of the cells, thereby reducing TBX-mediated gene expression
(Ghosh et al., 2019).

To query the effect of the change in cellular localisation and based on the
observation that acetylation regulates TBX5 via nucleocytoplasmic shuttling,
reporter assays were conducted using the acetyl-deficient K339R mutant. Another
objective of this experiment was to investigate whether HDAC4 and 5-mediated
repression of TBX5 also occurred by chromatin remodelling and promoter
recruitment at the transcriptional level. Promoter-reporter assays showed that the
mutant TBXS5 retained a significant level of transcriptional activity in activating the
MYHG6 promoter. Co-transfection of the mutated protein with either HDAC4 or
HDACS significantly reduced transcriptional activity. Notably, mutant proteins
retained their binding abilities. Therefore, these results show that HDAC4 and
HDACS can repress TBX through the structural modification of chromatin (Ghosh et
al., 2019).

Since HDAC4 and HDACS5 associate with MEF2-directed cardiac genes, the
association between MEF2C and TBX5 was investigated. Moreover, domain
mapping studies suggested that TBX5 interacts with MEF2C at the MADS box
(Figure 1-15), a region present in both HDAC4 and HDACS. Since HDACA4 resulted
in a greater reduction in TBX5 transcriptional activity, pull-down assays were
performed to study its interaction with MEF2C. Radiolabelled HDAC4 or MEF2C
proteins were incubated with a fusion TBX5 protein in the first series of experiments,
and radiolabelled HDAC4 and TBX5 were incubated with fusion MEF2C protein in
the second. These showed that HDAC4 had a higher affinity for TBX5 than MEF2C.

Follow-up experiments showed that increasing HDAC4 concentrations inhibited the
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TBX5-MEF2C complex formation, while increasing concentrations of TBX5 failed
to outcompete HDAC4 for MEF2C binding. This resulted in a decreased fold

activation of the MYH6 promoter.

Taken together, these studies demonstrate the mechanisms by which acetylation
levels of TBX5 are maintained by the synergistic effects of KAT2A, KAT2B,
HDAC4 and HDACS. They demonstrate that acetylation has a direct effect on
protein localisation and on its transcriptional activation ability at the DNA target (see
Figure 1-15). Therefore, the role of Hdac4 in cardiomyocyte biology was chosen to

study further and assess whether these interactions had any consequences on

KAT2A/
KAT2B

differentiation.

AC Ac

TBX5 acetylation at
K339

Cytoplasm TBX5

Nucleus Nuclear localisation
Nuclear export
TBX5 / w

Figure 1-15. TBX5 is acetylated by KAT2A and KAT2B and deacetylated by
HDAC4 and HDACS. Acetylated TBX5 localises in the nucleus where it forms a
complex with MEF2 via its MADS domain and activates the expression of
MEF2 target promoters, like MYH6. Deacetylation by HDAC4 disrupts the
interaction between TBX5 and MEF2, thus repressing TBX5-mediated gene
expression. Moreover, deacetylation by HDAC4 results in the nuclear export of
TBX5. Figure created using Biorender.com.

Additionally, HDAC4 inhibition was shown to play a role in controlling cardiac
commitment of cardiac stem cells (Zhang et al., 2014). Hdac4-deficient mice also
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show skeletal defects (Seto and Yoshida, 2014). Interestingly, HDAC4 is a target of
miRNA-1, one of four miRNAs shown to be sufficient to reprogram fibroblasts into
cardiomyocytes (Jayawardena et al., 2012; Di Giorgio and Brancolini, 2016). Class
Il HDACs were implicated in heart failure signalling (Kronlage, Katus and Backs,
2016). Moreover, HDAC4 and HDACS5 function in cardiac hypertrophy by
controlling Mef2 expression (Ghosh et al., 2019).

1.1.12 HDAC inhibition

Since their discovery in the late 1970s (Riggs et al., 1977; Candido, Reeves and
Davie, 1978), HDAC inhibitors have been of great interest to researchers. HDAC
inhibitors are classified according to their chemical structure: hydroxamate, short-
chain fatty acid (carboxylate), benzamide, and cyclic peptide. The most studied type
of inhibitor is the hydroxamates, to which Trichostatin A (TSA) belongs.
Hydroxamates inhibit HDACs by inserting a long aliphatic chain into the catalytic
pockets of HDACSs, binding with the zinc ion and forming a chelate complex (Seto
and Yoshida, 2014). HDAC inhibitors have been gaining traction for being potential
anti-cancer drugs (Eckschlager et al., 2017), with some undergoing clinical trials
(Romero, 2019).

Trichostatin A is a wide-scale Class | and 11 HDAC inhibitor. It has been shown to
affect apoptosis (Deng et al., 2016), gene expression (Schnur et al., 2007; Bui et al.,
2010; Pufahl et al., 2012; Gurgul et al., 2017), differentiation of stem cells
(Hosseinkhani et al., 2007; Maalouf et al., 2009; Yang et al., 2012; Lim et al., 2013)
and the cell cycle (Kim et al., 2005), among other processes, due to its far-reaching
inhibitory abilities. In the context of heart development and disease, TSA has been
found to ameliorate cardiac hypertrophy (Cao et al., 2011; Ooi et al., 2015) and to
prevent pathological cardiac remodelling after myocardial infarction (Zhang et al.,
2012).

1.1.13 Congenital heart disease

Congenital heart diseases (CHD) are one of the most common types of birth defects.
They affect approximately 9 in every 1000 babies born in the UK and are among the
top causes of infant mortality (NHS UK). CHDs can be defined as “a gross structural
abnormality of the heart or intrathoracic great vessels that is actually or potentially of
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functional significance” (Mitchell, Korones and Berendes, 1971). This definition
excludes defects of the great veins, aortic branches or congenital arrhythmias
(Hoffman and Kaplan, 2002).

CHDs manifest in most structures of the heart. Those can be divided into three wide
categories: septation defects, left-sided obstruction defects and cyanotic heart
disease. Babies born with the latter category appear blue due to the mixing of
oxygenated and deoxygenated blood in the circulation and are commonly known as
‘blue babies’. Blue babies can have one of several conditions including tetralogy of
Fallot (TOF), tricuspid atresia, transposition of the great arteries (TGA), pulmonary
atresia, Ebstein’s anomaly of the tricuspid valve, double outlet right ventricle
(DORV), persistent truncus arteriosus (PTA) and total anomalous pulmonary venous
connection. Septation defects can affect atria (atrial septal defects — ASDs) or
ventricles (ventricular septal defects — VSDs). Left-sided obstructions include mitral
stenosis, hypoplastic left heart syndrome (HLHS), aortic coarctation, aortic stenosis
and interrupted aortic arch (IAA). Other congenital heart abnormalities that do not fit
into any category include patent ductus arteriosus (PDA) and bicuspid aortic valve
(BAV). The latter is the most common CHD, with septation defects coming next
(Bruneau, 2008). These CHDs are defined in Error! Reference source not found.
Error! Reference source not found.and Figure 1-16 shows the heart structures

affected by various congenital heart defects.

Table 1-1. Brief definitions of most common congenital heart defects. A brief
explanation of the physiological abnormalities found in each one is provided.

Congenital heart |Definition Reference

abnormality

Atrial septation /A heart anomaly where blood flows between (Geva, Martins

defect atria when they are normally separated by a  |and Wald, 2014)
septum

Ventricular Abnormal blood flow between ventricles due |(Spicer et al.,

septation defect to a ‘hole’ between ventricles 2014)

Tetralogy of Fallot |A congenital heart defect involving 4 (Apitz, Webb
symptoms: narrowing of right ventricle and Redington,
outflow tract (pulmonary stenosis), overriding [2009)
aorta, VSD, right ventricular hypertrophy

Tricuspid atresia  |An abnormality or absence of the tricuspid  |(Thiene and
valve that is located between the right atrium |Anderson, 1981)
and ventricle, blood flow is thus blocked
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Transposition of the (It is when the pulmonary artery is where the |(Marathe and

great arteries aorta should be and vice versa Talwar, 2015)

Pulmonary atresia  |An abnormality in the pulmonary valve (El Louali et al.,
between the right ventricle and the lungs 2011)

Ebstein’s anomaly
of the tricuspid
valve

/An anomaly of the tricuspid valve where it is
located lower than normal the leaflets forming
it are abnormally formed

(Geerdink and
Kapusta, 2014)

Double outlet right |A CHD where both great arteries are both (Obler et al.,
ventricle connected to the right ventricle 2008)
Persistent truncus A condition where the truncus arteriosus fails |(Mavroudis,

heart syndrome

underdevelopment of the left side of the heart

arteriosus to divide into the pulmonary trunk and aorta Jonas and Bove,
during development 2015)

Total anomalous  |A defect in which the pulmonary veins form |(Katre et al.,

pulmonary venous fabnormal connections to the systemic venous [2012)

connection circulation

Mitral stenosis It is the narrowing of the mitral valve, which |(del Nido and
lies between the left atrium and left ventricle |Baird, 2012)

Hypoplastic left /A condition characterised by the significant  |(Ciocca et al.,

2015)

/Aortic coarctation

/A narrowing in the aorta

(Cardoso et al.,
2014)

Aortic stenosis

/A narrowing of the aortic valve, between the
left ventricle and the aorta, often causes by
abnormal valve leaflet formation

(Jashari et al.,
2015)

Interrupted aortic
arch

Incomplete development of the aorta with loss
of continuity between ascending and
descending portions of the aortic arch

(Messner et al.,
2002)

Patent ductus

The failure of a foetal blood vessel, the ductus

(Anilkumar,

arteriosus arteriosus, to close after birth, affecting the  2013)

flow of blood between the aorta and the

pulmonary artery
Bicuspid aortic /An anomaly of the aortic valve, where two of ((Cripe et al.,
valve the three leaflets forming the valve fuse 2004)
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Aorta: TGA (0.2), DORV (0.2), Ductus arteriosus: PDA (0.8)
PTA (0.1, IAA (0.02) Pulmonary artery: PS (0.7), TOF (0.4),

Atrial septum:

ASD (1) MA (0.04)

Aortic valve: BAV (14),
AS and AC (0.8),
HLHS (0.2)

Tricuspid valve:
Ebstein’s (0.1),

TA (0.1 Left ventricle:

HLHS (0.2)

Atrioventricular cushion:
membranous VSD (4), AVSD (0.3)

Right ventricle: TOF (0.4), HRHS (0.2)

g \iéntricular septum: VSD (4)

Figure 1-16. . A diagram of the adult human heart showing the anatomical
locations of various congenital heart abnormalities. The numbers in brackets
indicate the estimated incidence per 1000 live births. TAPVR: Total anomalous
pulmonary venous return; MA: mitral atresia; HRHS: hypoplastic right heart
syndrome; AVSD: atrioventricular septal defects. Adapted from Bruneau et al
2008.

Mortality and morbidity vary with the severity of the defect. A common consequence
is neurological disorders, due to aberrant brain development and maturation in utero
(Miller et al., 2007). Corrective surgeries babies must undergo are risky and can
greatly reduce quality of life (Bruneau, 2008). It is therefore vital to understand the
underlying aetiology and mechanisms of CHDs. CHDs can also manifest on their
own or as part of a genetic syndrome (Sifrim et al., 2016).

1.1.14 Animal and cell-based models to study heart development

Vertebrates such as zebrafish and mice provide great in vivo models for heart

development and congenital heart diseases. The zebrafish’s ease to work with,
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manipulate and its retention of cardiac regeneration throughout adulthood make it a
particularly interesting animal to study (Tu and Chi, 2012).

1.1.14.1 Mouse models

There are many similarities in heart development between human and murine
embryos. When heart development in human and mouse embryos were compared, it
was found that developmental events were parallel, with small differences in atrial
and ventricular morphology. These, however, are inconsequential to the
appropriateness of using mice to model human development and subsequently,
human disease (Krishnan et al., 2014).

1.1.14.2 Cellular models of heart development

While they are incredibly useful, animals normally come with the need for ethical
approvals, expenses and experience needed to maintain them. Cells in culture, while
they may not exactly recapitulate developmental events, are invaluable for discerning
the genes at work during cardiac differentiation (Tompkins et al., 2016). During the
course of this project, two types of cell lines were used in attempt to study
cardiomyocyte differentiation: P19CL6 cells and mouse embryonic stem cells.

1.1.14.3 P19CL6 cells

P19 cells were originally obtained from the ectopic transplantation of a 7.5 day
embryo into the testis of an adult mouse. The resulting tumour, a teratoma, grew
rapidly and the undifferentiated cells from it were acquired and cultured. The
embryonic carcinoma cell line was thus established. It has stem cell-like
characteristics in that it can maintain an undifferentiated state, divide continuously
and differentiate into cells from all three embryonic germ layers. P19 cells have a
stable euploid male karyotype (McBurney, 1993). They can be easily cultured and
maintained in an undifferentiated state without feeder cells (Yang et al., 2009). These
properties allow them to be ideal for experiments involving the introduction of
ectopic genes and/or those requiring a large number of cells. Additionally, it has been
found that P19 cells can easily be induced to differentiate into different cell types.
For example, treatment with retinoic acid can stimulate P19 cells to differentiate into
derivatives of the neuroectoderm, namely neurons, astroglia and microglia
(McBurney, 1993). More importantly, P19 cells can be stimulated to form

endodermal and mesodermal derivatives including cardiac and skeletal muscle by
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exposing cell aggregates to dimethyl sulfoxide (DMSO). The formation of P19-
derived cardiomyocytes by DMSO induction is the focal point of this project.

P19 cells can form embryoid bodies (EBs), which are three-dimensional aggregates
of pluripotent stem cells, capable of differentiating into cells from all three germ
layers (Itskovitz-Eldor et al., 2000). EBs resemble blastocysts in viable embryos. The
formation of EBs in the presence of 0.5%-1% DMSO can induce cardiomyogenic
differentiation of P19 cells (McBurney et al., 1982). It has been hypothesised that
DMSO can do so by stimulating the release of calcium from intracellular stores,
consequently inducing various signal transduction pathways leading to the initiation
of gene expression (Morley and Whitfield, 1993). 5-azacytidine, a global DNA
demethylase, can also induce cardiac differentiation of P19 cells in a monolayer
without the need for the formation of EBs or presence of DMSO (Choi et al., 2004).

A derivative of the P19 line, able to differentiate into cardiomyocytes with a high
efficiency after long term culture in mesoderm promoting conditions was isolated,
named P19CL6. This subline differentiated into neuron with poor outgrowth and into

cardiomyocytes with a higher efficiency than the P19 line (Habara-Ohkubo, 1996).

The capability of the P19CL6 line to differentiate into cardiomyocytes has made it an
invaluable source for heart development as an in vitro model and cardiac
regenerative therapy (Ohtsu et al., 2005). The ease with which it can be cultured and
maintained meant that it was a promising model system. Novel factors involved in
cardiac development were discovered using this line, such as Midori and Cal.
Overexpression of Midori was found to enhance cardiac differentiation and cells
expressing antisense Midori did not differentiate into cardiomyocytes as efficiently
(Hosoda et al., 2001). Cal is also a novel LIM-domain protein that interacts with
Nkx2.5 and increases its expression therefore promoting myocardial differentiation
(Yang et al., 2009).

The P19CL6 cell line has also been instrumental in finding signalling pathways that
function in cardiac development, such as FGF and BMP signalling. For example, a
sub-line expressing noggin, a BMP antagonist, was made and the cells did not
differentiate into cardiomyocytes, consequently demonstrating that BMP is necessary
for cardiac differentiation (YYang et al., 2009).
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Interestingly, P19CL6 cells were found to function in vivo as well. P19CL6-derived
cardiomyocytes were transplanted into the retroperitoneal area, on the omentum and
around the femoral artery of mice. The cells adhered to the surfaces and grew to form
masses in the transplanted area. These masses then began to pulsate albeit irregularly
and slower than the host heart (Ohtsu et al., 2005). Taken together, these properties
show the P19CL6 cell line’s propensity to be used as a model system to investigate

the effect certain genetic manipulations can have on cardiomyocyte differentiation.

1.1.14.4 Embryonic stem cells

Embryonic stem cells (ESCs) were first isolated from the inner cell mass of a 3.5 dpc
mouse embryo at the blastocyst stage (Evans and Kaufman, 1981). Ever since then,
they have been cultured and studied extensively. They are pluripotent and have the
ability to proliferate indefinitely (Pauklin, Pedersen and Vallier, 2011). Since their
derivation, a plethora of cell lines has been made available and their culture

conditions have been optimised.

ESC ‘stemness’ can easily be preserved and they can be expanded in culture in self-
renewing state through the modulation of culture conditions, through the introduction
of the cytokine LIF (leukaemia inhibitory factor) and two inhibitors named Gsk3 and
Mek.3 (a condition known as 2i/LIF) or growing them on feeder layers (Brickman
and Serup, 2017). The pluripotency of mouse ESCs (MESCs) was truly established
when they were injected into early blastocysts and these were implanted into pseudo-
pregnant females and allowing the resultant embryos to develop to term. The ESCs
were found to contribute to cells of all lineages, including the germ line (Bradley et
al., 1984).

Like the aforementioned P19 cells, mESCs can form EBs. These EBs are able to
recapitulate some of the cell-cell interactions that take place in an embryo (Brickman
and Serup, 2017). They mimic to some extent, events taking place in a 6 dpc embryo,
including having an embryonic axis (Spangler et al., 2018). EBs can be differentiated
in vitro into different lineages, by removing LIF and utilising the cells’ ability to
spontaneously differentiate, or directed differentiation by adjusting culture
conditions. The addition of activin, for example, to EBs formed at low density can
encourage endoderm differentiation (Livigni et al., 2009). Retinoic acid can enhance

neural differentiation (Guan et al., 2001).
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In the context of heart development and disease, mMESCs provided a crucial
accessible model system to study it. Protocols have been devised to derive beating
cardiomyocytes from mESCs. These have been found to have similar properties to
embryonic cardiomyocytes and to show sinusoidal, atrial and ventricular cell types
(Maltsev et al., 1993; Guan, Rohwedel and Wobus, 1999). They were shown to
display the same genetic signatures as developing embryonic cardiomyocytes and
improved understanding of lineage tracing studies (Meilhac and Buckingham, 2018).
These have aided our understanding of embryonic cardiac development. Nearly 30
years later, we are closer than ever to utilising stem cell-derived cardiomyocytes for
repair in patients with heart failure (Abdelwahid et al., 2016; Park et al., 2019;
Kishino et al., 2020). While work still remains to be done to fully elucidate the

consequences of stem cell transplant into patient hearts, the outlook is positive.

1.1.15 CRISPR/Cas9 genome editing technology

Microbes have evolved their own defence systems to protect them from viral
infections and invading nucleic acids. In many bacteria and most archaea, clustered
regularly interspaced short palindromic repeats (CRISPR) exist for distinct genomic
loci and provide a type of acquired immunity against viruses and foreign nucleic
acids in a sequence-specific way (Barrangou et al., 2007). This naturally occurring
defence mechanism in microbes can be exploited and engineered to efficiently edit
genomes. The CRISPR/Cas9 system can facilitate RNA-guided-site-specific- DNA
cleavage (Cong et al., 2013). The S. pyogenes Cas9 enzyme, an endonuclease, uses
the CRISPR RNA to direct cleavage through its complementarity to 20 bases of
genomic DNA and a transactivating RNA that induces sequence-specific double
strand breaks in its target site in the DNA, which in turn is adjacent to an NGG
trinucleotide known as the protospacer adjacent motif (PAM) (Gagnon et al., 2014).
The CRISPR RNA and the transactivating RNA can be annealed to form a single
guide RNA (sgRNA) sufficient for site-directed cleavage of target DNA (Jinek et al.,
2014)(Figure 1-10).

The CRISPR/Cas9 system has been applied in various in vivo settings, such as
human cells, mice, C. elegans and zebrafish (Cong et al., 2013; Friedland et al.,
2013; Hwang et al., 2013; Mali et al., 2013; Wang et al., 2013). The result was

efficient mutagenesis by non-homologous end joining (NHEJ)-mediated small
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insertions or deletions (see Figure 1-17). The latter is a way of repairing double
strand breaks in DNA that does not require a homologous template; it is often prone
to errors (Bibikova et al., 2002). The ability to choose and design sgRNAs provides a
level of specificity and flexibility not offered by other genome editing methods, such
as zinc finger nucleases or TALENS (Gagnon et al., 2014). CRISPR/Cas9 system
can also be used to introduce specific nucleotide changes, or repair pathological
mutations by introducing donor DNA as a repair template and utilising homology-

directed repair mechanisms (Redman et al., 2016).
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Figure 1-17. A schematic of the CRISPR/Cas9 system at work. Guide RNA
drives Cas9 cleavage at a locus in the DNA that lies adjacent to a PAM sequence
(purple). In the absence of a repair template, non-homologous end joining takes
place, whereby random insertions or deletions are introduced. Alternatively, a
donor DNA template can be provided, to achieve specific gene editing via

homology-directed repair. Figure created with Biorender.com.

1.1.16 Transcriptomic analysis of stem cell differentiation into
cardiomyocytes

The advent of high throughput sequencing techniques can only be described as
revolutionary. From Sanger sequencing, through the Human Genome Project and
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single cell genomic analysis, significant progress has been achieved. While studying
the whole DNA sequence of a cell population or individual might tell us a lot about
features and biological identity, studying the transcriptome at a point in time can be
like taking a snapshot of cellular activities at that moment. It can provide a wealth of
information about gene expression and provide a quantitative method to measure that
level of expression without having to tread through entire genomes where the
majority of the sequence is not translated and expressed. The interest in
transcriptomics has exploded in the past 20 years or so. That can be highly attributed
to the vast improvements in available technologies, bioinformatics tools, leading to

more economical options and thus more user interest.

1.1.17 RNA Sequencing

RNA Sequencing has become the main method of choice for whole transcriptome
analysis. Current popular techniques are microarrays and RNA-Seq, developed in the
1990s and 2000s, respectively (Miller et al., 2013; Van Dijk, Jaszczyszyn and
Thermes, 2014). Gene expression analysis using microarrays is based on
hybridisation of fluorescently labelled targets derived from transcripts to a set of
probes attached to a solid surface. While this method provides an efficient way of
interrogating genome-wide transcripts at a relatively low cost, the requirement that a
priori sequence information or reference genomes/transcriptomes be available for
designing the microarray probes limited the development and application of this
technology for discovery purposes. Moreover, technical concerns like cross-
hybridisation and background signals often result in low specificity or low sensitivity

for some genes (Hrdlickova, Toloue and Tian, 2017).

The new millennium brought with it the introduction of massive parallel sequencing,
also known as deep sequencing or Next Generation Sequencing (NGS). NGS ushered
in a new era for RNA research as we were now capable of acquiring an
unprecedented amount of data in a short time, at lower costs. RNA-Seq became the
primary method of choice to quantitatively study gene expression and identify novel
RNA species. When compared to DNA microarray-based technology, RNA-Seq
offers reduced background noise and a greater dynamic range for detection. Notably,

RNA-Seq can be used to reveal sequence identity and removes the need for prior

56 Tasabeeh Mohamed - November 2023



Chapter 1: Introduction

knowledge of the sequence. The technology therefore lends itself well to analysing
unknown genes and novel transcript isoforms. Several different technologies have
been established for RNA-Seq (Nookaew et al., 2012; Adiconis et al., 2013; Han et
al., 2015).

1.1.17.1 3’ Sequencing

Since its inception, many RNA-Seq library preparation methods have been
developed, increasing the number of choices for investigators. In classic whole
transcriptome RNA-Seq, mRNAs are fragmented before being reverse transcribed
into cDNA. Fragmentation and the library construction method of choice can
possibly introduce biases in results. As cDNA fragments are sequenced on a
platform, the number of reads generated from each transcript is proportional to the
number of cDNA fragments making up the transcript rather than the number of
transcripts.  Intuitively, longer transcripts that generate more fragments will be
assigned more reads. This can confound differential gene expression analyses as
differentially expressed genes will consequently contain longer transcripts, as the
statistical power of longer transcripts will be higher due to having a higher read
count than shorter transcripts (Oshlack and Wakefield, 2009). Recently, 3> RNA
Sequencing methods have been established, such as Tag-Seq (Meyer, Aglyamova
and Matz, 2011) and QuantSeq (Moll et al., 2014) to reduce the effects of this bias.
In 3° RNA-Seq, mRNAs are not fragmented prior to reverse transcription. What
happens instead is that cDNAs are reverse transcribed only from the 3’ ends of
MRNAs, and only one copy of cDNA is produced per transcript. This rids us of
transcript length bias that arises in traditional RNA-Seq methods, as the number of
reads generated is a direct reflection of the number of transcripts and short and long
transcripts theoretically have the same coverage of reads (Ma et al., 2019).

3> RNA Seq has been used in many studies to profile and quantify gene expression.
Tag-Seq was used by Meyer et al to investigate coral larvae. Quant-Seq was used to
study gene expression in the human brain (Barbash et al., 2017) and in transposon
analysis in Arabidopsis (Oberlin et al., 2017). These studies involved organisms with
well-characterised genomes and it has been shown that 3> RNA Sequencing is not
ideal when little or no genomic information is available for the organism of interest.
Classic RNA-Seq methods work better in these cases (Tandonnet and Torres, 2017).

In a study comparing classic and 3’ library preparation for sequencing, Ma et al used

Tasabeeh Mohamed - November 2023 57



Transcriptomic analysis of the role of hdac4 in cardiac differentiation of mouse embryonic stem cells

the KAPA Stranded mRNA-Seq Kit to prepare libraries using the whole transcript
method and the Lexogen Quant-Seq 3> mRNA-Seq Library Prep Kit to generate 3’
libraries. Libraries produced by both methods were then sequenced on an Illumina
platform. Both methods had high reproducibility between biological replicates. They
found that the whole transcriptome method did indeed assign more reads to longer
transcripts while the 3’ method was better at detecting shorter transcripts. However,
Trad-KAPA was able to detect more differentially expressed transcripts. The authors
concluded that no method had a clear advantage over the other and selecting one
should depend on the goal of the study and the biological questions being answered
(Ma et al., 2019). For this project, 3> RNA-Seq was chosen as the method is capable

of addressing the biological questions being asked with a relatively cheaper price tag.

In 3° Quant-Seq RNA-Seq, libraries are generated starting with oligo-dT primed
reverse transcription to synthesise the first strand. No polyA enrichment or ribosomal
RNA depletion is required. The RNA template is then removed following first strand
synthesis and random primers are used to prime second strand synthesis. At this
stage the primers can be used to introduce sequencing platform-specific adapters.
The double-stranded cDNA product is then purified with magnetic beads before
being subjected to amplification by PCR where index sequences can be introduced as
they are needed for cluster generation. Libraries generated can be sequenced on
Illumina or lonTorrent platforms, with the protocol modified accordingly. For data
analysis, another advantage of Quant-Seq is that there is no need for length
normalisation, as only one fragment is generated per transcript and gene expression

quantification is read-count-based (Moll et al., 2014).

1.1.18 Transcriptional profiling of stem cell-derived cardiomyocytes

The potential for stem cells to be a resource for generating various cell types for use
in repair in disease contexts has long been a goal of stem cell researchers. With
CHDs being relatively common disorders in infants and heart failure being a major
cause of death in developed countries, developing cell based therapies to repair the
heart has garnered a lot of interest. That makes it imperative to understand the
dynamics of gene expression taking place during differentiation and development.
RNA-Seq has been an invaluable tool. Along with great leaps forward in

bioinformatics tool development, it has become very possible to generate gene

58 Tasabeeh Mohamed - November 2023



Chapter 1: Introduction

regulatory networks (GRNs) from expression profiles (McKinney-Freeman et al.,
2012; Cahan et al., 2014; Miller et al., 2014).

Cardiomyocytes obtained from developing mouse hearts were used to construct the
gene network thought to control heart differentiation and development. Uosaki and
colleagues produced an atlas of gene expression, pathways and transcriptional
regulators and reconstructed GRNs during CM maturation. They used a microarray-
based program to index CM maturation status. Using this program they were able to
show that pluripotent-stem-cell (PSC)-derived CMs undergo maturation early but
become arrested at a late embryonic stage even after long-term culture. They
intriguingly identified transcriptional regulators defective in PSC-CMs that could

cause this maturation arrest (Uosaki et al., 2015).

Many studies over the years used the embryonic stem cell model to generate
functional cardiomyocytes in attempts to elucidate the cardiac genetic network. Stem
cells are first differentiated using standard methods and the cardiomyocytes are

subsequently purified and profiled.

In 2007, Doss et al generated a stem cell line wherein puromycin resistance and
enhanced green fluorescent protein (EGFP) expression were driven under the control
of a cardiac-specific a-myosin heavy chain (MHC) promoter. The authors utilised the
CGR8 murine stem cell model to differentiate into functional cardiomyocytes using
the hanging drop method with favourable efficiency. The selectable markers were
then used to select cardiomyocytes and RNA was extracted from those to obtain a
transcriptional profile that was studied using Affymetrix expression microarrays
covering all transcripts known at the time (Doss et al., 2007). This was the first
report of a transcriptome analysis of pure cardiomyocytes derived from mouse
embryonic fibroblasts (MEF)-free ES cells. While they reported an expected increase
in genes necessary for cardiomyocyte physiology, they also reported a
downregulation in genes required for cell proliferation and apoptotic processes. The
stem cell derived cardiomyocytes obtained by Doss et al exhibited a variety of
electrophysiological morphologies, including atrial- and ventricular-like action
potentials (APs), in addition to pacemaker-like APs. However, in most cases, APs
did not match those of any particular cell type. Notably, in another study
investigating stem cell derived cardiomyocytes selected using GFP expression under

the control of a-MHC, GFP was restricted to pacemaker-like and atrial-like cells
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(Kolossov et al., 2005). The inconsistency between the two studies may be attributed
to the fact that both sets of authors investigated differentiating cardiomyocytes at
different stages, day 15 in the case of Doss and colleagues and 9 to 11-day old cells

in the latter study by Kolossov at al.

Obtaining a pure, synchronised phenotype of stem cell derived cardiomyocytes still
remains a major challenge in the field. Current differentiation methods give rise to
cardiomyocytes with various specific phenotypes. Lab-to-lab differences, variations
in media components, differentiation methods, stem cell line differences and
cardiomyocyte purification methods are all possible explanations for that issue.
There is still no direct and efficient method to obtain a fully pure population of
cardiomyocytes from ESCs (Das and Fernandez, 2020; Sakamoto et al., 2020).
Enriching for cardiomyocytes using selectable markers or resistance genes is a way

to circumvent that.

As interest in genetic profiling of stem cell derived cardiomyocytes grew, a wealth of
data became available (Lee et al., 2010; Palmer et al., 2012; Pashai et al., 2012).
With increasing attention being paid to expression patterns themselves, interest also
grew in the regulation of these expressed genes in accordance with the differentiation
process, i.e. the trigger, maintenance and coordination of gene expression. The
reduction in the expression of stem cell markers like Sox2 and Pou5fl takes place
concomitantly with the upregulation of cardiac differentiation markers such as
Nkx2.5 and Gata4.

A study by Gan, Schwengberg and Denecke found that several heart related genes as
Nppa, Nppb, Gata4 and Gata6 were significantly upregulated during cardiomyocyte
differentiation, as well as cardiomyocyte-specific genes like Myh6, Myh7, Myl1 and
Myl2 (Gan, Schwengberg and Denecke, 2014).

Expression patterns of various transcription factors along with their targets can then
be used to infer possible interaction networks and important regulation module
elements in these networks. Based on their expression profile data for different
transcription factors and differentially expressed genes during cardiomyocyte
differentiation, the authors were able to deduce regulation networks. These networks
also identify crucial central regulator transcription factors with roles in

differentiation. Mef2c, Nkx2.5 and Gata4 are important elements of the network and
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are upregulated. Nkx2.5, the ‘trigger’ in these networks, activates the transcription of
Mef2c, Gata4 and Thx5 (Gan, Schwengberg and Denecke, 2014).

Studying populations of cells and attaining transcriptional profiles is proving to be a
powerful tool to pick apart various genetic events taking place during differentiation
and inferences may be made to parallel events that may take place during natural
development of a mammalian embryo. Interestingly, as technology improves, it is
now possible to study transcriptional events to an exceptional level of detail, that of a
single cell (Li et al., 2015). Single cell transcriptomics have been gaining popularity

for the invaluable insights provided, as population purity is not an issue.

Cardiomyocytes derived from ESCs/iPSCs have great potential for therapy and
disease modelling in vitro in addition to drug and toxicity screenings. A major caveat
that must be considered however, is that their phenotype has largely been described
as immature (Lieu et al., 2009; Feinberg et al., 2013; Robertson, Tran and George,
2013). By analysing cardiac sarcomeric genes and transcription factors at distinct
points in development, Li et al found that mESC-derived CMs bear a great
resemblance to CMs derived from the embryonic mouse heart up to the neonatal
stage (Li et al., 2015).

Adult heart CMs, on the other hand, displayed moderate differences compared to
neonatal heart CMs, especially in sarcomeric gene expression where some are more
highly expressed in the adult. This finding was confirmed by performing gPCR on
purified cell populations obtained from adult atrial and ventricular cells and
comparing them to atrial and ventricular cells from neonates. The results suggested
that the process of maturation that normally takes place in the neonatal stage is

absent when deriving CMs from mESCs in vitro (Li et al., 2015).

Overall these studies show the potential of transcriptomic profiling. It can lead to a
closer understanding of the genetic networks governing differentiation, what might
go wrong in the context of disease and aid in providing us with a practically limitless

resource of cells for drug screening and repair.
1.2 Project Aims

Great advances have been in studying the genetic mechanisms of heart development

and how their dysregulation contributes to CHDs. However, the picture is far from
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complete. Mapping out these pathways can have translational applications towards a
potential, albeit ambitious, curative treatment. Ideally, these gene pathways can be
leveraged in vitro to generate reprogrammed patient cells that can be transplanted to
repair the damage, with no fear of immune rejection. This can also be utilised in gene

therapy where a healthy cardiac gene is delivered to the cardiomyocytes.

With that broad goal in mind, and the specific goal of elucidating the regulators of
Tbx5 expression, this project aimed to expand our knowledge of cardiac
differentiation models, the role of histone deacetylation and hdac4 and
cardiomyocyte contractility. Figure 1-18 lists the aims, experiments and relevance of
this project using a Why-How-For What framework.

This project set out to compare two cellular models of heart development and
optimise their differentiation, namely the P19CL6 embryonic carcinoma cell line and
the CGR8 mouse embryonic stem cell line. This was done to find an optimal cellular
differentiation model.

After developing a robust differentiation model, this study aimed to query the effects
of wide-scale HDAC inhibition using TSA and specific Hdac4 CRISPR/Cas9-
mediated knockout on cardiac differentiation. The study aimed to use the two
treatments to explore the roles of HDACs and Hdac4 in cardiogenesis.

Moreover, this project set out to conduct transcriptomic profiling of stem cell-
derived cardiomyocytes, and to examine the effects of HDAC inhibition and Hdac4
knockout on gene expression. The overall hypothesis, therefore, of this exploratory
study is that histone deacetylation inhibition and/or hdac4 KO would lead to

significant changes in cardiomyocyte differentiation and gene expression.
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CHDs are the most common birth defect, occurring in an

average of 13 babies every day in the UK and the biggest

cause of infant mortality

¢ CHDs mostly arise due to genetic perturbations in heart
development
o Cardiogenesis is a highly complex process and
disruptions often lead to CHDs
= TBX5is a gene encoding for a major

cardiac transcription factor and the
protein undergoes histone acetylation by
KAT2A and KAT2B and deacetylation by
HDAC4 and HDAC5

Why? Disease

The function of Hdac4 gene will be investigated using
cellular models of cardiac differentiation
¢ P19CL6 embryonic carcinoma cell line will be compared
with mESCs to assess their differentiation potential
o The cell line with higher efficiency will be treated
In vitro with a pan-Class lla HDAcs inhibitor to observe its
How? model effects on differentiation
o The cell line will undergo Hdac4 KO
o Differentiation will be assessed using
immunofluorescence, microscopy, and image
processing
o Transcriptomic analysis of the impact of Class I
HDACs chemical inhibition and Hdac4 KO on
cardiac differentiation will be conducted

« Increasing our understanding of the gene network that
governs cardiac differentiation can elucidate the
pathological mechanisms that lead to CHDs

. » Uncovering gene functions in cardiac lineage specificity

For what? Translatnopal can enhance cell programming techniques and be

' regenerative utilised in regenerative medicine
medicine = Due to their role in regulating cardiac gene expression

and mediating hypertrophy, histone deacetylases are a

potential therapeutic target for treating maladaptive

cardiac remodelling

Figure 1-18. Aims and objectives of this thesis.

2 MATERIALS AND METHODS

2.1 Microbial Techniques

2.1.1 Bacterial culture plates
LB broth was made by combining 5g Bacto-tryptone, 2.5g yeast extract, 5g NaCl,

7.5g agar and 500mL of sterile distilled water. It was sterilised by autoclaving. To
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make the plates, it was heated in a microwave until completely melted. It was then
incubated at 50°C for an hour. Ampicillin (50 pg/ml stock) was then added at a
1:1000 dilution. Molten LB was then poured onto plates and those were left to dry.

Aseptic techniques were used throughout.

2.1.2 Culturing colonies

A single, non-overgrown colony was picked with a sterile toothpick using aseptic
techniques. The toothpick was then placed in a glass tube containing 5 ml LB with 5
ul Ampicillin. Those were cultured in a shaking incubator overnight at 37° at 200

rpm (revolutions per minute).

2.1.3 MiniPrep: isolating plasmid DNA

Cells were transferred from overnight cultures to Eppendorf tubes and centrifuged at
12000 g for 1 minute twice, disposing off the supernatant. DNA was isolated using
Thermo Scientific MiniPrep kit (Thermo Fisher Scientific, MA, USA) following the
manufacturer’s instructions. In brief cells were resuspended in resuspension fluid,
lysed for 5 minutes and then neutralised. 500 pl of column binding solution were
added followed by a centrifugation step at 12000 g. wash solution was then added
followed by another centrifugation. DNA was eluted in sterile distilled water and
quantified using a NanoDrop® ND-1000 spectrophotometer (Thermo Fisher
Scientific, MA, USA).

2.1.4 MaxiPrep to isolate plasmid DNA

Day cultures of single colonies in 5 ml LB broth containing 5 pul Ampicillin (50
pg/ml stock) were performed for 8 hours in a shaking incubator at 37°C at 200 rpm.
These cultures were diluted 1/500 in Ampicillin-containing LB media and cultured
overnight in a shaking incubator at 37°C at 200 rpm.

Following overnight cultures, bacterial cultures were poured into 50 ml Falcon tubes
and centrifuged at 4°C at maximum speed (4498 g) for 5 minutes and the supernatant
was disposed. Plasmids were isolated using Sigma Aldrich, MS, USA) GenElute HP
Plasmid MaxiPrep Kit (Sigma Aldrich, MS, USA) using the manufacturer’s
instructions. Briefly, cells were resuspended in Resuspension solution followed by
lysis using Lysis solution. Lysis was neutralised, followed by addition of Binding

solution. The mixture was passed through filter syringes and the filtrate was
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centrifuged at 3000 g. Wash solution was then added followed by a centrifugation
step at 3000 g and eluted in sterile diluted water. DNA was quantified using a
NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, MA, USA).

2.1.5 Glycerol stocks
200 pl of glycerol were added to 800 pl fresh overnight culture (final concentration
20%). Samples were mixed and stored at -80 -C.

2.2 Molecular Techniques

2.2.1 Polymerase chain reaction
PCR reactions were assembled using 2X MasterMix (Promega, WI, USA) which
contain Taq polymerase, dNTPs, MgCI2 and PCR buffer. PCR reactions were cycled

as follows using a G-Storm thermal cycler (Agilegene Technologies).

Table 2-1. PCR conditions used. Tm represents annealing temperature and was

adjusted as required for each primer pair

Temperature
Stage Reps (°Q) Time

Initial 1 1 94-95 2 minutes
denaturation

94 30 seconds
Amplification 2 30 Tm 30 seconds

72 1 minute
Final extension 3 1 72 5 minutes

PCR products were electrophoresed on 1.5% agarose gel at 70V for an hour. Agarose
gel was made by dissolving agarose (Sigma Aldrich, MS, USA) in 1XTAE buffer
(50x stock made by combining 50mM EDTA disodium salt, 2M Tris and 1M glacial
acetic acid). Ethidium bromide (Sigma Aldrich, MS, USA) was added by diluting a
0.5 mg/ml stock solution 1:1000 in the agarose/buffer mix.
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2.2.2 Gel extraction

Bands were excised from agarose gels using a blade in a UV box. They were then
weighed and DNA was extracted using the QIAQuick® Gel Extraction Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions. In short, the gel band
was dissolved in 3x its weight of QG buffer and incubated at 50°C for 10 minutes. A
volume of isopropanol was then added and the sample was centrifuged. The column
was then washed using QG and PE buffers, then eluted in water. DNA was then
quantified using a NanoDrop® ND-1000 (Thermo Fisher Scientific, MA, USA).

2.2.3 PCR Clean-up
DNA was extracted from PCR reactions using a QIAQuick® PCR Clean-up Kit

(Qiagen, Hilden, Germany) following manufacturer’s instructions.
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2.3 Cell culture and maintenance

2.3.1 Thawing

P19CL6 cells and mESCs were thawed similarly. Cryovials containing frozen cells
were warmed at 37°C for 1 minute. The cell solution was then transferred to a 15 ml
Falcon tube containing 9 ml of fresh complete media and spun at 200 G for 5
minutes. The cell pellet was then resuspended in fresh media and seeded on to cell

culture flasks.

2.3.2 Freezing

To freeze and maintain stocks of cells, they were first washed with PBS and
trypsinised using 0.05% trypsin-EDTA (Gibco™, Thermo Fisher Scientific, MA,
USA). Trypsin was inactivated by adding 7 ml of complete media and spinning the
cell suspension at 200 G for 5 minutes. For P19CL6 cells, the pellet was resuspended
in 10% DMSO in complete media and stored in cryovials (Nalgene, Thermo Fisher
Scientific, MA, USA) at -80°C. Embryonic stem cell pellets were resuspended in a
cryopreservation solution composed of 10% DMSO in Foetal Bovine Serum and
stored in a CoolCell™ cell freezing container (Corning, New York, NY, USA) to
achieve a cooling rate of 1°/minute for 24 hours. Cryovials were then transferred to
the gaseous phase of liquid nitrogen for long term storage.

2.3.3 P19CLS6 culture

The P19CL6 cell line used was originally obtained from The Department of
Cardiovascular Medicine, The University of Tokyo Graduate School of Medicine,
Tokyo. The cells were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco™, Thermo Fisher Scientific, MA, USA) supplemented with 10% (v/v) foetal
bovine serum (FBS) EU approved origin (Gibco™, Thermo Fisher Scientific, MA,
USA) and 2% (v/v) Penicillin-Streptomycin.

2.3.4 CGR8 mESCs culture

CGR8 mouse embryonic stem cells (Merck, NJ, USA, Dorset, United Kingdom)
were cultured in Glasgow’s Minimal Essential Medium (GMEM, Gibco™, Thermo
Fisher Scientific, MA, USA) supplemented with 2 mM L-Glutamine (Merck, NJ,
USA), 0.05 mM 2-Mercaptoethanol (2ME) (Merck, NJ, USA), 10% Foetal Bovine
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Serum and 1000 units/ml ESGRO mouse Leukaemia Inhibiting Factor (LIF) (Merck,
NJ, USA) on 0.2% gelatine (Merck, NJ, USA) in PBS-covered flasks. The cells were
incubated at 37 °C, 5% CO2. The media was changed every day and the cells were

passaged when they reached 70-80% confluence.

2.3.5 Splitting

0.05% trypsin-EDTA (Gibco™, Thermo Fisher Scientific, MA, USA) was used to
remove adherent cells from the surface of the tissue culture flasks and dishes.
Dulbecco’s phosphate buffered saline (DPBS) (Gibco™, Thermo Fisher Scientific,
MA, USA) was used to wash the cells before trypsinisation. Culture media was used
to deactivate trypsin and obtain a cell suspension. Cells were split 1:10 into new
flasks.

2.3.6 P19CL6 cardiomyocyte differentiation

The first day of the differentiation procedure was taken to be day 0. The cells were
grown until near confluency, they were then washed twice with PBS and trypsinised
by adding 3 ml trypsin and incubating at 37°C for 5 minutes. They were then
resuspended in 10 ml of fresh media. A cell count was performed by transferring 200
pl of cells in media to a haemocytometer. A cell count was obtained and multiplied
by 5000 to give the number of cells per ml. The cells were then diluted to 50,000
cells/ml. An equal volume of 1% DMSO in media was then added to give a solution
containing 0.5% DMSO. A bacterial petri dish was filled with 20 ml of PBS. The lid
was inverted and 12 drops of 20 pl containing the cells in 0.5% DMSO were
pipetted. The lid was then turned over slowly and the hanging drops were placed
above the PBS. The dish was then incubated at 37°C.

At day 2, 5 ml of 0.5% DMSO in media solution were added to small bacterial petri
dishes. The hanging drops were gently washed from the lids with 2 ml of 0.5%
DMSO solution. They were transferred to the small petri dishes and incubated at 37°
C.

At day 5, the media containing embryoid bodies was transferred to a 50 ml Falcon
tube. The embryoid bodies were left to sink and settle at the bottom. The media was
then removed and discarded. 20 ml of fresh media were added to a tissue culture

plate to which the embryoid bodies were transferred. They were spread around the
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plate by swirling and then incubated at 37° C. Figure 2-1 summarises differentiation

procedure used for both cell lines.

D;.l-)

Single-cell suspension

l Hanging
Day 0 pRS o e/ e/ /N |l drop culture

v
3-day suspension culture
for P19CL6

|

EB plating

Figure 2-1. Schematic summary of differentiation procedure. Hanging drops
were similarly produced for both cell lines at designated day 0. P19s were
cultured in hanging drops for 2 days then in suspension for 3 days. ESCs were
cultured in hanging drops for 3 days followed by plating. The bottom panel

shows a side view of wells in culture plates. Figure created with Biorender.com

2.3.7 Embryonic Stem Cell Differentiation

To induce cardiomyocyte differentiation, the cells were harvested using trypsin-
EDTA. Trypsin was applied to cells, followed by a 5-minute incubation at 37° C for
5 minutes. Serum-containing media without LIF (LIF- media) was added to
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inactivate trypsin followed by gentle pipetting to ensure there was a fine suspension
of cells. The number of cells was counted and the hanging drop method was used to
induce the formation of embryoid bodies. Cells were diluted to a concentration of
20,000 cells/ml in LIF- media and 20 pl drops were dotted on the inside of a Petri
dish lid. 10 ml of PBS were added to Petri dishes to prevent the hanging drops from
drying. The lid was gently and swiftly inverted and placed on the dish, this was
assigned Day 0. These were incubated at 37° C 5% CO2 for 3 days.

At day 3, the lids of the dishes were tilted and the drops were gently flushed with
media and transferred using a serological pipette to 0.2% gelatine-covered 6-well
plates, as can be seen in Figure 2 1. They were then counted and allowed to attach

and differentiate while being observed, with daily media changes.

2.3.8 Trichostatin A treatment

The cells were maintained as previously stated. The hanging drop method was used
to generate EBs. On day 2 of differentiation, the EBs were gently flushed from the
lids. There were then cultured for 4 days in suspension in bacterial dishes. On day 6,
the EBs were plated on gelatinised 6-well plates (with an average of 16 EBs per
well). On day 7, after the EBs have attached to the plates, 50 nM Trichostatin A
(Merck, NJ, USA) in LIF- media was applied. The media was changed every day.
The process is summarised in Figure 2-2.
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Hanging drop culture
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Figure 2-2. Differentiating embryoid bodies were treated with 50 nM TSA for 8
days, starting on day 7.

2.4 Imaging
Daily monitoring and imaging of embryoid bodies and differentiating cells were
performed on an inverted microscope with an attached Nikon DS camera (Nikon,

Tokyo, Japan).

Beating cardiomyocytes were recorded using a Zeiss LSM880 Exciter Microscope in

wide-field setting at 100 frames-per-second.

2.5 Beating analysis
Recorded videos of beating cells were analysed using the MYOCYTER macro on

ImageJ as described in (Grune et al., 2019).

2.6 Immunofluorescence
Cells were cultured on gelatinised coverslips in 6-well plates. They were fixed in 4%
PFA for 15 minutes, rinsed in PBS then blocked for 30 minutes at room temperature.

Blocking buffer contained 5% Goat serum (Gibco™, Thermo Fisher Scientific, MA,
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USA), 3% 1% Triton-X (Thermo Fisher Scientific, MA, USA), 20% 50mg/ml BSA
(Fisher Scientific, Loughborough, UK) in DPBS. Primary antibodies used, dilutions
and manufacturers are in the Table 2-2. Coverslips were incubated with primary

antibodies in blocking buffer at 4°C overnight.

Table 2-2. List of antibodies used for immunofluorescence experiments and
their respective dilutions.

Antibody Dilution Manufacturer Product Code
Oct-3/4 Antibody (C- Santa Cruz
1:200 sc-5279
10) Biotechnology (TX, USA)
Santa Cruz
Nkx-2.5 antibody (A-3) | 1:250 sc-376565

Biotechnology (TX, USA)

TBX5 monoclonal

antibody (M01), clone | 1:250 Abnova (Taipei, Taiwan) | H00006910-M01
1G10

Santa Cruz
HDAC4 1:250 sc-46672

Biotechnology (TX, USA)

Monoclonal anti-a-
1:400 Sigma Aldrich (MS, USA) | A7811-100UL
actinin (sarcomeric)

Coverslips were washed with PBS 3 times for 10 minutes and incubated with
secondary antibody Alexa Fluor Goat Anti-Mouse 488 (Thermo Fisher Scientific,
MA, USA) in blocking buffer (1:1000 dilution) for 30 minutes at room temperature.

They were then washed with PBS again, VECTASHIELD® Antifade mounting
media (Vector Laboratories, Peterborough, UK) was added and they were mounted

on slides for imaging.
2.6.1 Fluorescent imaging

Imaging was performed on a Zeiss LSM880 microscope and viewed using ImageJ.

Figures were compiled using Adobe Photoshop CS6.

2.7 Western Blot
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A cell pellet was obtained by washing cells with PBS then trypsining. Trypsin was
inactivated by resuspending the cells in complete media. Cell suspension was then
spun at 200 g for 5 minutes to obtain a pellet. The pellet was then lysed with RIPA
buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate, 5 mM EDTA) in distilled water with
1x protease inhibitor cocktail added fresh at the time of use. Cells in lysis buffer
were subjected to three cycles of freezing at -80° C and thawing on ice. The amount
of protein in the lysate was then quantified using the Bradford Quick Assay, using
reagents from BioRad (CA, USA). 20 ul of standard solutions containing Oug, 1ug,
2ug, Sug, 10pg and 20 pg bovine serum albumin in water were incubated with 980l
BioRad Dye reagent for 5 minutes. After which their optical density was measured
on spectrophotometer at wavelength of 595 nm. Values were plotted to obtain a
standard curve. 2 ul of sample lysate in 20ul sterile distilled water were then
incubated with BioRad reagent and measured as previously. O.D values obtained

were used to calculate protein amounts based on extrapolating the standard curve.

10ul of sample used for quantification above was mixed with 4 pl 4x SDS buffer
(Invitrogen, CA, USA), 1.5 pul 10x reducing agent (Invitrogen, CA, USA) and
incubated at 95°C for 5 minutes. Running buffer was prepared by mixing 40 ml 20x
MOPS buffer (Sigma Aldrich, MS, USA) with 760 ml distilled water. Pre-cast 10%
Bris-Tris gel were prepared by removing the comb and washing with running buffer
3 times. 10 pl of SeeBlue pre-stained marker (Invitrogen, CA, USA), 10 pl of
MagicMarker XP (Invitrogen, CA, USA) and 10 pl of the protein sample were

loaded onto the gel and run in an electrophoresis chamber for 55 minutes at 200V.

Transfer buffer was prepared by mixing 25 ml 20x transfer buffer (Sigma Aldrich,
MS, USA), 50 ml 100% methanol and 425 distilled water. 4 sponges were soaked in
transfer buffer. PDVF membrane (Invitrogen, CA, USA) was washed in 100%
methanol for 5 minutes then with distilled water and finally in transfer buffer for 5
minutes. The gel was removed from the plastic casing and sandwiched between two
buffer-soaked filter papers that were in turn sandwiched between two soaked
sponged on either side. The sandwich was placed in a transfer cuvette and run in an

electrophoresis chamber for 1.5 hours at 25V.

After transfer was completed, the membrane was washed twice with distilled water
for 5 minutes. It was then blocked in 5% dry milk in TBST (150 mM NaCl, 20 mM
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Tris, 0.05% Tween-20 (Sigma Aldrich, MS, USA)) for two hours. Following
blocking, the membrane was washed in TBST 3 times for 5 minutes. The membrane
was then incubated with the primary antibody dissolved in 3% bovine serum albumin
in TBST at 4°C overnight.

On the second day, the membrane was washed with TBST 3 times. It was then
incubated with secondary antibody in 3% in TBST for an hour at room temperature.
Detection buffer was prepared by mixing equal volumes of Clarity Western Peroxide
and Clarity Western Luminol/Enhancer reagents (BioRad, CA, USA). The
membrane was then imaged using a Fuji LAS-3000 MINI scanner.

2.8 CRISPR/Cas9-mediated knock out of Hdac4

2.8.1 Target site design

To choose target sites in the Hdac4 gene in mouse, the online tool CRISPOR
(http://crispor.tefor.net/crispor.py) was used. The sequence for Hdac4 was obtained
from Ensembl (ENSMUSG00000026313). Exons from the gene were plugged into
the tool and targets were generated. Single Guide (SG) sequences generated and

tested were

SG7: CGTACATTCCCAAGACGGGG

SG8: GGGCGAGGTGCTCAGGTACG
SG9: TGAGAGGATTTGTGCCGTAG

SG10: CAGACGAGTGCACCTCATTC
SG11: CCCATCGTCATAGCGGTGCA

SG12: TTTGACGCCTACAGACAGCG

2.8.2 sgRNA synthesis

The sgRNA were synthesised using a non-cloning method using a T7 MAXIscript kit
(Ambion, Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s instructions according to the protocol published in (Gagnon et al.,
2014). Briefly, a 60-bp oligo was ordered that was comprised of the T7 promoter
sequence, the target sequence and an overlap region that is complementary to the

constant oligo and is needed for in vitro transcription. The constant oligo remains the
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same for all sgRNA templates and form the tracRNA. The sequences were as shown
in Table 2-3. Therefore, target specific oligos containing the T7 sequence and

overlap region with the target-specific sequence in between looked like this

TAATACGACTCACTATA-N20-GTTTTAGAGCTAGAAATAGCAAG  with N
representing target RNA sequence.

Table 2-3. Sequences for oligos used for sgRNA in vitro synthesis. These were

the same for all guide RNAs generated.

T7 TAATACGACTCACTATA

Overlap
GTTTTAGAGCTAGAAATAGCAAG
region

Constant | AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTA

oligo TTTTAACTTGCTATTTCTAGCTCTAAAAC

2.8.3 DNA Extraction from CGRS8 cells

Whole genomic DNA was extracted from confluent cells. They were first centrifuged
at 150 G for 5 minutes to obtain a pellet. Next, the Blood and Tissue Kit (Qiagen,
Hilden, Germany) was used to lyse the cells and extract DNA according to the
manufacturer’s instructions. Briefly, the cell pellet was resuspended in PBS and
proteinase K was added. Lysis buffer AL was added and the mixture was incubated
at 56°C for 10 minutes. Ethanol was then added and the mixture was centrifuged
through a DNeasy Mini spin column at 8000 g for 1 minute. Buffer AW1 was then
added followed by centrifugation at 8000 g, discarding the supernatant in both cases.
Buffer AW2 was then added and the sample spun at 20,000 g for 3 minutes. DNA
was then eluted into sterile distilled water and spun at 8000 g for 1 minute. DNA was
guantified on a NanoDrop® ND-1000 (Thermo Fisher Scientific, MA, USA).

2.8.4 Polymerase Chain Reaction

Primers were designed using Primer3 (http://primer3.ut.ee/) from mouse genomic
DNA flanking the target sites. 700-800-bp regions containing the target sites were
amplified using PCR with the programme described in Table 2-4.
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Table 2-4. List of primers used to amplify regions containing target sites
generated using CRISPOR.

Tm Product

Primer name Primer sequence (°C) Size (bp)
Hdac4_SG7_700_F AGGTATTGTGGGGATGAGGC 59.2
Hdac4_SG7_700_R ACGAGTGGTGGACATGTTCT 59.0 7
Hdac4_SG8_700_F ACTGGCACTGACTGGTACTC 59.0
Hdac4_SG8_700_R CCACACATCAGCACCTCATG 58.9 o
Hdac4_SG9_700_F CACTCAAAGGGCCCACTAGA 59.0
Hdac4_SG9_700_R ATGTTCTCCCCTTGTGTCCC 59.3 o
Hdac4_SG10_700_F GGGCCACATGAACAAAACCT 59.0
Hdac4_SG10_700_R GGCCCTGCTTTCTGTTTTGA 59.0 "
Hdac4_SG11_700_F ACTGTGGGACCATCTTCAGG 59.0
Hdac4_SG11_700_R CGTGCCTGTAAGTAGCCAAC 58.9 ol
Hdac4 _SG12_700_F TGGCTGAGCTTCAAGACAGA 59.0

Hdac4 _SG12_700_R GATGCCAGCAAGTCTCCATG 59.0 ol

The PCR products were then subject to agarose gel electrophoresis to confirm they
were of the expected size. The products were then cleaned using a Qiagen PCR
Clean-up Kit (Qiagen, Hilden, Germany, Hilden, Germany) following the

manufacturer’s instructions.

2.8.5 In vitro assay

To assess the specificity and efficiency of the guide RNAs, a Cas9 in vitro assay was
conducted. A reaction containing 3 pl Cas9 protein (New England Biolabs,
Hertfordshire, UK), 3 ul Cas9 reaction buffer (New England Biolabs, Hertfordshire,
UK), 1 ul guide RNA (approximately 300 ng) and RNAse free water up to 30 pul was

assembled. The reaction was then incubated at 37° C for 15 minutes. 200 ng of the
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cleaned PCR product were then added and that was put back in the incubator for 1
hour 30 minutes. After incubation, 1.5 pl 10mg/ml Proteinase K (Sigma Aldrich,
MS, USA) was added. The reaction tube was incubated at 65° C for 15 minutes. The

reactions were then run on a 2% agarose gel to analyse fragments.

2.8.6 Vector Design

The guide RNAs able to drive Cas9 cleavage were inserted into a mammalian
expression vector along with Cas9 sequence. The vector was designed using
www.vectorbuilder.com and purchased (Cyagen Biosciences GmbH, Germany).

Figure 2-3 below shows a diagram of the plasmid used.

pUC ori / U6 promoter
\ / ___—{Mouse HDAC4}
. IF ———— Terminator

—— CBh promoter

Ampicillin \

VB180515-1225abz ||

SV40 late pA— 10312 bp y

&
/ ~~-hCas9
Hygro "3 // /

CMV promoter ‘
BGH pA -/

Figure 2-3. Map of vector carrying Cas9, sgRNA, ampicillin and hygromycin
resistance genes nucleofected into cells. The vector was obtained from Cyagen
Biosciences and designed using their online tools. It was 10.3 kb in size and

contained the elements necessary for CRISPR/Cas9-mediated gene editing as
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well as a replication origin, promoter regions and elements required for its

incorporation.

2.8.6.1 Preparing the vector
The obtained glycerol stock was streaked on agar plates with ampicillin. Single
colonies were picked and cultured for a day then overnight. To purify the DNA, a

MaxiPrep kit was used and DNA was extracted as described above.

The vector was then linearised with EcoRI (New England Biolabs, Hertfordshire,

UK) and electrophoresed on an agarose gel to assess its quality.

2.8.7 Nucleofection

The cells were electroporated using a Nucleofector® I device and the Mouse ES Cell
Nucleofector® Kit (Lonza, Basel, Switzerland). The cells were maintained in
supplemented GMEM media as previously, with daily media changes. They were
harvested by trypsinisation for nucleofection when they were in early growth phase
with well-formed domed colonies. 10 ug of the vector were nucleofected into

approximately 2 million cells using pre-set programme A-23.

The cells were cultured for a further 48 hours to allow them to recover. For selection,
the cells were treated with 100 pg Hygromycin (Thermo Fisher Scientific, MA,
USA) for 14 days. Surviving single colonies were harvested using cloning rings.
Rings were placed around each colony and petroleum jelly was used to form a seal.
Trypsin was pipetted into the cloning ring and incubated for 5 minutes at 37°C.
Media was added to deactivate the trypsin and the cell suspension was obtained.
Single colonies were expanded in 24-well plates, followed by T-25 flaks until they
reached confluence after which they were further expanded in T-75 flasks. Frozen

stocks were obtained at a regular basis. The process is summarised in Figure 2-4.
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Figure 2-4. Schematic summary of resistant colony selection and expansion
following nucleofection. Cells were grown in media containing Hygromycin B
after they were allowed to recover post-transfection. They were observed daily
and resistant colonies were picked at 14 days using cloning rings placed around
single colonies. Cells were trypsinised and expanded in 24-well plates first. They
were allowed to grow then expanded further in T-25 flasks, followed by T-75
flasks. When cells reached confluence, DNA was extracted and Sanger
sequencing was conducted to investigate whether gene editing has taken place.

Figure created with Biorender.com

2.8.8 DNA Extraction
Cells were washed with PBS, trypsinised and a maximum of 5x10° cells were
pelleted as previously. To extract DNA, the DNeasy Blood and Tissue kit (Qiagen,

Hilden, Germany) was used following the manufacturer’s instructions.

2.8.9 Sequencing

To assess whether the Hdac4 gene was modified, DNA was extracted from confluent
flasks expanded form individual colonies using the Blood and Tissue Kit (Qiagen,
Hilden, Germany). Primers Hdac4 SG10 700 F and Hdac4 SG10 700 _R used
previously to generate 700-800 bp regions containing the target site were used again
to generate fragments that were sequenced. Primers amplifying larger products were

subsequently used as needed to characterise genotypes and are listed in Table 2-5.
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Table 2-5. List of primers used to generate larger PCR products used to

characterise mutations.

Product
Primer name Sequence Tm (°C) Size
Hdac4_1000_F AAGTAGGAGGCTGCAAGGTT 58.9
Hdac4_1000_R CACGGACACACACACACATG 59.7 o
Hdac4_1000_F AAGTAGGAGGCTGCAAGGTT 58.9
Hdac4_1600_R AGGCTAGGCTCACAACCAAA 59.2 1037

2.8.10 RNA extraction

RNA from undifferentiated cells was extracted using the Rneasy Mini Kit (Qiagen,
Hilden, Germany). RNA was extracted from wells with beating zones using cloning
rings using the Rneasy Micro Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Extracted RNA was subjected to Dnase treatment using
TURBO DNA-free™ Kit (Ambion, Thermo Fisher Scientific, Waltham, MA, USA)
following manufacturer’s instructions. In short 1 pl TURBO Dnase and 0.1 volume
of 10x TURBO Dnase buffer were added to the RNA. The reaction was incubated at
37° C for 30 minutes then inactivated using 0.1 volumes of inactivation reagent. The
reaction was incubated at room temperature for 5 minutes then centrifuged at 10,000

g for 5 minutes to obtain the supernatant.

Total RNA was quantified using a NanoDrop® ND-1000 (Thermo Fisher Scientific,
MA, USA) (ThermoFisher). Quality was checked by measuring A260/A280

absorbance and using the Agilent BioAnalyzer.

2.8.11 RNA Library Prep

Library generation for RNA sequencing and bioinformatics analysis were performed
at DeepSeq laboratory at the University of Nottingham. To generate sequencing
libraries, 3’ Quant-Seq kits were used (Lexogen, Vienna, Austria). Briefly, oligo-dT
primers are used to prime first-strand cDNA synthesis from total RNA. The RNA
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template is then degraded. Second strand synthesis is then primed with Illumina-
compatible primers containing linker sequences. Next amplification takes place using
primers that add barcodes to cDNA fragments. The process is depicted in Figure 2-5.

Sequencing was performed on an Illumina NextSeq 500 platform.

Step 1: 1* strand synthesis of polyA tailed RNA from total

RNA using oligo dT primers
5
Oligo dT
3'#———/”1” primer
AAAAAA 3

Step 2: Degradation of the RNA template

5

mRNA

5

'

TITTITTT

5 ! — 3

Step 3: 2™ strand synthesis with random primers
containing 5' lllumina-compatible linker sequences

: /

> 3

w

Random
primer

Step 4: Amplification using random primers that
add barcodes and cluster generation sequences

e A

Step 5: Sequencing

Figure 2-5. Schematic of library generation procedure using the QuantSeq 3’
RNA Sequencing kit. In step 1, first-strand cDNA synthesis from total RNA is
primed using oligo-dT primers. The RNA template is degraded and removed in
step 2. The complementary, second strand is then synthesised using random
primers tagged with Illumina-compatible linker sequences in step 3. Double
stranded cDNA is then purified using magnetic beads and amplified in step 4.
Libraries are amplified using PCR with random primers. This step introduces
sequences required for barcoding and cluster generation. Libraries are then
ready to be loaded onto the Illumina sequencing platform. Figure from (Moll et
al., 2014).
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2.9 RNA Sequencing

2.9.1 1. Read Alignment

2.9.1.1 1.1. Trimming
A trimming pipeline was used to filter reads with low sequencing score as well as
reads aligned to adaptor sequences. First, raw reads were trimmed against adaptors,

and then reads were quality trimmed by Bluebee software

(https://www.bluebee.com/?gclid=EAlalQobChMIvgDK90Cp5gIVBbTtCh3GeQCn
EAAYASAAEgLyaPD_BWE).

2.9.1.2 Mapping

Trimmed reads were mapped onto the reference genome in the context of known
gene exon coordinates by STAR mapping tool (Dobin et al., 2013). The genome
reference used was GRCm38 (mm10). Annotation source used was Ensembl

(www.ensembl.org).

2.9.1.3 Mapping Quality (MAPQ)

Read alignments, both primary and unique, were filtered further according to their
mapping quality score (MAPQ) which was generated by STAR. This is a
probabilistic metric the accuracy of the read mapping.

2.9.2 Differential Expression

2.9.2.1 Bioinformatics

RNA-Seq bioinformatic analysis was conducted using the Galaxy platform described
in (Afgan et al., 2016) and SegMonk (www.bioinformatics.babraham.ac.uk/projects/
segmonk/).

2.9.2.2 Differential Gene Expression

The differential gene expression R package DESeq2 in Galaxy, which is based on the
negative binomial distribution was used. DESeq2 was used to detect the
differentially expressed genes for each comparison, and padj < 0.05 was used as a

threshold for statistical significance.

2.9.2.3 GO Analysis
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GO (Gene Ontology) analysis was conducted using the g:Profiler web tool
(https://biit.cs.ut.ee/gprofiler/gost) where gene lists were inputted into the interface

and GO: Biological Process analysis was performed (Raudvere et al., 2019).

2.9.2.4 Ingenuity Pathway Analysis

Ingenuity Pathway Analysis (IPA, Qiagen, Heidelberg, Germany) was performed on
the results from DESeq2. Gene fold changes from different comparisons were input
into the software to query enriched biological themes that may be driving the
observed difference in gene expression. Statistical significance cut-off values of

p<0.05 and z-score >|2| were assigned.
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3 HDAC INHIBITION AND CRISPR/CAS9-MEDIATED
KNOCKOUT IN CELLULAR MODELS OF CARDIAC
DIFFERENTIATION

3.1 Introduction

For a wide variety of reasons, cellular models are chosen as in vitro models of heart
development in place of animal models. The specific research question being asked
determines the model chosen. Maintaining cells in culture is far less labour intensive
than caring for live animals, and clearly does not require as much space, breeding or
feeding costs. Ethical issues associated with animal research and the need for
additional trained experienced personnel are also important factors to consider. For
this project, a comparison was conducted between the P19CL6 cell line and murine

embryonic stem cells to choose the better model for the study’s purposes.

Both cell lines are pluripotent and are capable of forming embryoid bodies (EBS).
EBs were initially derived from embryonic carcinoma cells and later were formed
from pluripotent stem cells from blastocysts (Brickman and Serup, 2017). In fact, EB
formation was used as a means to show the similarities between embryonic
carcinoma and embryonic stem cells, justifying their use for pluripotency and
differentiation studies (Evans and Kaufman, 1981; Martin, 1981). A more accurate
method of showing pluripotency is the injection of ESCs in pseudo-pregnant females
and studying the embryos. Truly pluripotent cells will contribute to cells of all
lineages, including the germ line. This assessment however, is beyond the scope of

this study.

Upon plating, EBs are capable of spontaneously differentiating. In intricate
experiments performed in the early 1980s, mouse ESCs were shown to
spontaneously differentiate into visceral yolk sac, myocardium and blood islands. It
was noticed that the process of yolk sac differentiation and organisation highly
recapitulated embryonic development, providing important insights and justifications
for their use as models (Doetschman et al., 1985). Using RNA-Seq, Spangler et al
were able to analyse EB differentiation and found broad similarities in gene

expression patterns between EBs and mouse embryos (Spangler et al., 2018)
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This differentiation can be modulated and controlled through the addition of various
factors, cytokines, inhibitors etc. For this project, the inherent ability of the cells to
form beating cardiomyocytes was the focus. Differentiation and cellular properties

were monitored over time with an ease not possible in live mammals.

The cardiac genetic network is of great interest to both those wanting to understand
how cardiac differentiation occurs in an embryo and those studying congenital heart
disease. Tbx5 is often described as a ‘master regulator’ of heart development. It plays
a part in activating other transcription factors as well as directly binding to DNA
(Ghosh et al., 2001). It is also the target of post-translational modifications by other
proteins such as acetylases and deacetylases, which are of interest to this project. It is
hypothesised that acetylation marks laid down by KAT2A and KAT2B are then
removed by HDAC4 and HDACS. Acetylation was shown to increase TBX5 activity
(Gilda et al., 2015). These results align with those found by Lewandowski and
colleagues where Tbx5 activity in cardiac development increased upon silencing of
Hdac3 (Lewandowski et al., 2014).

Moreover, TBX5 has been shown to interact with TIP60, a member of the MYST
histone acetyltransferase family to drive transcription at the Srf promoter (Barron et
al., 2005) (Barron et al., 2005). PCAF and HDAC4 also regulate contractile activity
in myofibrils of primary and adult heart cardiomyocytes (Gupta et al., 2008).

Hdac4 is mainly expressed in the brain, heart and skeletal growth plates in mouse
embryos (Vega et al., 2004). Hdac4 was found to be expressed in the heart at every
developmental stage from early embryo to the neonatal phase. It has also been shown
to be involved in regulating gene expression in mature cardiomyocytes (Karppinen et
al., 2018). It has been posited that Hdac4 plays a critical role in cardiac
differentiation of P19 cells induced to form EBs with hydrogen peroxide. It was
shown that Nanog and Hdac4 played a critical part in maintaining transcriptional
silence of Gata4 and Nkx2.5 (Li et al., 2018). Previous studies have demonstrated
that Hdac4 and Hdac5 proteins regulate the cardiac gene programme upon nuclear
[Ca2+] changes during development (Frey and Olson, 2003; Wu et al., 2006; Zima et
al., 2007). Changes in [Ca2+] mediated by the sarcoplasmic reticulum of
cardiomyocytes can change expression of cardiac specific transcription factors
(Molkentin, 2004; Kook and Kee, 2011). It was demonstrated that changes in [Ca2+]
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induce changes in Hdac4 and Hdac5 cellular localisation in embryonic
cardiomyocytes, regulating cardiac gene expression (Karppinen et al., 2018).

Furthermore, Hdac4 was shown to play a role in heart failure. It was demonstrated
that it plays a cardioprotective role in myocardial infarction (Ml)-induced heart
failure (HF) (Jebessa et al., 2019). In a study aiming to investigate the effect of
exercise on glucose metabolism and cardiac function in mice with Ml-induced HF, it
was shown that exercise activated myocardial AMP-activated protein kinase
(AMPK), which phosphorylates Hdac4 consequently regulating Glutl expression
through repressing Mef2a. Glutl knockdown impaired cardiomyocyte contractility
(Jiang et al., 2020). Inhibition of Hdac4 with TSA was also shown to induce the
nuclear translocation of GRK4 (G protein-coupled receptor kinase 4) which
phosphorylated Hdac4 and inhibited autophagy and promoted cardiomyocyte
apoptosis (Li et al., 2020). In diabetic cardiomyopathy, overexpression of mir-140-
5p or silencing of Hdac4 rescued cardiomyocyte apoptosis induced by Neatl, a long
noncoding RNA induced by high glucose (Zou et al., 2019).

Additionally, in patients with HF, the reactivation of the foetal gene programme
including ANP and BNP in the left ventricle is indicative of maladaptive cardiac
remodelling. The mechanism behind this process is not fully elucidated. Using
human ventricular myocardium, it was found that increase of ANP and BNP
expression did not occur via an increase in histone acetylation at their promoters. It
was demonstrated that Hdac4 regulates ANP and BNP expression via di and
trimethylation at their promoters, resulting in an increase in expression. In mouse
hearts with cardiomyocyte-specific deletions of Hdac4, this process was reversed
(Hohl et al., 2013).

Class Ila HDACs in general, and HDAC4 in particular has been shown to be play a
role in cardiac hypertrophy (Wei et al., 2017). In response to stress, they HDACs
phosphorylation and nuclear export, relieving their repression of Mef2 transcription
factors (Travers, Hu and McKinsey, 2020).

Cardiac hypertrophy contributes to the overall HF burden. The natural sweetener
isosteviol sodium (STVNa) is known to have pharmacological benefits including
cardioprotection. It was demonstrated that it inhibits myocardial ischaemia-

reperfusion injury via restoring HDAC4 activity in the nucleus. In another study, it
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was shown that preventing MEF2 acetylation prevented hypertrophy in cultured
cardiomyocytes (Wei et al., 2017).

In addition transgenic overexpression of Hdac4 aggravated MIs and myocyte-
specific overexpression of Hdac4 promoted myocardial ischaemia/reperfusion injury
(Zhang et al., 2018). Interestingly, HDAC4 was shown to regulate cardiac
development in postnatal mouse hearts but to drive cardiac dysfunction at 6 months
of age. In infarcted hearts, HDAC4 enhanced cardiac dysfunction, promoted

maladaptive remodelling and increased apoptosis (Zhang et al., 2018).

It is clear that HDAC4 is involved in cardiac development, cardiac response to stress,
hypertrophy and remodelling. It has also been suggested as a potential therapeutic
target in cardiac hypertrophy and vascular inflammation (Kate L Weeks and
Avkiran, 2015; Tarun and Antoniades, 2018; Liu et al., 2020). It is also an important
regulator of TBX5 activity. It is for these reasons that it garnered interest and why it
was chosen for further analysis in this thesis.

3.2 Chapter Aims:

The main aim of this project is to investigate the role of Hdac4 and its involvement
in cardiac differentiation. For this purpose, cellular models lend themselves well. The
objective of the study conducted and reported herein was to compare the
cardiomyocyte differentiation ability of P19CL6 cells compared to murine
embryonic stem cells. That was done to determine the best model for further

analysis.

To analyse the role of Hdac4 in the cardiac differentiation process, | initially
established appropriate differentiation protocols (described in the previous section)
and tested two different treatments on the differentiating cells. The first involved
exposure to 50 nM of Trichostatin A for 7 days and the second was to genetically
modify Hdac4 and observe the consequences of both. Cells were treated with TSA to
examine the general effect of inactivating Class Il HDACs, whereas the
CRISPR/Cas9-mediated knockout would give a more specific idea of the role Hdac4
might play in the differentiation process.

The null hypothesis would predict for there to be no statistically significant

difference in differentiation efficiency between untreated stem cells and TSA-treated
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cells. It would also predict for there to be no difference between wild-type and
Hdac4 knockout cells. The experiments described herein used embryoid bodies to
induce cardiac differentiation, study differentiating cells for the occurrence of
beating and visually analyse beating to investigate a potential role of Hdac4. Due to
its involvement in cardiogenesis in mammalian embryos, one would expect that there

would be a significant difference.

3.3 Results

3.3.1 P19CL6 cells form embryoid bodies

To differentiate P19CL6 cells into cardiomyocytes, the classic hanging drop method
was used, as described in (Smith et al., 1987). Cells were aggregated in the hanging
drops to form EBs. Due to the action of gravity, cells at the bottom of the drop
congregate and form three-dimensional embryoid bodies. Upon culturing using this
method, P19CL6 cells were efficiently able to form three-dimensional embryoid
bodies of uniform sizes. The percentage of EBs formed from hanging drops in all
attempts was 73.0%. Number of hanging drops and corresponding EBs generated is
summarised in Table 3-1. At day 2 EBs were relatively small and grew bigger when
in suspension. Upon plating at day 5, EBs attached to the bottom of the plate and
grew. Epithelial-like cells were seen on the outer edge of the expanding EBs,
forming a ‘halo’. Centre of EBs appeared darker, thicker and necrotic compared to
the rest of the structure. They showed a starkly different morphology compared to
undifferentiated cells (Figure 3-1). Therefore, P19CL6 cells used were capable of

efficiently forming embryoid bodies.
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Figure 3-1. Stages of P19CL6 cell line differentiation involve the formation of
embryoid bodies in hanging drops, then in suspension, followed by plating.
Representative sample of n=1, EBs were imaged throughout. Panels A and B
show embryoid body formation 2 days after hanging drop culture (A) and after
3 days in suspension culture (B), respectively. Panels C-G show the same EB
over the course of differentiation. Panel C shows EB morphology 2 days after

plating at 7 days post-differentiation. Panels D-G show the growth of the EB

and the cells around it, forming a distinct ‘halo’, with image (D) being taken at
day 9, image (E) at day 11. (Fi) and (Fii) show the top and bottom of the EB at
day 13, respectively. (G) shows image of the EB taken at day 14. 100X
magnification. Scale bars = 300 um. EB, embryoid body.

3.3.2 P19CL6 differentiated EBs inefficiently form beating
cardiomyocytes

After plating, the EBs were observed daily to look for pulsating or beating foci.
Beating clusters were observed in 54.5% (n=11) of all experimental attempts. Within
these experimental setups, these beating foci appeared in an average of 36% of
observed plates. The earliest beating onset observed was at day 11 and observed in 2
plates to stop by day 20. Table 3-1 shows beating occurrence and onset from
experiments. Results from these experiments therefore indicated that P19CL6 cells
did not differentiate into cardiomyocytes with the efficiency required for further

studies.

Table 3-1. Summary of P19CL6 differentiation experiment data. EB count data
for experiment 8 is not available. EBs: embryoid body. (Y/N): yes/no.

Number of

hanging Number of | Beating Beating
Experiment drops EBs (Y/N) onset day
1 46 32 N
2 120 91 Y 14
3 239 154 N
4 200 134 Y 11
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5 200 169 Y 11
6 200 146 Y 16
7 232 156 N
8 200 - Y 16
9 200 166 Y 15
10 241 138 N
11 181 171 N

3.3.3 Mouse embryonic stem cells are capable of forming EBs

To compare EB-forming abilities of both cell lines, undifferentiated mESCs were
also cultured in hanging drops to induce cardiogenic differentiation. Those can be
clearly seen in panel B of Figure 3-2. The ability to form EBs is a measure of
‘stemness’ or pluripotency of the cells. Embryonic stem cells used in this project
were able to form embryoid bodies with approximately 60% efficiency. To assess
that, individual hanging drops (with any newly formed EBs) were seeded
individually onto gelatinised 24-well plates. EBs counts were performed for 6
experiments and compared to the number of starting hanging drops. Data collected is
shown in Table 3-2. The data collated showed that the CGRS8 cells used had the

ability to form embryoid bodies.

Table 3-2. Summary of mESCs differentiation experiment data. EB counts were

not performed for experiments 7-9. EBs: embryoid body. (Y/N): yes/no.

Number of Beating onset
Experiment hanging drops | Number of EBs | Beating (Y/N) | day
1 92 20 Y 13
2 96 61 Y 12
3 400 239 Y 10
4 800 347 Y 8
5 397 241 Y 7
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6 312 198 Y 8
7 - - Y 13
8 - - Y 11
9 - - Y 7

For differentiation purposes, hanging drops from Petri dish lids were washed onto 6-
well plates. Each well had approximately 16 EBs. EBs formed as expected, and
looked like small spheres of cells. When plated, the EB centre remains thick and
slightly necrotic. Similarly to P19CL6 EBs, mESC EBs also form epithelial cell-like
outgrowths or ‘halos’. These are apparent even one day after plating at day 5, which
can be seen in panel C of Figure 3-2. Growth of the EBs was closely monitored and
imaged. EB centres remained thicker and more dense that surrounding areas. They
were darker and more necrotic than the halo of cells around it. This change in

appearance is indicative of differentiation.
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Figure 3-2. mESCs form embryoid bodies that when plated, can differentiate
into beating cardiomyocytes. Representative sample of n=1, EBs were imaged
throughout. Days are indicated at the bottom left of each panel, starting with
undifferentiated cells at Day 0 (A). Panel B shows formed embryoid bodies after

2 days of hanging drop culture. For differentiation they were cultured in
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hanging drops for 3 days then plated. Panels C-F show an embryoid body whose
growth was monitored over time. Panel (C) shows the image taken at day 5.
Panel (D) shows the image taken at day 7 and panel E at day 8. (Fi) and (Fii)
show the top and bottom of the embryoid body at 9 days post differentiation.
100X magnification. Scale bars = 300 um. EB, embryoid body.

3.3.4 Embryonic stem cells differentiate into cardiomyocytes more
efficiently

To assess cardiogenic differentiation ability, beating onset was used as a measure of
differentiation. The first day of the observance of a beating focus was noted for every
experiment. Beating was observed as early as day 7 and was seen in 100% of
differentiation experiments. The values were plotted in the graph presented in Figure
3-3. An unpaired t-test analysing the averages indicated a significant difference
between the two cell types, with p=0.0084 (p<0.05). Having an earlier beating onset,
in addition to seeing beating in all experiments led to MESCs being the cell model of

choice for further study.
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Figure 3-3. Mouse embryonic stem cells differentiate into cardiomyocytes
earlier than P19CL6 cells. Initiation of beating was taken as a measure of
differentiation and was plotted for each experiment. The horizontal line on the
graph shows indicates the mean (13.8 for P19s and 9.9 for mESCs). The asterisk

indicates a statistically significant difference between means (p<0.05).
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Beating foci also varied in sizes and strength of contraction between mESCs and
P19CL6s. Beating was easier to visualise with the mESCs and was more robust. It
also lasted for longer and foci kept beating until disposal, as far as day 32. Beating
from differentiated mESCs was photographed and time-lapse videos are shown in
Movies 1-3.

3.3.5 Differentiating mESCs express cardiac markers

After establishing their better differentiation ability, an immunofluorescence assay
was used to probe for and visualise the expression of known pluripotency-associated
factor OCT4, in addition to cardiac markers NKX2.5, TBX5 and sarcomeric marker
a-actinin in mESCs. Nuclei were labelled with Hoechst stain. OCT4 expression was
monitored on days 4, 7 and 15. It showed a consistent decrease in intensity as can be
seen in Figure 3-4. NKX2.5 expression was looked at the same ime points and TBX5
expression was probed at days 7 and 15, shown in Figure 3-5. The expression of
NKX2.5 over time remained high. At day 15, it could be seen that NKX2.5
expression was highest near the centre of the EB and less so towards to outgrowing
halo. The cardiac factor TBX5 was also looked at. Its expression appeared more
widespread at day 7 while being the highest towards the centre at day 15, similarly to
NKX2.5. This suggests that the cells forming the outgrowing halo can may going
down differentiation routes different than cardiac lineages. This fits in with the
observation that beating foci are usually found closer to the centre, in denser areas.
As a marker of beating sarcomeres, the unit of striated muscle, a-actinin expression
was probed (Figure 3-6). It can be seen from the image taken at day 15 that its
expression is consistent with that expected of cardiomyocytes. Organised actinin
filaments can be seen in the image and are indicated with a white arrow. Experiments
with negative controls were not conducted to completely rule out non-specific
staining. The results obtained from immunofluorescence can therefore be described

as suggestive of cardiac differentiation protein marker expression.
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FITC Hoechst Merge

Oct4
Day 4

Oct4
Day 7

Figure 3-4. Immunofluorescence showed the expression of pluripotency
associated marker at start of differentiation procedure. Nuclei were labelled
with Hoechst stains and indicated proteins are labelled in green. Days post
differentiation and proteins are indicated at the left. Oct4 expression was

present at day 4 (A-C) and could still be seen at day 7 (D-F). Scale bars=115 pm.
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FITC Hoechst Merge

Figure 3-5. Cardiac markers were expressed in differentiating stem cells as
indicated by immunofluorescence. Using antibodies against Nkx2.5 and Thx5,
fluorescence was seen at days 4, 5 and 15. Nuclei were labelled with Hoechst
stains and indicated proteins are labelled in green. Days post differentiation and
proteins are indicated at the left. Nkx2.5 expression was present at day 4 (A-C),
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day 7 (D-F) and day 15 (G-1). Tbx5 was also present in differentiating mESCs,
at day 7 (J-L) and day 15 (M-0O). Scale bars A-L= 137 um, M-O = 320 pum.

FITC Hoechst Merge

Alpha-
actinin
Day 15

Figure 3-6. Contractility-associated alpha-actinin protein was expressed in
beating regions of differentiated stem cells. White arrows point to actinin
striations in beating cardiomyocytes (A) and (C). Anit-a-actinin antibody
showed fluorescence at day 15 (A), nuclei were stained with Hoechst (B) and

merged in (C). Scale bars = 235 pum.

3.3.6 Differentiating mESCs express HDAC4 protein

Embryonic stem cells were differentiated as previously described. The expression of
HDAC4 was investigated using immunofluorescence to detect the presence of the
protein, using an anti-HDAC4 antibody. Immunofluorescence assays were conducted
at day 4, day 7, day 15 and day 21 and are shown in Figure 3-7. In general, results
suggested that HDAC4 was expressed steadily at all time points investigated.
Attempts at optimising Western blot experiments to quantify HDAC4 expression
were made but were not successful. It was clear from the images obtained that
HDAC4 was present in the cytoplasm as well as the nucleus, appearing to form a
bright ‘ring’ around it at day 15. Experiments with negative controls were not
performed to rule out non-specific staining or autofluorescence. However, attempts

were made to confirm HDAC4 protein expression using Western blotting.
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FITC Hoechst Merge

Hdac4
Day 4

Hdac4
Day 7

Hdac4
Day 15

Hdac4
Day 21

Figure 3-7. Immunofluorescent staining of HDAC4 expression in differentiating
stem cells indicates its presence throughout differentiation, with higher
expression detected at later stages. (A-C) Show HDAC4 expression at
differentiation day 4. White arrows point to protein cellular location. Scale bars
= 319 um. (D-F) indicate HDAC4 expression at differentiation day 7. Image
taken using 10x objective. Scale bars = 596 um. (G-1) show HDAC4 expression
at differentiation day 15. White arrows point to more visible fluorescence at the
nuclear periphery. Scale bars = 293 um. (J-L) Show expression at
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differentiation day 21. Top white arrow points to cytoplasmic localisation of
Hdac4 and bottom arrow indicates nuclear fluorescence. Scale bars = 64 pum.

3.4 Trichostatin A treatment of differentiating mESCs

3.4.1 TSA treatment affected EB morphology

Having established the baseline expression of Hdac4 in differentiating mgS cells 1
sought to establish the effect of Trichostatin A treatment (wide-scale inhibition of
Class I and Il HDACSs) on the cells and their differentiation ability. 50 nM TSA in
differentiation media treatment was applied on differentiation day 7 for 8 days to day
15 of differentiation (see Figure 2-2). TSA-containing media was changed every 24
hours. Treated cells were observed and imaged every day. Figure 3-8 shows images
taken every day of a single EB for 8 days. Visual inspection of the cells was
conducted. Had time permitted, morphometric analysis of cellular morphology would
have been conducted to quantify the morphological changes. From visual inspection,
it was seen that EB outgrowths spread across a larger area and were thinner. Central
EB structures that are normally dense also were smaller and thinner. Cell debris was
observed in all plates, indicating a degree of cell death caused by drug toxicity.
Therefore, TSA had apparent, promptly visible effects on cell health and appearance.
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Figure 3-8. TSA treatment affects EB morphology. Images of an embryoid body
from differentiating ES cells at the first day of TSA treatment, day 7 in (A) to
day 15 (G). Differentiation day is indicated in the bottom left corner of every
image. Insets in (A) and (C) show untreated mESCs at the same differentiation
day. (C) shows how the EBs display thinner outgrowths while the untreated
cells maintain a more solid core. The inset shows top, middle and bottom of an
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untreated day 10 EB. Scale bars= 300 pm. Images were taken at 100X

magnification.

3.4.2 TSA treatment did not significantly affect beating onset

To investigate the effect of TSA on cardiac differentiation, differentiating EBs were
observed every day for the appearance of beating clusters. Similarly to differentiating
wild-type untreated mESCs, beating foci were present in 100% of experimental
attempts (n=13). The earliest beating onset observed in treated cells was on the same
day as the treatment, day 7. TSA treatment was performed in the morning and
beating was observed in the afternoon. However, there is no indication that TSA
could have greatly accelerated cardiac differentiation. Day 7 was also the earliest day
on which beating was noted for untreated wild-type differentiated mESCs. The first
day beating was observed and plotted for TSA treated cells vs untreated counterparts
that came from the same original flask and underwent the same differentiation
procedure. Beating onset days were recorded and tabulated, the data is presented in
Table 3-3 and the plotted graph is shown in Figure 3-9. While the average start-of-
beating day for TSA-treated cells was 10.15 (n=13) and 11.11 (n=9) for untreated
controls, an unpaired t-test did not indicate a statistically significant difference at the
p<0.05 threshold. Notably, the beating pattern in TSA-treated cells differed from that
seen in wild-type differentiated cells, see Movies 4-6. TSA-treated cells produced
beating foci with a more wave-like form, as compared to the more twitch-like
pulsating beating seen in wild-types. All in all, while TSA affected beating patterns,
it did not significantly lead to earlier beating onset.

Table 3-3. Table of first beating occurrence in TSA-treated differentiating

MESCs and untreated controls.

TSA treated cells Untreated controls

Experiment Beating onset day | Experiment Beating onset day
1 7 1 13

2 11 2 12

3 7 3 13

4 7 4 10

102 Tasabeeh Mohamed - November 2023




Chapter 3: HDAC inhibition and CRISPR/Cas9-mediated knockout in cellular models of cardiac

differentiation

5 8 5 11
6 8 6 14
7 11 7 10
8 10 8 7
9 12 9 10
10 12
11 12
12 12
13 15
TSA treatment vs untreated
201 ns
o 1 1
£
-g 15+ ° u
2 .o. EEENR
[res | N |
© 104 'YX —_—
>
© am
o ° EEm
@ 51
i
0 1 L}
\“b *@b
? P
& 8

o(‘

Figure 3-9. TSA treatment did not significantly affect beating onset. The graph

shows a scatter plot of first day of beating observed for each experiment (N=9

for untreated controls and n=13 for TSA treated cells). The horizontal lines

indicate the mean.

3.5 CRISPR/Cas9-mediated knockout of Hdac4

3.5.1 Target site design
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To knockout Hdac4 in mESCs, CRISPR/Cas9 technology was employed. First, to
find appropriate target sites in the Hdac4 gene, online predictor CRISPOR was used.
Upon inputting Hdac4 sequence, a list of potential guide RNAs was generated,
shown in Table 3-4. These guide RNAs were then synthesised by in vitro
transcription to test for Cas9 cleavage in vitro.

Table 3-4. List of target sites generated by CRISPOR, their sequences, PAM

sequences and locations on Hdac4 mouse gene.

Guide name Sequence PAM Location
sgRNA7 CGTACATTCCCAAGACGGGG TGG Exon 7
sgRNAS8 GGGCGAGGTGCTCAGGTACG GGG Exon 11
sgRNA9 TGAGAGGATTTGTGCCGTAG AGG Exon 16
sgRNA10 GAATGAGGTGCACTCGTCTG GGG Exon 18
sgRNA11 CCCATCGTCATAGCGGTGCA GGG Exon 21
sgRNA12 TTTGACGCCTACAGACAGCG AGG Exon 26

3.5.2 Guide RNA quality check

To check if Cas9 can drive cleavage at these target sites, the guide RNAs were
synthesised via in vitro transcription. Resultant RNAs the guide RNAs were assessed
for their size and integrity using an Agilent BioAnalyzer, expected size is
approximately 90 bp. Good quality RNA results in defined bands and the absence of
smearing. In Figure 3-10 resulting from the analysis, SgRNA10 was chosen for
downstream analysis. The electrophoretogram traces in panel A show that sgRNA10
had a defined peak at the expected size. It had produced the most distinct band at the
expected size and no smearing as seen in panel B, the band seen at >150 bp is likely
from secondary RNA structures. These samples were run against an RNA ladder
with the marker bands shown in the leftmost lane in panel B and the
electrophoretogram trace in panel C. Figure 3-11 shows the location of the selected
guide and the PAM sequence in exon 18 of Hdac4. The figure also shows the exon

translation.
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Figure 3-10. BioAnalyzer check of RNA integrity showed that sgRNA10 was of
the best relative quality, with no degradation. (A) Electrophoretogram traces of
all samples show several peaks at different sizes, while sRNA10 resulted in a
peak at the expected ~90 bp. (B) The samples were run against the
manufacturer provided ladder with approximate sizes shown on the left,
SgRNAI10 resulted in the most distinct band at ~90 bp. (C) Shows the peaks
expected corresponding to the ladder.
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Figure 3-11. The selected target site is located in exon 18 of the Hdac4 gene.
Exon 18 sequence is highlighted in blue with target sequence indicated in red
box. Green box indicates the PAM sequence. Image taken from Benchling.com

3.5.3 Chosen guide RNA site is able to drive cleavage

To test the ability of the guide RNA to drive cleavage, it was tested in vitro. A ~750
bp fragment was generated from genomic DNA that contains the potential target site.
Figure 3-12, panel A shows the location of the target site in exon 18 of Hdac4. The
PCR fragment was incubated with Cas9 protein and the guide RNA at 37°C. The
protein was then digested with proteinase k and the resulting reaction run on a 2%
agarose gel. Figure 3-12 shows that this guide RNA was able to drive Cas9 to cleave
the DNA fragment at the predicted target site. This is evident in the presence of two
smaller bands than the whole fragment. This experiment demonstrated the efficiency
of the chosen guide RNA to drive Cas9-mediated cleavage at the genomic target site.
Figure 3-13 is a schematic depiction of the process during the reaction. Since the
reaction is carried out in vitro, the absence of any repair mechanism results in the
appearance of two separate bands. These bands appeared at approximately ~200 and
~400 bp. Later investigations showed that this guide RNA is capable of driving a
large deletion of ~221 bp. The bands are likely to be results of smaller DNA
fragments that were present as a result. The wild-type copy can also be seen in Lane
1 (see Figure 3-12).
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Figure 3-12. Selected gRNA 10 can drive Cas9-mediated cleavage at the
genomic target site. Gel image shows result of the in vitro assay testing the
efficacy of the guide RNA. Lane 1 shows the result of running the reaction
including all components, with bands appearing at ~200 and ~400 bp. Lanes 2-4
are negative controls. 2: in vitro cleavage reaction without guide RNA. 3: in vitro

cleavage reaction without Cas9 enzyme. 4: PCR template only.
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Guide Double strand Appearance of two cleaved
RNA-mediated break at target bands on gel, in addition to
cleavage at target site original sized template

site

Figure 3-13. Cleavage by Cas9 enzyme at the target site in the genome leads to a

double strand break. The two strands then appear as two bands on the agarose

gel.

3.5.4 Selection of hygromyocin- resistant colonies
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To perform CRISPR/Cas9-mediated knockout of Hdac4, a mammalian expression
vector containing Cas9 mRNA, guide sequence and selectable markers was designed
and purchased from Vector Builder. The vector contained a hygromycin B resistance
gene to use as a selectable marker in cells after transfection. Prior to nucleofection,
stem cells were treated with different concentrations of hygromycin B to discern the
least concentration needed to kill all cells in 2 weeks. That was determined to be 100

ug/ml.

The vector was electroporated into cells and after recovery, they were propagated in
selection media for 15 days. Plates were observed every day and on day 15, colonies
that were at least one field-of-view apart were picked using cloning rings. These
were expanded and their DNA extracted and PCR amplified using the primer pair
“Hdac4 SG10 700 F” and “Hdac4 SG10 700 R”, shown in Figure 3-14.
Amplification from colony A6 was attempted twice and was not successful. On the
whole, for all other colonies, the Cas9-mediated cleavage had not affected primer

binding sites and PCR amplicons were obtained successfully.

100 bp
ladder

AA A5 A6 B3 B4 Ci1 C2 C4 C5 WT

oo PRI LT L 1T T

B 100 bp ladder

A6

600 bp ——

Figure 3-14. 700-800 bp fragments of genomic DNA were amplified for each
colony. Attempts at amplifying DNA from colony A6 were not successful. (A)
and (B) show gel images obtained from PCR amplification using the primer pair
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“Hdac4 _SG10 700 F” and “Hdac4 SG10 700 _R”. Lanes are labelled with the
name of the colony. WT: wild-type.

Hdac4 sequence was compared in the DNA from the obtained colonies. Several
clones showed a variety of mutations occurring near the target site. Of the colonies
analysed with alignments shown in Figure 3-15, 5 samples showed deletions of
different sizes, from a single base to a 221-base pair deletion in one of the colonies.
Therefore, genome editing had successfully occurred for at least one allele for each

of the colonies sequenced.
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Chapter 3: HDAC inhibition and CRISPR/Cas9-mediated knockout in cellular models of cardiac
differentiation

3.5.5 Survival of cells harbouring Hdac4 mutations

The sequencing readouts showed the guide RNA could drive Cas9-mediated
cleavage in or near the target site. From the alignments shown in Figure 3-15, it is
evident that more than one type of mutation was randomly introduced. Cas9 cleavage
can be repaired in cells by homology directed repair (HDR) or non-homologous end
joining (NHEJ). Since no repair template was provided, the error-prone NHEJ

pathway would have been used, introducing random mutations that varied in size.

To see if these mutations affected cell survival, the cells were expanded in small
flasks and into large flasks when they reached confluence. Figure 3-16 shows
photographs taken of 5 of the expanded colonies. They did not show a significant
decrease in viability. However, a notable amount of cell debris was obvious in C1
and C2, with most in C1. Despite their apparent ability to grow, divide and reach
confluence along the same timeline as other mutants and wild-types, cell-debris was
often a common sight, suggesting apoptosis or cell death. Compared to wild-type
mESCs, mutated mESCs showed less of the characteristic dome-shaped colonies.
Raised, dome-shaped colonies were rarely seen as most cell colonies were flattened
and appeared ‘epithelial-like’. Other colonies can be described as having

intermediate phenotypes (see Figure 3-16).
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Figure 3-16. Knockout mESCs exhibit a decrease in raised, dome-like
morphology. Images show mutant colonies upon expansion. Their morphologies
were different to wild-types and excessive cell debris can be seen in C1. Scale

bars = 300 um.

3.5.6 Characterisation of the mutation in cell line B5

The colony B5 was chosen for further analysis and characterisation due to it
containing the largest deletion of those investigated. From the alignment in Figure
3-15 it can be seen that there is a 221-base pair deletion in colony B5. Two more
pairs of primers were designed, going further out from the target site in either
direction, namely Hdac4 1000 F, Hdac4 1000 R, Hdac4 1600 F and
Hdac4_1600_R. These products were run on a 1.5% agarose gel shown in Figure
3-17 and subject to Sanger sequencing, an illustration of the primers relative to the
target site is shown in Figure 3-18. Two bands would be expected to show on the gel
in the case of a heterozygous mutation. However, only one allele is apparent. The
size of the second allele, therefore, warrants further analysis as an identical
homozygous deletion of this size is unlikely. These products were also aligned with
wild-type controls and those results are shown in Figure 3-19. Sanger sequencing of
DNA extracted from cells and subsequent alignment showed a consistent deletion
size of 221 base pairs with all primers used. The results therefore indicate that this

deletion took place in at least one allele of the Hdac4 gene.
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1kb
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Figure 3-17. DNA extracted from colony B5 shows a ~220-bp deletion when
compared to wild-type. Panel A shows products using primers
Hdac4 SG10 700 F and Hdac4 SG10_700_R. Panels B shows products using
primers Hdac4 1000 F and Hdac4 1000 _R. Panel C show products obtained
when using primers Hdac4 1000 _F and Hdac4 1600 R. In all cases, a ~220-bp
difference in size can be clearly seen. Panel D shows the sequence trace obtained
when sequencing using Hdac4 SG10_700_F and Hdac4_SG10 _700_R with the
PAM sequence highlighted. In all gel images, the type of ladder used is
indicated, as well as the size of the band closest to the product. WT: wild-type.
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GGGAGGGCACTTGATTTTTGCTAGGGCTCAGTGTGCTGGGACAGTTGCTGTCTGGTTCAGTAAACATCCTGTGGGTCAGACAACTACATAAGTAGGAGGCTGCAAGG
CCCTCCCGTGAACTAAAAACGATCCCGAGTCACACGACCCTGTCAACGACAGACCAAGTCATTTGTAGGACACCCAGTCTGTTGATGTATTCATCCTCCGACGTTCC

[ sGle_1eee F -

T T T T T T T T T T
217,560 217,57@ 217,580 217,598 217,600 217,610 217,620 217,630 217,640 217,650

TTCACATTGCATTGGCTTTAAAGATCTGCCATATGCCAACACTAACACAGGTCAGAGAAGTATCAAGTTTCTCACAAAGATCACAAAATACTCTCTTTCGACTCTGT
AAGTGTAACGTAACCGAAATTTCTAGACGGTATACGGTTGTGATTGTGTCCAGTCTCTTCATAGTTCAAAGAGTGTTTCTAGTGTTTTATGAGAGAAAGCTGAGACA
b N
=

T T T T T T
217,670 217,680 217,690 217,700 217,71@ 217,720 217,730 217,740 217,750 217,760

CTTATCCCAGTGTCTCTCCATCAGTTTACACTGTTGTAACTCAGGTGTGAATCCAGCAGCCATTAAAAGGTCTCATTTTAATTTTAATACTGCTGATACTGAGGAGA
GAATAGGGTCACAGAGAGGTAGTCAAATGTGACAACATTGAGTCCACACTTAGGTCGTCGGTAATTTTCCAGAGTAAAATTAAAATTATGACGACTATGACTCCTCT

I T T I I T T
217,780 217,79 2171300 217,810 217,820 217,830 217,840 217,85@ 217,860 217,87@

TGGGCCACATGAACAAAACCTTGCTAGGCTCCTCAGCCACTGGGAAGGTTAGAGGGCTCTACAGATCCATCACAGAATGTGAACAACGCATTTTTCACAGCACGGGA
ACCCGGTGTACTTGTTTTGGAACGATCCGAGGAGTCGGTGACCCTTCCAATCTCCCGAGATGTCTAGGTAGTGTCTTACACTTGTTGCGTAAAAAGTGTCGTGCCCT

SG10_700_F >

| | I I I
217,880 217,890 217,900 217,910 217,920 217,930 217,940 217,950 217,960 217,970 217,980

ATGACCACATCATCCTGGACAGGAGCTTCCTCACAGAGGGCAAAGGGCAGTGGGCAGACTTCCTCGTGTGGCCTAGCTCCACGATGCTGACTGACCTTTAGCTCTCC
TACTGGTGTAGTAGGACCTGTCCTCGAAGGAGTGTCTCCCGTTTCCCGTCACCCGTCTGAAGGAGCACACCGGATCGAGGTGCTACGACTGACTGGAAATCGAGAGG

T T T I
217,990 218,000 218,010 218,020 218,030 218,040 218,050 218,060 218,070 218,080

CGTGGCCACCTTGAAGACCAGCTCCACTACACAGCCTACAGCCAGGCGGGCTGCCCCAGACGAGTGCACCTCATTCCATATGGTGTCGCTATCCACCTGTGGAGAAA
GCACCGGTGGAACTTCTGGTCGAGGTGATGTGTCGGATGTCGGTCCGCCCGACGGGGTCTGCTCACGTGGAGTAAGGTATACCACAGCGATAGGTGGACACCTCTTT

[T Target site |
3« Hdac4-001 Exon 18 ]

T T T T T
218,100 218,110 218,120 218,130 218,140 218,150 218,160 218,170 218,180 218,190

ACACTCCTCCAGTGAGCCACATCCTGTGTCACTATCACTGCTGTCACACATTTCTTTTTGAGATGTGCCAAATAGTAAACACACAAATAAAAGCAAATGACCAGAAA
TGTGAGGAGGTCACTCGGTGTAGGACACAGTGATAGTGACGACAGTGTGTAAAGAAAAACTCTACACGGTTTATCATTTGTGTGTTTATTTTCGTTTACTGGTCTTT

T T T T T T T
218,200 218,210 218,220 218,230 218,240 218,250 218,260 218,270 218,280 218,290 218,300

TATCATGTTGTACCCACCAGTAACCCTTTCCTTTTAACTTGCTCTAACAGACCTGGGCTGACAGTGAGCATCCTAACCTACTGACTCCCTTACCATGCAAAGTGGAA
ATAGTACAACATGGGTGGTCATTGGGAAAGGAAAATTGAACGAGATTGTCTGGACCCGACTGTCACTCGTAGGATTGGATGACTGAGGGAATGGTACGTTTCACCTT

T T T
218,310 218,320 218,330 218,340 218,350 218,360 218,370 218,380 218,3%0 218,400
CTGGAGCTAAGAGTTATGCTAACAATCAGAAAATGAAACGGAACAGAAACTATAATGAGTGGTTCTATTATGCGTAGAATTTAACTGCAAGCCTACTAAGGACTGAG
GACCTCGATTCTCAATACGATTGTTAGTCTTTTACTTTGCCTTGTCTTTGATATTACTCACCAAGATAATACGCATCTTAAATTGACGTTCGGATGATTCCTGACTC
T I T T T T T I
218,420 218,430 218,440 218,450 218,460 218,470 218,480 218,490 218,500 218,510

AGTAGTTACATGAGACCAGGACACAAGGCGTAAAAACGAACTCTTAGGTCTGTCCCAGGTAACAGAAAGGTGGCCTGTTAGCTTCCACTCAAAACAGAAAGCAGGGC
TCATCAATGTACTCTGGTCCTGTGTTCCGCATTTTTGCTTGAGAATCCAGACAGGGTCCATTGTCTTTCCACCGGACAATCGAAGGTGAGTTTTGTCTTTCGTCCCG

T I T T I T T I T T
218,520 218,530 218,540 218,550 218,560 218,570 218,580 218,59 218,600 218,610 218,620

CAACCATTTGTCTTACTGGCTTGGGCAAAGGAGAACACATTACCATTCTTTAAAATCACATTGGTATGTGTGTCCATGTGTGCACTTGCACATGTGTGTGTGTCCGT
GTTGGTAAACAGAATGACCGAACCCGTTTCCTCTTGTGTAATGGTAAGAAATTTTAGTGTAACCATACACACAGGTACACACGTGAACGTGTACACACACACAGGCA

3 < SG_1000 R -

T T T I I T I T
218,630 218,640 218,650 218,660 218,670 218,680 218,690 218,700 218,710 218,720

GTGTATACCTTCATCACCATCTGCTAACTGATACTGATCATCAGTAGAGAGGGAACAACTCTTTCCAGCTTTCCACAAGCTTCACTCTCAGAAATAGATGATTTAAA
CACATATGGAAGTAGTGGTAGACGATTGACTATGACTAGTAGTCATCTCTCCCTTGTTGAGAAAGGTCGAAAGGTGTTCGAAGTGAGAGTCTTTATCTACTAAATTT

3«7]

T T T T T T T T
218,740 218,750 218,760 218,770 218,780 218,790 218,800 218,810 218,820 218,830
CCTCTTTTATATGGGTGAAGACATTGCTGAGGTGGGTACCAAGCATGGGCTATATTCTTTAAATAGTTCTCAAATGTTAAAGGAATGCCTGAGAGGCATCACTATTC
GGAGAAAATATACCCACTTCTGTAACGACTCCACCCATGGTTCGTACCCGATATAAGAAATTTATCAAGAGTTTACAATTTCCTTACGGACTCTCCGTAGTGATAAG
T T T T | T I
218,850 218,860 218,87e 218,880 218,89 218,900 218,910 218,920 218,930 218,940
AAAGCCGAGACCCTGGCTTGTAGTCCTGTGCAGACCAGCTCTGGCTGGAGAATCACATCTTTACTATTGGCTCATTATAATATCAAAGGTGACAGACAGTGCAGCAG
TTTCGGCTCTGGGACCGAACATCAGGACACGTCTGGTCGAGACCGACCTCTTAGTGTAGAAATGATAACCGAGTAATATTATAGTTTCCACTGTCTGTCACGTCGTC
T T T T T T T T T
218,950 218,960 218,970 218,980 218,990 219,000 219,010 219,020 219,030 219,040 219,050
ACATTACCAGCTGCCTTGTGACCCCCAGGGGGCAGCAGTGTCCTAGGCGGCCCAGCAGTGTCCAGGCCAGGCTGGAGGCTATAAGCTCAGTGATCATTTCCTTCCCA
TGTAATGGTCGACGGAACACTGGGGGTCCCCCGTCGTCACAGGATCCGCCGGGTCGTCACAGGTCCGGTCCGACCTCCGATATTCGAGTCACTAGTAAAGGAAGGGT
I | I
219,060 219,070 219,080 219,090 219,100 219,110 219,120 219,130 219,140 219,150

TGTGTGAAGAAAAAGCCTAGCTTTATTTTATTTTTTTCTTTGTACTTTTTTGGTGGCTGGAGAGACAGCCATGGGTTCTGGGAACTTAACTCTTATGTTTTTGGTTG
ACACACTTCTTTTTCGGATCGAAATAAAATAAAAAAAGAAACATGAAAAAACCACCGACCTCTCTGTCGGTACCCAAGACCCTTGAATTGAGAATACAAAAACCAAC

==

T I T T I T T
219,170 219,180 219,190 219,200 219,210 219,220 219,230 219,240 219,250 219,260
TGAGCCTAGCCTTTAAGGATGGAGTCATCTCTCCA

ACTCGGATCGGAAATTCCTACCTCAGTAGAGAGGT
SESGIL.. R

219,270 219,280 219,29
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differentiation
Figure 3-18 An illustration of the relative locations of the primer pairs used
relative to the genomic target site and their orientations. Hdac4 exons are
located on the complement strand and exon 18 is marked with a sky blue arrow.
The target site is marked with a pink rectangle and the PAM sequence is
marked with a green box. Grey arrows indicate Hdac4 1000_F and
Hdac4 1000 R. Hdac4_SG10_700_F and Hdac4 SG10_700_R are marked by

orange arrows. Brown arrow indicates Hdac4 1600 R.
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A wT AACAACGCATTTTTCACAGCACGGGAATGACCACATCATCCTGGACAGGAGC TTCCTCAC
BS AACAACGCATTTTTCACAGCACGGGAATGACCACATCATCC TGGACAGGAGC TTCCTCAC
W ¥ ¥ e W W Ve W Y T Y e W T T N N B N S S R R R R R R R R R R R R R RN RN
wT AGAGGGCAAAGGGCAGTGGGCAGACTTCCTCGTGTGGCC TAGCTCCACGATGCTGACTGA
BS AGAGGGCAAAGGGCAGTGGGCAGACTTCCTCGTGTGGCC TAGCTCCACGATGCTGACTGA
e Ve ¥ Ve Ve Ve ¥ W Ve e e Ve Ve e Ve W e e Ve Ve e Ve Ve e e e Ve e Ve Ve Y e Ve e e e e W e Ve e e e e e e e e e Ve e e e Ve Ve e Ve Ve e v
wWT CCTTTAGCTCTCCCGTGGCCACCTTGAAGACCAGC TCCAC TACACAGCC TACAGCCAGGC
BS CCTTTAGCTCTCCCGTGGCCACC TTGAAGACCAGC TCCAC TACACAGCCTAC————————
W ¥ e e Ve ¥ S N e e N e S N Ve ¥ N e e N S e S e e v S e Y Ve s s Ve e e ¥ W e Y Ve e Y B B e e e e Ve e e
wT GGGCTGCCCCAGACGAGTGCACCTCATTCCATATGGTGTCGCTATCCACCTGTGGAGAAA
B5 = e
wT ACACTCCTCCAGTGAGCCACATCCTGTGTCACTATCACTGCTGTCACACATTTCTTTTTG
BS = e e
Wt AGATGTGCCAAATAGTAAACACACAAATAAAAGCAAATGACCAGAAATATCATGTTGTAC
B5 = e
wWT CCACCAGTAACCCTTTCCTTTTAACTTGCTCTAACAGACCTGGGC TGACAGTGAGCATCC
BS = mmmmmm e AGCCAGGCGGGCTGCCTGTGAGCATCC

VRN W HRRRRRRRRR

wT TAACCTACTGACTCCCTTACCATGCAAAGTGGAACTGGAGCTAAGAGTTATGCTAACAAT
BS TAACCTACTGACTCCCTTACCATGCAAAGTGGAACTGGAGCTAAGAGTTATGCTAACAAT

e Ve Ve Ve e Y Ve Ve Ve Ve Ve Ve Fe Ve Ve Fe Fe Ve Fe Ve T Ve Ve Fe Ve Ve Ve Ve Ve Ve Ve Fe Ve Ve Fe R Ve Ve Ve Fe Ve Ve Ve Fe Ve Ve Fe ¥ e Ve ¥e Ve Ve Ve Ve ¥ ¥ Ve ¥
wT CAGAAAATGAAACGGAACAGAAACTATAATGAGTGGTTCTATTATGCGTAGAATTTAACT
BS CAGAAAATGAAACGGAACAGAAACTATAATGAGTGGTTCTATTATGCGTAGAATTTAACT

e e Ve ¥ Ve ¥ B e S S e e e ¥ W Ve Ve NV Ve YV Y Ve Ve VY Y S B WY S S S e W e YV YV S N NS T TR

_F GGGAATGACCACATCATCCTGGACAGGAGC TTCC TCACAGAGGGCAAAGGGCAGTGGGCA

B5_F GGGAATGACCACATCATCC TGGACAGGAGC TTCCTCACAGAGGGCAAAGGGCAGTGGGCA

LA 2 2 2 2 2 2 2 2 2 2.2 2 2.2 2.2 2 2 2 2 2.2 2 2 2. 2.2 2 2.2 2.2 2. 2.2 2 2.2 2.2 2. 2.2 2.2 2. 2.2 2. 2.2 2.2 222224

WT_F GACTTCCTCGTGTGGCCTAGC TCCACGATGC TGACTGACCTTTAGC TCTCCCGTGGCCAC

B5_F GACTTCCTCGTGTGGCC TAGC TCCACGATGC TGACTGACCTTTAGC TCTCCCGTGGCCAC

LA R 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2.2 2.2 222 22 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2.2 22 2 2 24

WT_F CTTGAAGACCAGC TCCACTACACAGCC TACAGCCAGGCGGGC TGCCCCAGACGAGTGCAC

B5_F CTTGAAGACCAGCTCCACTACACAGCC TACAGCCAGGC GGG TGCCTGTGAGCATCCTAA
LA 2 2 2 2.2 2.2 2 2 2 2.2 2 2.2 2 2.2 2. 2 2 2.2 2 2 2. 3. 2 2. 2.2 2. 2.2 2.2 2. 2.2 222 2.4

WT_F CTCATTCCATATGGTGTCGC TATCCACC TGTGGAGAAAACAC TCCTCCAGTGAGCCACAT

B5_F CCTACT == === mm e e e e e ee

L

WT_F CCTGTGTCACTATCACTGCTGTCACACATTTCTTTTTGAGATGTGCCAAATAGTAAACAC

BS5_F e e

WT_F ACAAATAAAAGCAAATGACCAGAAATATCATGTTGTACCCACCAGTAACCCTTTCCTTTT

B5_F =

WT_F AACTTGCTCTAACAGACCTGGGC TGACAGTGAGCATCCTAACCTACTGACTCCCTTACCA

B5_F mmmmmm e GACTCCCTTACCA

W e Ve e e e Ve e T e e Ve

WT_F TGCAAAGTGGAACTGGAGC TAAGAGTTATGC TAACAATCAGAAAATGAAACGGAACAGAA

B5_F TGCAAAGTGGAAC TGGAGC TAAGAGTTATGC TAACAATCAGAAAATGAAACGGAACAGAA

e P Fe Ve Fe Fe Ve e e Fe Fe Fe Fe Fe Fe Fe Fe Fe e e e Fe Fe Fe Fe Fe Fe T Fe e e T Fe Ve Fe T Fe Fe e e Ve Fe T Fe Yo Fe Fe Fe Fe e e e Fe Y Se ve ve v ve v

WT_F ACTATAATGAGTGGTTCTATTATGCGTAGAATTTAACTGCAAGCCTACTAAAGGACTGAG

B5_F ACTATAATGAGTGGTTC TATTATGCGTAGAATTTAAC TGCAAGCC TACTA-AGGACTGAG

L2222 22 2 22 2 222 222222222222 2222222222222 22222222 2 2 2 -2 22 222223

WT_F AGTAGTTACATGAGACCAGGACACAAGGCGTAAAAACGAACTCTTAGGTCTGTCCCAGT -

B5_F AGTAGTTACATGAGACCAGGACACAAGGCGTAAAAACGAACTCTTAGGTCTGTCCCAGGT

W P B Fe Ve Ve R T VT T B Fe T TR FEFEOT T VTR T FETE T T Ve Ve T T T Ve T T TR TR TR Ve Ve T T T T T T e R

C—

WT_F TGGGCAGACTTCCTCGTGTGGCCTAGCTCCACGATGCTGACTGACCTTTAGCTCTCCCGT
BS_F TGGGCAGACTTCCTCGTGTGGCCTAGCTCCACGATGCTGACTGACCTTTAGCTCTCCCGT
WV Y Ve e e e e e e Ve e Ve e Ve e e e e Ve R Ve e Ve e Ve e e e e Ve e Ve e e e e e e e e e e Ve e e e e e e e e e e e e e e e v

WT_F GGCCACCTTGAAGACCAGC TCCACTACACAGCC TACAGCCAGGCGGGC TGCCCCAGACGA
BS_F GGCCACCTTGAAGACCAGC TCCACTACACAGCC TACAGCCAGGCGGGCTGCCTGTGAGCA
W Ve e Y e Ve e e e e Ve e Ve e e e e e W Ve e e e e e Ve e e e e e e Y s Y e e e e e e e e v e v e e v e ve st ¥ ¥ %

WT_F GTGCACCTCATTCCATATGGTGTCGCTATCCACCTGTGGAGAAAACACTCCTCCAGTGAG
BS_F o 7. o o A R

,

WT_F CCACATCCTGTGTCACTATCACTGCTGTCACACATTTCTTTTTGAGATGTGCCAAATAGT
BRSO
WT_F AAACACACAAATAAAAGCAAATGACCAGAAATATCATGTTGTACCCACCAGTAACCCTTT
B e e
WT_F CCTTTTAACTTGCTCTAACAGACCTGGGC TGACAGTGAGCATCCTAACCTACTGACTCCC
BS_F mmmmmmmmmm e TACTGACTCCC
W e ¥ R e Ve Ve Ve e e

WT_F TTACCATGCAAAGTGGAAC TGGAGC TAAGAGTTATGC TAACAATCAGAAAATGAAACGGA
BS_F TTACCATGCAAAGTGGAAC TGGAGC TAAGAGTTATGC TAACAATCAGAAAATGAAACGGA
WV e Ve e e Ve e e Ve N Ve e Ve Ve e Ve e Ve B e Ve Ve W Ve e e Ve B Ve e e e e e e e e e e e e e e e e e e e e e e e e e e e e

WT_F ACAGAAACTATAATGAGTGGTTCTATTATGCGTAGAATTTAAC TGCAAGCC TACTAAGGA
BS_F ACAGAAACTATAATGAGTGGTTCTATTATGCGTAGAATTTAACTGCAAGCCTACTAAGGA
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differentiation

Figure 3-19. Sequence alignments of DNA extracted from wild-type and mutant
cells using different primers pairs consistently shows 221-bp deletion. Panel A
shows products using primer Hdac4 SG10 700 _F for sequencing. Panels B
shows products using primer Hdac4 1000 _F for sequencing. Panel C shows
products using primer Hdac4_1600_F for sequencing. In all 3 alignments, a 221-
bp deletion can be seen.

Upon closer inspection, it was found that the deleted segment was located in intronic
DNA. The sequence below is the deleted portion as deduced from sequence
alignment with wild-type; intronic sequence is in lowercase and exonic sequence is

in uppercase letters:

ggttaggatgctcactgtcagcccaggtctgttagagcaagttaaaaggaaagggttactggtgggtacaacatgatatttc
tggtcatttgcttttatttgtgtgtttactatttggcacatctcaaaaagaaatgtgtgacagcagtgatagtgacacaggatgtg
gctcactggaggagtgttttctccacagGTGGATAGCGACACCATATGGAATG

25 bases were deleted from exon 18. The deletion led to an out of frame mutation
resulting in a smaller protein as predicted by SnapGene software. It is in the HDAC
catalytic domain. The 25 nucleotides removed from the exon lead to a frameshift
mutation and the introduction of a premature stop codon (TAG) in the sequence 33

bases after the deletion.

The original gene size is 8100 bp, produces a predicted protein of 1076 amino acids
with a molecular weight of ~130 kDa. Prior to translation, introns are spliced out.
Panel A of Figure 3-20 shows normal splicing and translation around exon 18, the
location of the target site, which translates to amino acids in the catalytic domain of
Hdac4. The target site in exon 18 was located at a splice site and the resultant protein
would likely have been truncated (panel B of Figure 3-20). The predicted protein is
858 amino acids with a molecular weight of 94.8 kDa. Figure 3-20 below shows a
diagram of the mouse Hdac4 protein, indicating the predicted mutation site and the

possible consequent truncated protein.
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A
Intron 17 Intron 18 Intron 19 Intron 20
Exon 17 =% Exon 18 =" Exan 19 b= — 5 Eyon 20 < — Pre-mRNA
Exon 17 > Exon18 >Exon 19> Exon 20 Spliced mRNA
MEF2- . )
binding T !
domain 244 279 648 751 802 950 1051
NLS ZBD Catalytic domain NES} Translated protein
1 1
HDAC
domain
B
Intron 17 * Intron 18 Intren 19 Intron 20
Exon 17 == Exan 18 == Exon 19 "5 Exon 20 = Pre-mRNA
Exon 17 > Exon 19 >Exon 20 Spliced mRNA,
with exon 18
skipped
MEF2- Cleavage site
binding 244 279 648 751 . 802 950 1051
domain *
NLY ZBD Catalytic domain NES
| ]
HDAC
domain
MEF2-
b|ndm»g 244 279 648 751 802 858
domain
Translated,
NLS] ZBD truncated
protein

Figure 3-20. Cleavage at the target site is predicted to result in a truncated
protein. (A) Shows the structure of pre-mRNA including introns. These are
spliced out and exons are joined to produce mRNA which is then translated
into the protein. Exon 18 translates to amino acids within Hdac4’s catalytic
domain. Other protein domains are shown. (B) Depicts the potential
consequence of introducing a premature stop codon in exon 18 (red spark).
Being near a splite site, the translated protein would be expected to be
tuncated. The cleavage site is shown relevant to the protein domains. Numbers
indicate amino acid number. NLS, nuclear localisation site ; ZBD, zinc-binding
domain; NES, nuclear export signal. This schematic is intended to be

illustrative and is not to-scale. Created with Biorender.com.
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3.5.7 Western Blot to confirm the presence of a truncated protein.

A Western blot was performed to confirm that the Hdac4 mutation at the gene level
had any consequences on the protein product, Figure 3-21 (A). 50 pg of protein
lysate were loaded onto a SDS-PAGE gel and transferred to a PVC membrane which
was then probed with an anti-HDAC4 antibody. Attempts to optimise the protocol
did not succeed and the image below is the clearest result obtained. In the wild-type
lane, a faint band near the 130 kDa mark was seen, indicated with a white oval in
Figure 3-21 A. Expected HDAC4 size is 140 kDa. It cannot be concluded with
absolute certainty that this is HDACA4. In the B5 lane, a faint smaller band near the
100 kDa was seen, however the lane contained several non-specific bands as well.

GAPDH was used as a loading control. The result from the Western therefore is not

conclusive.
A B5 WT Marker
HDAC4 130 kDa
100 kDa
B
37 kDa

GAPDH

Figure 3-21 . Western Blot result using anti-HDAC4 antibody was not
conclusive. Panel (A) shows results from running whole cell lysates from B5
undifferentiated cells as well as wild-type undifferentiated cells and probing the
membrane using an anti-HDAC4 antibody. Faint bands can be seen in the B5
lane but not in the wild-type. (B) shows results obtained from probing the

membrane using an anti-GAPDH antibody as control.
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3.5.8 Differentiation of the B5 mutant line.

To investigate if Hdac4 played a role in cardiogenesis, B5 mutant cells were
differentiated as previously. After expansion of the colony, cells were cultured in
hanging drops for 3 days followed by plating. In their undifferentiated state, there
was a decrease in the number of dome-shaped, raised colonies usually seen shown in
Figure 3-16. Flatter colonies were seen and suggested that the cells may be
differentiating. Interestingly, upon hanging drop differentiation, the cells appeared to
resemble TSA-treated cells in their morphology, as indicated by visual inspection.
Cells appeared thinner, flatter and more elongated with a less dense centre.

Photographs of differentiating B5 cells were taken and are shown in Figure 3-22.
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Figure 3-22. Colony B5 mESCs are able to differentiate via EBs. The cells were
taken through the same differentiation procedure as previously described and
EBs were monitored and photographed at the days indicated on the bottom left
of each panel. Scale bars = 300 um. Images taken at 100X magnification.

Beating foci were smaller than wild-types and shared a similar beating pattern to
those treated with TSA. Day of beating onset was noted and plotted for all
experimental replicates (n=32), shown in Figure 3-23. Comparison to beating onset
in wild-types did not show a significant difference, though beating occurred later on
average (day 12.13 compared to day 11.11 in wild-types) as indicated by an unpaired
t-test. Beating time-lapse images of Hdac4 KOs were taken and are shown in Movies
7-9.
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Figure 3-23. Hdac4 knockout did not significantly affect beating onset. The
graph shows a scatter plot of earliest beating detected for wild-type controls and

B5 colony knockout. The horizontal line shows the mean. N= 32 for each group.

3.5.9 Beating analysis and comparison of differentiated wild-types,
TSA-treated and Hdac4 knockout cells

To better quantify the beating seen in the cardiomyocytes generated. A Macro named
“MYOCYTER?” written in ImageJ macro language was used (Grune et al., 2019) The
macro is able to detect moving regions in videos containing beating cells. The
analysis produces a host of parameters as a means to quantify beating. For this

project, ‘speed’ and ‘amplitude’ were recorded. 3 videos showing beating from each
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category were analysed using the macro code. Screenshots from the program
indicating the recognised beating regions are shown in Figure 3-24 and the results
were plotted as seen in Figure 3-25. The amplitude is a measure of difference in pixel
intensity between every frame and an assigned reference image. The macro is able to
automatically assign a reference image, which was utilised in this analysis. The
reference image represents the resting phase, thus a higher amplitude represents a
larger deviation from the resting phase. Beating cardiomyocytes derived from wild-
type mESCs showed the highest beating amplitude as is evident from the graph.
Compared to a visual inspection of the beating cells, the macro was able to robustly
recognise beating regions. However, it counted a far lower number of beats for wild-
type cells (mean= 2.67+1.2, n=9) than for TSA-treated (mean= 69.33+£30.27, n=3) or
knockouts (mean= 55.57+£14.10, n=7) groups. This could be due to the frame rate
that the images were acquired as the macro was used long after image acquisition
and could not be modified to precisely analyse these cells. There was also a large
variability in the data for the wild-type cells. Despite that, it is able to provide insight

into the difference these treatments had on beating.

Wild-type TSA-treated Hdac4 knockout cells

A

G
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Figure 3-24. Screenshots from MYOCYTER output show what the programme

recognises as beating regions. This was accurate when visually inspected.
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Figure 3-25. Wild-type beating cells were compared to TSA-treated and
knockouts using MYOCYTER. Wild-type (n=9), TSA (n=3) and knockouts
(n=7). One-way ANOVA with Tukey’s multiple comparisons test was used to
assess statistical significance, an asterisk indicates significance, p<0.05 was used

as a threshold, p-values are indicated for each comparison. Ns, not significant.

Overall, results obtained in this chapter demonstrated the suitability of utilising
mESCs as models of cardiac differentiation, the effects of TSA-treatment on cell
morphology and beating and showed evidence of the occurrence of CRISPR/Cas9-
mediated genetic editing of Hdac4. DNA evidence from the knockout experiment
suggested a 221-bp deletion in at least one allele of Hdac4. However, the Western
blot data was not sufficient to make solid conclusions about what happened at the

protein level.

3.6 Discussion
The preliminary study reported in this chapter served as a primary step to inform the
decision of model selection for further studies. It was conducted to establish a

baseline for the two cell lines’ differentiation abilities.
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3.6.1 Comparing P19CL6 cells to embryonic stem cells as in vitro
models of cardiac differentiation

3.6.1.1 P19CL6 embryonic carcinoma cells

As previously mentioned, P19CL6 is a subclone of the P19 cell line that is capable of
differentiating into mesoderm lineages with more efficiency than original P19 cell
lines. This subline, therefore, is not committed to a mesodermal lineage but is a step
closer to differentiated cardiomyocytes that the original P19 line (Habara-Ohkubo,
1996).

The P19CLG6 cell line has also been instrumental in finding signalling pathways that
function in cardiac development, such as FGF and BMP signalling. For example, a
sub-line expressing noggin, a BMP antagonist, was made and the cells did not
differentiate into cardiomyocytes, consequently demonstrating that BMP is necessary
for cardiac differentiation (Sharma et al., 2017). They were also used to demonstrate
that oxytocin is able to induce cardiac differentiation and that DMSO likely functions
through the oxytocin/oxytocin receptor pathway (Paquin et al., 2002; Fathi et al.,
2009).

Interestingly, P19CL6 cells were found to function in vivo as well. P19CL6-derived
cardiomyocytes were transplanted into the retroperitoneal area, on the omentum and
around the femoral artery of mice. The cells adhered to the surfaces and grew to form
masses in the transplanted area. These masses then began to pulsate albeit irregularly
and slower than the host heart (Ohtsu et al., 2005). Taken together, these properties
show the P19CL6 cell line’s suitability to be used as a model system to investigate

the effect certain genetic manipulations can have on cardiomyocyte differentiation.

However, in this study, the prime factors used to assess differentiation were beating
frequency and beating onset as readouts of cardiomyocyte formation. The P19CL6
cell line displayed various inconsistencies, even from one experiment to another.
Despite the ease of the differentiation procedure, beating was seen in 54% of
attempts made. Beating foci were also small and hard to find using a standard

inverted microscope and the naked eye.

Study-to-study variations were also present in the literature. Beating was reported to
have started as early as day 5.5 (Anisimov et al., 2002) or days 7-8 (Grépin et al.,
1995). A study by Peng et al demonstrated that the earliest beating occurred at day
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10 (Peng et al., 2002). Studies where P19 cells overexpressed Thx5 demonstrated its
ability to induce beating earlier, at day 7 instead of day 9 in a study conducted by
Hiroi et al and at 12 instead of day 15 in a study by Fijnvandraat et al (Hiroi et al.,
2001; Fijnvandraat et al., 2003). Even during the course of this project, beating
onset, as a definite readout of differentiation, displayed a lack of consistency that

made data reproducibility challenging.

P19 cells provide clear advantages justifying their use in a study of this type. Their
ability to differentiate into cardiomyocytes has been instrumental in investigating the
role of various factors in this process, including Nkx2.5, Thx5 and Nppa (reviewed in
(van der Heyden and Defize, 2003)). While they were an invaluable resource in the
field, caveats must be taken into account when interpreting results. P19 is a cancer
cell line and while it mirrors some aspects of development, it is not always the best
model. Moreover, P19-differentiated cardiomyocytes were reported to be
contaminated with cells of endodermal origin, since DMSO is also shown to induce
endoderm differentiation (Smith et al., 1987; Schultheiss, Xydas and Lassar, 1995).

3.6.1.2 Mouse embryonic stem cells

mESCs on the other hand displayed much more robust differentiation. Upon
differentiation, cells consistently formed beating cardiomyocytes. Moreover, the
experimental procedures involved are not much more challenging than P19 DMSO-
mediated differentiation and the hanging drop procedure was almost identical.
Therefore their use was more suitable for the purposes of this study. To gain a better
understanding of developmental events involved in embryonic heart formation, the
use of embryonic stem cells would recapitulate these events better than an embryonic

carcinoma cell line.

Studies investigating stem cell-derived cells often report that terminally
differentiated cells displayed features typical of specialised cells: mESC-derived
cardiomyocytes shared properties with atrial, ventricular, 125 urkinje- and
pacemaker-like . mESC derived neuronal cells also displayed inhibitory and
excitatory synapses. Other features displayed by in vitro differentiation of mESCs
include cell type-specific ion channels and membrane receptors (Wobus, Wallukat
and Hescheler, 1991; Stribing et al., 1995; Drab et al., 1997; Wobus et al., 1997;
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Guan, Rohwedel and Wobus, 1999). Consequently, a wide catalogue of protocols is
available for differentiating mESCs became available.

Both cell lines showed the ability to form Ebs. Ebs are a valuable model of in vitro
differentiation. They were initially derived from embryonic carcinoma cell lines
before ES cell lines became available. They feature as a first step in a wide plethora
of differentiation protocols. Ebs are especially insightful because they closely model
early events of embryonic development. Cells in Ebs mimic interactions that occur in

embryos (Spangler et al., 2018).

There are several methods to form Ebs. The most common one is to culture cells in
non-adherent conditions in bacterial petri dishes. They can be cultured in suspension
in liquid media or with methylceullolse supplements. The clear disadvantage of this
method is the generation of Ebs of varying shapes and sizes. This can have a
significant effect on differentiation potential as evidenced by the fact that small Ebs
cultured with activin will form endoderm while larger Ebs tend to form mesoderm
(Livigni et al., 2009). The method used to form Ebs was the hanging drop method,
chosen for the control of and homogeneity in EB sizes. The size can be varied by
varying the number of cells per drop. A third method is to culture cells in suspension
in non-adherent micro-well plates, also allowing control of EB size (Hwang et al.,
2009; Spelke et al., 2011).

Interestingly, Ebs demonstrate non-uniform gene expression indicating axis
formation and a degree of self-organisation. Ebs from mESCs demonstrate
asymmetric Wnt pathway activation. Nusse et al showed that there was a localised
source of Wnt signals that led to anterior-posterior patterning similar to that seen in a
mouse embryo (Berge et al., 2008). Germ layer formation, axis formation and
elongation are other examples of collective behaviour demonstrated by cells in Ebs
(Brink et al., 2014).

3.6.1.3 Cellular model system for further analysis

Taken together, while the embryonic carcinoma cell line P19CL6 did show a
propensity to form Ebs and beating cardiomyocytes, its malignancy and inefficiency
were reasons to not favour using them for differentiation studies. Lab-to-lab and even
experiment-to-experiment variations greatly reduced reproducibility and would cast

doubt on future transcriptomic data. Embryonic stem cells on the other hand, are
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karyotypically normal and have been shown in the literature to be able to closely

mimic developing embryos in self-organisation and gene expression.

3.6.1.4 Investigating the role of histone deacetylation in cardiomyocyte
differentiation by gene editing of Hdac4 and and chemical inhibition

In the second part of this chapter, an attempt was made to elucidate the role of
histone deacetylation in general and the role of Hdac4 in particular in cardiac
differentiation of stem cells. The study conducted in this chapter was to inform and
aid in hypothesis generation for subsequent RNA-Sequencing analysis. Baseline
HDAC4 expression in differentiating mESCs was first established, followed by TSA
treatment of differentiating mESCs and finally CRISPR/Cas9-mediated knockout of

Hdac4 and assessing the consequences of that on cardiac differentiation.

3.6.1.5 Chemical inhibition of Class I and 11 histone deacetylases

Trichostatin A is a Class | and Il inhibitor that has been gaining traction for its
potential use as a cancer therapeutic (Kim and Bae, 2011). In this instance, treatment
with TSA showed a level of toxicity evident in cell death and detachment from the
plate. TSA also slowed down growth and prevented cells from forming dense

colonies.

TSA treatments of stem cells have been reported in the literature. A study by Chen et
al reported treating Ebs with 50 nM TSA from day 8 to 15. Treatment increased cell
resistance to oxidative stress and led to bigger EB diameters in suspension in
addition to increasing upregulation of Gata4, Mef2c, Nkx2.5, cardiac actin, and a-
SMA mRNA and protein levels. The authors propose that both TSA and sodium
butyrate treatments led to a significant increase in cardiac lineage commitments
(Chen et al., 2011). An epigenetic study conducted by Karantzali et al reported
findings that agreed with those of Chen et al. TSA treatment for 6-12 hours induced
global transcriptomic changes in addition to morphological changes indicative of
differentiation. The authors described a decrease in expression of pluripotency-
associated transcription factors. They also observed an increase in epigenetic marks
associated with active genes such as histone H3 acetylation and K4 trimethylation
and a decrease in repressive marks such as K27 trimethylation. They hypothesise that
TSA aids in facilitating the epigenetic transition between the undifferentiated and

differentiated states by facilitating the increase in activation marks (Karantzali et al.,
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2008). It has also been reported that TSA induces apoptosis (Kijima et al., 1993)
which could be a possible explanation behind the cell death seen in the experiments

reported in this thesis.

Kawamura et al described results that agreed with those obtained by Chen et al and
Karantzali et al. They treated ES cells with 10 ng/ml TSA for 24 hours on day 7 post-
differentiation. They report an increase in ES cell commitment towards cardiac
lineage and state that it is due to an increase in GATA4 acetylation. TSA treatment
increased the expression of GFP driven by an Nkx2.5 promoter in addition to Myh?7.
Interestingly, they correlate their findings to P300 expression levels and find that
TSA treatment increases P300 protein expression, which in turn acetylates GATA4
(Kawamura et al., 2005).

Furthermore, in adult animal models, HDAC inhibitors have been shown to play a
positive role in various cardiac pathological models. For example, TSA was able to
reverse cardiac hypertrophy due to pressure overload when administered for 2 weeks
after pressure induction (Kee et al., 2006). Moreover, treatment with another HDAC
inhibitor suberoylanilide hydroxamic acid (SAHA) was effective in reducing infarct
size in addition to enhancing cardiac function in a rabbit model of ischaemia-
reperfusion injury (Xie et al., 2014). Intriguingly, the role played by class lia HDACs
in cardiac hypertrophy is not reliant on their catalytic activity (Zhang et al., 2002).
Therefore it is thought that the effectiveness of HDAC inhibitors in ameliorating
pathological cardiac modelling may be through their inhibition of Class | HDAC
isoforms (Kate L Weeks and Avkiran, 2015). In the context of heart failure,
treatment with another HDAC inhibitor valproic acid (VPA) treatment was shown to
be associated with a reduced risk of myocardial infarctions in epileptic patients
(Olesen et al., 2011).

It has been reported that TSA treatment reduced embryonic stem cell differentiation.
The authors treated differentiating mouse embryonic stem cells with 10 nM TSA for
6 days after placing cells in LIF- media. They state that TSA treatment blocked the
initial wave of widespread histone deacetylation usually seen in ESCs differentiation.
TSA-treated cells also retained alkaline phosphatase activity, which is associated
with pluripotent stem cells (Lee, Hart and Skalnik, 2004). This is not in agreement
with the aforementioned studies where TSA treatment increased stem cell

differentiation. It is clear that global HDAC inhibition leads to widespread profound
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epigenetic changes. Treating cells with VPA greatly improved the efficiency of
reprogramming human fibroblasts into induced pluripotent stem cells (Huangfu et
al., 2008). Exposing embryos that have undergone somatic cell nuclear transfer to
TSA improves heterochromatin organisation and remodelling, improving their
viability (Maalouf et al., 2009).

The wide-scale genomic consequences of HDAC inhibitor treatment will be
investigated using RNA-Seq in the next chapter. The effect it had on cell viability
was clear to see and plates containing TSA-treated cells contained far more cell
debris from cell death. TSA performs its inhibitory function by chelating the zinc ion
in the catalytic active site (Porter and Christianson, 2019). However, other than
HDACS, there are more than 300 zinc-dependent enzymes with members of all six
enzyme families. These enzymes share a common tetrahedral structure containing a
zinc ion coordinated by three amino acids. HDAC inhibitors can interfere with zinc-
dependent enzymes or other metalloproteins (Gryder, Sodji and Oyelere, 2012). It is
therefore likely, that these can be responsible for the pleiotropic or therapeutic effects

observed upon treating cells with inhibitors.

Results obtained in this chapter, do not lead to a solid conclusion leaning towards
agreeing with one or another of the studies mentioned above. The average first day of
beating did decrease but that was not statistically significant and so no firm
conclusions can be drawn. Global histone deacetylase inhibition is predicted to cause
widespread effects. The consequences of which were clear in its effect on cell health.
TSA effect on beating can be seen in the accompanying videos. Beating foci showed
a beating pattern different and slower than wild-types. Beating was also weaker and
some foci displayed an elongated ‘fibrous-like’ morphology that was not seen in the
untreated group. Attempts at quantifying the difference in beating were made.
Results from the MYOCYTER macro analysis indicated that TSA-treated cells

showed a lower speed and amplitude than untreated wild-type controls.

3.6.1.6 CRISPR/Cas9-mediacted knockout of Hdac4

To knock out Hdac4, a plasmid vector containing Cas9, the guide RNA and
selectable markers was electroporated into cells. Cells were left to recover for 48
hours post electroporation prior to antibiotic selection. Treating with 100 pg/ml

Hygromycin B was sufficient to kill any non-resistant cells in 14 days. Colonies were
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picked and expanded 15 days after antibiotic selection. Mutations near the target site
were evident upon DNA sequencing and subsequent alignments with DNA from
wild-type cells. Mutations included indels as well as substitutions that would have
arisen due to error-prone non-homologous end joining (NHEJ). Since the purpose of
this study was to knockout Hdac4, the main objective was to introduce an
inactivating mutation of any kind into the gene, preferably in a region close to the

catalytic domain of the protein to prevent any histone deacetylase activity.

The colony that was chosen for fur”her *haracterisation was one with a large deletion
as evident from sequencing analysis. The deletion, despite being mainly intronic did
lead to a frameshift and thus a predicted premature stop codon. DNA evidence was
not sufficient to discern whether the deletion was homozygous or heterozygous.
While gel electrophoresis analysis showed a single band, it is a possibility that the
other allele contains a mutation of a different kind, like a larger deletion that took out
all primer binding sites. Large scale deletions of this kind have been reported in
previous CRISPR/Cas9 gene editing experiments (Adikusuma et al., 2018; Kaosicki,
Tomberg and Bradley, 2018).

It has also been reported that premature termination codons (PTCs) introduced by
CRISPR/Cas9 gene modifications can lead to exon skipping events (Lalonde et al.,
2017). If these exons were of a length that was a multiple of 3, skipping it would still
maintain the reading frame and a protein may be translated. In this project, it is a
possibility that this has taken place, and is illustrated in Figure 3-26. The targeted
exon was a multiple of 3, 108 bp long. The data from the Western blot was also
inconclusive and it cannot be stated with certainty whether a PTC-caused truncated

protein was produced or one with an exon skipping event.
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Figure 3-26. Possible exon skipping event could have taken place due to
CRISPR/Cas9 editing of Hdac4. (A) shows splicing of wild-type Hdac4. (B)
shows splicing in the putative Hdac4 mutant. Exon 18 is skipped due to
containing a premature termination codon (PTC), indicated in red. Figure

created using Biorender.com

Knocking out both alleles of Hdac4 in mice is lethal within two weeks of birth.
Knockout mice show cerebellar degeneration. However, conditional deletion of
Hdac4 in the central nervous system did not affect neuron viability or brain
architecture (Price, Wang and D’Mello, 2013). Conditional knockouts in peripheral
sensory neurons led to a reduction in the progression of chronic inflammatory pain in
mice (Crow et al., 2015).

In a study by Luo et al., inducible skeletal Hdac4 knockout mice were generated.
Hdac4 knockout was induced at 3 months of age. They predicted to see a decrease in
the expression of Mef2c and Mef2 target genes. Surprisingly, the knockout did not
affect expression levels of those in muscles. However, the study was able to identify
a role for Hdac4 in protecting denervated leg muscles from atrophy. In denervated

legs from knockouts, expression of Mef2a and Mef2c was reduced. They also
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identified previously unknown Hdac4 targets which include myosin heavy chain,
peroxisome proliferator-activated receptor gamma co-activator lalpha (PGC-1a), and
heat shock cognate 71 kDa protein (Hsc70). The authors speculate that HDAC4’s
muscular protective properties are conferred through its interaction with myosin

heavy chain isoforms (Luo et al., 2019).

In this study, the effects of Hdac4 knockout on cardiac differentiation were assessed
using beating onset and image analysis using the MYOCYTER macro. Beating was
delayed in the differentiated knockouts though that was not significant.
MYOCYTER analysis served as a preliminary means of quantifying beating and
showed a reduction in both speed and amplitude of beating, as was the case with
TSA treatment.

In a study utilising P19 cells as a model of cardiac development, Karamboulas et al
aggregated the cells in the presence of TSA and compared it to DMSO-induced
cardiac differentiation. They reported an increase in the expression of cardiac
markers Nkx2.5, Mef2c, Gata4 and a-actin. Moreover, in a P19 cell line
constitutively expressing a dominant negative form of MEF2C that binds Class Il
HDACS, cells differentiated into cardiomyocytes more efficiently than controls. In
the same paper they also report that overexpression of HDAC4 partially inhibited
cardiomyogenesis evidenced by a decrease in cardiac gene expression. These results
strongly suggest the involvement of Class Il HDACs, and HDAC4 in
cardiomyogenesis. The discordance seen in phenotypes between inhibiting all
HDACs and overexpressing HDAC4 on its own points to the redundancy between
Class Il HDACs. Class Il HDACs are phosphorylated by Ca2+/calmodulin-
dependent kinase (CaMK), leading to their inhibition (Backs et al., 2006). The
authors expressed an activated CamKIV in P19 cells and noted an increase in the
expression of Nkx2.5, Gata4 and Mef2c, in addition to an increase in cardiac muscle
development. This study strongly suggests the involvement of Class Il HDACs, and
HDAC4 in particular, in the differentiation of mesoderm cells into cardiomyocytes.
Their results show that HDAC4 regulates GATA4, as activated CaMKIV led to an
upregulation of Gata4 while inhibition of CaMK signalling reduced Gata4
expression. Also, HDAC4 overexpression led to Gata4d and Nkx2.5 reduction
(Christina Karamboulas et al., 2006). This links with results obtained by our group in

zebrafish knockdown models of kat2a and kat2b. kat2a and kat2b knockdown
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phenotypes mirror those in Thx5 knockdowns. Interestingly, injecting camk2dl
MRNA, a target of Thx5, rescues the phenotype (Tushar K Ghosh et al., 2018).
Moreover, further work conducted by our group showed that PRKD1, a kinase, is
able to alleviate HDAC4/HDACS5-mediated repression of TBX5, by phosphorylation
(Ghosh et al., 2019). Phosphorylation takes place on specific serine residues and
results in nuclear export, an illustration of the effects of phosphorylation on
HDAC4/5 and the effect on Thx5 is shown in Figure 3-27. This suggests the
presence of functional links between HDAC regulation by phosphorylation,
acetylation and deacetylation in cardiac differentiation. It is even suggested that
DMSO is able to drive cardiac differentiation in P19 cells by increasing intracellular

calcium concentration, leading to the activation of CamKs and HDACs inhibition.
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Figure 3-27. Phosphorylation of HDACA4/5 leads to their nuclear export and
activation of Thx5 targets. In (a) HDAC4 or HDACS, is bound to Thx5,
preventing it from activating transcription of its target genes. In (b) a
phosphorylation mark laid on HDAC4 or 5, marked by an orange P, laid by
PRKD1 or CamKII leads to its nuclear export. Tbx5 is then able to activate

transcription of its target genes. Figure created using Biorender.com
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Results obtained in this chapter suggest that Hdac4 was knocked down in these cells
as evidenced from DNA sequences. Further validation would still need to be carried
out to confirm this. However, visual observations indicate a similarity in morphology
and beating pattern between differentiated mutants and TSA-treated cells. Whether
they have similar transcriptional profiles would be determined among closer
examination of their RNA expression profiles, which will be presented and discussed

in the next chapter.
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4 CHAPTER 4: RNA-SEQ ANALYSIS OF CARDIAC
DIFFERENTIATION

4.1 Introduction

The advent of high-throughput sequencing has revolutionised the field of genetics. It
has enabled scientists to conduct much deeper investigations and infer a large
volume of information on genes and genomes than was otherwise possible. High-
throughput sequencing ushered in the era of RNA-Sequencing (RNA-Seq) which
enables investigators to take detailed snapshots of gene expression events taking
place in as little as a single cell. Unlike older wide-scale methods of transcriptomic
analysis like microarrays or RT-PCR, RNA-Seq does not require any a priori
knowledge of the genes being investigated (Chatterjee et al., 2018). In the present
study 3’ Quant-Seq was used because of its economic feasibility while being able to
answer biological questions relevant to this thesis (Moll et al., 2014).

4.2 Chapter Aims

This chapter aims to analyse data from RNA-Seq on mouse ES cells to elucidate the
regulatory role of Hdac4 during cardiomyocyte differentiation. Two parallel
approaches have been adopted. In one, Trichostatin A (TSA), a well characterised
inhibitor of Class | and Class Il histoine deacetylases was used and in the other, |
performed CRISPR/Cas9 knockout of Hdac4. | report the transcriptional
consequences on mouse ESCs differentiation of TSA treatment and as a consequence
of Hdac4 knockout. The goal is to explore the transcriptomic changes during

differentiation and how those are affected by TSA treatment and Hdac4 knockout.

The chapter sets out to study genes differentially expressed during differentiation and
to take a closer look at genes involved in beating. This was done by comparing gene
expression between cells in the differentiated and undifferentiated states.
Differentiation led to the generation of beating foci. RNA was extracted from those

beating cells and from non-beating differentiated cells. A schematic of the
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experiment showing the different groups is shown in Figure 3-27
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Figure 4-1 RNA was extracted from undifferentiated and differentiated cells for

RNA-Seq analysis.

Moreover, to gain further understanding of the affected biological pathways, results
of the RNA-Seq analysis were used to conduct Ingenuity Pathway Analysis. Figure

4-2 illustrates the steps involved in the RNA-Seq analysis reported herein.

The concept being tested in this chapter is that TSA treatment and Hdac4 knockout
would lead to significant changes in gene expression in the context of cardiac
differentiation. Global transcriptomic changes are to be expected during such a
complex process, but they can also arise as a result of multiple passages . Cells in
culture have been shown to undergo genetic drift as they are propagated. Therefore,
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while a change in cardiac gene transcription is expected, exact gene expression
alterations cannot be predicted. Some of the genes expressed may be as a
consequence of unforeseen complexities of genetic drift, gene pathway perturbation

and differentiation along a cardiomyocyte pathway.
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Figure 4-2. A schematic explaining the steps taken to analyse RNA samples.
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4.3 4.3 Results:

4.3.1 RNA extraction and quality control

In order to assess the effect of the differentiation procedure, whole RNA was
extracted from undifferentiated and differentiated cells, including wild-type and
those subject to TSA treatment and Hdac4 knockout. A distinction between beating
and non-beating cells was made in the wild-type and Hdac4 knockout samples. The

first step in the RNA-Seq analysis pipeline was to assess the quality of RNA.

As outlined in the methods section, cloning rings were used to isolate beating
regions. However, in the case of TSA-treated cells, the beating regions were small
and not enough RNA could be isolated this way. For TSA-treated cells, RNA was
extracted from entire wells with beating regions so this would contain RNA from
some beaters but mostly non-beaters. Every effort was taken to ensure a comparable

number of beating foci between wells.

RNA of sufficient integrity and purity as determined by NanoDrop and Qubit was
used. All samples except one had RIN>8, wt_diffNB_2 had a lower RIN number of
7.4 but it produced an intact trace and so was used for library generation. Sample 1Ds
and their descriptions are summarised in Table 4-1. 5 biological replicates were used
for each group. Attempts were made to extract RNA from TSA-treated non-beating
cells but those failed QC checks and so were not taken further in the analysis. Time

constraints prevented the repetition of those experiments.

Table 4-1 Samples used for RNA-Sequencing and analysis

Sample ID Description Number of replicates

wt_undiff Undifferentiated mESCs 5

Differentiated beating wild-
wt_diffB 5
type mESCs

Differentiated non-beating
wt_diffNB 5
wild-type mESCs

Differentiated TSA-treated

wt_tsaB 5
mESCs
Differentiated beating Hdac4
hdac4_koB 5
knockout mESCs

Tasabeeh Mohamed - November 2023 139




Transcriptomic analysis of the role of hdac4 in cardiac differentiation of mouse embryonic stem cells

Differentiated non-beating
hdac4_koNB 5
Hdac4 knockout mESCs

4.3.2 Sequencing reads and mapping

From each sample, libraries were generated and sequenced on an Illumina NextSeq
500, generating 5 million 75-bp single end reads per library. To generate these
libraries, cDNA fragments were generated from total RNA. These cDNA fragments
were then sequenced and trimmed to remove sequences with low quality scores as
well as adapter sequences. Those were then mapped to the reference genome
(Ensembl mM 10) using STAR mapping tool (Dobin et al., 2013). The results from
this initial step are shown in panel A of Figure 4-3. For each read generated per
sample, the number of reads that map to the reference genome is indicated. As a read
can map to more than one location, the ‘Uniquely Mapped Reads’ is the most
important metric. It is a measure of how many reads specifically and uniquely map to
a single location in the genome. They are also presented in terms of percentage
proportions of all reads. A good sequencing library is expected to generate at least
75% uniquely mapped reads. Percentages below 50% are indicative of problems in
library production (Dobin and Gingeras, 2015). For this project, uniquely mapped
percentages were above 75% except for the wt_undiff sample group.

The BAM (binary alignment map) files generated by the mapping and alignment
steps were subject to further quality checks, using SeqMonk software. Results of this
step are shown in panel B of Figure 4-3. Overall, the RNA was of sufficient quality
to undergo further analysis. The percentage of RNA in genes and in exons was lower
than usual because the library preparation method used focuses on sequencing from
the 3° end. The results also show that nearly 100% of the sequence is in the sense
strand, which is expected given the initial priming step takes place at the 3° end of

the transcript.
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A
Reads
Counts Percentage | Counts | Percentage
Hdac4 KOB 1 9182187 8975170 97.75% 6947377 | 75.66%
Hdac4 KO B 2 9425533 9213103 97.75% 7228721 | 76.69%
Hdac4 KO B 3 8650953 8431640 97.46% 6586805 | 76.14%
Hdac4 KOB 4 9152268 8914405 97.40% 7047462 | 77.00%
Hdac4 KOB 5 10688835 10449330 97.76% 7978038 | 74.64%
Hdacd KONB1 | 10294513 10054688 97.67% 7691802 | 74.72%
Hdac4 KONB 2 | 9195235 8991171 97.78% 6968055 | 75.78%
Hdac4 KONB 3 | 8930590 8706972 97.50% 6797112 | 76.11%
Hdac4 KONB4 | 10037371 9787652 97.51% 7630033 | 76.02%
Hdoc4 KONBS | 9249464 9035850 97.69% 7076420 | 76.51%
WT diff B 1 8569078 8417480 98.23% 6502233 | 75.88%
WT diff B 2 9284847 9005710 96.99% 6935506 | 74.70%
WT diff B 3 10176186 9941480 97.69% 7735870 | 76.02%
WT diff B 4 10332579 10088466 97.64% 7811481 | 75.60%
WT diff BS 9659873 9445516 97.78% 7475464 | 77.39%
WT diff NB 1 9936733 9724663 97.87% 7546809 | 75.95%
WT diff NB 2 10103993 9788865 96.88% 7585702 | 75.08%
WT diff NB 3 10377506 10160999 97.91% 7878913 | 75.92%
WT diff NB 4 9411579 9162932 97.36% 7067183 | 75.09%
WT diff NB 5 8882040 8665309 97.56% 6809847 | 76.67%
WTTSAB1 9447087 9162900 96.99% 7267294 | 76.93%
WTTSAB2 10507300 10282960 97.86% 8141687 | 77.49%
WTTSAB3 8354475 8190802 98.04% 6478287 | 77.54%
WTTSAB4 9087361 8898719 97.92% 7012873 | 77.17%
WTTSABS 9270610 9085000 98.00% 7175898 | 77.40%
WT undiff 1 10866543 10580514 97.37% 7535366 | 69.34%
WT undiff 2 9828639 9518866 96.85% 6824861 | 69.44%
WT undiff 3 10103288 9758164 96.58% 6925385 | 68.55%
WT undiff 4 9411393 9147176 97.19% 6487261 | 68.93%
WT undiff 5 9265970 8950487 96.60% 6413798 | 69.22%
B
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Figure 4-3. Initial quality control checks on data from RNA-Seq shows that
DNA was of sufficient mapping quality for downstream analyses. Panel A shows
alignment and mapping results. Panel B shows quality check plots generated on

SegMonk.
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4.3.3 Stem cells undergo significant transcriptomic changes during
differentiation

First, in order to assess if samples from the same group cluster together, a heat map
was generated, depicting hierarchical clustering of samples. Each row represents an
individual gene and each column represents a sample. The log of normalised counts
is used to plot the gene’s intensity of expression. The resultant heatmap (Figure 4-4)
showed that according to differential gene expression values, samples from the same
replicate did cluster together. This indicates that replicates had similar gene
expression profiles. SeqMonk software was used to conduct a DeSEQg2 analysis. The
genes identified as differentially expressed and having a log. fold-change of >1 or <-
1 were used to plot the heat map. 14,598 genes were identified by the analysis to be

differentially expressed at p<0.05 significance.

Figure 4-4. Heat map of differentially expressed genes shows that replicate
samples cluster together. Each row represents a gene and every column
represents a replicate sample. Horizontal lines at the top indicate sample
groups. From left to right: blue — Hdac4 KO beating cells, red — Hdac4 KO non-
beating cells, green — TSA-treated cells, orange — wild-type beating cells, purple
— wild-type differentiated non-beating cells and sky blue - wild-type
undifferentiated cells. The colour indicates log fold-change of gene expression
where green shows an upregulation and red shows a downregulation.
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To study the changes in gene expression that occur during differentiation, pair-wise
comparisons were conducted between undifferentiated wild-types and each of the
differentiated groups. The DESEQ2 tool on the Galaxy platform was used to study
the number of differentially expressed genes. The results of the analysis is shown in
Table 4-2. A log> fold change of 1 would indicate a gene has doubled in expression
and a logz fold change of -1 would indicate its expression has halved.

Table 4-2 Differential

undifferentiated cells to each group of differentiated cells, irrespective of

gene expression analysis comparing wild-type

beating. The threshold for statistical significance was p<0.05

Number of Number of
upregulated genes downregulated
(log2 fold change genes (log2 fold

Comparison Number of DEGs >1) change <-1)

WT undifferentiated

vs WT differentiated 10,215 4,406 2,578

beating cells

WT undifferentiated 11,666

vs WT differentiated 4,639 2,806

non-beating cells

WT undifferentiated 1471

vs Hdac4 KO ”

differentiated beating 11,045 2417

cells

WT undifferentiated 10617

vs Hdac4 KO )

differentiated non- 4,164 2,257

beating cells

WT undifferentiated

vs TSA-treated 11,788 4,258 3,149

differentiated cells

Furthermore, a principal component analysis (PCA) was conducted on these sample
groups (Figure 4-5). Principal Component Analysis (PCA) is a clustering method
that enables the investigator to assess variance among experimental groups. On a
PCA plot, closely-related samples cluster together. PCA allows one to reduce the
dimensionality of the data, visualising it in 2 dimensions while still maintaining
variability (Ringnér, 2008). Variables are reduced into principal components, where
most variance in the data is explained by the first principal component, most of the
rest of the variance would then be explained by the second principal component, and
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so on. There was distinct separation between undifferentiated and differentiated

samples in all comparisons with PC1 accounting for the most variance
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Figure 4-5 Principal component analysis of comparisons between undifferentiated cells and each of the differentiated groups shows that
control replicates cluster together. A. WT undifferentiated vs WT differentiated beating. B. WT undifferentiated vs WT differentiated
non-beating. C. WT undifferentiated vs Hdac4 KO differentiated beating. D. WT undifferentiated vs Hdac4 KO differentiated non-
beating. E. WT undifferentiated vs WT TSA-treated differentiated. The plots show that in all comparisons, PC1 accounted for most of
the variance. Various differentiated groups showed variance along PC2. In all plots, blue dots represent the undifferentiated controls
while pink dots represent the differentiated samples.
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These initial findings suggest that a global change in gene expression has taken place
during the differentiation process. Following on, | sought to investigate genes and
associated pathways that were up or downregulated in the different groups. I also
aimed to shed some light on the genetic basis of contractility.

4.3.4 Unsupervised Multiple pair-wise comparisons show that
differentiation-related genes are upregulated

To investigate genes differentially expressed in beating cells, pair-wise comparisons
with the undifferentiated state were conducted. These individual comparisons were
then grouped together to examine any changes in gene expression during
differentiation that can be attributed to TSA treatment or Hdac4 knockout (Figure
4-6A and B). The genes at the intersection of all of them were used for gene ontology

analysis.

At first glance, the top 20 enriched biological pathways (Figure 4-6 panel C) are
generally related to anatomical development and organogenesis. Most terms relate to
generic biological functions one would expect to find during stem cell
differentiation, such as anatomical structure morphogenesis, cell adhesion, tissue
development and cell differentiation. It is therefore noteworthy that the only specific
organ system-related term is circulatory system development. Notably, genes in this
subset contained those that are targeted by the mesodermal regulator Brachyury.
These include, Meisl (known to be expressed in the primitive streak during
gastrulation) (Evans et al., 2012), Erg, Snai2, and Ebf2. Genes involved in
morphogenesis included Gabral, Gfra3, CbIn3, which play roles in anchoring

plasma membrane to cytoskeletal proteins (Evans et al., 2012).

Genes encoding for members of signalling pathways known to be involved in
cellular differentiation were also upregulated. These included genes for TGFp
signalling pathway ligands Gdf6, Gdf10 and Gdf11. Members of the Wnt signalling
pathway, involved in lineage commitment, cell migration, cell polarity and anterior-
posterior elongation were also upregulated in this subset (Jang et al., 2017). These
include Wntl11, Wnt2, Wnt4, Wnt5a, and Wnt6. Members of the cadherin family, key
mediators of cell-cell adhesion, such as Cdh2, Cdh5 and Cdh6 were also present.
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As for the downregulated genes, these were related to biological processes related to
general metabolism and RNA biogenesis. Downregulated genes included known
pluripotency-associated genes such as Nanog, Sox2, KIf5, Salll, Etv5, Jarid2 and
Esrrb. Interestingly, the list also contained Cbx1, Daxx and Smarcadl. Cbx1 encodes
for a subunit of heterochromatin protein 1 that functions in gene repression,
mutations in which lead to global changes in transcription (lwata-Otsubo et al.,
2020). Daxx and Smarcadl also encode for proteins involved in heterochromatin
formation (Navarro et al., 2020). Notably, Sarcadl was shown to be essential for
maintaining pluripotency in naive stem cells and was previously shown to exhibit a
sharp decrease in expression levels as cells exit pluripotency (Navarro et al., 2020).
These results show the epigenetic factors at play in controlling differentiation-
associated gene expression.
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A

WT undifferentiated vs WT differentiated beating cells

B

WT undifferentiated vs WT differentiated beating cells

Upregulated genes

Upregulated genes

WT undifferentiated vs TSA-treated differentiatedcells

Downregulated genes

at intersection of all 3 sets

WT undifferentiated vs TSA-treated differentiated cells

Downregulated genes

at intersection of all 3 sets

WT undifferentiated vs Hdac4 KO differentiated beating cells

WT undifferentiated vs Hdac4 KO differentiated beating cell

Adjusted
I I p y Term ID p-value
system development G0:0048731 3.63E-115
anatomical structure morph G0:0009653 1.27e-111
multicellular organism development G0:0007275 4.53E-108
ical structure devel, G0:0048856 4.37£-98
developmental process G0:0032502 1.75E-93
tissue development G0:0009888 9.78E-83
animal organ development G0:0048513 1.33E-82
animal organ morphogenesis G0:0009887 1.50E-76
regulation of multicellular organismal
process G0:0051239 1.37€-73
circulatory system development G0:0072359 1.98E-71
cell differentiation G0:0030154 4.43E-67
T lation of devel al process G0:0050793 8.27E-67
tube development G0:0035295 6.32E-66
cellular developmental process G0:0048869 1.41E-65
T lation of localization G0:0032879 1.56E-61
tube morphog G0:0035239 8.18E-61
positive regulation of cellular process G0:0048522 9.71E-61
T lation of signaling G0:0023051 3.50E-60
regulation of cell communication G0:0010646 1.07€-58
anatomical structure formation involved in
morphogenesis G0:0048646 1.68E-58

Adjusted
iological pathway Term ID p-value
heterocycle metabolic process G0:0046483 | 3.50E-78
cellular nitrogen compound metabolic process G0:0034641 | 1.52E-77
nucleobase-containing compound metabolic
process G0O:0006139 | 4.39E-76
cellular aromatic compound metabolic process G0:0006725 | 5.99E-74
organic cyclic compound metabolic process G0:1901360 | 2.38E-70
nucleic acid metabolic process G0:0090304 | 9.43E-70
ribonucleoprotein complex biogenesis G0:0022613 | 1.96E-66
ribosome biogenesis G0:0042254 | 6.39E-65
ncRNA metabolic process G0:0034660 | 8.76E-64
ncRNA processing G0:0034470 | 2.26E-57
rRNA processing G0:0006364 | 3.34E-55
rRNA metabolic process G0:0016072 | 6.06E-54
DNA metabolic process G0:0006259 | 5.71E-52
nitrogen compound metabolic process G0:0006807 | 8.32E-52
cellular metabolic process G0:0044237 | 3.78E-51
RNA processing G0:0006396 | 4.36E-46
primary metabolic process G0:0044238 | 2.12E-45
organic substance metabolic process G0:0071704 | 9.32E-43
metabolic process G0:0008152 | 4.08E-41
cellular response to leukemia inhibitory factor G0:1990830 | 2.06E-40

Figure 4-6 Comparing undifferentiated ground-state™ stem cells to beating

cells in all treatments reveals a dynamic change in transcription. A. 3,162 genes

are upregulated in all differentiated beating states. B. 1,883 genes are
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downregulated in all differentiated beating states. C. Top 20 upregulated
biological pathways as shown by GO analysis indicates an activation of
developmental-related genes, including the circulatory system. D. Top 20
downregulated biological pathways show a deactivation in ribosomal biogenesis-

related processes.

Next, the genes that were uniquely upregulated in the wild-type beating vs
undifferentiated (330 genes in the red circle in panel A of Figure 4-6), TSA-treated
vs undifferentiated (569 genes in the green circle in panel A of figure) and Hdac4
knockout beating cells vs wild-type undifferentiated (436 genes in the blue circle in
panel A of Figure 4-6) were also subject to gene ontology analysis to look at possible
uniquely affected biological pathways (Figure 4-7A-C). Interestingly, the 330 genes
upregulated in the wild-type beaters compared to undifferentiated resulted in
biological pathways related to the immune function in general and interleukin-8 (IL-
8) regulation in particular. As for the Hdac4 knockouts and TSA-treated cells vs
wild-type undifferentiated, the upregulated biological pathways were generally
similar and mostly comprised of differentiation-related pathways. The same was
done for downregulated gene lists (Figure 4-8). In the wild-types and TSA-treated
cells, the downregulated genes were mostly related to metabolism. Looking at
downregulated pathways in Hdac4 knockouts only did not yield any significant

biological pathways.

Regarding the TSA-treated samples, it must be noted that the RNA was collected
from a mixed population of beaters and non-beaters. While effort was made to
control for variability using biological replicates and randomising sample collection
to minimise batch effects, this difference must be noted when considering the results.
Future studies should include a chemical vehicle control for increased robustness. As
the treated ESCs were differentiated using the same methods as the wild-type and
knockouts, this analysis can still provide some insights on the global transcriptomic
changes that take place as a result of pan-HDAC inhibition. This population is
therefore, theoretically expected to still express cardiac differentiation-associated
genes. The experiment aimed to gain a basic understanding of the potential

consequences of TSA treatment, in the context of results generated from the non-
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treated and knockout cells. The analysis therefore reports on global gene expression
changes in that population as a whole rather than selected beating cells. Optimisation
of TSA-directed differentiation to generate more robust beating colonies should be
performed to enable direct comparisons between sub-populations. Using the RNA-
Seq data generated in this project as a starting point, it would be interesting to hone
in on the genes and biological pathways that control cell-fat decisions and whether
they are affected by HDAC inhibition.
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Figure 4-7 Upregulated terms in wild-type beaters only differ from those found
in the Hdac4 KOs or TSA-treated beaters.
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Top downregulated terms in WT beaters only
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Figure 4-8. Downregulated genes in wild-type and TSA-treated beaters

belonged to similar biological pathways mostly related to metabolism.

The gene ontology analysis provided a good overview of the genes enriched in
affected biological pathways. To gain more insights into individual genes, MA
plots were generated for each of the comparisons (

Figure 4-9). MA plots are a variation of the Bland-Altman plot to show differences
between two samples or assays. In this context, they show log. of fold change (M) versus
the log. of the mean of normalised counts (A). Each point on the plot represents a gene.
Genes falling above or below 0 indicate up- or downregulation, respectively. Along with
these plots, Figure shows the top 25 up and down regulated genes for each comparison,
ordered in decreasing fold change. Panels A and B show that there are similarly affected
genes. For example, Pgm5 Fgb and Dnm3os were upregulated in all three groups.
Platr10, Dpys, Cpsf4l were downregulated in three groups. It was noteworthy to find
Mylk upregulated in the knockout group.

The top upregulated genes in panel A include F13al, which encodes for a
transglutaminase enzyme, expressed in bone marrow and mesenchymal lineages and
plays roles in phagocytosis, wound healing and bone and matrix remodelling
(Mitchell and Mutch, 2019). Pgm5 encodes for a member of the ao-D-
phosphohexomutase superfamily. This protein binds to dytrophin and is known to
have roles in myofibril assembly and maintenance (Muenks, Stiers and Beamer,
2017). Pgm5 protein was also found to localise to intercalated discs and Z-discs in
cardiac muscle (Molt et al., 2014). Fmod and Lum encode for proteoglycan
components of the ECM, known as fibromodulin and lumican, respectively.
Fibromodulin was found to play a role myoblast differentiation by regulating calcium
channel gene expression (Lee, Nam and Choi, 2018; Chen et al., 2020). Notably,
treating human fibroblasts with recombinant fibromodulin was sufficient to
reprogramme them into iPSCs, capable of differentiating into multiple lineages,
including cardiomyocytes (Zheng et al., 2012). Igfbpl encode for an insulin-like
growth factor binding protein and plays a role in cellular processes such as

angiogenesis, growth, mitogenesis and proliferation (Piecewicz et al., 2012).
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Downregulated genes include Fgfl7, which is involved in the development of the
midbrain, inferior colliculus and vermis cerebellum (Liu Zhonghao and Ornitz,
2000). Acsbg3 encodes for a member of the acyl-coA synthase bubblegum family,
known to function in lipid metabolism and brain development (Lopes-Marques et al.,
2018). Nr0Obl is involved in regulating the multipotency of trophoblast stem cells in
mouse embryos (Kuales et al., 2015). Collectively, the differentially expressed genes
show a pattern expected of mESCs losing their stemness and differentiating into

mesodermal cardiomyocytes.

In panel B, upregulated genes in Hdac4 KO cells contain Mgp, known to regulate
endothelial cell differentiation by inhibiting BMP4 (Yao et al., 2016). Tcf21 encodes
for a transcription factor of the helix-loop-helix family (Ao et al., 2020). Tcf21 is
mesoderm-specific and plays a key role in proliferation, differentiation, autophagy
and EMT (Hu et al., 2020). Fgb encodes fibrinogen B chain, which functions in
blood clotting and mesodermal-derived non-haematopoietic cells, including
hepatobiliary lineages (Wang et al., 2020). Ccl3 and Ccl4 were also upregulated in
this subset. These code for chemotactic cytokines (also known as chemokines) that
have roles in embryonic development and cell differentiation. Interestingly, these
have been shown to be regulated by histone deacetylation by studying the effects of
HDAC inhibition (Gatla et al., 2019).

Downregulated genes in panel B include Nkx6.3, which codes for a homeodomain
protein that regulates the development of the pancreas, central nervous system and
gastrointestinal tract . Krt4 encodes a member of the keratin family that is involved
in the differentiation of simple and stratified epithelium and was shown to be
increased by Meisl knockdown (Mahmoudian et al., 2019). Additionally, Gbx2 is
also downregulated, which encodes for a homeobox protein that acts downstream of
the LIF/Stat3 signalling pathway to maintain stem cell pluripotency. Overexpressing
Gbx2 was shown to enhance reprogramming of epiblast stem cells to naive stem cells
(Tai and Ying, 2013).

Looking at panel C, top upregulated genes in TSA-treated cells include Afp. Afp
encodes for a foetal glycoprotein and is part of a gene family that codes for albumin,

alpha-albumin and vitamin D binding protein (Gabant et al., 2002; Goldman et al.,
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2016). Afp protein is highly expressed in embryonic development and is involved in
endothelial differentiation of hepatoblasts and EMT. Another upregulated gene is
Ifi27, which encodes for a mitochondrial-targeting protein with potential roles in
apoptosis and EMT (Villamayor et al., 2023). Haplnl is also upregulated, it encodes
for a protein that contributes to the formation of cardiac jelly ECM, which is
important for cardiac development (Palpant et al., 2013). Furthermore, the zebrafish
homologue haplnla was found to specify left-right orientation of the ECM in the

developing heart tube (Derrick et al., 2022).

Moreover, interestingly in the TSA-treated group, Thx5, Hand2 and Hand2os1 were
among the top upregulated genes, a result not seen in other groups. This suggests that
global class Il HDACs relieved repression of these genes, even in a mixed cell
population. It would be of interest to investigate the role HDACs play in lineage
commitment and how TSA affects global transcription. Previous studies have shown
that chemical HDAC inhibition results in increased methylation of H3K4Me2 and
H3K4Me3 leading to transcriptional activation (Lillico et al., 2016). H3K4Me3 is
one of the markers of bivalent promoters in ESCs, regulating transcriptional
switching in the differentiated state (Jeon and Tucker-Kellogg, 2020). It would thus

be interesting to explore this mechanism further.

Downregulated genes include pluripotency-associated genes such as NrObl and
Nanog. Genes involved in exiting the pluripotent state like Errb (Festuccia et al.,
2018) and Lefty2 (Kim et al., 2014) were also decreased in the TSA-treated
population. Fgf4, a member of the FGF family was downregulated, consistent with
the finding that Fgf4 is essential for maintaining pluripotency, which it does via the
activation of the ERK1/2 signalling cascade (Mossahebi-Mohammadi et al., 2020).
These results point to the significant transcriptional changes that take place in

differentiation, and the factors responsible for its tight regulation.
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Figure 4-9. Differential gene expression analysis of WT undifferentiated and
differentiated beating cells shows a significant change in gene expression. For

each comparison, top 25 up an downregulated genes are shown.

4.3.5 Effect of TSA treatment and Hdac4 knockout on beating cells
To investigate any similarities or differences on beating between pan-class lla
chemical ablation and genetic knockout of Hdac4, the gene expression profiles of

treated beating cells were analysed.

A Upregulated genes

WT differentiated beating cells vs TSA-treated differentiated cells WT differentiated beating cells vs Hdac4 KO differentiated beating cells

1086 | 23 138

B Downregulated genes

WT differentiated beating cells vs TSA-treated differentiated cells WT differentiated beating cells vs Hdac4 KO differentiated beating cells

1559 | 22 60

Figure 4-10. Comparing differentially expressed genes in WT beating vs TSA

treated or Hdac4 KO showed a small number of similarly regulated genes.

The 23 genes at the intersection of upregulated genes only generated two pathways,
namely “cellular response to UV-¢” and “regulation of apoptotic signalling
pathway”. The 22 genes at the intersection of downregulated genes did not result in
any significantly enriched pathways. Genes that were up- or down-regulated in wild-
type differentiated beating vs TSA-treated cells (1086 genes in the red circle in panel
A and 1559 genes in red circle in panel B in Figure 4-10 above) and wild-type
differentiated beating vs Hdac4 KO differentiated beating cells (138 genes in the
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blue circle and 60 genes in blue circle in panel B of Figure 4-10 above) were then
queried for enriched biological pathways. The genes upregulated in the TSA
treatment only were enriched for pathways involved in general development such as
“developmental process” (GO:0015081), “regulation of molecular function”
(GO:0065009) and “multicellular organism development” (GO:0007275). While
genes upregulated in the knockouts only were enriched for metabolic pathways such
as “nucleic acid metabolic process” (G0O:0090304), “cellular aromatic compound
metabolic process” (GO:0006725) and “cellular nitrogen compound metabolic
process” (GO:0034641).

In both treatment groups, downregulated genes were enriched for pathways that
involve the immune system such as “immune system response” (G0:0002376) and
“response to cytokine” (G0O:0034097). The knockout beating cells in particular,
showed an enrichment for “cellular response to interferon-beta” (GO:0035456,

G0:0035458) and “cellular response to interferon-alpha” (G0:0035457)

4.3.6 Contractility protein-coding genes are differentially expressed in
the beating state

Despite cells always being differentiated and treated the same way, not all went
through to show beating. A comparison was made between differentiated cells in the
beating and non-beating states to study the genetic basis of differentiation. This
aimed to elucidate which genes were being differentially expressed in the beating
phenotype. There were no significantly downregulated genes. Panel A of Figure 4-11
shows an MA plot of the comparison with the upregulated genes circled. A volcano
plot where statistical significance (-log (p-value)) was plotted against log fold change
(panel B). The genes with the highest fold change at the highest significance are
indicated. These genes are also outlined in the table in panel C. Table 4-3 provides an
overview of the proteins encoded by their genes and their function in the heart, if
any. Sh3bgr was of particular interest. While its expression has been mapped to the

heart, it is yet to be implicated in CHDs.
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A B
g
T T : T T
1e-01 1e+01 1e+03 1e+05
mean of normalized counts
2 Adjusted p-

Gene ID log2(FC) value

Ryr2 1.641874 4.53E-08
Actn2 1.447021 4.81E-06
Tnncl 1.388491 1.90E-05
Sh3bgr 1.296203 0.000133
Myh6 1.287061 8.04E-05
Mybpc3 1.212197 0.000721
Ldb3 1.197479 0.000819
Tnnt2 1.174712 0.001344
Asb2 1.153627 0.001883
Tnni3 1.090443 0.003919
Rab6b 1.084919 0.004527
Vsnll 1.078337 0.006129
Rbm24 0.979022 0.035128
Add2 0.935877 0.037752
Chd7 0.899155 0.01971

er2

»
Actn2

»
Tnncl
Myh6,
*Sh3bgr
Mybpc3
Ldo3 o Tnnt2
Tnni3 *Asb2

» Rabéb
Vsnl1

Figure 4-11. Comparison of wild-type differentiated beating and non-beating

cells showed an upregulation of contractility protein-coding genes.

Table 4-3. A summary of the functions of the upregulated genes in the beating

cells.

Gene Protein Function Reference

. Cardiac ryanodine | Binds to calmodulin, involved in (Nadadur etal, 2017;
Ryr.

receptor 2

regulation of cardiac contraction,

Sun et al, 2021)
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cytosolic Ca2+ release and ion
transport and development of the
left ventricle. Loss-of-function
mutation has recently been
associated with a new disorder, Ryr2
calcium release deficiency syndrome.
Gene expression is repressed by
PITX2, which is directly activated by
TBX5

Located in the Z-disc of sarcomeres
anf functions in muscle contraction.

Mutations in this gene were linked to

Actn2 a-actinin 2 (Guoetal, 2021)
dialated cardiomyopathy and
arrhythmogenic right ventricular
cardiomyopathy
Key regulatory protein of muscle
Tnncl Troponin C1 contractions, mutations in Tnncl are | (Mahmud et al, 2021)
linked to dialated cardiomyopathy
Not well-characterised, mutations
SH3-binding
have been mapped to chromosome
Sh3bgr domain glutamic (Egeoetal, 2000)
21in the Down syndrome CHD
acid-rich protein
region
Involved in cardiac differentiation,
encodes fir the o heavy chain subunit
Myosin heavy of cardiac myosin which functions in
Myhé6 (Zuo et al, 2022)
chain 6 muscle contractions. Mutations are
associated with familial hypertrophic
cardiomyopathy and ASD
Expressed exclusively in the heart
muscle and regulates cardiac
Myosin binding (Fernandez Suarez et
Mybpc3 contraction by binding myosin.
protein C3 al, 2023)
Mutations in Mybpc3 can lead to
hypertrophic cardiomyopathy
Ldb3 LIM domain Interacts with a-actinin 2 and is (Koopmann et al,
binding protein 3 | involved in cytoskeletal assembly. 2023)
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Mutations have been linked with
myofibrillar myopathy and dialated
cardiomyopathy

Tnnt2

Troponin T2

Encodes a subunit of the troponin
complex that regulates calcium
concentration-dependent
contractions. Mutations can lead to
familial hypertrophic
cardiomyopathy and dilated
cardiomyopathy

(Tsaturyan et al,

2023)

Asb2

Ankyrin repeat
and SOCS box
containing protein

2

Encodes a subunit of the ubiquitin E3
ligase complex which regulates the
degradation of actin-binding
proteins. Knockouts, FHF and SHF
mutations are all embryonic lethal
due to heart defects. Mutations in the
anterior heart field result in DORV. It

is involved in cardiac morphogenesis

(Yamak et al, 2020)

Tnni3

Troponin I3

Encodes the inhibitory subunit of the
troponin complex, mediating muscle
relacation by blocking actin-mypsin
interactions. Mutations lead to
familial hypertrophic
cardiomyopathy and familial

restrictive cardiomyopathy

(Tian et al, 2022)

Rabé6b

Ras-related

protein Rab-6B

Not thoroughly characterised.
Involved in Golgi apparatus vesicular

transport

(Seifert et al, 2015)

Vsnll

Visin like protein

1

Encodes a neuronal calcium sensor
protein that modulates intracellular

pathways

(Halbgebauer et al,
2022)

Rbm24

RNA binding motif
protein Y-linked
family 1 member

Al

Contains an RNA-binding motef and
is predicted to regulate splicing in

spermatogenesis

(Yanetal, 2017)
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Encodes a subunit of the adducin

membrane skeletal proteins. They

Addz Adducin 2 have been linked with regulating (Kardia et al., 2007)
blood pressure in hypertension
animal models
Chromodomain
Chromatin remodeller where
Chd7 helicase DNA (Sanosaka et al, 2022)

binding protein 7

mutations cause CHARGE syndrome

Abbreviations: ASD, atrial septal defect; CHARGE, coloboma, heart disease, atresia

of the choanae, retarded growth and mental development, genital anomalies, and ear

malformations and hearing loss; CHD, congenital heart disease; DORV, double
outlet right ventricle; FHF, first heart field; SHF, second heart field.
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4.3.7 Ingenuity Pathway Analysis

To query the RNA-Seq data and put it in biological context, Ingenuity Pathway
Analysis (IPA, Qiagen, Heidelberg, Germany) was used to analyse expression data.
IPA is an advanced bioinformatic tool with a built-in knowledge base. The
knowledge base is a curated collection of experimentally validated data. Using
algorithms, IPA is able to delineate the molecules, genes, proteins, chemicals and
drugs responsible for the gene expression pattern seen in the data (Kréamer et al.,
2014). IPA can also show the relationships between these molecules and generate
molecular networks based on published experimental data or infer these relationships
using machine learning if experimental evidence is unavailable. IPA is able to
generate graphical summaries of the data, identity enriched canonical pathways,

functions, regulators, causal networks and clinically-relevant phenotypes.

Due to licensing restrictions and download limits, “Canonical pathways”, “Tox
functions and Graphical summary” were chosen to include in this thesis. The aim of
this analysis was to observe if cardiac-related pathways were enriched in the

different cell groups and to investigate the effect of Hdac4 knockout.

In this study, lists of differentially expressed genes in pairwise comparisons were

input into IPA to as follows:

e Wild-type undifferentiated vs wild-type differentiated beating

e Wild-type undifferentiated vs wild-type differentiated non-beating

e Wild-type undifferentiated vs Hdac4 KO beating

e Wild-type undifferentiated vs Hdac4 KO non-beating

e Wild-type undifferentiated vs TSA-treated

e Wild-type differentiated beating vs wild-type differentiated non-beating
o Wild-type differentiated beating vs Hdac4 KO beating

o Wild-type differentiated beating vs TSA-treated

e Wild-type differentiated non-beating vs Hdac4 KO non-beating

e TSA-treated vs Hdac4 KO beating
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Lists of genes and their corresponding fold-change, p-value and false discovery rate

were input into IPA for each of the comparisons above.

4.3.7.1 Canonical pathways involved in cardiac hypertrophy are activated

The first analysis conducted comprised of entering all comparisons into IPA at once
and looking at enriched biological pathways. The ‘Canonical Pathways’ feature was
used. In this analysis, IPA identifies established signalling or metabolic pathways
that were either activated or inhibited based on differential gene expression. IPA also
generates z-scores (Table 4-4) . These are based on statistical tests and z-scores with
an absolute value greater than or equal 2 is considered statistically significant. The z-
score is a representation of the ratio of identified DEGs compared to all the genes in
that pathway. A positive value indicates that the canonical pathways was activated. A
negative z-score indicates that the pathway was inhibited. A z-score of 0 means that
the values for activation and inhibition were equal so no prediction about the
pathway can be made. Out of a total of 414 pathways, 335 were either activated or
inhibited in at least one of the comparisons. The full list can be found in the

appendix.

Of the 335, 5 were related to cardiac signalling (ranked 3, 12, and 15, 206, 283 out of
335, respectively). The names and z-scores are detailed in the Table 4-4 below. The
comparisons (WT diff B vs WT diff NB) and (WT diff B vs Hdac4 KO B) resulted

in z-score values of 0.

The results showed an increase in cardiac signalling activation in the differentiated
cells, specifically signalling related to cardiac hypertrophy. Cardia hypertrophy-
associated pathways also included “Role of NFAT in cardiac hypertrophy” though
that did not reach statistical significance in all comparisons. Cardiac -adrenergic
signalling was only significantly inhibited in the WT vs Hdac4 KO differentiated
non-beating cells. Apelin cardiac fibroblast signalling pathway was found to be
inhibited only in the WT TSA B vs Hdac4 KO B comparison, at an exact value of -2.
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Table 4-4. Canonical pathway analysis indicates that cardiac hypertrophy

signalling is enhanced in the differentiated state.

WT WT diff
WT WT undiff WT NB vs
undiff | undiff vs VS undiff vs WT Hdac4 WT diff
Canonical vsWT | WT diff | Hdac4 Hdac4 undiffvs | KOdiff | Bvs TSA | WT TSABvs
Pathways diff B NB KO B KO NB TSAB NB B Hdac4 KO B
CREB Signaling
in Neurons 9.935 9.815 10.839 | 10.604 8.066 -1.342" -3.101 4.006
Phagosome
Formation 9.035 8.832 9.767 9.549 6.971 -1.606 -5.039 5.41
Cardiac
Hypertrophy
Signaling
(Enhanced) 7.869 7.519 8.493 8.951 7.391 -0.229™ | -3.677 2.324
Pulmonary
Fibrosis
Idiopathic
Signaling
Pathway 7.385 7.606 8.795 8.327 6.976 0.728"™ -3.464 3.101
Wound Healing
Signaling
Pathway 8.024 8.091 7.937 7.981 7.136 0.894"m -2.92 3.286
Hepatic Fibrosis
Signaling
Pathway 7.3 7.561 7.956 7.675 7.034 -0.447"™ | -3.753 2.832
GP6 Signaling
Pathway 6.671 6.952 6.671 6.765 5.986 2.309 -4.243 4.352
G-Protein
Coupled Receptor
Signaling 7.276 7.338 8.397 7.595 5.986 -1.279™ | -2.683 3.085
Breast Cancer
Regulation by
Stathminl 7.366 7.35 8.772 7.829 6.23 -0.5m™ -2.54 2.929
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Colorectal Cancer

Metastasis

Signaling 7.319 7.758 7.677 7.695 6.807 ins -3.53 14
Synaptogenesis

Signaling

Pathway 6.592 6.187 6.091 6.519 5.768 -0.577m -3.286 2.596
Cardiac

Hypertrophy

Signaling 6.328 6.601 6.395 6.881 6.466 1.342"m -2.065 1.147"m
IL-8 Signaling 6.51 6.184 6.671 6.6 6.647 -0.378" -2.132 1.279"
Calcium

Signaling 6.455 5.612 6.119 6.35 4.636 -1.633" -1.667 2.668
Role of NFAT in

Cardiac

Hypertrophy 6.54 6.466 6.183 6.54 6.037 0.378™ -1.5m 1.147™
Production of

Nitric Oxide and

Reactive Oxygen

Species in

Macrophages 5.367 5.823 5.063 5.498 5.185 0.632" -3.545 3.266
Neuroinflammati

on Signaling

Pathway 6.582 6.237 5.635 5.942 4.87 ons -2.534 2.16
ILK Signaling 5.421 5.58 5.969 6.053 5.185 -0.378™ -2.236 3
Integrin Signaling | 5.009 5.356 5.085 5.662 5.341 -1ms -2.683 2.4
Tumor

Microenvironmen

t Pathway 4.472 3.882 5.742 5.735 4.359 -0.775™ -3 3.773
eNOS Signaling 5.88 5.798 5.252 6.021 5.374 N/A -2.138 1.265"
Oxytocin

Signaling

Pathway 5.364 4.666 5.613 5.757 49 -0.905" -1.3m 2.828
STAT3 Pathway 4907 4901 5.485 5.555 5.217 0.447" -2.673 2.138
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Adrenomedullin

signaling

pathway 5.444 5.607 5.208 5.208 4.391 0.378™ -2.6 2.449
Signaling by Rho

Family GTPases | 5.814 5.59 4.95 5.277 5.812 0.447m -1.633™ | 1.4™

NS: not significant

4.3.7.2 Tox functions associated with cardiac disease are inhibited

In addition to enriched metabolic pathways, IPA is able to generate lists of “Tox
Functions”. These show the relationship between experimental data and known
pathologies. Tox Lists are composed of molecules known to play a role in a
particular type of toxicity or clinical phenotype. These are genes involved in
biological processes and key toxicological responses (Qiagen, Heidelberg,
Germany). IPA uses the name tox functions as a proxy for clinical pathology
endpoints. This feature is able to link changes in gene expression to known clinical

phenotypes and predict responses to drugs.

The same comparisons as in the previous section were input into the software to look
for Tox functions that are a result of differential gene expression. As with the
Canonical Pathways function, IPA generates a z-score for each Tox Function. A z-
score with an absolute value of greater than or equal to 2 is statistically significant.
Out of a possible 743 pathways, 105 were identified to be activated or inhibited in
the dataset. Table 4-5 below shows the top 20 Tox functions. The full list can found
in the appendix. The comparisons (WT diff B vs WT diff NB) and (WT diff B vs

Hdac4 KO B) resulted in z-score values of 0.

Table 4-5. Tox function analysis showed an enrichment for congenital heart

disease related pathway inhibition.

WT WT WT WT WT WT diff WT | WT TSA
undiff undiff undiff vs | undiff vs | undiff NB vs diff B Bvs
Tox vs WT vs WT Hdac4 Hdac4 VS Hdac4 KO S Hdac4
Functions diff B diff NB KO B KO NB TSAB diff NB TSAB KO B
Tox functions
Tasabeeh Mohamed - November 2023 169



Transcriptomic analysis of the role of hdac4 in cardiac differentiation of mouse embryonic stem cells

Congenital

heart disease

-6.216

-5.694

-6.779

-6.919

-4.823

2.321

1.834™

-2.997

Atrial or
ventricular

septal defect

-4.439

-3.945

-5.319

-5.35

-3.789

1.891m™

1.643

ns

-3.398

Ventricular

septal defect

-4.315

-3.893

-5.055

-5.173

-3.692

1.729™

2.138

-3.432

Hydronephros

is

-5.07

-5.349

-4.66

-5.07

-4.442

1.652

ns

-3.098

Increased
Levels of
Alkaline
Phosphatase

4.53

4.767

5.654

4.83

3.906

-0.359™

-1.309

ns

2.633

Increased
activation of
alkaline

phosphatase

4.501

4.821

5.503

4.65

3.931

-0.079™

-1.132

ns

2.494

Familial
congenital

heart disease

-4.775

-4.111

-4.422

-4.794

-3.606

-2.132

Conotruncal
heart
malformations

-4.562

-3.874

-4.199

-4.584

-3.349

-1.913™

Activation of
hepatic
stellate cells

3.936

3.862

4.172

4.163

4.188

0.555"™

-0.415

ns

0.696™

Persistent
truncus

arteriosus

-4.36

-4.002

-3.964

-4.367

-3.361

-1.89m™

Congestive

heart failure

-3.557

-3.44

-3.911

-3.96

1.432

ns

-1.764"™

Increased
Levels of
ALT

2.967

3.338

3.354

2.807

2.809

2.941
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Increased
Levels of
LDH

3.498

3.874

3.874

3.62

3.064

-1.294

ns

177

Failure of

heart looping

-3.761

-3.761

-3.889

-4.208

-3.499

Proliferation

of kidney cells

3.06

3.183

3.275

2.944

3.448

-1.04"

-0.666

ns

1.459™

Increased
Levels of Red
Blood Cells

2.865

2.878

3.661

4.36

2.706

s

-0.647

ns

0.594™

Atrial septal
defect

-2.781

-2.504

-3.502

-3.421

-2.424

0.896

0.816

-2.138

Nephritis

-3.268

-3.125

-3.381

-2.428

-3.206

-2.043

-0.165

-0.614

Hypoplasia of
heart ventricle

-3.853

-3.249

-3.853

-3.379

-3.842

N/A

N/A

N/A

Increased
release of
LDH

3.064

3.356

3.066

3.066

3.066

N/A

-1.172

1.292

"S- not significant

The top 20 results showed that differential gene expression in the comparisons
correlated with an activation/inhibition of 10 cardiac-related diseases. Some cardiac
tox functions were activated though not significantly, except “ventricular septal
defect” in the WT diff B vs TSA treated comparison. This indicates an increase in
expression of genes associated with that as a result of TSA treatment in the
differentiated state.

4.3.8 IPA graphical summary suggests DNA methylation plays a role in
cardiomyocyte beating

In addition to functional enrichment, IPA can be used to infer relationships between
these enriched pathways or biological functions, revealing interaction networks that
may drive changes in gene expression. The Graphical Summary feature provides an

overview of the major biological themes in the data and how they are related to one
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another. To generate these summaries, IPA uses the most significant entities. The
software uses the IPA Knowledge Base to plot relationships based on experimentally
validated data and machine learnings to infer these relationships if they did not exist
in the Knowledge Base. All entities in the graphical summary are statistically

significant (p<<0.05 Fisher’s test and |z-score[>2).

This feature was used to query the molecular basis of beating, to uncover possible
novel regulators. The DGE coparison of wild-type differentiated beating cells vs
wild-type differentiated non-beating was input into the software. The network
generated is shown in Figure 4-12. The network revealed a positive feedback loop
between the transcription factors Thx5, Gata4 and Mef2c, where they were all
activated. These are known cardiac regulators and are sufficient to induce
transdifferentiation from fibroblasts to cardiomyocytes (Efe et al., 2011; Wang et al.,
2015; Isomi et al., 2021). Moreover, the shoftware predicted a role for DNA
methyltransferases Dnmt3a and Dnmt3b, in addition to lysine specific demethylase 5
Kdmb5a. They were all significantly downregulated. Dotted lines on the network
signify a relationship that was inferred using machine learning. The direction of that
relationship between Gata4 and Dnmt3b and between Dnmt3b and Kdm5 could not
be determined. This result suggests that DNA methylation, or the absence of it, plays

a role in regulating master cardiac regulators.
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Figure 4-12 Graphical summary of DGE results between wild-type beating and

differentiated non-beating cells reveal a possible role for DNA methylation in

cardiomyocyte biology
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4.3.9 Graphical summary of wild-type and Hdac4 KO stem cell-induced
cardiomyocytes

The Graphical summary feature was also used to compare wild-type beating cells to
Hdac4 KOs (Figure 4-13). This was done to explore the biological systems that were
affected due to the knockout.
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Figure 4-13. Graphical summary of wild-type and Hdac4 KO beaters hints at

implicating Hdac4 in interferon signalling in cardiomyocytes
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The network showed an upregulation of Cited2 (Cbp/P300-Interacting Transactivator
2), a transcriptional coactivator with a role in embryonic stem cell differentiation (Li
et al., 2012). Trim24 was also activated. It is transcriptional coactivator that can
recognise the acetylation mark H3K27ac (Tsai et al., 2010). From the data, Cited2
and Trim24 are predicted to inhibit Ddx58, an RNA helicase. Ddx58 was in turn
predicted to activate interferon regulatory factor 3 (Irf3). It belongs to a family of
homologous proteins that regulate the transcription of interferons and interferon-
induced genes. All interferons signal through the JAK-STAT pathway (Antonczyk et
al., 2019). Moreover, Mavs and Cgas are both involved in the type 1 interferon

signaling pathway.

The network predicted an activation of Pnptl and an inhibition of Rbpj which in turn
was inferred to be associated with cellular homestasis. The direction of that
association (whether Rbpj had an activatory or inhibitory effect on genes in cellular
homestasis function) could not be determined. Pnptl plays a role in RNA import and
its disruption can trigger an altered immune response (Dhir et al., 2018; Pajak et al.,
2019).

In association with pluripotency of cells, Rarg and Inhba were inhibited and
activated, respectively. Rarg encodes for a retinoic acid receptor (RAR). RARs
cooperate with HATs and HDACs to regulate gene expression in determining cell
fate (Stefanovic and Zaffran, 2017). Inhba is a member of the TGF-f superfamily of
proteins. It has been implicated in cardiac regneration in zebrafish by functioning as
a mitogen in cardiomyocytes (Dogra et al., 2017). Overall, the network shows
differential expression of factors regulated by acetylation and points to the potential
involvement of Hdac4 in interferon signalling. Hdac4 was shown to have a role in
type 1 interferon signalling and viral replication was enhanced cells lacking Hdac4.
It was also shown to be a target for degradation during vaccinia virus infection by an
interferon agonist (Lu et al., 2019). Additionally Hdac4 was found to repress the
nuclear translocation of Irf3, thus decreasing downstream IFN-B expression by

blocking the phosphorylation of Irf3 (Yang et al., 2019).
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4.4 Discussion

Embryonic stem cells are an invaluable resource to study embryonic development
and possible perturbations. Understanding the complex genetic processes that take
place during their differentiation can also get us closer to improving differentiation
protocols that may be useful in the context of organ repair. In this study, embryonic
stem cells were differentiated into beating cardiomyocytes in their wild-type form, in
addition to being treated with a pan-HDAC inhibitor TSA and after CRISPR-Cas9
mediated knockout of Hdac4. This was done to investigate a possible role of HDAC
proteins and Hdac4 in cardiac differentiation and if they have a function in the

pathogenesis of CHDs.

Attempts to derive pure beating cardiomyocyte populations were not successful.
Consequently, the decision was made to use cloning rings to surround the beating
clusters and extract RNA from those. For the TSA-treated cells, beating clusters were
small, thin and far more spread out. Therefore, RNA in these cases was extracted
from whole wells. The heterogeneity in RNA sources may be a confounding factor
when interpreting RNA-Seq results. It should also be kept in mind when considering
results of this study in the context of the literature, that published work often refers to
cardiomyocytes that have been genetically purified from the wider differentiating
cell pool.

RNA-Sequencing makes transcriptomic profiling in exquisite detail possible. It has
the advantage of not needing prior knowledge of genes involved in the process or
cell type being investigated compared to microarrays. It allows for quantitative and
comparative measurements of gene expression. It was selected for the wealth of data

it provides at an economical cost.

For this study, the 3’ Quant-Seq library generation method followed by sequencing
on the Illumina NextSeq sequencer were performed. It offers the advantage of
providing detailed information about differentially expressed genes. Since alternative
splicing was not an objective of this project, 3’ Quant-Seq was chosen over

traditional whole RNA sequencing due to its ease and affordability.

Extracted RNA was subject to strict QC measures and only intact RNA with the
highest purity was subject to library preparation and subsequent sequencing. 5
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biological replicates per condition were obtained and analysed to increase statistical
power. Independent wells in differentiation plates were treated as independent

biological replicates.

Exploratory, unsupervised analyses were conducted on the data to study global
changes in gene expression. Initial clustering using the top most differentially
expressed genes showed that samples clustered well together by group. This suggests
that the degree of variance between groups is higher than that among samples within
a group. PCA analyses indicated that PC1 was responsible for the highest variance,
demonstrating that differentiation itself is the most contributing factor to the change

seen in global gene expression change.

It was evident from comparing differentiated beating cells to the undifferentiated
wild-types that a global wave of change in gene expression has taken place.
Differentiation is a complex, highly dynamic process (Boheler et al., 2002).
Conducting enrichment analysis of differentially expressed genes showed the
upregulation of biological pathways associated with animal development,
organogenesis and anatomical development, consistent with differentiation. It was of
note that among the top 20 upregulated pathways, “cardiovascular development” was

the only one on the list associated with a particular organ system.

Enrichment analysis also showed the downregulation of pathways associated with
ribosomal biogenesis and rRNA processing. The downregulation latter processes
were proposed to trigger cell differentiation in a study by Hayashi and colleagues
(Hayashi et al., 2014), in line with GO analysis showed in this study. Global
translation has been shown to be inhibited in adult and embryonic stem cells. in stem
cells, global translation increases in the EBs (Ingolia, Lareau and Weissman, 2011;
Tahmasebi, Amiri and Sonenberg, 2019).

In an attempt to query the effect of Hdac4 KO or TSA treatment, a three-way
comparison of differentially expressed genes between each treatment and the
undifferentiated “ground state” cells. This comparison was used as a basis to carry
out enrichment analysis on genes up- or down-regulated exclusively in each group.
These resulted in a similar upregulation pattern in the TSA-treated and Hdac4 KOs

where most terms belonged to developmental cellular processes. It was notable that
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in the wild-type beating cells, an upregulation of interleukin-8 and toll-like receptor 2
signalling pathways was seen. IL-8 is known for regulating stemness in small cell
lung cancer cells (Jin et al., 2018), inducing angiogenesis and promoting the homing
of vascular endothelial cells (L. Wang et al., 2021).

To take a deeper look into the possible biological systems that may underlie the
changes in gene expression, IPA software was used. Using its “Canonical pathways”
feature, 3 of the top 20 most significant pathways were related to cardiac
hypertrophy or signalling pathways, such as NFAT, in hypertrophy. NFAT mediates
calcineurin-regulated hypertrophy in the heart (Molkentin, 2004). Looking at those
specific genes, it was interesting to see Hand2 and Thx5 among the top most
upregulated genes in the TSA-treated cells. This result was particularly interesting
considering the cell population the RNA was extracted from. It is normal for non-
beating cells to be present in differentiating cardiac populations (Dubois et al., 2011;
Friedman et al., 2018). Despite the fact that they were not all beaters, a significant
increase in Thx5 and Hand2 expressions was seen. This suggests the possibility of
derepression of these genes via acetylation. Handl and Hand2 are essential for
cardiac development and heart morphogenesis (Vincentz, Barnes and Firulli, 2011).

Using IPA’s “Tox functions” feature revealed a bias towards cardiac pathologies.
The list showed that 10 out of the top 20 clinical phenotypes were driven by the
observed change in gene expression in the data. It was of particular interest that with
the exception of “congestive heart failure”, all of the terms were related to CHDs.
These pathologies were consistently inhibited in all comparisons except (WT diff NB
vs Hdac4 KO NB) and (WT diff B vs TSA B) where results were inconclusive. The
z-scores did not reach statistical significance in these. However, this particular
disparity points towards the regulatory role for HDACs in CHD development.
Knockout models for Hdac2, Hdac5 and Hdac9 have cardiac defects while some
heart diseases have been linked to aberrant HDAC activity (Seto and Yoshida, 2014).
Hdac4 expression was shown to inhibit cardiomyogenesis (Kawamura et al., 2005;
Hosseinkhani et al., 2007; Mathias, Guise and Cristea, 2015). Class lla HDACs in
particular, have an established role in cardiac hypertrophy. Cardiac remodelling in
hypertrophy occurs in response to pressure or injury (Mathias, Guise and Cristea,

2015). Hypertrophy is driven by a “foetal gene programme” which results in the
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expression of proteins involved in contractility and calcium absorption (Frey and
Olson, 2003). In the absence of hypertrophic stimuli, this gene programme is
repressed by nuclear HDACs (McKinsey, Zhang and Olson, 2002; Zhang et al.,
2002; Mathias, Guise and Cristea, 2015). Moreover, a significant increase in class I,
Illa and Ilb HDAC catalytic activity was observed in right ventricles of single
ventricle patients relative to non-failing controls (Blakeslee et al., 2017). TSA is also
capable of inducing cardiac differentiation of mesodermal cells (C. Karamboulas et
al., 2006). Taken in context of what is known about HDAC activity in cardiac
development and disease, these results warrant further investigation to find more
about HDACs mode of action.

Using IPA’s “Graphical summary” feature, an attempt was made to elucidate the
genetic basis of beating. As non-beating cells are often found in population of stem-
cell-derived cardiomyocytes (Dubois et al., 2011), it would be interesting to see what
genes are behind exhibiting a beating phenotype. The schematic that was generated
by IPA revealed that a positive feedback loop of TFs Thx5, Mef2c and Gata4 was
driving the upregulation of contractility proteins.

It was notable to see an inhibition of demethylases as a possible explanation for the
observed change in gene expression. While the role of histone acetylation has been
extensively studied in cardiac development and disease, the role of methylation
remains to be determined (Madsen et al., 2020). Histone demethylases Kdmba,
Dnmt3b and Dnmt3a were identified by IPA. The software predicted a relationship
between Dnmt3b and Gata4 but could not determine the direction. Kdm5 encodes
for a H3K4me3/me2 histone demethylase and is activated in many cancers as it
modulates p53 function. It also plays a role in tumour angiogenesis (Hu et al., 2018;
Yang et al., 2021). Whole-exome sequencing has also implicated KDM5A in CHDs
(Zaidi et al., 2013; Szot et al., 2018). Studies have shown its involvement in
cardiomyopathies by virtue of being activated by lamin protein (Pradas et al., 2020)
and suppressing mitochondrial activity (Varaljai et al., 2015). It has been shown to
be activated in the development of heart failure (Chen et al., 2017). The network
depicted an indirect inhibitory relationship between Kdmb5a and dilated
cardiomyopathy signalling. These results suggest the possible involvement of Kdmba

in regulating the cardiac gene programme.
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Controlling dynamic methylation levels in cardiomyocytes requires the cooperation
of histone methyltransferases and demethylases. Dnmt3a and Dnmt3b proteins are
responsible for de novo methylation at CpG sites (W. Wang et al., 2021). Dnmt3a
knockout in mice results in stunted development and death at 3 weeks and Dnmt3b
knockout is embryonically lethal with heart abnormalities (Kaneda et al., 2004;
Nihrenberg et al., 2015). Dnmt3b inducible knockout in adult mice led to
spontaneous cardiomyopathy (Vujic et al., 2015). However, a study generating
cardiomyocyte-specific knockouts of Dntm3a and Dnmt3b found them to be
dispensable for cardiac remodelling under overload (Nuhrenberg et al., 2015). In
human smooth muscle cells, decreased DNMT3A protein levels resulted in
hypomethylation at contractile gene promoters, leading to increased expression
(Jeong et al., 2021). DNTM3A is also downregulated in patients with tetralogy of
Fallot (Sheng et al., 2013). SiRNA knockdown of Dnmt3a in cardiomyocytes
showed a decreased level of methylation at promoters of Myh7, Myh7b, Tnni3 and
Tnnt2, all crucial for contraction. IPA analysis of Dnmt3a siRNA knockdowns
indicated an activation of cardiac factors Gata2, Gata4, Mef2a, Mef2c, Mef2d,
Hand2 and Nkx2.5 (Fang et al., 2016). In light of these findings, the precise role of

methylation in cardiomyocytes warrants further investigation.

Also within the genes upregulated genes in contractility was Sh3bgr. Sh3bgr was
discovered in an effort to map the genes on human chromosome 21, within the CHD
region (Mazzocco et al., 2002). Overexpression of Sh3bgr was intriguingly found not
to affect heart morphogenesis in mice (Sandri et al., 2004). However, studies in
Xenopus showed that knockdown leads to severe defects in heart development and is
necessary for sarcomere function. Overexpression of Sh3bgr altered heart and
sarcomere morphology (Jang et al., 2015). Its upregulation in the beating cells
supports the notion that it is indeed in cardiomyocyte biology and can be a potential

candidate causative gene for CHDs.

Using the “Graphical summary” feature to investigate the network that may be
driving the changes in gene expression seen when comparing the wild-type beating
cells to Hdac4 knockout beaters revealed the possible inhibitory effect of Cited2.
Cited2, in addition to Trim24 and Irf3 were activated. The network showed they

were activated and inhibited a host of proteins with roles in interferon signalling.
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Cited?2 is a transcriptional co-activator that interacts with the histone acetylase p300.
It was found to regulate pluripotency and cardiomyocyte differentiation of ESCs.
Cited2 knockout cells showed delayed and disturbed cardiomyocyte differentiation
(Li et al, 2012). Moreover, Trim24 was found to promote cardiomyocyte
hypertrophy and was upregulated in hypertrophic or dilated mouse and human hearts
(Borlepawar et al., 2017). Irf3 regulates cardiac fibrosis in induced hypertension and
controls cardiac inflammatory cytokine expression in response to myocardial
infarction (Tsushima et al., 2011; King et al., 2017). Transcription factor Irf3
controls Ifnbl expression post-myocardial infarction (King et al.,, 2017).
Interestingly, it was shown that Hdac4 has an inhibitory effect on 1rf3 in regulating

host viral response (Yang et al., 2019).

The network also showed a possible activation of Pnptl which may inhibit Statl.
Pnptl encodes for a protein with a role in RNA import. Mutations in Pnptl lead to a
wide array of phenotypes, including cardiovascular abnormalities. The exact
relationship between particular genotypes and phenotypes is yet to be determined
(Rius et al., 2019). Statl is a transcription factor involved in cardiomyocytes
response to ischaemia/reperfusion injury and its deficiency is thought to be protective
against myocardial infarction (Mccormick et al., 2012). Downregulated Rbpj was
depicted to be linked to Pnptl activation. Rbpj encodes for the DNA-binding
component of the Notch signalling pathway and is ubiquitously expressed as a
transcriptional silencer in the absence of Notch (Kulic et al., 2015). In the absence of
Notch signal, it assembles a corepressor complex containing NCoR/HDACs (Oswald
et al., 2016) and histone demtylases (Xu et al., 2017).

Additionally, an activation of the “pluripotency of cells” function was seen, linked
with an inhibition of Rarg. Rarg encodes for a retinoic acid receotor. Retinoic acid
receptors interact with HATs and HDACs to regulate gene activity and determine
cell fate (Stefanovic and Zaffran, 2017).

These results points to a possible activation of Cited2 due to Hdac4 knockout. Due to
Cited’2 association with p300, a HAT with a known function in cardiac

development, and itself being a regulator of cardiac differentiation, this calls for
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further validation and study. They also predict a possible role for Hdac4 in regulating

inflammatory signalling via Irf3.

Overall the analysis conducted in this chapter showed the global changes in gene
expression that took place during cardiac differentiation. The results showed the
activation of cardiac-related genes and pathways and suggested that cardiomyocyte
contractility may be regulated by methylation. They also pointed towards the

involvement of Hdac4 in regulating Irf3.
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5 CHAPTER 5. GENERAL DISCUSSION

The aim of this study was to first establish a cellular model of cardiac differentiation.
This was first done by comparing cardiac differentiation ability of P19CL6
embryonic carcinoma cell line and CGR8 embryonic stem cell line. The stem cell
line was found to have a higher differentiation efficiency. Next, to address the aim of
studying the effect of HDAC inhibition, differentiating cells were treated with
Trichostatin A. Moreover, to study the role of Hdac4 in cardiac differentiation,
CRISPR/Cas9 was used to knock out the gene before differentiating the knockout

cells. RNA-Seq was then used to analyse gene expression profiles.

Mammalian heart development is a complex feat and cardiomyocyte differentiation
is a key process (Bruneau, 2013). Understanding how that takes place can lead us
closer to understanding what may go wrong resulting in congenital heart disease
(Xin, Olson and Bassel-Duby, 2013). Concurrently, refining differentiation protocols

will be key for clinical usage of stem cells for repair .

In this study, two murine cell line models of cardiac differentiation were used,
namely the embryonic carcinoma cell line P19CL6 and the embryonic stem cell
(mESC) cell line CGR8. They were both differentiated into cardiomyocytes using the
established method of hanging drops (Moore et al., 2004; Behringer et al., 2016).
This method forms three-dimensional cellular aggregates named embryoid bodies
(EBs). These were then plated and observed for the presence of beating clusters. The
beating was used as an initial mark of cardiac differentiation. It was apparent that
while the two cell lines were both capable of forming EBs, a mark of pluripotency,
their ability to differentiate into cardiomyocytes was different. P19 cells were less
efficient and produced beating clusters with lower frequency and consistency than
mESCs. The latter were therefore the model of choice for this project.

Embryonic stem cells provide a valuable resource to study embryonic cardiac
development and the effect of chemical or genetic perturbations on that process

(Musunuru, Domian and Chien, 2010). To further understand the genetic events
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controlling cardiac differentiation, wild-type mESCs were taken through
cardiomyocyte differentiation for 15 days and RNA was extracted for gene
expression profiling. Moreover during differentiation, the cells were treated with a
pan-Class Ila HDAC inhibitor, Trichostatin A (TSA) to assess its effects on cardiac
gene expression. The cells were monitored throughout the treatment and were seen to
grow thinner on the plate and beat slower than untreated controls. RNA was also

collected at the end of the treatment for transcriptomic profiling.

To take a closer look at the role of a particular Class Ila HDAC, namely HDACA4, a
CRISPR/Cas9 experiment was designed to knock out the encoding gene. Guide
RNAs were designed using online tools and they were tested in vitro for their
cleavage efficiency. The guide RNA with the highest efficiency was chosen. Cells
were electroporated with a vector containing the guide sequence, Cas9 mRNA and a
selectable marker. Colonies were obtained, expanded and subject to Sanger
sequencing to look for any mutations around the target site. 11 mutant colonies were
identified and the colony with the largest deletion was selected for further

investigation.

The chosen colony, referred to as B5, had a 221-bp deletion within the Hdac4 gene.
The last 25bp of the deleted interval are located in exon 18 of Hdac4. Cells from this
colony were differentiated as before and observed. Beating onset was not
significantly different to that observed in wild-type controls. Visual inspection
however, did show that beating was slower and more similar to TSA-treated cells
(Movies 4-6 for TSA and 7-9 for B5). At day 15 of differentiation, RNA was also

collected for sequencing.

3’ Quant-Seq was chosen for its efficiency in detecting differentially expressed genes
while maintaining relative affordability (Moll et al., 2014). All library preps,
sequencing and bioinformatics analyses were conducted at Deep Seq at the
University of Nottingham. RNA from undifferentiated wild-type mESCs was
compared to day 15 differentiated wild-types (beating and non-beating), TSA-treated
and Hdac4 KO (beating and non-beating). RNA-Seq data were further analysed

using Ingenuity Pathway Analysis software to understand their biological context.
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5.1.1 Embryonic stem cells are better models of heart development

The first objective of the study was to find a cellular model of cardiac differentiation.
Attempts at differentiating P19CL6 cells to cardiomyocytes were made, and
compared with mESCs. The efficiency and consistency with which mESCs were
converted to beating cardiomyocytes were the reasons why they were chosen to be
carried forward in experiments. P19CL6 cells do have an intrinsic ability to form
beating cardiomyocytes, albeit with DMSO induction. However, the cell line is of a
teratoma origin with a euploid karyotype (McBurney, 1993). This makes them
unpredictable to apply in clinical settings, despite studies reporting their functionality
upon transplantation into infarcted mouse hearts (Ohtsu et al., 2005). P19CL6 cells
were found to differentiate to cells deriving from all three embryonic layers but their

contribution to the germline is not well characterised (Jasmin et al., 2010).

Notably, they beat slower and more irregularly than host cells. The mechanism with
which these cells more readily form cardiomyocytes is also not fully understood. The
most accepted explanation is that DMSO frees up intracellular calcium storage,
activating a cascade of signalling pathways (Morley and Whitfield, 1993). Moreover,
in the context of genome engineering studies, P19s present another challenge, which
is their DNA repair mechanisms. Being a cancer cell line, genomic instability caused
by gene editing can lead to more unexpected or larger genomic lesions (Kosicki,
Tomberg and Bradley, 2018; Thomas et al., 2019). Unpredictable DNA repair events

will make comparisons to normal tissue and clinical applications challenging.

On the other hand, mESCs are originally derived from embryonic blastocysts and are
pluripotent (Behringer et al., 2016). They do not require chemical induction and can
form beating cardiomyocytes spontaneously. They are also karyotypically normal
and can be expected to behave more stably upon injection. They can also provide an
immense resource for cardiac repair in the clinic. They do not present the problem of
tumorigenesis. Therefore, parallels can be drawn from the genetic processes involved
during their differentiation to what takes place in a developing embryo. It is hence
worthwhile to use them in the context of studying congenital heart diseases.

5.1.2 Effect of chemical HDAC inhibition on cardiac differentiation
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Trichostatin A is a known pan-Class | and Ila HDACSs inhibitor. TSA and other
HDAC inhibitors have been shown to block pathological cardiac changes (reviewed
in (Kate L. Weeks and Avkiran, 2015)). The study described in this thesis set out to
investigate whether global Class Ila HDAC inhibition would have any effect on
cardiogenesis. The results showed that there was no significant difference in beating
onset. However, visual inspection of beating videos indicated a difference in speed
and beating pattern. Moreover, RNA-Seq data showed a significant upregulation of
Tbx5 and Hand2 in treated cells. TSA has been shown to increase cardiac gene
expression in other studies ((Christina Karamboulas et al., 2006; Hosseinkhani et
al., 2007; Chen et al., 2011; Yang et al., 2012; Lim et al., 2013). This suggests that
the chemical inhibition of Class 1la HDACs led to the derepression of these genes.

5.1.3 CRISPR/Cas9-mediated knock out of Hdac4

TBX5 has been shown to be acetylated by KAT2A and KAT2B (T.K. Ghosh et al.,
2018) and deacetylated by HDAC4 and HDACS5 (Ghosh et al., 2019). It was
therefore of interest to study the consequences of Hdac4 knockouts and also compare
the consequences to what happens upon widescale chemical inhibition of HDACSs. It
was interesting to find that RNA-Seq generated profiles of Hdac4 KO beating cells
and TSA treated cells showed a high degree of similarity when performing a
differential gene expression (DGE) analysis. This suggests the presence of a common
mechanism. It was interesting to see an upregulation of Tbx5 expression in TSA-
treated cells and Hdac4 KOs, at a level higher than the wild-type beating cells.

CRISPR/Cas9 enables targeted, precise gene editing. However, unexpected genetic
events have been commonly reported as results of CRISPR/Cas9-mediated editing,
especially in the absence of a repair template (Thomas et al., 2019). The majority of
deletions caused by Cas9 cleavage are indels of less than 20 bases in size.
Nevertheless, much larger deletions have been described, despite their rarity
(Kosicki, Tomberg and Bradley, 2018). Deletions up to 600 bp (Shin et al., 2017),
greater than 600 (Ottaviani, LeCain and Sheer, 2014) ,6 kb (Kosicki, Tomberg and
Bradley, 2018), 100-800 bp, 2.3 kb (Adikusuma et al., 2018), and an intriguing 42.6
kb (B. A. Parikh et al., 2015) using single sgRNAs were reported. Adikusuma and

colleagues described a range of different deletions suggesting that the mechanism
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underpinning those is stochastic (Adikusuma et al., 2018). These deletions also
appear to be independent of sgRNA CG content (Shin et al., 2017). Moreover,
deletions events favour nucleotides upstream rather than downstream of the PAM
site (Ottaviani, LeCain and Sheer, 2014). These studies therefore confirm the

possibility of deletions larger than expected.

Due to the PCR analysis often used, amplifying small regions containing the target
site, these large deletions can be missed (B. A. Parikh et al., 2015). Evidence from
DNA extraction and subsequent sequencing of B5 colonies strongly indicated a large
deletion. A second band was still not seen on the gel when primers further away from
the target site were used. While the absence of a wild-type size band on the gel can
suggest a homozygous identical deletion on both alleles, it is unlikely. A possible
explanation for that can be the presence of a much larger deletion in the second allele

where even the primer sites for the largest product size were removed.

Moreover, the Western blot evidence was not sufficient to make definite conclusions
about what took place at protein level. A slightly smaller band than the wild-type was
seen but despite optimisation attempts already made, more must be done to ascertain
the size of the resultant protein. A possible explanation is that of exon skipping.
CRISPR/Cas9-induced exon skipping events have been reported. A study by Chen et
al showed that a 55-bp deletion at an intron-exon boundary with 22 of the 55-bp
deleted from the exon, was sufficient to lead to skipping of that exon in the migratory
locust (Chen et al., 2018). Changes to RNA splicing as consequences of
CRISPR/Cas9 have also been described (Mou et al., 2017). A single base mutation in
an exon of FLOT-1 in HeLa cells led to random splicing events (Kapahnke, Banning
and Tikkanen, 2016). Frameshift indels have been shown to lead to in-frame
skipping of exons that are in multiples of 3 (Lalonde et al., 2017). Hdac4 exon 18
targeted in this study was 108-bp long. Thus an exon skipping event for this exon
would maintain the reading frame of the protein, if translated. A study conducted by
Sui et al showed that various lengths of deletions that led to premature termination
codons (PTC) can lead to exon skipping in rabbits (Sui et al., 2018). PTCs can
trigger nonsense-associated alternative splicing (NAS) that consequently leads to

exon skipping to avoid the PTC altogether (Hentze and Kulozik, 1999; Liu et al.,
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2001). Exon skipping events can lead to the generation of proteins with partial
activity (Lalonde et al., 2017).

The concept of in-frame exon skipping may also explain why a significant decrease
in Hdac4 was not reflected in the RNA-Seq data. Had time allowed this aspect could
have been investigated further. The RNA-Seq method of choice would read
transcripts from the 3’ end and produce short reads of 50-100 bp. This would
consequently make it challenging to detect a significant decrease in Hdac4 counts
from the RNA-Seq data if an in-frame mutation led to exon 18 skipping.

Results from knock out experiments suggested that Hdac4 was still expressed.
Whether it resulted in a truncated protein with a missing exon remains to be
confirmed. Rajan et al produced a HDAC4 truncation homozygous mutation
phenotype mouse model. The protein was missing the putative catalytic domain and
the C-terminal domain. The mice were viable and survived for over a year with no
gross development abnormalities (Rajan et al., 2009). It has been shown that amino
acids 118-208 of HDAC4 were sufficient for MEF2C interaction and repression
(Wang et al., 1999). Moreover, phosphorylation sites needed for HDAC4 nuclear
transport, Ser246, Ser467 and Ser632, in addition to the 14-3-3 interaction position
are also located in the N-terminal region. This indicates that amino acids 1-600 are
sufficient for HDAC4 nucleo-cytoplasmic shuttling (Grozinger and Schreiber, 2000;
McKinsey, Zhang and Olson, 2000; Wang et al., 2000; Backs et al., 2006). Exon 18
of Hdac4 encodes for amino acids 748-783.

Illustrative analysis of the possible biological themes underlying the differences
between Hdac4 KO differentiated cells and their wild-type counterparts suggests an
activation of Cited2. The predicted activation of Cited2 was particularly interesting
as it associates with p300, an acetylase. Cited2 plays a role in cardiomyocyte
differentiation (Li et al., 2012). Mutations in this gene have been implicated in
congenital heart disease (Sperling et al., 2005; Liu et al., 2014; Dianatpour et al.,
2020). Aberrant methylation of the CITED2 promoter was also implicated in CHDs
(Xu et al., 2014). The possible involvement of Hdac4 in the regulation of Cited2 in

cardiomyocytes would be an interesting avenue of further research.
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5.1.4 Contractility proteins may be regulated by methylation

Analysis of differential gene expression of differentiated beating and non-beating
cells revealed that contractility proteins may be regulated by methylation. Various
studies using mESCs, human iPSCs and human ESCs have reported phenotypic
heterogeneity post-differentiation (Paige et al., 2012; Wamstad et al., 2012;
Parmacek and Epstein, 2013; Tompkins et al., 2016; Selewa et al., 2020). Results
from a study by Friedman and colleagues are in agreement with those seen in this
study where non-beating cells showed a lower expression of cardiac factors
(Friedman et al., 2018).

IPA software predicted the difference in gene expression to be driven by a positive
feedback loop of Thx5, Mef2c and Gatad. It also predicted these factors to be
regulated by demethylase Kdmba and methyltransferases Dnmt3a and Dnmt3b. DNA
methylation is crucial for cardiomyocyte development and disease progression. For
instance, Myh6 and Myh7 show progressive demethylation in cardiomyocytes
purified from new-born compared to adult and failing hearts. Dnmt3a and Dnmt3b
are also thought to be responsible for de novo methylation in cardiomyocytes.
Dynamic methylation of the foetal troponin Tnnil and adult troponin Tnni3 genes is
mediated by Dnmt3a/b. Tnnil was demethylated at birth and de novo methylated in
adult cardiomyocytes. On the other hand, Tnni3 was demethylated and methylation
marks were laid on after birth (Gilsbach et al., 2014).

In adult cardiomyocytes, demethylated regions were enriched for motifs of cardiac
factors such as Mef2c and Gatal. These TF-binding regions were enriched for
histone marks of active chromatin such as H3k4mel or H3K27ac. Methylation
patterns also change in response to chronic pressure overload (Gilsbach et al.,
2014).These observations are in line with the software’s prediction and emphasise
the role of methylation in cardiomyocyte biology. Further insight into the regulatory
programme of cardiomyocyte function can aid in developing better differentiation

protocols leading to more accurate disease models and therapeutic insights.

5.1.5 Concluding remarks
This study provided a window into the transcriptomic events that take place during

cardiac differentiation of stem cells which can be translated into embryonic
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cardiogenesis. It also contributed to understanding the role HDACs may play in this
process. This can lead to better understanding of the regulatory mechanisms of the

cardiac genome and thus, the development of CHDs.

It is evident that HDACs function in transcriptional regulation of cardiac genes.
These may be studied further and provide possible treatment targets. HDACs and
HDAC inhibitors are already being used as therapeutic targets and treatments.
HDAC inhibitors have been shown to block pathological cardiac hypertrophy,
improve muscle contractility and reverse malignant cardiac remodelling that happens
as a result of ischaemic injury (reviewed in (Habibian and Ferguson, 2018)) . This
study has shown that chemical inhibition of HDACs and knocking out Hdac4 can
activate cardiac gene transcription and thus provide a new venue to pursue in

treatments for CHDs.

5.1.6 Study Limitations

While the results reported herein offer a better understanding of the role HDACs play
in cardiogenesis, we are nowhere near getting the full picture. The complexities of
transcriptional and epigenetic regulations of such a complex process are far from
being fully deciphered. Further characterisations of the second allele to determine
whether an unlikely equal deletion took place on both alleles or if the second allele

harbours a larger deletion need to be conducted.
This study has made the following contributions to the field:

e An efficient mESCs cardiomyocyte differentiation model

e Generated transcriptional profiles of cardiac differentiation

e Inregards to CRISPR/Cas9, a viable target site in the Hdac4 catalytic domain
was found, and reported on gene expression changes in mutated mESCs

e Produced 6 mESC cell lines harbouring mutations in Hdac4

e Presented differential gene expression results as a consequence of pan-Class
Ila chemical inhibition

e Identified a potential candidate gene for CHDs, Sh3bgr, involved in

cardiomyocyte contractility
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e Showed a link between Ryr2 and differentiated cardiomyocyte contractility,
supporting its involvement in a recently-identified CHD, Ryr2 calcium

release deficiency syndrome

The differentiation process described would have benefited from a more detailed
analysis of cellular morphology, with the use of morphometric software. Attempts
were made at quantifying beating using MYOCYTER but a more detailed analysis
and modifying the macro code can be beneficial. Moreover, the study can be
improved by optimising TSA-treated differentiated cells, introducing a chemical
negative control and mapping out the consequences of TSA treatment at different
time points. A time series where RNA is extracted and analysed at regular intervals
between DO and D15 would increase the robustness of the data by elucidating the
transcriptional networks that govern lineage commitment. This study can identify
time-critical points where TSA or Hdac4 may affect epigenetic gene control.
Additionally, challenges with cell population purity can be circumvented with the
use of a selectable marker, such as GFP-tagged Nkx2.5 or a-actinin, which can be
used for fluorescence-activated cell sorting. Furthermore, functional analysis of the
electrophysiological properties of the different cell groups may have shed light on
the effects of the different treatments on beating.

HDAC activity in the cells can also be measured using fluorometric assays for better
functional analysis. Time constraints, budget limitations and optimisation difficulties

made for barriers that prevented these more detailed analyses.

5.1.7 Future Work

The data obtained from RNA-Seq remain to be validated. This can be done using
RT-PCR and qPCR. Moreover, sequencing entire transcriptomes rather than 3 ends
can provide a more detailed gene expression analysis. The cell colonies produced
harbouring different mutations and the consequences of those on Hdac4 gene and the
protein remain to be fully characterised. It would also be interesting to investigate the
effect of those mutations on HDAC4 interaction with TBX5. This would require
further optimisation of the Western blot protocol. Further, the mutant cell lines

require characterisation, particularly in their ability to differentiate. CHIP-Seq of the
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various colonies and studying acetylation events at individual cardiac genes will also

aid the aims of understanding how these genes are regulated.

Thus although some of the aims of the study have been completed successfully much
work remains to understand fully the relevance of Hdac4 to cardiac development and

to congenital heart disease.
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IPA
W
T
W |wW dif WT WT
T T WT |WT |[fB|W | WT |diff | W | TS
und {und [und |und [vs |T diff | NB |T |A
iff |iff |[iff |iff |W |[und|B vs |dif | B
Vs | Vs |Vs VS T iff |vs Hd [ fB|vs
W |W |Hda|Hda|dif |vs |Hd |acd4 |vs | Hd
T T c4 c4 |f TS |ac4 | KO | TS | acd
diff | diff | KO | KO KO | diff KO
Canonical Pathways B [NB |B NB ([B |B |B NB |[B |B
CREB Signaling in|{99 |98 [10. |10. [N/ |80 |N/ |13 |31 |40
Neurons 35 |15 [839 |[604 |A |66 |A 42 |01 |06
90 |88 |97 |95 |N/ |69 |N/ |16 |50 1|54
Phagosome Formation |35 |32 |67 (49 |A |71 |A |06 |39 |1
Cardiac  Hypertrophy | 7.8 |75 |84 |89 |N/ |73 |N/ |02 |36 |23
Signaling (Enhanced) 69 |19 |93 |51 |A |91 |A |29 |77 |24
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Pulmonary Fibrosis -
Idiopathic Signaling | 7.3 |76 |87 |83 [N/ |69 [N/ |07 |34 31
Pathway 8 (06 (95 |27 |A |76 |A |28 |64 |01
Wound Healing |80 {80 |79 |79 [N/ |71 [N/ |08 |29 |32
Signaling Pathway 24 (91 (37 |81 |A |36 |A |% |2 |86
Hepatic Fibrosis 75 (79 |76 [N/ |70 [N/ |04 (3728
Signaling Pathway 73 |61 |5 |75 |A |34 |A |47 |53 |32

66 {69 |66 |67 [N/ |59 |N |23 |42 |43
GP6 Signaling Pathway | 71 |52 (71 |65 |A |8 |A |09 |43 |52
G-Protein Coupled | 7.2 |73 |83 |75 | N/ |59 |N/ |12 |26 |30
Receptor Signaling 76 |38 |97 |95 |A |86 |A |79 |83 |85
Breast Cancer -
Regulation by |73 |73 |87 |78 [N/ [6.2 | N/ 25129
Stathminl 66 |5 72 129 |A |3 A [-05]4 |29
Colorectal Cancer |73 | 7.7 |76 |76 | N/ |6.8 | N/ 3.5
Metastasis Signaling 19 |58 |77 |9 |A |07 |A 1 3 1.4
Synaptogenesis 65 (6.1 |60 |65 [N/ |57 [N |05 (32|25
Signaling Pathway 92 |87 |91 |19 |A |68 |A |77 |86 |96
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Cardiac  Hypertrophy | 6.3 | 6.6 |63 |68 |N/ |64 |N/ |13 |20 |11
Signaling 28 |01 |95 |81 |A |66 |A |42 |65 |47
6.5 (6.1 | 6.6 N/ |66 |N/ |03 [21 |12
IL-8 Signaling 1 84 |71 |66 |A |47 |A |78 |32 |79
6.4 |56 |61 |63 [N/ |46 [N/ |16 |16 |26
Calcium Signaling 55 |12 |19 |5 A |36 |A |33 |67 |68
Role of NFAT in|65 (64 61 |65 [N/ 6.0 |N/ |03 |- 1.1
Cardiac Hypertrophy 4 66 |83 |4 A |37 |A |78 |15 |47
Production of Nitric
Oxide and Reactive -
Oxygen  Species in|53 |58 |50 |54 |N/ |51 |N/ |06 |35 32
Macrophages 67 |23 |63 |98 |A |85 |A 32 |45 |66
Neuroinflammation 6.5 (6.2 |56 |59 [N/ [48 | N/ 25|21
Signaling Pathway 82 |37 |35 |42 |A |7 A |0 34 |6
54 |55 |59 |60 [N/ |51 |N |03 |22
ILK Signaling 21 |8 69 |53 |A |8 |A |78 |36 |3
50 {53 |50 |56 | N/ |53 |N/ 2.6
Integrin Signaling 09 (56 |85 |62 |A |41 |A -1 |83 |24

Tasabeeh Mohamed - November 2023

251




Transcriptomic analysis of the role of hdac4 in cardiac differentiation of mouse embryonic stem cells

Tumor -
Microenvironment 44 138 |57 |57 [N/ [43 [N/ |07 3.7
Pathway 72 |82 |42 |35 |A |59 |A |75 |-3 |73

58 |57 |52 |60 [N/ |53 |N |N |21|12
eNOS Signaling 8 98 |52 |21 |A |74 |A |A |38 |65
Oxytocin Signaling | 5.3 [ 4.6 |56 |57 | N/ N/ |09 |- 2.8
Pathway 64 |66 |13 |57 |A |49 |A |05 |13 |28

49 149 |54 |55 |N/ |52 |N/ |04 |26 |21
STAT3 Pathway 07 |01 |8 |5 |A |17 |A |47 |73 |38
Adrenomedullin 54 |56 |52 |52 [N/ |43 [N/ |03 |- 24
signaling pathway 44 107 |08 |08 |A |91 |A |78 |26 |49
Signaling by Rho|[58 |55 (49 |52 [N/ |58 |[N/ |04 |16
Family GTPases 14 |9 5 7 |A |12 |A |47 |33 |14
Neuropathic Pain - -
Signaling In Dorsal |49 |54 |49 |53 |N/ |43 |N/ |13 |12 |23
Horn Neurons 92 |43 |92 |74 |A |23 |A 42 |65 |57
Cholecystokinin/Gastri | 4.7 |48 |51 |52 |N/ |54 |[N/ [03 |16 |25
n-mediated Signaling 68 |41 |91 |4 A |25 |[A |78 |67 |3
Estrogen Receptor | 45 |49 (49 |56 [N/ |44 [N/ |05 |19 23
Signaling 26 |73 6 A |92 |A |77 |61 |35
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Role of Pattern
Recognition Receptors -
in  Recognition of (46 |54 |40 |46 [N/ (47 [N/ |03 |31 /19
Bacteria and Viruses 44 |27 (03 |67 |A |47 |A |78 |3 |64

Regulation Of The
Epithelial Mesenchymal - -
Transition By Growth |54 |50 |54 |59 |N/ |51 N/ |03 |0.7 |07

Factors Pathway 16 |33 |21 |76 |A |7 A |78 |75 |28
Renin-Angiotensin 45 149 |41 |50 | N/ |42 | N/ 23 | 2.1
Signaling 29 |19 |11 |6 A |43 |A |-1 |09 |38

46 |48 |49 |50 [N/ |38 [N/ |03
IL-6 Signaling 29 |99 |19 |32 |A |93 |A |33 |[-2 |25

51 |53 (46 |49 |N/ |45 N/ [N/ |21]10
Relaxin Signaling 54 |08 |44 |38 |A |64 |[A |A |38 |69

Glioblastoma 49 |50 (49 [N/ |48 | N/ -
Multiforme Signaling 45 (24 |8 9 A |17 |A |2 1510
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Leukocyte 42 |45 (41 (44 [N/ |39 [N/ |04 |26 |28
Extravasation Signaling |76 |42 |85 |1 A |1 A |47 |94 |87
White Adipose Tissue |45 |46 |47 |49 [N/ |35 [N/ |04 3.1
Browning Pathway 89 |08 |65 |24 |A |43 |A |47 |-1 |3
46 |43 |48 |52 [N/ |40 [N/ |07 |16
HIF11+ Signaling 64 |96 (49 |8 |A |25 |A |07 |16 |14
Pulmonary Healing | 3.5 |42 |54 (47 [N/ |34 |N/ |03 |28 |21
Signaling Pathway 45 107 |96 |45 |A |98 |A |02 |37 |32
46 |48 (48 |46 |[N/ [40 [N/ |03 |17 |15
IL-17 Signaling 27 |37 |17 |36 |A |61 |A |78 |89 |28
fMLP  Signaling in|47 |51 |44 |50 [N/ |52 [N/ [N/ |13]05
Neutrophils 68 (26 (59 |9% |A |09 |A |A |87 |77
41 149 (40 |37 [N/ |29 [N/ |N/ |-
TREML1 Signaling 1 38 (17 |72 |A |21 A |A |33|35
43 |47 (38 |41 | N/ |37 |N/ 2.8 | 2.6
HMGB1 Signaling 23 |15 |33 |28 |A |03 |A |O 4 |73
P2Y Purigenic Receptor | 5.0 |54 |45 |52 |N/ |44 [N/ [N/ |09 |05
Signaling Pathway 78 |22 |33 |7 A |23 |A |A |05 |77
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Neurovascular - -
Coupling Signaling | 4.3 |37 |40 |43 |N/ |31 N/ |16 |18

Pathway 15 |02 (05 (57 |A |38 |A |67 |77 |3
45 |46 |48 |50 |N/ |44 | N/ 0.8 |03
GNRH Signaling 43 |36 |08 |91 |A |29 |A |-1 |16 |33
Ephrin Receptor | 45 |50 (42 |51 [N/ |44 [N/ [N/ |07 11
Signaling 22 |91 (43 |96 |A |29 |A |A |07 |55

48 |51 (46 |47 [N/ |50 [N/ |04 |02
Thrombin Signaling 51 |9% |95 |65 |A (09 |A |47 |77 |O

Factors Promoting -
Cardiogenesis in{45 |41 |52 |50 [N/ [44 | N/ 0.7 0.8
Vertebrates 56 |85 |88 |2 A |78 |A 0 28 |53
CAMP-mediated 42 |44 |45 (48 [N/ |30 N/ |08 |11 19
signaling 17 |17 |29 |59 |A |74 |A |16 |77 |76
46 |45 |41 |46 [N/ |50 [N/ [N/ |14 |04
Gl+q Signaling 48 189 |31 |36 |A |91 A |A |14 |71

46 |43 |40 |40 [N/ |49 [N/ |13 |08
RHOGDI Signaling 27 |55 |61 |61 |A |9 A |42 |32 |-05

Tasabeeh Mohamed - November 2023 255




Transcriptomic analysis of the role of hdac4 in cardiac differentiation of mouse embryonic stem cells

Fcl® Receptor-mediated
Phagocytosis in -
Macrophages and |40 |41 |33 |40 [N/ |36 [N/ [N/ |26 |26
Monocytes 25 |28 |63 |03 |A |8 |A |A |68 |68
29 |35 |42 |39 [N/ |26 19 |31
Osteoarthritis Pathway |51 (91 (16 |28 |A |8 2 0 64 |57
RANK Signaling in|4.0 | 3.7 41 [N/ |39 |N/ |N/ |27 |16
Osteoclasts 17 |73 |42 |58 |A |22 |A |A |14 |33
43 |42 (4.1 N/ |46 [N/ |03 |10 0.7
Senescence Pathway 92 |33 |21 |46 |A |31 |A 78 |91 |28
43 |51 (42 |45 |N/ |42 [N/ |08 0.5
Gustation Pathway 88 |76 |17 |5 |A |17 |A |16 |02 |57
36 (41 |39 |N/ |21 | N/ 25 | 2.6
Chemokine Signaling 39 |51 |58 |22 |A |32 |A |-1 |3 |73
47 139 (38 |38 |N/ |38 |N/ |N/ |18 |16
IL-15 Production 15 |83 |83 |83 |A |8 |A |A |9 |67
Nitric Oxide Signaling -
in the Cardiovascular 3.6 |43 |40 |43 [N/ (41 [N/ [N/ |18 |16
System 47 |3 41 |23 |A |11 |A |A |07 |04
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Role of PKR in - -
Interferon Induction | 4.7 |49 |35 |36 |N/ (42 [N/ |03 |11
and Antiviral Response |43 |38 [92 |51 |A |18 |A |78 |55 |-1
Acute Phase Response | 4.2 |41 |40 |40 [N/ |37 [N/ |09 |13]|1.0
Signaling 02 |8 (09 (61 |A |75 |A |05 |87 |69
4.1 42 |37 [N/ |37 |N/ [N/ [15]|27
Nicotine Degradation Il |23 |33 |43 |42 |A |42 |A |A |08 |14
41 140 (37 |43 |N/ |46 [N/ [N/ |15]08
CXCR4 Signaling 8 36 |09 |55 |A |21 A |A |08 |32
39 |32 (40 (42 |N/ |34 N/ |04 |18 |19
PTEN Signaling 2 86 (25 |17 |A |79 |A |47 |97 |41
Melanocyte -
Development and | 4.4 |42 |35 |46 [N/ |30 [N/ |N/ |21 |11
Pigmentation Signaling |59 |18 |5 67 |A |53 |A |A |21 |34
Dopamine-DARPP32
Feedback in CcAMP |40 |47 |37 |44 [N/ |40 | N/ 0.3 109
Signaling 36 |27 |13 |5 A |09 A |-1 |33 (05
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Ovarian Cancer |39 |37 |40 |42 [N/ |34 [N/ |N |23|13
Signaling 22 |72 |41 |71 |A |11 |A |A |33 |42
Insulin Secretion | 3.4 | 3.7 |37 |43 |N/ |27 [N/ |13 |12 |21
Signaling Pathway 83 |26 |63 |46 |A |7 A 42 |91 |32
PI3K Signaling in B|41 |37 |36 [37 [N/ |38 |N/ |04 |16 |12
Lymphocytes 8 42 |06 (8L |A |33 |A (47 |98 |13
Apelin  Cardiomyocyte | 3.8 |39 |36 |39 [N/ |35 [N/ |N/ |17 19
Signaling Pathway 12 |2 18 (04 |A |69 |A |A |32 |41
FAT10 Cancer |42 |39 |40 |41 [N/ |35 | N/ 1.3
Signaling Pathway 64 |22 |82 |46 |A |45 |A |0 -1 |42
Estrogen-Dependent 3.6 |40 40 |N/ |34 [N/ [N/ |16 |16
Breast Cancer Signaling |74 |41 |38 |41 |A |11 |A |A |33 |33
Corticotropin Releasing | 3.7 | 3.7 |33 |35 |N/ |28 |N/ |16 |25 |0.7
Hormone Signaling 42 |13 |57 |76 |A |8 |A |33 |3 |75
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GPCR-Mediated
Nutrient Sensing in |41 |44 |39 |43 [N/ [39 | N/ 1.2
Enteroendocrine Cells 31 |81 |69 |71 |A |83 |A 0 0 13

Actin Cytoskeleton | 3.4 | 3.1 |34 |41 | N/ |37 | N/ 16 |13
Signaling 57 |5 74 |06 |[A |75 |A |-1 |04 |42

G Beta Gamma |39 |40 |40 |41 |N/ [40 [N/ |04 |09 ]0.2

Signaling 1 36 |09 |6 A |41 |A |47 |05 |77

36 (32 |36 |42 [N/ |36 |N/ 0.7 | 1.6
Netrin Signaling 56 |12 |5 |18 |A |5 |A |-1 |07 |67
Role of

Hypercytokinemia/hype

rchemokinemia in the -

Pathogenesis of |36 {49 |29 |28 [N/ |41 |N/ |12 |18

Influenza 51 (02 (21 |8 |A |31 |A |65 |07 |02
3.8 38 |44 |N/ |47 [N/ [N/ |07

IL-3 Signaling 89 |4 89 |59 |A |47 |A |A |07 |O
3.7 (38 |41 |44 | N/ N/ | N/ |09 06

Glioma Signaling 73 193 |1 5 |A |39 |A |A |05 |32
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IL-17A  Signaling in 3.9 3.7 [N/ |36 |N/ [N/ |16 |14
Airway Cells 39 |62 (33 |71 |A |06 |A |A |67 |14
HOTAIR  Regulatory 35 (34 |32 [N/ |28 [N/ |16 |- 0.9
Pathway 33 (36 (47 |99 |A |53 |A |33 |24 |43
Reelin  Signaling in|31 |30 |31 (36 |N/ |33 |N/ |13 |19 |18
Neurons 3 63 (62 |18 |A |17 |A |42 |41 |07
Cell Cycle Control of | - - -

Chromosomal 45 |45 N/ |45 [N/ [N/ [N/ | N/
Replication 64 |64 |-39|-38|A |42 |A |A |A |A
Glioma  Invasiveness | 3.6 | 4.1 | 3.6 | 3.6 | N/ N/ |N/ |16 |07
Signaling 51 (16 |51 |5 |A |39 |A |A |67 |07
Regulation Of The

Epithelial Mesenchymal -

Transition In|35 (44 (44 |44 [N/ |34 [N [N |N |09
Development Pathway [69 |59 |39 |59 |A |52 A |A |A |05
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Crosstalk between -
Dendritic Cells and | 3.2 |36 |28 (34 | N/ |21 | N/ 18|24
Natural Killer Cells 73 |57 |58 |11 |A |32 | A -1 97 | 96
35 (37|33 |35 |N/ |28 |N/ |N/ |18 |17
AMPK Signaling 38 (42 |94 |71 |A |32 |A A 97 | 32
Pancreatic -
Adenocarcinoma 35 (37 |37 |34 |N/ |35 |N/ [N |16
Signaling 5 81 |73 |3 A |3 A |A |04 |1
GDNF Family Ligand- | 3.5 |35 |3.2 N/ |28 [N/ [N/ |21 12
Receptor Interactions 3 28 |72 |39 |A |37 |[A |A 11 |65
Xenobiotic Metabolism | 3.7 |3.7 |28 |28 [N/ |28 [N/ |14 |12 |15
PXR Signaling Pathway | 5 87 |98 |4 A |98 |A |14 |13 |28
43 38 |37 [N/ |42 [N/ [N/ | N/ [N/
tRNA Charging 50 |-4 |73 |42 |A |43 | A A A |A
Toll-like Receptor | 3.1 | 3.2 |29 |26 |N/ |22 [N/ 24 | 2.4
Signaling 3 66 |82 |68 |A |36 |A 1 49 |49
Opioid Signaling 28 33 |38 [N/ |22 |N/ |15 |06 |23
Pathway 32 |8 |84 (8 |A |22 |A 08 |55 |53
Th1 Pathway 33143 (33 |40 [N/ |3 N/ | N/ |- 0.7
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33 |2 63 |03 |A A A |12]|75
91

34 133 (31 |38 |N/ |40 [N/ |N/ |14 07
IGF-1 Signaling 13 |33 |82 |8 |A |8 |A |A |14 |07
PCP  (Planar  Cell |35 | 3.6 43 [N/ |32 [N [N [N |11
Polarity) Pathway 28 |57 |39 |15 |A |72 |A |A |A |34

3337 (32 |35 |N/ |35 |N/ |N |18 |05
p70S6K Signaling 28 |75 |66 |01 |A |07 |A |A |07 |35

36 |36 (36 |41 [N/ |37 [N/ [N/ |05]0.2
PAK Signaling 51 |56 |56 |16 |A |8 A |A |35 |58

30 |30 (33 |35 |N/ |34 |N |N |18 |11
HGF Signaling 42 |18 |33 |69 |A |3 A A |97 |34

31|36 |35 |37 [N/ |21 [N/ |04 |11 |15
p38 MAPK Signaling 3 06 |71 |95 |A |88 |A |47 |34 |08
Apelin Liver Signaling | 3.6 |30 |32 |33 [N/ |28 [N/ |N/ |21 |11
Pathway 06 |51 |07 |57 |A |4 A A |21 |34
Nicotine  Degradation | 3.6 |28 |36 |34 [N/ |34 [N/ [N/ (03|18
I 06 |4 06 |64 |A |64 |A |A |78 |9
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Synaptic Long Term|3.0 3.0 |36 |36 |N/ |35 |N/ |03 |05 |12
Depression 64 |38 |22 |79 |A |86 |[A 78 |35 |79

Apelin Endothelial | 3.6 | 3.1 {33 |35 [N/ |35 [N/ |N/ (08|11
Signaling Pathway 18 |11 |17 |07 |A |69 |A |A |32 |55

32 |37 (30 |33 |N/ |34 |N [N 1308

IL-9 Signaling 07 |71 |51 |57 |A |64 |[A |A |42 |16
SPINK1 General | 3.4 |34 |27 |39 [N/ |36 [N/ [N/ |13 /03
Cancer Pathway 41 |11 |11 |62 |A |38 |A |A |42 |78

40 |34 |31 |35 |N/ |28 [N/ [N/ |12 06
RAC Signaling 41 |3 28 |3 A |37 |[A |A |65 |32

LPS-stimulated MAPK |28 |27 |31 (32 |N/ |31 |N/ [N/ |18]|16
Signaling 87 |44 |57 |72 |A |3 A A |97 |67

33|32 (30 |36 | N/ N/ |N/ |13 03
JAK/STAT Signaling 07 |12 |24 |57 |A |38 |A |A |42 |78

Glutamate Receptor | 3.3 36 |36 |N/ |28 [N/ [N/ |N/ |16
Signaling 57 {3538 |38 |A |4 A |A |A |33
Dermatan Sulfate | 3.8 {35 |38 (38 |N/ |35 |N/ | N/
Biosynthesis 38 (45 |38 |38 |A |45 |A |A |0 0
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Growth Hormone | 3.2 | 3.1 | 3.0 N/ {39 |N/ [N/ |08]|0.3
Signaling 86 (82 |87 |39 |A |22 |[A |A |16 |33
34 127 |33 [37 |N/ |20 [N/ |N/ |21]0.8
NGF Signaling 52 |77 |63 |81 |A |58 |A A 21 | 16
3.7 |38 |34 N/ |21 | N/ N/ N/
WNT/Ca+ pathway 73 189 |3 39 |A |91 (A A A |1
30 |23 |27 |40 [N/ |19 | N/ 21119
FGF Signaling 87 |33 |44 04 A 15 | A 0 11 | 41
28 |33 (34 |35 |N/ |21 |N/ |04 |07 |14
Gl+s Signaling 74 |33 |79 |69 |[A |37 |A |47 |07 |14
Xenobiotic Metabolism -
General Signaling | 2.8 |29 |35 |31 [N/ [28 | N/ 1.1 (13
Pathway 28 |94 |39 |11 |A |97 | A 0 55 | 87
Synaptic Long Term |28 |36 |28 |36 [N/ |23 |N/ |13 1.1
Potentiation 85 |06 |32 |47 |A |59 | A 42 |0 55
Actin  Nucleation by 3.7 132 N/ N/ | N/ | N/ | N/
ARP-WASP Complex 35 |1 07 35 | A 39 A A A | A
28 129 (32 |28 [N/ |25 |N/ |N/ |18 |14
GM-CSF Signaling 87 |21 |66 |87 |A |24 |A |A |9 |14
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29 (32 28 |31 | N/ N/ |N/ |18

ERBB Signaling 21 (12 (74 |82 |A |26 |A |A |97 |1
34 (31 N/ |26 | N/ | N/ 0.8

CDA40 Signaling 33 |11 (53 |33 |A |73 |A |A |-1 |16
Thyroid Cancer | 2.1 |24 |31 |31 [N/ |19 | N/ 16 |21
Signaling 37 |02 (24 (62 |A |76 |A |-1 |67 |11
HER-2 Signaling in |23 | 3.0 29 | N/ N/ |03 |08 |16
Breast Cancer 57 |77 |32 |54 |A |3 A |78 |94 |98
Regulation of Actin-|{34 (3.0 |3.0 |35 [N/ |37 | N/ | N/ 0.6
based Motility by Rho |13 |87 (24 |28 |A |73 |A |A |0 |32

2.9 35 132 [N/ N/ | N/ |0.6
PEDF Signaling 21 |3 36 |86 |A |3 A A |32 1
Chondroitin Sulfate [ 3.5 [3.2 |35 |35 [N/ |32 | N/ | N/
Biosynthesis 78 |73 |78 |78 |A |73 |A |A [0 |O
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Differential Regulation

of Cytokine Production

in Intestinal Epithelial

Cells by IL-17A and |24 |28 |22 |24 | N/ N/ 2.2
IL-17F 49 |28 |36 |49 |A |2 A |-1 |-2 |36
VEGF Family Ligand- |24 |29 |29 |34 [N/ (24 [N/ [N/ |11 18
Receptor Interactions 01 |67 |2 3 A |14 |A |A 34 |97
NF-°B  Activation by |2.9 [25 |[3.0 [3.0 [N/ N/ [N/ |14 |11
Viruses 21 |96 |24 |24 |A |3 A A |14 |34
Lymphotoxin 12128 |28 |28 N/ |28 [N/ | N/ |16
Receptor Signaling 4 28 |4 3 A |87 |A |A |33 |1
1+-Adrenergic 3.1 31 34 [N/ [32 |N/ |N/ |N/
Signaling 28 |38 |3 1 |A |73 |A |A |A |1
Thrombopoietin 27 |30 |30 |36 [N/ |32 |N [N [08]03
Signaling 46 |53 |24 |57 |A |66 |[A |A |16 |78
14-3-3-mediated 27 (33 (26 |29 [N/ |25 |N/ |04 1.2
Signaling 22 (17 |55 |67 |A |35 |A |47 |-1 |65
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22 |27 (22 |32 [N/ |18 [N/ [N/ |21 23
Fc Epsilon RI Signaling | 14 |71 (87 |44 |A |59 |A |A |38 |24

UVB-Induced MAPK | 2.5 28 |32 [N/ {31 |N/ |N/ |11]038
Signaling 58 |3 58 |66 |A |53 |A |A |34 |16
Macropinocytosis 26 (3.2 28 |34 | N/ N/ [N/ |08 |04
Signaling 83 |66 |58 |11 |A |33 |A |A |16 |47

FLT3 Signaling in - -
Hematopoietic 32 (33|30 |36 [N/ N/ [N/ |03]0.3
Progenitor Cells 72 |07 |53 |51 |A |26 |A |A |78 |78

31 |27 (28 |36 [N/ |32 N |N |06 03

PDGEF Signaling 57 |44 |28 |74 |A |66 |[A |A |32 |33
2.6 26 |29 [N/ N/ |N/ |16 11
IL-2 Signaling 83 |3 83 |8 |A (25 ]|A |A |33 |34

Differential Regulation
of Cytokine Production
in Macrophages and T
Helper Cells by IL-17A | 2.4 |24 |22 |22 | N/ N/ 2.2
and IL-17F 49 149 (36 (36 |A (2 |A |-1 |-2 |36
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33132 (28 |33 |N/ |30 N |N |04]03
Androgen Signaling 33 |44 |28 |07 |A |53 |A |A |47 |78
26 (32 (27 |32 [N/ |29 | N/ | N/ 0.6
Paxillin Signaling 46 |86 |46 |72 |A |8 |A |A |-1 |32
2.6 26 |35 |N/ |34 [N/ [N/ |08 ]0.3
Prolactin Signaling 94 |3 94 |28 |A |02 |[A |A |16 |78
30 129 (30 |31 [N/ (28 |N/ |N/ |13 |N/
Neuregulin Signaling 53 |59 |87 |57 |A |28 |A |A |42 |A
26 (31 /26 |31 | N/ N/ |N/ |04
Ephrin B Signaling 83 |53 |83 |53 |A |33 |A |A |47 |1
3.1 (28 |30 |32 |N/ |28 | N/
GI+12/13 Signaling 11 |87 |63 |44 |A |97 |A |0 -1 10
Chondroitin Sulfate
Biosynthesis (Late 29 | 34 N/ | 3.1 [N/ | N/
Stages) 33 (8 |41 |33 |A |3 A (A |0 |0
30 (37 (22 |27 [N/ |32 | N |N/
Melatonin Signaling 53 |72 |68 |46 |A |66 |[A |A |0 [-1
Aldosterone Signaling [ 3.0 |34 |27 |33 [N/ |27 | N | N/ 0.7
in Epithelial Cells 53 (52 (44 |07 |A |46 |A |A |0 |07
Coronavirus 19 |07 |28 |24 [N/ |18 [N/ |16 |16 |27
Pathogenesis Pathway |53 |75 |85 |96 |A |06 |A |33 |98 |11
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Role of PI3K/AKT
Signaling in the -
Pathogenesis of |26 |31 |24 |28 [N/ [25 |N/ [N/ |14 07
Influenza 73 |53 |96 |4 A |3 A |A 14 |07

26 |28 |24 |34 [N/ |23 [N/ [N/ |11 /08

ERBB4 Signaling 83 |58 |49 |11 |A |57 |A |A |34 |16
Type I Diabetes |24 |24 |19 |27 [N/ |17 [N/ |03 [19 |19
Mellitus Signaling 75 |02 |15 |8 |A |68 |A |78 |41 |41

27 |26 [3.0 [N/ |30 |N [N |03]|08

CDKS5 Signaling 3 44 111 |53 |A |53 |A |A |02 |16
IL-23 Signaling | 2.3 |29 |20 (25 [N/ |23 [N/ [N/ |16 |16
Pathway 57 (85 |65 |24 |A |24 |A |A |33 |33

Kinetochore Metaphase | 3.5 | 3.1 |27 |23 [N/ |3.6 |N/ | N/ | N/ | N/

Signaling Pathway 28 |38 |8 |57 |A |56 |A |A |A |A
Non-Small Cell Lung |21 |23 |32 |32 [N/ N/ | N/ |08
Cancer Signaling 32 |53 |73 |66 |A [25]|A |A |16 |1

Amyotrophic  Lateral | 25 |21 |31 |32 [N/ |17 [N/ [N/ (08|16

Sclerosis Signaling 3 88 |62 |8 A |15 |A |A |32 |04
23 |22 |27 (29 [N/ |21 [N/ |N/ |- 1.5
VEGF Signaling 35 |63 |44 |21 |A |17 |A |A |14 08
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14
18 |28 |27 |28 [N/ |17 [N/ [N/ |21 |11
IL-7 Signaling Pathway | 9 28 |11 |58 |A |06 A |A |21 |34
26 |25 31 [N/ |26 [N/ |N/ |13]|04
CNTF Signaling 68 |58 |24 |3 A |73 |A |A |42 |47
26 |26 |24 | N/ N/ | N/ | N/ |13
iINOS Signaling 3 83 (68 |96 |A |3 A |A |A |42
Renal Cell Carcinoma | 2.5 | 2.7 29 [N/ |23 |N/ |N/ [13]08
Signaling 24 |11 |24 |8 |A |24 |A |A |42 |16
Natural  Killer Cell (22 |22 |19 |24 |N/ N/ 15|15
Signaling 86 |55 |4 4 |A |2 A -1 |69 |69
21 (27 |21 |30 | N/ |26 | N/ 16 |04
ERK/MAPK Signaling |83 |9 51 |48 |A |46 |A |O 04 |71
Erythropoietin 15119 |26 |30 [N/ |28 |N/ |14 (07|06
Signaling Pathway 76 |12 |46 |48 |A |32 |A |14 |28 |26
Dermatan Sulfate -
Biosynthesis (Late | 2.8 28 |N/ |28 [N/ [N/ |03 0.3
Stages) 4 25 |3 4 A |28 |A |A |78 |33
27 (29 |26 |29 [N/ |30 | N/ 0.3
Sperm Motility 14 141 |1 49 |A |63 |A |0 0 |33
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Leptin Signaling in|19 |26 |24 |23 [N/ (21 |[N/ |N/ |11 18
Obesity 41 |73 (96 |24 |A |11 (A |A |34 |9
MSP-RON Signaling In {23 |24 |33 |33 [N/ |21 | N/ | N/ 0.8
Cancer Cells Pathway 8 74 |94 |28 |A |43 |A |A |0 32
Cyclins and Cell Cycle | 28 |28 |25 |25 | N/ |- N/ | N/ N/
Regulation 87 |87 |58 |58 |A |26 |A |A |-1 |A
Neurotrophin/TRK 27 |28 |23 |31 |N/ |12 [N |N/ |14 07
Signaling 11 |87 |53 |38 |A |79 |A |A |14 |07
24 (25 |27 |25 | N/ |12 | N/ 1.2 | 1.7
PPAR Signaling 01 |92 |22 |3 |A |19 |[A |0 65 |32
2.8 [ 2.6 26 |N/ |31 [N/ [N/ |N/ |N/
RAN Signaling 28 |46 |-3 |46 |A |62 A |A |A |A
Antiproliferative  Role -
of Somatostatin | 1.8 | 2.6 | 2.3 |28 | N/ N/ N/ |13 |11
Receptor 2 86 (83 |57 |37 |A |2 A |A |42 |34
Small Cell Lung Cancer | 1.8 | 1.9 23 |N/ |21 [N/ [N/ |16 |16
Signaling 86 (64 (25 |57 |A |38 |A |A |67 |33
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Superpathway of - -
Inositol Phosphate | 1.6 |19 |20 |22 |N/ |14 [N/ |08 |16 |21
Compounds 64 (12 (66 |52 |A |8 |A |16 |98 |83
UVA-Induced MAPK 30 (22 |27 [N/ |22 |N/ [N/ |08 |03
Signaling 26 (24 (68 |46 |A |36 |A |A |16 |78
28 |26 |26 |28 | N/ |28 |N/ [N/ | N/ [N/
Oncostatin M Signaling |87 |73 |73 |87 |A |87 |A |A |A |A
Inhibition of |24 |24 |28 |26 [N/ |24 [N/ |N/ N/
Angiogenesisby TSP1 |96 |96 |4 73 |A |9% A |A |1 |A
PFKFB4 Signaling | 3.4 |25 | 2.3 N/ | 1.7 [N/ [N/ |04 | N/
Pathway 41 |58 |57 |33 |A (8 |A |A |47 |A
Xenobiotic Metabolism -
CAR Signaling (19 |24 |23 |15 [N/ |14 [N/ |11 [08]|21
Pathway 21 (25 (94 |76 |A |08 |A |34 |94 |32
Endocannabinoid - - - - - -
Cancer Inhibition | 1.8 | 2.3 |22 |27 | N/ |15 | N/ 08 |11
Pathway 07 |94 (52 |82 |A |76 |A |-1 |32 |55
Huntington's  Disease |24 |27 |26 |27 [N/ |28 [N/ | N/ |03
Signaling 8 74 |54 |14 |A |46 |A |A |02 |0
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Dopamine Receptor | 26 [ 3.2 |31 |28 |N/ |18 [N/ |N/ | N/ | N/

Signaling 73 |07 |62 |87 |A |07 |A |A |A |A

Role of IL-17F in

Allergic Inflammatory | 2.7 | 1.7 | 1.7 |25 | N/ N/ | N/

Airway Diseases 14 132 |32 |3 A |1 A A |2 |2

3-phosphoinositide 13 |14 |21 |23 [N/ |10 [N/ |13 |18 |21

Biosynthesis 13 |83 |11 |59 |A |93 |A |42 |07 |38
30 |25 |27 |26 | N/ N/ | N/

BMP signaling pathway |53 |56 |85 |46 |A |26 |A |A |0 |0

Sphingosine-1- 25129 (23 |24 [N/ |27 [N/ [N/ |02 03

phosphate Signaling 98 |41 |59 (12 |A |14 |A |A |77 |02

Role of OCT4 in|- - - - -

Mammalian Embryonic | 1.7 |12 |16 |23 | N/ |21 | N/ | N/ 2.4

Stem Cell Pluripotency |32 |65 (67 |33 |A |11 |A |A |-2 |49

Retinoate Biosynthesis | 2.4 |23 |21 (26 |[N/ |17 [N/ [N/ |08 |11

I 9% |09 |38 |73 |A |32 |A |A |16 |34
25 (21 (27 |23 [N/ |17 [N/ [N/ |04 13

Estrogen Biosynthesis | 3 11 |14 |33 |A |32 [A |A |47 |42
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Assembly of RNA |26 |24 |28 [24 |N/ |26 [N/ [N/ |N/ | N/
Polymerase | Complex |46 |49 |28 (49 |A |46 |A |A |A [A
23 |18 |28 |25 [N/ |25 |N/ | N/ 0.8
TGF-12 Signaling 3 |59 (74 |56 |A |56 A |A |0 |16
nNOS Signaling in|25 |18 |27 (28 [N/ |18 |N/ |N/ |N/
Neurons 3 97 |14 |87 |A |97 |A A A |1
SPINK1 Pancreatic | - 21 |28 N/ |14 [N/ | N/ 1.6
Cancer Pathway 24 (32 |58 |-24|A |6 A |A |0 |67
24 119 (21 |23 | N/ |18 | N/
RHOA Signaling 66 (47 (37 |43 |A |52 |A |1 1 1|0
19 124 |22 |28 [N/ |22 [N/ [N/ (04|04
Endothelin-1 Signaling |63 |29 |36 (28 |A |87 |A |A |47 |47
Xenobiotic Metabolism
AHR Signaling | 2.5 | 2.8 1.7 |N/ |18 | N/ 1.6
Pathway 02 |28 (18 |32 |A |9 A |0 0 |33
2.3 08 |15 | N/ N/ [N/ | N/ |26
Interferon Signaling 24 |2 32 |08 |A |3 A A |A |46
Cardiac  T2-adrenergic | 1.6 | 1.9 | 1.4 |23 |N/ |13 [N/ |N/ |[15]19
Signaling 4 38 |74 |59 |A |13 |A |A |08 |41
PD-1, PD-L1 cancer |- - - - - -
immunotherapy 19 124 |15 (24 [N/ |25 [N/ [N/ |02 |07
pathway 76 (69 (81 |66 |A |9 |A |A |77 |75
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CCR3 Signaling in|14 |22 ({19 |24 [N/ |16 [N/ |N/ |11 12
Eosinophils 61 (71 (15 |14 |A |33 |A |A |34 |65
Role of MAPK
Signaling in Inhibiting
the Pathogenesis of 1.7 | 1.7 {20 |25 [N/ |17 | N/ 1.2
Influenza 89 |32 |41 |58 |A |06 |A |0 -1 |65
Chondroitin and |24 |24 |24 |24 |N/ |22 |N/ |N/ | N/ |N/
Dermatan Biosynthesis |49 |49 |49 |49 |A |36 |A |A |A |A
28 (24 |21 |21 [N/ |23 [N/ [N/ | N/ |N/
IL-1 Signaling 37 |49 (83 |8 |A (57 |A |A |A |A
Mouse Embryonic Stem [ 1.0 | 1.1 |19 |26 [N/ (01 [N/ |N/ [18 |3.0
Cell Pluripotency 67 |55 |82 |5 |A |56 |A |A |9 |51
UVC-Induced MAPK |18 |19 |25 |28 |N/ [26 [N/ |N/ | N/ |N/
Signaling 86 (64 |24 |28 |A |68 |A |A |A |A
1.6 18 |21 | N/ N/ [N/ |16 1.1
Telomerase Signaling 16 |2 26 (21 |A |14 A |A |33 |34
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Intrinsic ~ Prothrombin | 1.6 {13 |20 |18 |N/ |13 [N/ [N/ |14
Activation Pathway 98 |42 |65 |07 |A [42 |A |A |14 |2
Regulation of Cellular

Mechanics by Calpain {25 |23 |23 |23 [N/ [21 [N/ | N/ [N/ [N/
Protease 3 24 |33 |33 |A |38 A |A |A A
LPS/IL-1 Mediated -
Inhibition of RXR |20 |21 |17 |22 [N/ |05 |N/ [N/ |16 |12
Function 41 (21 |32 |68 |A |57 |[A |A 33 |65
IL-17A  Signaling in |22 |26 |22 [22 |N/ |22 [N/ [N/ |N/ | N/
Gastric Cells 36 |46 |36 |36 |A |36 A |A |A A
Glycogen Degradation | 2.8 |23 (2.1 |21 [N/ |21 |[N/ [N/ | N/ | N/
Il 28 |33 |21 |21 |A |21 |A |A |A |A
Purine Nucleotides De | 2.3 |25 |23 |21 [N/ |21 [N/ |N/ [N/ [N/
Novo Biosynthesis Il 33 |3 33 |21 |A |21 |[A |A A |A
Role of BRCAL in - -

DNA Damage | - - 1.9 N/ |26 [N/ [N/ [N/ | N/
Response 26 |22 |64 |-2 A |46 |A |A |A |A
FcI*RIIB SignalinginB | 1.8 |22 |14 |22 [N/ |08 |[N/ [N/ |16 |11
Lymphocytes 86 |36 |14 |36 |A [32 A |A 67 |34
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Endometrial Cancer | 1.3 | 1.7 | 2.3 N/ |16 | N/ | N/ |08
Signaling 42 (06 |57 |24 |A |04 |A |A 16 |1

Agrin Interactions at -

Neuromuscular 21 121 |16 |23 |N/ |19 [N/ [N/ 04103
Junction 83 |83 |06 |57 |A |64 |A A 47 | 78
1.7 22 [N/ |17 [N/ [N/ |08

Melanoma Signaling 15|89 |2 36 |A |32 |A |A 16 |1

Glutathione-mediated 21 26 |18 |13 | N/ |19 |N/ | N/ |N/
Detoxification 38 |68 |97 |87 |A |41 |A A A |1

Activation of IRF by -
Cytosolic Pattern | 2.1 |23 (09 |12 |N/ |21 [N/ |04 1.6
Recognition Receptors |83 |57 |05 (65 |A |38 |A |47 |0 |67

20 |22 19 [N/ [18 [N/ |08 |02 0.7
Autophagy 18 |36 |11 |69 |A |06 |A 16 |29 |28
Endocannabinoid -
Neuronal Synapse | 1.4 |13 |19 |18 [N/ |14 |[N/ |08 |11
Pathway 32 |13 |53 |38 |A |57 |A 16 |55 |05
11 {13 |11 (11 [N/ |09 [N/ [N/ |- 2.2

Inflammasome pathway |55 |87 |55 |55 |A |05 |A |A |24|36
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49
ERB2-ERBB3 13 |16 |15 |18 [N/ |07 [N/ [N/ [16 |16
Signaling 42 |33 (28 |77 |A |28 |A |A |33 (33
13 122 |17 |20 [N/ |06 [N/ [N/ |16 0.6
Th2 Pathway 42 119 (32 |21 |A |67 |A |A |98 |88
Antioxidant Action of |20 |22 |16 |16 [N/ |14 [N/ [N/ [03]09
Vitamin C 58 |14 |67 |71 |A |61 |[A |A |78 |05
Folate N/ |22 [N/ [N/ [N/ | N/
Polyglutamylation 2 (-2 |2 |2 |A |36 |A A A A
14 121 |25 |16 [N/ |03 |N/ [N/ [08]13
Notch Signaling 14 |11 |3 67 |A |02 |A |A |16 |42
Basal Cell Carcinoma | 2.1 24 N/ N/ | N/ | N/
Signaling 17 |18 |49 |24 |A |14 A |A |A |O
Leukotriene 22 |18 |13 |16 [N/ [N/ | N/ | N/
Biosynthesis 36 |9 42 133 |A |A |A |A |2 |1
Death Receptor | 1.7 | 1.7 | 0.7 | 0.7 | N/ |10 | N/ 16 |13
Signaling 15 |61 |07 |5 [A (29 |A |1 67 |87
Glycogen Degradation |24 |18 |18 |18 |N/ |18 [N/ | N/ | N/ | N/
I 49 19 9 9 A |9 A A |A A
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Role of NANOG in -
Mammalian Embryonic [ 1.1 | 1.2 {09 |15 [N/ [08 |N/ [N/ |21 |21
Stem Cell Pluripotency |77 |57 (62 |12 |A |53 |A |A |21 |21
Tetrahydrofolate
Salvage from 5,10-
methenyltetrahydrofolat N/ N/ | N/ | N/ | N/
e 2 (-2 |2 |22 |A |2 |A |A |A|A
Acute Myeloid | 1.6 |15 |22 |26 | N/ N/ | N/ 0.3
Leukemia Signaling 16 |21 |68 |94 |A |14 A |A |0 |78
1.1 19 16 |N/ |12 [N/ [N/ |10 |14
p53 Signaling 83 (47 |-1 |67 |A |19 |[A |A |69 |14
MIF  Regulation of (09 |1.0 |12 N/ |04 [N/ [N/ [16 |26
Innate Immunity 43 191 |13 |15 |A |71 |A |A |33 |46
Cardiomyocyte
Differentiation via | 1.8 23 |18 [N/ |23 [N/ | N/ | N/ | N/
BMP Receptors 9 1 33 |9 A |33 |A |A |A |A
- - - - N/ | - N/ | N/ N/
ATM Signaling 16 |14 |11 |13 |A |18 |A |A |2 |A
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16 |61 |34 |47 59
Heparan Sulfate -
Biosynthesis (Late |16 [1.7 |20 |16 | N/ N/ [N/ |07 (0.3
Stages) 06 |06 [65 (06 |A [14 A |A |07 |02
Pyrimidine - - - - -
Deoxyribonucleotides |23 |21 |16 |14 [N/ |17 | N/ | N/ | N/
De Novo Biosynthesis| {33 |21 |67 |14 |A (32 |A |A |[A |0
Dilated -
Cardiomyopathy 10 |18 |07 |10 [16 [0.6 | N/ 0.3 (09
Signaling Pathway 16 |38 |62 |33 |33 |2 A |1 78 |05

08 |08 |14 N/ | 1.1 [N/ | N/ 1.8
Gluconeogenesis | 16 |16 |14 |1 A |5 |[A [A |-2 |9

13 |17 |21 |17 [N/ |10 [N/ [N/ [02]0.7
Gl+i Signaling 72 (32 |11 |18 |A |67 |A |A |77 |75
Role of p14/p19ARF in | 1.2 | 1.7 |12 |17 [N/ |07 [N/ |N/ |11
Tumor Suppression 65 (32 |65 |32 |A (07 A |A 34 | -1
CSDE1 Signaling | 1.4 | 1.6 26 [N/ |08 | N/ | N/ | N/ | N/
Pathway 14 198 |2 73 |A |99 A A A |A
Apelin Muscle |16 |16 |21 |18 |N/ |12 [N/ [N/ | N/ | N/
Signaling Pathway 67 |67 |21 |9 A |65 A |A |A A
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03 (03 |04 [N/ |19 N/ |N |24

Glycolysis | 0 78 |33 |47 |A |41 |A |A |49 |3
Epithelial Adherens | 0.8 | 0.7 {19 |16 [N/ |09 [N/ |04 |13 |0.6
Junction Signaling 16 |62 |05 |04 |A |27 |A |47 |42 |32
NAD Signaling [ 2.1 | 1.0 |09 |13 [N/ |05 | N/ 1.2 |10
Pathway 01 |69 |62 |87 |A |3 |A |0 13 |91

15 |11 |20 N/ N/ | N/ | N/ | N/
ERKS Signaling 69 (34 |43 |22 |A |14 |A |A |A |A
GPCR-Mediated
Integration of
Enteroendocrine -
Signaling Exemplified 1.1 (16 |17 [N/ |14 [N/ [N/ |11
by an L Cell 1 83 |67 |68 |[A (14 |A |A (34 |0

0.7 | 0.7 N/ |25 [N/ [N/ [15]|12

EIF2 Signaling 0 07 |5 |13 |A |34 |A |A |08 |65
Endocannabinoid -
Developing Neuron | 1.0 |1.1 |13 |16 [N/ |06 [N/ [N/ |15 0.7
Pathway 29 |21 |33 |22 |A |86 |A |A |08 |07
Insulin Receptor | 1.0 |11 |16 (21 |N/ |13 [N/ [N/ |02 (0.3
Signaling 67 |8 77 |6 A |33 |A |A |77 |02
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Glucose and Glucose-1- | 1.6 |16 |16 |1.6 [N/ [13 [N/ | N/ | N/ | N/
phosphate Degradation |33 |33 (33 |33 |A |42 |[A |A |A |A
1.1 106 |13 |07 [N/ |15 | N/ 0.9
LXR/RXR Activation 09 |51 (61 |29 |A (4 |A |-1 |05 43
21 (16 |15 |12 | N/ |11 [N/ [N/ | N/ [N/
TWEAK Signaling 38 |98 (08 |65 |A [55 |A |A |A |A
1.3 /08 |16 |16 [N/ |08 |[N/ |[N/ |04
Prostanoid Biosynthesis |42 |16 |33 (33 |A |16 |A |A |47 |1
Choline  Biosynthesis | 1.6 |16 |14 |14 [N/ |11 |N/ [N/ |N/ | N/
i 67 |67 (14 |14 |A |34 |A |A |A |A
MYC Mediated | 1.2 | 1.6 16 [N/ |06 | N/
Apoptosis Signaling 79 (33 |1 98 |A |5 |A |-1 (0 |O
0.7 N/ N/ N/ |14 18
VDR/RXR Activation |14 |84 |06 |1 A |0 A |A |14 |97
12 |04 |13 |15 [N/ N/ |N/ |08 1.1
tRNA Splicing 13 |47 |42 |28 |A |06 |A |A |16 |34
0.7 | 1.2 0.7 [N/ |02 [N/ [N/ [11]|16
Complement System 75 113 |1 A 77T A A 34 |33
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Pyroptosis  Signaling [ 0.3 {0.8 | 1.1 |05 | N/ N/ |08 |14
Pathway 24 |85 |51 |07 |A |0 A 16 (14 |15
Bladder Cancer | - 1.1 {02 |10 [N/ |02 [N/ [N/ |13 |18
Signaling 05 |47 |58 |69 |A [43 |A |A |42 |9
GDP-glucose 13 113 |13 |13 [N/ N/ | N/ | N/ | N/
Biosynthesis 42 142 |42 |42 |A |1 A |A |A |A

14 108 |1.0 {07 [N/ |11 [N/ | N/
Coagulation System 14 |53 |91 |28 |A |47 |A |A |[-1 |0

Apelin Adipocyte | 0.8 [ 1.3 |09 |18 |N/ |1.0 [N/ | N/

Signaling Pathway 98 |72 |62 |26 |A |95 |A |A [0 |O
Adenine and Adenosine N/ N/ | N/ [N/ [N/ [N/ | N/
Salvage Il1 2 |A |2 |2 |A A A A A A
Sonic Hedgehog | 1.3 | 1.1 | 0.7 [09 [N/ |08 | N/ |N/ |N/
Signaling 87 |5 |07 |05 |A |32 A |A |A |1

14 |06 |07 [1.0 |N/ |07 [N/ | N/ | N/

TNFR1 Signaling 14 |55 |75 |69 [A |75 |A |A |A |1
14 |14 1.1 [N/ |07 [N/ [N/ | N/ | N/

The Visual Cycle 14 114 |1 34 |A |07 |A |A |A |A
1.0 |08 |05 |03 [N/ |0.7 | N/ 1.4 |1 0.6

Ceramide Signaling 95 |45 |39 |54 |A |84 |A |0 14 | 32
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Cell Cycle: G1/S|13 1.1 |1.0 [N/ |07 |N/ | N/ | N/ | N/
Checkpoint Regulation |47 |13 (47 |43 |A |84 |A |A |A |A
Apelin Cardiac | - - - - - -
Fibroblast Signaling | 0.5 |05 |03 |06 [N/ |10 [N/ |[N/ |04
Pathway 77 (77 (02 |32 |A |69 |A |A |47 |2
MSP-RON Signaling In N/ | 1.6 | N/ - 1.2
Macrophages Pathway | 0 0 0 0 A |77 |A |-1 |15]|13
0.9 05 |06 [N/ N/ |N/ |13
Phospholipases 62 (13 |57 |26 |A |06 |A |A |42 |0
Protein  Kinase A |10 [06 (08 |12 [N/ |09 |N/ |02 |01 01
Signaling 69 (16 (05 |57 |A |61 |A |77 |86 |69
Inhibition of Matrix |1.2 {09 |0.7 |07 [N/ |07 [N/ |N/ |08
Metalloproteases 13 |43 |28 |28 |A |75 |A |A |16 |0
BEX2 Signaling (05 | 0.3 |12 |05 [N/ N/ N/ |12 12
Pathway 22 |54 |57 |39 |A |0 A |A |65 |65
Guanosine Nucleotides 1.3 N/ |08 [N/ | N/ | N/ |N/
Degradation 11 1 42 |1 1 A |16 |A |A |A A
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MIF-mediated - - -
Glucocorticoid 0.5 N/ |07 [N/ [N/ |13 |24
Regulation 35 |0 0 0 A |75 |A |A |42 |49
04 |06 (08 |06 [N/ [0.7 [N/ [N/ |03 |14
PI3K/AKT Signaling 93 (17 (01 |67 |A |07 |[A |A |02 |14
1.1 /09 |11 |08 [N/ N/ | N/ | N/ | N/
Amyloid Processing 34 (05 |34 |16 |A |1 A A |A |A
Semaphorin  Neuronal | - - -
Repulsive Signaling | 0.6 | 1.0 | 0.1 N/ N/ [N/ |16 |15
Pathway 2 83 (26 |0 A |0 A |A |04 |28
Role of CHK Proteins | - - -
in Cell Cycle [ 1.2 | 0.7 0.8 [N/ N/ | N/ | N/ | N/
Checkpoint Control 91 |28 |-1 |32 |A |-1 |[A |A |A |A
06 {08 |16 |N/ [16 [N/ |N/ | N/ |N/
Vitamin-C Transport 0 32 |16 |33 |A |33 |A |A |A |A
WNT/12-catenin 07102 (01 (02 |N/ |05 N/ |13 |05]08
Signaling 98 |29 (14 |36 |A |93 |A |42 |35 |53
Induction of Apoptosis | 1.0 | 0.7 |04 [0.7 [N/ |04 | N/
by HIV1 91 (84 |71 |28 |A |47 |A |1 0 |0
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Pyrimidine - - - - -
Ribonucleotides De|11 (1303 |03 |N/ |09 |N/ |N/ 0.3
Novo Biosynthesis 5, |87 |02 |33 |A |43 |A |A |0 |78
Necroptosis  Signaling 0.4 |02 {01 |02 [N/ [03 [N/ |04 |12 |12
Pathway 05 |5 43 |89 |A |97 |A |47 |65 |91
Glutathione Redox | 1.3 |10 {11 (0.2 [N/ |05 N/ | N/ | N/ [N/
Reactions | 87 |69 |5 |77 |A |3 |A |A |A |A
Superpathway of Serine -
and Glycine | N/ N/ N/ |13 [N/ | N/ | N/ | N/
Biosynthesis | A |2 |A -1 |A |42 (A A |A A
Apelin Pancreas | 0.4 05 |02 [N/ |02 [N/ |N/ 1.6
Signaling Pathway 71 |0 77 |43 |A |77 |A |A |-1 |33
06 |10 (04 |09 [N/ |04 |N/ N/ |N |03
Angiopoietin Signaling |88 |43 |26 |43 |A |71 |[A |A |A |78
Tryptophan
Degradation X
(Mammalian, via | 1.2 03 |07 [N/ |06 [N/ [N/ |N/ | N
Tryptamine) 65 |1 33 (07 A |32 |A |A A |A
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Aryl Hydrocarbon | 0.4 {0.2 |0.1 |03 [N/ |02 |[N/ |04 1.8
Receptor Signaling 57 |95 |56 |24 |A [8 |A |47 (0 |9

11 {09 |05 (09 |N/ |03 |N/ [N/ | N/ | N/
Ethanol DegradationIV |55 |05 |77 |05 |A |02 |[A |A |A [A

Ferroptosis ~ Signaling | 0.1 | 0.5 0.3 [N/ |04 | N/ 0.2
Pathway 5 |9 0 09 |A |47 |A |2 |0 |77

Neuroprotective Role of | - - -

THOP1 in Alzheimer's | 0.3 | 0.1 N/ | 0.7 | N/ N/ |06 |11
Disease 65 |69 |06 |0 A 3 A A 32 |34
PPARI+/RXRI+ 03/031(08 [0.6 [N/ |01 |N/ 0.8 [ 0.3
Activation 78 |56 |96 4 A 35 | A 0 16 | 33
Noradrenaline and | 0.5 |05 0.2 | N/ N/ | N/

Adrenaline Degradation |35 |35 |0 7 |A |0 A A |1 1

Pyrimidine - -
Ribonucleotides 06 {09 |03 |03 |N/ |- N/ | N/ 0.3
Interconversion 32 |05 |33 |78 |A |05 A A 0 78

0.3 /0.3 (03 N/ N/ | N/ N/
Fatty Acid T+-oxidation |78 |78 [33 |1 |A |0 |A |A |1 |A
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Putrescine Degradation 0.7 {03 |07 [N/ |03 [N/ |N/ |N |N/
i 1 07 (33 |07 |A [33 |A |A |A |A
Polyamine Regulation | 0.6 | - 02 |02 [N/ |04 [N/ |N/ N/
in Colon Cancer 5, |14 /29 |18 |A |26 |A |A |0 |A
0.2 | 0.2 N/ {08 | N/ | N/ N/
Ethanol Degradation Il |58 |58 |-05 |0 A |32 A |A |1 |A
Histidine Degradation [ 0.4 | 0.4 | 0.4 |04 | N/ N/ | N/ | N/ | N/
i 47 |47 |47 |47 |A |1 (A A |A |A
UDP-N-acetyl-D- - - - -
galactosamine 04 |04 |04 |04 | N/ N/ | N/ | N/ | N/
Biosynthesis Il 47 |47 |47 |47 |A |1 (A A |A |A
- 06 {03 |06 |N/ |03 N/ |N/ |03
Apoptosis Signaling 02 |8 (92 |26 |A |65 |A |A |78 |0
Extrinsic  Prothrombin | N/ | 1.6 N/ [N/ [N/ [N/ | N/ | N/ | N/
Activation Pathway A |33 [-1 |A A A A |A |A |A
Tumoricidal ~ Function
of Hepatic Natural |08 [0.3 |04 (04 | N/ |04 [N/ [N/ | N/ [N/
Killer Cells 16 |78 |47 |47 |A |47 |A A |A |A

288

Tasabeeh Mohamed - November 2023




Chapter 7: Appendices

01021 |01 |N/ |11 N/ 0.8
Sumoylation Pathway | O 74 |74 |74 |A |51 [A |O 0 |16
NRF2-mediated - -
Oxidative Stress | 0.3 05 |03 |N/ |01 | N/
Response 54 |10 57 |78 |A |74 | A 1 0 0
Unfolded protein | 0.2 02 |03 [N/ |02 [N/ |N |13 ]|N/
response 58 |0 58 |33 |A |29 |A |A 42 | A
03 (03 |04 | N/ N/ | N/ | N/ | N/
TNFR2 Signaling 1 02 |78 |47 |A |0 A |A |A |A
Pyruvate Fermentation | N/ | N/ | N/ | N/ | N/ N/ | N/ | N/ | N/
to Lactate A |A A A A |2 |[A A A A
04 |07 [N/ |08 [N/ [N/ |N/ | N
3-glutamyl Cycle 0 |0 |47 |07 |A |16 |A |A |A |A
1D-myo-inositol
Hexakisphosphate - - -
Biosynthesis I1/03 |03 08 [N/ |03 [N/ [N/ | N/ [N/
(Mammalian) 78 |33 |0 6 (A |78 |A |A |A |A
0.7 | 0.7 0.3 [N/ N/ | N/ | N/ | N/
Histamine Degradation |07 |07 |0 78 |A |0 A |A |A A
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Sirtuin Signaling 0.2 |01 N/ |02 [N/ |08 0.2
Pathway 0 43 |24 |0 A |32 |A |16 [0 |58
Remodeling of
Epithelial Adherens | N/ | N/ [N/ |N/ | N/ [16 [N/ | N/ | N/ [N/
Junctions A |A |A |A |A |33 A |A |A A
Cell Cycle: G2/M DNA
Damage Checkpoint | 0.2 | 0.2 N/ | 0.6 [N/ | N/ N/
Regulation 29 |29 |05 |0 A |5 A |A |0 |A
0.2 N/ {03 [N/ [N/ [N/ |04
Eicosanoid Signaling 77 {05 |0 0 A |02 |A |A |A |47
Purine Nucleotides | - - -
Degradation 1103 03|03 |03 |N/ N/ | N/ | N/
(Aerobic) 78 (78 |78 |78 |A |0 A |A |A |0
04 |04 (04 N/ | N/ [N/ [N/ [N/ | N/
Ketogenesis 47 |47 47 |0 A A |A |A A A
Superpathway of 03 {03 |N/ |03 |N/ |N/ | N/ [N/
Citrulline Metabolism 0 0 33 |78 |A |78 |A |A A |A
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Glycine Betaine | 0.4 0.4 N/ N/ | N/ | N/ | N/
Degradation 47 |10 47 |0 A |0 A A |A |A
Superoxide  Radicals | 0.4 0.4 | N/ N/ | N/ | N/ | N/
Degradation 47 |10 0 47 |A |0 A A |A |A
Maturity Onset
Diabetes of Young [N/ | N/ [N/ |N/ [N/ [N/ | N/ | N/ [N/ [N/
(MODY) Signaling A A A |A A A A |A |A A
Axonal Guidance [N/ | N/ | N/ [N/ [N/ | N/ | N/ | N/ | N/ | N/
Signaling A A A A |A A A A |A A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N
Urea Cycle A |A |A |A |A A A |A |A A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N | N | N
FAK Signaling A |A |A A A A |A A A |A
Threonine Degradation | N/ | N/ [N/ [N/ | N/ [N/ [N/ | N/ | N/ | N/
1 A |A |A A A A |A A A |A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/
Hepatic Cholestasis A |A [A |A A A A A |A |A
Inosine-5'-phosphate N/ [N/ [N/ [N/ |N/ [N [N/ |N/ | N/ [N/
Biosynthesis 11 A |A |A A A A |A A A |A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N | N | N
RAR Activation A |A A A A A A A A A
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Tight Junction | N/ | N/ | N/ [N/ | N/ [N/ | N/ | N/ | N/ [N/
Signaling A |A [A |A A A A A |A |A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/
Ephrin A Signaling A |A [A |A A A A A |A |A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N
TR/RXR Activation A |A A A A |A |A A A |A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/ | N
Hypusine Biosynthesis A |A |A |A |A |A |A |A |A |A
GDP-mannose N/ [N/ [N/ [N/ [N/ [N/ [N/ | N | N |N/
Biosynthesis A |A A A A A A A A A
Role of Macrophages,
Fibroblasts and
Endothelial Cells in | N/ [N/ [N/ [N/ | N/ [N/ | N/ | N/ | N/ |N/
Rheumatoid Arthritis A A |A A A A A A |A |A
Xenobiotic Metabolism | N/ [N/ | N/ | N/ | N/ [N/ [N/ | N/ | N/ | N/
Signaling A |A A |A A A A A |A |A
Sertoli Cell-Sertoli Cell | N/ | N/ [N/ [N/ | N/ | N/ | N/ [N/ | N/ | N/
Junction Signaling A |A A |A A A A |A |A |A
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Regulation  of  the

Epithelial-

Mesenchymal N/ [N/ [N/ [N/ [N/ [N/ [N/ | N | N/ |N/
Transition Pathway A A | A A A A |A A A A
Guanine and Guanosine | N/ | N/ [N/ | N/ [N/ | N/ [N/ | N/ | N/ [N/
Salvage | A |A |A |A |A A A |A |A A
Iron homeostasis | N/ | N/ | N/ [N/ | N/ [N/ [N/ [N/ | N/ | N/
signaling pathway A A A A A A A A A | A
Uracil Degradation 11 | N/ | N/ [N/ [N/ | N/ [N/ | N/ | N/ | N/ [N/
(Reductive) A |A |A |A |A A A |A |A A
Glucocorticoid N/ |N/ [N/ [N/ [N/ [N/ [N/ |N/ | N |N/
Receptor Signaling A |A |A |A |A A A |A |A A
Glutamate Degradation

1 (via 4- | N/ | N/ [N/ | N/ | N/ N/ | N/ | N/ | N/
aminobutyrate) A |A A |A A |0 A |A |A |A
Cancer Drug Resistance | N/ | N/ [N/ [N/ [N/ | N/ | N/ [N/ | N/ | N/
By Drug Efflux A |A |A A A A |A A A A
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MSP-RON  Signaling [N/ | N/ | N/ |N/ [N/ [N/ | N/ | N/ | N/ [N/
Pathway A |A A A A A A A A A
Docosahexaenoic Acid [N/ | N/ | N/ | N/ | N/ [N/ | N/ | N/ | N/ [N/
(DHA) Signaling A |A A A A A A A A A
Agranulocyte Adhesion | N/ | N/ | N/ [N/ |N/ [N/ [N/ | N/ | N/ | N/
and Diapedesis A |A |A |A |A A A |A |A A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/
Lysine DegradationV |A |A |A |A |A |A |A |A |A |A
Role of Tissue Factorin | N/ | N/ | N/ [N/ | N/ [N/ | N/ | N/ | N/ [N/
Cancer A |A |A A A A |A A A A
IL-12 Signaling and
Production in| N/ [N/ [N/ [N/ [N/ [N/ [N/ |N/ [N/ [N/
Macrophages A |A A |A A A A A |A |A
Clathrin-mediated N/ [N/ [N/ [N/ [N/ [N/ [N/ | N | N/ |N/
Endocytosis Signaling |A |A |A | A A A |A A |A |A
Role of JAK1 and
JAK3 in Bc Cytokine [N/ [N/ [N/ [N/ [N/ [N/ | N/ | N/ | N/ [N/
Signaling A |A |A A A A |A |A |A A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/
B Cell Development A |A |A A A A |A |A |A A
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Airway Pathology in

Chronic Obstructive | N/ | N/ | N/ [N/ | N/ | N/ [N/ [N/ | N/ | N/
Pulmonary Disease A |A [A |A A A A A |A |A
G Protein Signaling | N/ | N/ [N/ | N/ [N/ [N/ | N/ | N/ | N/ |N/
Mediated by Tubby A |A A A A A A A A A
Semaphorin  Signaling | N/ | N/ [N/ | N/ [N/ [N/ | N/ | N/ | N/ | N/
in Neurons A |A A A A A A A A A
GABA Receptor [N/ | N/ | N/ | N/ [N/ [N/ | N/ | N/ | N/ | N/
Signaling A A A A |A A A A |A A
Role of MAPK

Signaling in the

Pathogenesis of [N/ |N/ [N/ [N/ [N/ [N/ [N/ |N/ | N/ [N/
Influenza A |A A A A A A A A A
Serotonin Receptor [N/ | N/ | N/ | N/ [N/ [N/ | N/ | N/ | N/ | N/
Signaling A |A A |A A A A A |A |A
Caveolar-mediated N/ [N/ [N/ [N/ [N/ [N/ [N/ | N | N |N/
Endocytosis Signaling |A |A |A | A A |A A A |A |A
Prostate Cancer [N/ | N/ | N/ [N/ [N/ [N/ [N/ | N/ | N/ |N/
Signaling A |A A A A A A A A A
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Pathogenesis of [N/ |N/ [N/ [N/ [N/ [N/ [N/ |N/ | N/ [N/
Multiple Sclerosis A |A |A A A A |A |A |A A
N/ N/ N/ N/ | N/ | N/ | N/
Acyl-CoA Hydrolysis A |0 A 0 A |0 A |A |A A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/
Gap Junction Signaling |A |A |A |A A A A A |A |A
Human Embryonic | N/ | N/ [N/ [N/ | N/ [N/ | N/ | N/ | N/ | N/
Stem Cell Pluripotency |A |A |A |A |A |A |A |A |A |A
Circadian Rhythm | N/ | N/ [N/ [N/ [N/ [N/ [N/ | N/ | N/ | N/
Signaling A A A A |A A A A |A A
Arginine  Degradation
VI (Arginase 2| N/ [N/ [N/ [N/ [N/ [N/ |N/ | N/ | N/ | N
Pathway) A |A A A A A A A A A
Germ Cell-Sertoli Cell | N/ | N/ [N/ | N/ [N/ [N/ | N/ | N/ | N/ | N/
Junction Signaling A |A [A |A A A |A A |A |A
L-cysteine Degradation | N/ | N/ | N/ | N/ | N/ [N/ | N/ | N/ | N/ [N/
I A |A A A A A A A A A
Mismatch Repair in [N/ | N/ [N/ [N/ [N/ [N/ [N/ | N/ | N/ | N/
Eukaryotes A |A |A A A A |A |A |A A
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N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N
Thymine Degradation A |A [A |A A A A A |A |A
Molecular Mechanisms | N/ | N/ | N/ | N/ [N/ [N/ | N/ | N/ | N/ [N/
of Cancer A |A |A A A A A A |A |A
Transcriptional
Regulatory Network in | N/ | N/ | N/ [N/ | N/ [N/ | N/ | N/ | N/ [N/
Embryonic StemCells |A |A |A |A |A |A |A A A |A
nNOS Signaling in| N/ | N/ [N/ [N/ [N/ [N/ [N/ |N/ | N/ [N/
Skeletal Muscle Cells A |A |A |A |A A A |A |A A
1D-myo-inositol
Hexakisphosphate
Biosynthesis vV (from [N/ | N/ [N/ [N/ [N/ [N/ [N/ | N/ | N/ | N/
Ins(1,3,4)P3) A A A |A A A A |A |A A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/
IL-4 Signaling A |A A A A A A A A A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/
PXR/RXR Activation A |A |A A A A |A A A |A
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5-aminoimidazole

Ribonucleotide N/ [N/ [N/ [N/ [N/ [N/ [N/ | N | N/ |N/
Biosynthesis | A |A [A |A A A A A |A |A
Mechanisms of Viral [N/ | N/ [N/ [N/ [N/ [N/ | N/ | N/ | N/ [N/
Exit from Host Cells A |A |A A A A |A |A A A
Role of Osteoblasts,

Osteoclasts and

Chondrocytes in N/ [N/ [N/ [N/ [N/ [N/ [N/ |N/ [N/ [N/
Rheumatoid Arthritis A |A |A A A A A A |A |A
Atherosclerosis N/ [N/ [N/ [N/ [N/ [N/ [N/ | N | N/ |N/
Signaling A |A |A |A |A A A |A |A A
Role of JAK2 in

Hormone-like Cytokine [N/ | N/ | N/ | N/ | N/ [N/ | N/ | N/ | N/ [N/
Signaling A |A |A |A |A A A |A |A A
Hepatic ~ Fibrosis  /

Hepatic Stellate Cell [N/ | N/ | N/ |N/ | N/ [N/ | N/ | N/ | N/ [N/
Activation A |A A A A A A A A A
Hereditary Breast [N/ [N/ [N/ | N/ |N/ |N/ [N/ | N/ | N/ | N/
Cancer Signaling A |A |A A A A |A |A |A A
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Role of Cytokines in
Mediating
Communication N/ N/ [N/ [N/ [N/ [N/ [N |N |N |N/
between Immune Cells | A A |A A A A |A A A A
Embryonic Stem Cell
Differentiation into| N/ |N/ [N/ [N/ [N/ [N/ [N/ |N/ | N [N/
Cardiac Lineages A |A |A |A |A A A |A |A A
Citrulline-Nitric Oxide | N/ | N/ N/ [N/ [N/ [N/ |N/ | N/ | N/
Cycle A |A |0 A A A |A A A A
DNA damage-induced | N/ | N/ | N/ |N/ | N/ [N/ | N/ | N/ | N/ [N/
14-3-31f Signaling A |A |A A A |A |A A A A
N/ |N/ [N/ [N/ [N/ [N/ [N/ |N/ | N |N/
IL-10 Signaling A |A A A A |A |A A A A
Thl and Th2 Activation | N/ | N/ [N/ | N/ [N/ [N/ [N/ | N/ | N/ | N/
Pathway A |A |A A A |A |A A A | A
Cellular Effects of | N/ | N/ | N/ N/ [N/ [N/ | N/ [N/ [N/ | N
Sildenafil (Viagra) A |A |A A A A |A |A |A A
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Glutamate Dependent | N/ | N/ [N/ [N/ [N/ | N/ | N/ [N/ | N/ | N/
Acid Resistance A |A |A |A |A A A |A |A A
Granulocyte Adhesion | N/ | N/ [N/ [N/ | N/ | N/ | N/ [N/ | N/ | N/
and Diapedesis A |A [A |A A A A A |A |A
N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ [N/ | N/
Adipogenesis pathway |A |A |A |A |A |A (A |A |A |A
Virus Entry via|N/ [N/ [N/ [N/ [N/ [N/ [N/ | N | N |N/
Endocytic Pathways A |A |A |A |A A A |A |A A
Chronic Myeloid | N/ [N/ [N/ [N/ | N/ | N/ | N/ | N/ | N/ | N/
Leukemia Signaling A |A [A |A A A A A |A |A
N/ [N/ [N/ [N/ [N/ [N/ [N/ | N | N |N/
GADDA45 Signaling A |A A A A A A A A A
Role of IL-17A in|N/ [N/ [N/ [N/ | N/ [N/ |N/ | N/ | N/ |N/
Arthritis A |A A A A A A A A A
DNA  Double-Strand
Break Repair by
Homologous N/ [N/ [N/ [N/ |N/ [N [N/ |N/ | N/ [N/
Recombination A |A |A A A |A A |A |A |A
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N/ [N/ [N/ [N/ |N/ [N/ [N |N |N [N/

FXR/RXR Activation A A A A A A A A A A

Airway Inflammationin | N/ | N/ | N/ [N/ |N/ [N/ [N/ | N/ | N/ | N/

Asthma A A A A A A A A A A
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7.2 Appendix 2: Full list of Tox Functions generated by IPA

W WT W
WT WT |WT |WT | T WT | diff T WT
und | WT |undi |undi |diff |un | diff | NB dif | TSA
iff undi | ffvs | ff vs | B diff | Bvs | vs fB|Bwvs
VS ffvs | Hda | Hda | vs vs | Hda | Hdac | vs | Hda
WT | WT | c4 c4 WT | TS |c4d 4 KO|TS |c4
diff | diff | KO | KO | diff | A KO | diff A | KO
Tox Functions B NB |B NB |NB |B B NB B B
Congenital heart | 6.2 | 5.69 | 6.77 | 6.91 4.8 1.8 | 2.99
disease 16 |4 9 9 N/A |23 | N/A | 2321 |34 |7
Atrial or| - - - - -
ventricular septal | 4.4 | 3.94 | 531 | - 3.7 1.6 | 3.39
defect 39 |5 9 535 | N/A |89 | N/A | 1891 |43 |8
Ventricular 43 |3.89|5.05 |5.17 3.6 2.1 | 343
septal defect 15 |3 5 3 N/A |92 | N/A | 1.729 |38 |2
50 |5.34 - - 4.4 1.6 | 3.09
Hydronephrosis | 7 9 466 | 5.07 | N/A |42 |N/A |N/A |52 |8
Increased Levels -
of Alkaline | 45 |4.76 | 5.65 3.9 - 1.3 | 2.63
Phosphatase 3 7 4 483 | N/A |06 |N/A |0359 |09 |3
Increased
activation of -
alkaline 45 |4.82|5.50 3.9 - 1.1 | 2.49
phosphatase 01 |1 3 465 | N/A |31 |N/A|0.079 |32 |4
Familial - - - - N/A | - N/A | NJA | N/ |-
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congenital heart | 4.7 | 4.11 | 4.42 | 4.79 3.6 A 213
disease 75 |1 2 4 06 2
Conotruncal - - - - - -
heart 45 |3.87|4.19 | 458 3.3 N/ | 1.91
malformations 62 |4 9 4 N/A |49 | N/A |N/A |A |3
Activation of -
hepatic  stellate | 3.9 | 3.86 | 4.17 | 4.16 4.1 0.4 | 0.69
cells 36 |2 2 3 N/A |88 | N/A | 0555 |15 |6
Persistent - - - - -
truncus 43 |4.00|3.96 | 4.36 3.3 N/ |-
arteriosus 6 2 4 7 N/A |61 | N/A|N/A |A [1.89
Congestive heart | 3.5 | - 3.91 3.9 1.4 | 1.76
failure 57 (344 |1 -35 |[N/A |6 N/A | N/A |32 |4
Increased Levels | 2.9 |3.33 |3.35|2.80 2.8 - 2.94
of ALT 67 |8 4 7 N/A |09 |[N/A|NA |28 |1
Increased Levels | 3.4 | 3.87 | 3.87 3.0 1.2 | 1.77
of LDH 98 |4 4 362 | N/A |64 |N/A |[N/A |94 |7
Failure of heart | 3.7 | 3.76 | 3.88 | 4.20 34 N/
looping 61 |1 9 8 N/A 199 | N/A |NA |A | NA
Proliferation of | 3.0 | 3.18 | 3.27 | 2.94 34 0.6 | 1.45
kidney cells 6 3 5 4 N/A |48 | N/A |-1.04 |66 |9
Increased Levels -
of Red Blood |28 |2.87|3.66 2.7 0.6 | 0.59
Cells 65 |8 1 436 |N/A |06 |N/A |-1 47 | 4
Atrial septal | - - - - N/A | - N/A | 0.896 | 0.8 | -
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defect 27 | 250|350 |3.42 2.4 16 | 2.13
81 |4 2 1 24 8
3.2 | 312|338 242 3.2 - 0.1 |0.61

Nephritis 68 |5 1 8 N/A | 06 | N/A | 2.043 |65 |4

Hypoplasia of | 3.8 | 3.24 | 3.85 | 3.37 3.8 N/

heart ventricle 53 |9 3 9 N/A |42 | N/JA |N/A | A | NA

Increased release | 3.0 | 3.35 | 3.06 | 3.06 3.0 1.1 {1.29

of LDH 64 |6 6 6 N/A |66 | N/A |N/A |72 |2

Hypoplasia of | 3.7 | 3.15 | 3.74 | 3.27 3.9 N/

heart chamber 46 |2 6 7 N/A |58 | N/A |N/A | A | NA

Proliferation of | 3.0 | 3.32 |3.09 | 2.83 34 05 ]1.38

glomerular cells | 8 2 4 2 N/A |91 | N/A |[N/A |6 6

Increased Levels | 3.1 |2.86 | 2.86 | 3.07 2.7 0.8

of Creatinine 15 |7 7 7 N/A |19 | N/A |N/A |22 |2.16

Proliferation of | 2.9 |3.17 | 3.06 | 2.79 34 0.2 | 1.13

mesangial cells |29 |9 3 7 N/A |97 | N/A |-0.73 | 6 4

Perimembranous | - - - - -

ventricular septal | 3.4 | 3.34 | 3.47 | 3.76 3.4 N/

defect 78 |5 8 7 N/A |78 | N/A |N/A | A | NA

Increased Levels 251 | 3.19 | 3.67 29 - 0.1 |1.12

of Hematocrit 25 |9 7 5 N/A |32 | N/A | 0.751 |99 |7
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Increased -
localization of | 24 | 257 | 259 | 2.23 1.9 2.4 | 2.61
ALT 02 |5 9 6 N/A |96 [ N/A |[N/A |25 |3
25 265 (341|289 2.9 0.1 | 0.68
Failure of heart |68 |5 2 1 N/A |82 | N/A |1.219 |87 |1
Damage of liver | 25 |2.73 | 2.37 | 2.90 2.2 1.6 | 1.93
cells 63 |9 7 5 N/A |27 |N/A|N/A |64 |7
Migration of -
hepatic stellate | 2.0 | 3.08 | 2.72 | 2.57 1.7 2.0 | 2.06
cells 8 |1 7 9 N/A |84 | N/A|N/A |66 |6
26 |3.05]1.68 |230 1.9 2.0 | 1.15
Hepatic injury 15 |6 9 8 N/A |59 | N/A | 0938 |31 |8
Hypoplasia of | 2.7 | 254|283 |- 3.2 0.0 |1.30
Kidney 71 |2 1 254 | N/JA |35 |N/A |[N/A |28 |3
29 [3.02 161 2.1 15 (0.85
Liver Damage 39 |5 8 239 | N/A |44 | N/A |0.157 |11 |6
Experimental
autoimmune 23 (235|274 | 274 2.1
myocarditis 52 |3 1 1 N/A |83 [N/A |N/A |-2 | N/A
20 [2.06 242 |1.90 2.0 - 1.1 (1.01
Hepatic steatosis | 64 | 2 6 5 N/A |13 | N/A | 1556 |73 |7
Atrophy of | - - - - - 1.1 |-
Kidney 1.9 | 204 234|227 |[N/A |20 |N/A|NA |09 |218
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68 |7 1 63 6
Increased Levels
of Blood Urea |19 |228 228 |1.61 1.4 2.44
Nitrogen 21 |7 7 2 N/A |08 | N/A |N/A |-2 |9
Interstitial 27 |- - 2.53 3.0 N/
nephritis 2 272 | 2.72 | 8 N/A |53 |[N/A|N/A |A |NA
Hyperplasia of | 2.3 |2.55|2.96 | 3.12 2.5 N/
kidney cells 75 |7 1 4 N/A | 47 | N/A |N/A | A | NA
Proliferation of | 2.3 2.94 | 2.94 2.8 N/
tubular cells 8 238 |9 9 N/A |98 | N/A |N/A | A | NA
Focal necrosis of | 25 | 3.05|2.56 | 2.17 2.5 N/ | 0.27
liver 35 |3 1 3 N/A |14 | N/A |N/A |A |7
Increased Levels | 1.4 | 1.16 2.73 0.6 2.1 | 2.36
of Albumin 36 |4 214 | 9 N/A |49 | N/A |N/A |81 |6
Damage of |19 1196|196 |2.17 1.7 1.3 [ 1.43
hepatocytes 64 |4 4 8 N/A |82 | N/A |N/A |87 |2
Increased
clearance of |24 |241 241 |2.60 2.7 N/
creatinine 12 2 2 7 N/A |89 | N/A | N/A | A N/A
Hypoplasia of |25 | 258 | 258 |2.11 2.3 N/
trabeculae carne | 85 5 5 1 N/A | 6 N/A | NJA | A N/A
Proliferation of [ 1.6 |1.97 | 2.04 | 1.82 2.1 - - 0.74
heart cells 61 |3 8 2 N/A | 47 | N/A | 1281 |03 |6
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45

Cell death of |25 186194 |1.91 1.3 - 0.5 | 0.57
kidney cells 36 |9 3 6 N/A | 1 N/A | 1.295 |51 |6
Liver 1.3 [0.80|2.01]|1.08 1.3 2.5
Regeneration 54 |1 2 9 N/A |53 |N/A|N/A |5 2.8
Stenosis of | 2.1 219|249 |2.19 2.6 N/
cardiac valve 66 |7 1 7 N/A |52 | N/A |N/A |A | NA
Stenosis of | 1.9 197|228 |1.97 2.2 N/ |1.13
semilunar valve |37 |3 6 3 N/A |86 | N/A|NA |A |1
Systolic 2.3 2.16 | 1.92 1.8 0.8 | 0.12
dysfunction 6 2.36 | 4 9 N/A |11 [N/A |[N/A |16 |8
Hyperplasia of | 2.0 |2.25|2.35 |2.53 2.2 N/
Kidney 73 |1 8 7 N/A |06 | N/A |N/A |A | NA
Macrovesicular 21 (234289 | 1.66 2.3 N/
hepatic steatosis |38 |5 1 7 N/A |45 [N/A |[N/A |A |NA
Proliferation of |16 |1.89|1.74 | 1.63 1.9 - 0.7 | 1.10
cardiomyocytes |04 |9 1 5 N/A | 5 N/A | 0.651 | 87 |3
Cell death of |26 |155|158 |1.85 0.9 - 0.6 | 1.05
kidney cell lines |58 |3 8 9 N/A |32 | N/A | 0974 |7 6
Ventricular - - - - N/A | - N/A | N/A | N/ | N/A
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fibrillation 24 1198|243 (221 2.2 A

33 |2 3 9 19
Congenital - - - - -
malformation of | 2.2 | 2.23|2.23 | 2.23 2.2 N/
heart 36 |6 6 6 N/A |36 | N/A|N/A |A | NA

1.2 | 121187 |1.70 1.0 1.9 | 1.98
Myocarditis 57 |3 1 5 N/A |61 | N/A |N/A |82 |2
Familial - - - - -
ventricular septal | 2.1 | 2.17 | 2.17 | 2.17 2.1 N/
defect 78 |8 8 8 N/A |78 | N/A |N/A | A | NA
Arrhythmia of | 2.2 | 1.83 | 2.34 | 1.60 1.9 N/ |0.82
heart ventricle 48 |9 7 9 N/A |94 | N/A|NA |A |3
Increased 21 | 213|235 1.9 N/
excretionof K+ |37 |7 8 217 | N/A |7 N/A | NJA | A | NA
Bicuspid aortic | 2.1 | 1.96 | 2.40 | 1.96 2.1 N/
valve 91 |1 1 1 N/A |91 | N/A |N/A |A [ NA
Congenital left [ 2.1 | 1.96 | 2.40 | 1.96 2.1 N/
heart disease 91 |1 1 1 N/A |91 | N/A|N/A |A | NA
Hypoplasia of [ 2.1 | 213|213 |2.13 2.1 N/
myocardium 38 |8 8 8 N/A |38 [N/A |[N/A |A |NA
Atrophy of renal | 1.9 |2.21 |1.98 | 2.43 1.9 N/
medulla 82 |9 2 3 N/A |82 | N/A|N/A |A |[NA
Cell death of |- - - - N/A | - N/A | N/A | - N/A
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ventricular 15 | 141|240 | 222 2.2 0.7
myocytes 82 |1 6 4 27 14
Damage of | 1.6 | 2.03 1.0 - 14 10.32
kidney 39 |2 1.28 | 152 | N/A |88 |N/A|1187 |29 |5
1.2 [ 151081 |0.85 1.1 - 2.3 10.30
Liver tumor 59 |8 3 8 N/A |93 | N/A | 2205 |39 |8
Necrosis of 2.23 | 2.23 N/
myocardium 2 | -2 6 6 N/A | -2 [N/A|NA |A |NA
Proliferation of
cardiac 1.8 |1.85|229 |1.85 2.2 N/ |0.19
fibroblasts 19 |1 6 1 N/A |96 [N/A|NA |A |2
Apoptosis of 112 | 1.11 | 1.30 0.0 - 1.1 |2.02
kidney cell lines | 2 3 4 5 N/A | 13 [ N/A | 1497 |62 |9
1.2 |1.60 |1.35|1.75 1.4 - 09 | 1.03
Fibrosis of liver |07 |1 3 4 N/A |28 | N/A | 0.853 |5 1
1.3 |[1.45|0.83 |0.73 0.8 - 2.4 10.24
Liver carcinoma |22 |5 2 5 N/A |83 [N/A | 2213 |15 |9
Diastolic 1.1 [ 150 |1.74 | 1.74 1.7 1.1 (1.02
dysfunction 72 |1 6 6 N/A |46 [ N/A |[N/A |09 |6
Injury of renal | 1.7 |1.70 | 1.52 | 1.79 2.1 1.1
glomerulus 09 |9 6 8 N/A |48 | N/A |[N/A |19 | N/A
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Congenital

malformation of N/
pulmonary valve | -2 -2 -2 -2 N/A -2 [N/A|NA |A |NA
Dysfunction of | 1.6 |2.01|1.34 | 1.75 1.6 1.1 | 0.28
Kidney 55 |8 8 6 N/A | 87 | N/A | N/A |92 |3
Ventricular - - - - -

septal defect | 1.9 | 1.98 | 1.98 | 1.98 1.9 N/

type 3 82 |2 2 2 N/A |82 | N/A|N/A |A |[NA
Cardiac 1.7 135|220 |1.81 1.2 0.3 ]1.20
fibrillation 26 |8 9 3 N/A |93 | N/A|N/A |05 |5
Fibrosis of renal | 1.0 | 1.69 | 1.96 | 1.96 0.9 N/ | 2.21
glomerulus 67 |8 4 4 N/A | 7 N/A |NA |A |3
Increased Levels 1.64 | 2.23 | 2.23 1.9 N/

of AST 1.8 |8 9 9 N/A |26 | N/JA |N/A |A | NA
Increased Levels | 2.0 | 2.07 | 1.84 | 2.12 1.6 N/

of Potassium 79 |9 1 3 N/A |57 | N/JA |N/A |A | NA
Proliferation of | 0.8 | 0.61 |1.90 | 1.13 1.1 1.7 | 1.88
liver cells 63 |9 5 5 N/A |85 | N/A | 0.366 |88 |7
Formation of | - - - - - -
glomerular 15 | 174|193 | 215 1.1 0.5 | 0.55
crescent 1 4 7 7 N/A |95 | N/A|N/A |55 |5
Necrosis of | 1.8 [0.76 | 2.25 | 1.99 1.6 - N/
cardiac muscle 84 |4 9 8 N/A |56 | N/A | 1.013 | A N/A
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20 1136129 [1.35 1.4 - 031|125
Failure of kidney |51 |1 7 3 N/A |58 | N/A | 0.391 |46 |9

21 125|188 |242 1.6 0.1 |0.10
Failure of liver 14 |3 5 1 N/A |32 |[N/A |[N/A |05 |5
Proliferation of -
hepatic stellate | 0.9 | 0.87 | 1.99 | 1.01 1.6 2.0 1 0.33
cells 43 |3 1 8 N/A |04 |[N/A|073 |19 |1
Damage of renal | 2.1 | 2.11 | 1.78 | 2.03 N/ 1.4
glomerulus 12 |2 2 8 N/A|A [NA |NA |61 |NA
Glomerulonephri | 1.6 | 1.51 | 1.36 | 0.92 1.8 05 (021
tis 28 |6 7 5 N/A |17 | N/A |-151 |01 |9
Increased
localization of | 1.5 | 1.34 | 2.00 | 2.00 1.6 0.1 | 0.68
AST 8 2 7 7 N/A |68 [ N/A |[N/A |06 |9
Apoptosis of | - - - -
ventricular 15 138|225 |- 2.0 N/
myocytes 76 |2 7 209 |[N/A |84 | N/A |NA |A |NA

1.0 |1.29 |1.02 | 1.06 1.4 - 0.9 | 0.52
Injury of kidney |74 |5 9 1 N/A |21 | N/A | 1911 |2 6
Hepatocellular 1.2 [ 126|052 |0.51 0.7 - 2.4 10.24
carcinoma 28 |3 2 9 N/A |93 [ N/A | 2213 |15 |9
Perivascular 19 192192 |1.92 1.4 N/
fibrosis of artery |29 |9 9 9 N/A |11 |N/A |N/A |A |NA
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Quantity of |19 [253 (194 |1.23 1.4 N/
hepatocytes 76 |8 3 8 N/A |14 [N/A |[N/A |A |N/A
Cell death of |19 |0.75|2.26 | 2.04 1.6 N/ | 0.37
heart B3 |2 8 8 N/A |93 [ N/A|NA |A |8
1.0 [1.14 143 |1.26 1.7 - 1.2
Fibrosisof heart |41 |5 7 8 N/A | 74 | N/A 10931 |9 0.16
Acute renal | 0.7 |1.85|158 |1.58 0.4 1.0 | 1.66
failure 9 |4 4 4 N/A |79 | N/A |N/A |67 |4
Endocardial 1.6 192192 |2.05 1.3 N/
cushion defect 89 |4 4 1 N/A |83 | N/A |[N/A | A | NA
Increased release | 1.4 | 1.98 | 1.98 | 1.49 2.0 N/
of ALT 77 |1 1 1 N/A |35 | N/A|N/A |A [ NA
Primum atrial | 1.6 | - - - 1.6 N/
septal defect 33 (189189189 | N/A |33 |N/A|NA |A |NA
1.1 |1.48 |0.46 | 0.36 1.0 - 2.1 | -
Liver cancer 53 |8 3 4 N/A | 77 | N/A | 2.198 | 03 | 0.06
Myocardial 1.1 | 0.95 |- 1.31 1.4 0.7
infarction 55 8 1.11 | 6 N/A | 92 | N/A | 0.73 15 (141
1.0 |0.76 |1.74 | 1.24 1.4 04 |1.04
Arrhythmia 94 |3 2 1 N/A |79 | N/A | 0.905 |91 |3

312

Tasabeeh Mohamed - November 2023




Chapter 7: Appendices

Familial cardiac | 2.1 217 | 2.17 2.1 N/
septal defect 78 | N/A |8 8 N/A |78 [N/A |[N/A |A |NA
15 |1.64 |1.92 | 1.05 1.0 0.4
Bleeding of liver | 46 |9 3 8 N/A |58 [ N/A | N/A |47 |1
Inflammation of | 1.7 | 1.70 | 1.74 | 1.45 1.9 N/
cardiac muscle 44 |9 4 2 N/A | 7 N/A |[N/A |A | NA
Apoptosis of (1.1 |1.47 123|119 1.9 - 0.3 | 0.05
glomerular cells |16 |8 9 1 N/A |19 | N/A |1.285 |05 |5
Dilation of heart | 1.0 | 0.77 | 1.00 | 1.85 1.5 0.9 | 0.54
chamber 56 |1 7 2 N/A |59 [N/A |-0.75 |46 |7
Reperfusion 1.3 (147121 |0.79 1.1 1.1 11.19
injury of kidney |62 |6 8 3 N/A |55 [ N/A |[N/JA |95 |5
Apoptosis of (1.4 |0.59 |2.00 |1.61 1.2 - 0.0 | 0.31
cardiomyocytes |96 |1 9 6 N/A |96 | N/A | 0994 |45 |3
Liver 1.1 | 1.20 | 2.06 | 2.06 1.6 N/ | 0.15
Hypoplasia 5 |1 8 8 N/A |64 [N/A |[N/A |A |2
Infection by 1.7 |- 1.72 1 1.29 2.0 N/
Hepatitis C virus | 25 |1.42 |5 7 N/A |19 |[N/A |N/A |A |NA
Stenosis of aortic | 1.1 | 1.19 | 1.46 | 1.19 1.4 N/ | 1.71
valve 34 |5 3 5 N/A |63 [N/A |NA |A |5
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Survival of | 1.7 | 1.76 | 1.53 | 1.53 1.5 N/
glomerular cells | 68 |8 2 2 N/A |32 [N/A |[N/A |A |NA
1.3 1138|198 |1.98 1.3 N/
Common atrium | 87 |7 2 2 N/A |87 [N/A |[N/A |A |NA
Cell death of|1.1 |1.01]1.99 |1.95 1.9 N/
heart ventricle 89 |7 1 5 N/A | 6 N/A |[N/A |A | NA
Cell death of |15 |0.44]- 1.59 1.3 - 0.0 | 0.03
cardiomyocytes |15 |1 1.87 |5 N/A | 47 | N/A |1.244 |46 |5
Cortical renal | 1.3 | 1.38 | 1.66 | 1.66 1.9 N/
glomerulopathies | 87 | 7 4 4 N/A |12 [N/A |[N/A |A |N/A
N/
Sinus arrhythmia | -2 N/A | -2 -2 N/A | -2 [N/A|NA |A |NA
Sinus N/
bradycardia -2 N/A | -2 -2 N/A | -2 [N/A|NA |A |NA
Inflammation of | 1.6 | 1.25 | 1.49 | 1.08 1.0 - 0.0 | 0.32
liver 73 |4 2 6 N/A | 7 N/A | 0.957 |97 |4
Atrophy of renal | 1.4 |1.46 | 1.52 | 1.52 1.7 N/
tubule 63 |3 6 6 N/A |57 |N/A [N/A |A | NA
Apoptosis of |06 [1.34|137 |1.02 1.2 - 0.0 [ 0.33
kidney cells 99 |2 3 5 N/A |24 | N/A | 1581 |83 |1
Damage of |1.3 |1.34|1.04 |1.34 |N/A |13 |N/A|NA |- N/A
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kidney cells 4 1 94 1.1
79
Interstitial 1.1 1.31 | 1.11 0.7 - 1.2 [ 0.75
fibrosisof heart |78 |1.15 |4 4 N/A | 28 | N/A | 0.128 |19 |7
Apoptosis of | 1.2 |1.01 189 |1.72 1.7 N/
heart ventricle 12 |7 2 1 N/A |12 | N/A |N/A | A | NA
Ventricular 1.6 |1.06 |1.96 | 1.25 15 N/
extrasystole 98 |7 4 4 N/A | 1 N/A |N/A |A | NA
16 |1.29 |- 1.29 1.6 N/
Cirrhosis 2 4 1.62 | 4 N/A | 2 N/A | NJA | A N/A
Supraventricular | 1.0 | 0.80 | 1.93 | 1.69 0.7 0.3 | 0.92
arrhythmia 01 |2 5 7 N/A |65 | N/A |N/A |05 |3
16 128|161 |1.28 1.6 N/
Cirrhosis of liver | 17 |6 7 6 N/A | 17 | N/A |N/A |A | NA
Dysfunction of | 0.8 | 1.63 | 0.56 0.1 1.8 [ 0.95
left ventricle 62 |2 7 1.31 |N/A |35 | N/A|N/A |9 6
Stenosis of |12 (125|169 |1.25 1.6 N/
pulmonary valve |54 |4 8 4 N/A |98 [N/A |[N/A |A |NA
Inflammation of | 1.4 | 1.38 | 1.43 | 1.06 1.6 N/
myocardium 32 |7 2 7 N/A |98 [N/A|N/A |A |NA
Dilation of | - - - - N/A | - N/A | N/A | N/ | N/A
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Kidney 1.3 138|138 |1.38 1.3 A
87 |7 7 7 87
Injury of | 1.3 1.03 1.7 N/
podocytes 8 1.38 | 4 1.38 |N/A |61 | N/A|N/A |A |NA
14 |1.14 |1.48 |1.02 1.7 N/
Viral hepatitis 85 |2 5 7 N/A |76 | N/JA |N/A |A | NA
0.8 | 0.78 | 1.60 0.8 0.7 |1 0.78
Carditis 4 9 9 1.12 |N/A |77 | N/A |N/A |88 |8
Dysfunction of | 0.1 | 1.33 | 0.50 | 0.37 0.2 - 2.2 | 1.15
heart 59 |5 4 3 N/A | 8 N/A | 0.701 |32 |2
Infarction of | 0.8 [0.62 |0.76 | 0.83 1.0 09 | 1.63
heart 17 |2 6 9 N/A |64 | N/A |N/A |78 |1
1.1 095 (1.30 |1.30 0.7 0.2 |1 0.89
Liver metastasis |75 |4 8 8 N/A |91 [ N/A |N/A |77 |6
Transposition of | 1.9 | 1.12 |1.21 | 1.91 0.4 N/
great vessels 12 |9 1 2 N/A |93 [N/A |[N/A |A |NA
Cell viability of | 1.7 | 1.77 | 1.53 | 1.53 N/ N/
kidney cells 72 2 9 9 N/A | A N/A | N/JA | A N/A
Proliferation of
renal tubular | 1.4 | 1.46 1.96 1.7 N/
epithelial cells 61 |1 N/A | 4 N/A |15 [N/A|N/A |A |NA
Fibrosis of 1.1 [1.11]1.11|1.11 0.9 -
coronary artery |14 |4 4 4 N/A |63 [ N/A |[N/A |11 |N/A
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14
Cell proliferation | - - - - - - -
of kidney cell | 1.0 |1.00 | 0.67 | 1.12 0.9 - 0.1 |1.45
lines 63 |1 8 2 N/A |39 | N/A | 0137 |41 |1
Apoptosis of | 0.9 1.26 | 1.23 1.5 0.0
podocytes 68 |0.83 4 5 N/A |46 | N/A | N/A |46 | -0.6
Dilation of left |09 |0.54 |0.82 |1.78 1.5 0.6 |0.21
ventricle 43 |8 3 1 N/A |44 | N/A |[N/A |25 |8
Development of | -
hepatocellular 04 |- 0.17 | 0.51 - - 2.6 | 0.11
carcinoma 54 1022 |4 8 N/A | 0.1 | N/A | 2213 |21 |3
Damage of | 1.6 |1.66 1.66 N/ N/
podocytes 62 |2 1.34 | 2 N/A|A [NA|NA |A |NA
Apoptosis of |05 | 091 0.61 1.3 - 0.1 |0.38
renal glomerulus |24 |5 0.69 |7 N/A |55 | N/A | 1.536 | 3 2
09 |[1.05]1.20 |0.92 0.8 - 0.5 |0.40
Damage of heart |01 |5 9 1 N/A |98 | N/A | 0213 |13 |4
Apoptosis of [1.5 |0.54 |2.06 | 1.66 N/ 0.0 | 0.19
heart cells 49 |2 6 9 N/A|A [NA|NA |84 |6
Injury of renal [ 1.3 |1.33 |1.33 |1.10 0.9 N/
tubule 39 |9 9 5 N/A |43 |N/A |N/A |A | NA
Cell death of |1.0 |1.69|1.11 | 0.89 1.3 N/
liver cell lines 02 |7 8 4 N/A |49 [N/A |N/A |A |NA
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Dilation of heart | 1.1 | 0.82 | 0.86 | 1.76 1.4 N/
ventricle 4 9 3 1 N/A |49 | N/A |N/A | A | NA
Quantity of | - - -

hepatocellular 1.3 1.34 1.3 N/
carcinoma 42 | -1 -1 2 N/A |42 | N/JA |N/A | A | NA
Fibrosis of |0.1 [0.83|0.51|0.76 0.0 0.8 |-
Kidney 23 |8 5 3 N/A | 71 | N/A | 0555 |31 |2.19
Atrioventricular

septal defect and

common - - -

atrioventricular 1.0 |- - 1.46 0.7 N/
junction 66 |132(132 3 N/A |11 | N/A |N/A |A | NA
Cell death of |15 [0.38|1.84 |1.63 N/ 0.1 | 0.27
heart cells 53 |5 7 3 N/A | A N/A | N/A |66 |6
Carbon

tetrachloride-

induced liver | 1.2 [ 125|151 |1.25 0.5 N/
fibrosis 53 |3 6 3 N/A |37 | N/JA |N/A |A | NA
Focal segmental

glomeruloscleros | 1.1 | 1.10 | 1.40 | 1.40 0.7 N/

is 09 |9 8 8 N/A |62 | N/A |N/A |A [ NA
Single ventricle | 0.8 | 0.81 | 1.63 | 1.63 0.8 N/
defect 16 6 3 3 N/A | 16 | N/A | N/A A N/A
Apoptosis of | 0.4 |0.30 |0.85 | 0.67 0.1 - 1.8 | 0.24
hepatocytes 57 |1 2 8 N/A | 76 | N/A | 1.126 |64 |2
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Growth of liver | 1.3 | 162|041 |- 0.4 0.8 | 0.14
tumor 93 |9 6 0.78 | N/A | 7 N/A | NJA |42 |2
Double outlet | 1.1 |1.13 |1.13 | 1.13 1.1 N/
right ventricle 31 |1 1 1 N/A |31 [N/A |N/A |A |NA
09 |1.17|0.46 |0.94 0.7 0.6 | 0.68
Injury of heart 45 |9 8 5 N/A |13 [N/A |[N/A |95 |6
Situs inversus | 1.4 1.66 | 1.26 N/
totalis 14 | -1 7 5 N/A | O N/A | NJA | A | NA
Interstitial - - - - -
fibrosis of | 1.0 |- 0.78 | 0.91 1.0 0.0 |0.21
Kidney 75 1257 3 N/A |35 [N/A |N/A |36 |8
Chronic renal | 1.0 | - 0.78 | 0.91 1.0 0.0 |0.21
failure 75 1257 3 N/A |35 [N/A |N/A |36 |8
End stage renal | 1.0 |- 0.78 | 0.91 1.0 0.0 |0.21
disease 75 | 1257 3 N/A |35 [ N/A|N/A |36 |8
Crescentic - - -
glomerulonephrit | 1.3 | 1.38 1.38 N/ N/
is 87 |7 -1 7 N/A|A |[NA]|NA |A |[NA
Cell death of |05 |1.17 152 | 1.06 0.7 N/
renal tubule 65 |4 7 3 N/A |91 | N/A |N/A |A | NA
Microvesicular 06 [062]1.11 162 1.0 N/
hepatic steatosis | 69 |8 2 5 N/A |77 |[N/A |[N/A |A |NA
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Apoptosis of | 0.3 |1.03]0.31 |0.31 0.9 - 0.1
mesangial cells |27 |5 7 7 N/A |92 | N/A | 1931 |3 N/A
Apoptosis of | - - - - - -
hepatic stellate | 0.3 | 0.66 | 0.44 | 0.66 0.9 0.68
cells 97 |6 5 6 N/A |15 | N/A | 0.655 |06 |6
Inflammation of | 0.8 | 1.16 | 0.95 | - 0.0 0.0 | 0.59
heart 68 |4 5 0.75 | N/A |25 | N/A | 0577 |27 |9
Cell death of|0.2 |0.03|0.57 |0.15 0.6 - 1.8 [ 0.29
hepatocytes 1 4 9 2 N/A |15 [ N/A | 1202 |05 |8
04 |0.00|0.84 |0.13 0.0 - 0.9 | 0.60
Necrosis of liver | 17 7 3 2 N/A | 32 | N/A | 1906 |19 |9
Conjugation of [ 1.1 | 1.35 | 1.10 | 0.65 0.1 0.1 | 0.30
glutathione 09 |7 9 6 N/A |29 [ N/A|N/A |86 |4
Apoptosis of - -
renal tubular | 0.2 | 0.53 | 0.82 | 0.54 0.3 1.2
epithelial cells 59 |2 3 5 N/A |84 [N/A |[N/A |76 |1
Proliferation of | 1.4 | 0.90 | 1.26 0.1 N/
liver cancercells | 14 |5 5 -1 N/A |49 | N/JA | N/A | A N/A
Proliferation of | 0.2 | 0.08 | 1.03 | 0.63 0.3
hepatocytes 08 |9 1 3 N/A | 0.4 | N/A | 0374 |19 | 1.66
Apoptosis of |06 |1.46|0.86 | 0.61 1.0 N/
liver cell lines 79 3 9 5 N/A |86 | N/A |N/A | A N/A

320

Tasabeeh Mohamed - November 2023




Chapter 7: Appendices

Apoptosis of | 0.3 [0.23]0.82 |0.72 0.0 - 1.4 {0.10
liver cells 47 |7 6 7 N/A | 05 | N/A | 0.905 |08 |8
Apoptosis of | 0.2 |0.77 | 1.38 0.5 0.6 | 0.04
renal tubule 95 |8 6 085 | N/A |14 | N/A |[N/A |5 2
Survival of | 1.1 |[1.10|0.76 | 0.76 0.7 N/
podocytes 09 |9 2 2 N/A |62 [N/A |[N/A |A |NA
09 |1.19]|0.96 0.6 N/
Steatohepatitis 07 |2 8 0.73 |[N/A |81 |N/A | NA |A |NA
Glomerulosclero | 0.2 | 0.75 | 0.42 | 0.60 0.0 03 ]161
Sis 83 |5 4 4 N/A | 71 | N/A | 0.323 | 67 |3
Dysplasia of | 0.8 |0.81]0.81|0.81 1.1 N/
Kidney 16 |6 6 6 N/A |34 |[N/A|NA |A |0
Development of | 0.4 | 0.37 | 0.06 | 0.00 0.5 2.8 10.21
liver tumor 02 |6 6 5 N/A |31 | N/A|N/A |04 |3
Necrosis of renal | 0.3 | 1.01 | 1.22 | 0.69 0.5 0.4 | 0.08
tubule 75 |8 5 3 N/A |31 [N/A|NA |71 |1
Necrosis of renal | 0.5 | 0.97 | 0.74 | 0.67 1.4 N/
glomerulus 83 |3 6 5 N/A |15 [N/A|N/A |A |NA
Damage of |04 |0.22|0.65 |- 04 - 1.2
cardiac muscle 55 9 9 0.24 | N/A |16 | N/A | 1.109 |54 | N/A
Lupus nephritis | 0.2 |0.19 | 0.37 | 1.89 | N/A | - N/A | N/A |- 0.37
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13 |4 8 0.4 08 |8
47 16

Perivascular 09 | 0561|079 | 0.28 0.0 - 1.4
fibrosisof heart |35 |3 4 6 N/A | 38 | N/A | 0.152 | 77 | N/A
Oxidative stress | 0.7 |0.27 | 0.80 | 0.55 1.0 N/ | 0.49
response of heart | 62 |7 6 5 N/A |67 [N/A |[N/A |A |7

0.8 [0.08 |1.46 |1.02 0.4 N/
Dextrocardia 47 |8 1 9 N/A | 87 | N/A|N/A |A |NA
Cell death of -
renal tubular | 0.1 | 0.88 | 1.20 | 0.67 0.0 0.8
epithelial cells 73 |9 6 6 N/A | 7 N/A | N/A |95 | N/A
Cell death of | 0.1 |0.49 |0.22 |- 0.6 0.6
liver cells 17 |2 8 0.06 | N/A |43 | N/A |-1.02 |67 |0.66
Degeneration of | 1.0 | 0.92 | 1.25 | 0.30 0.1 N/ |0.15
liver 98 |9 2 1 N/A |24 | N/A |N/A |A |2
Fibrosis of | 0.7 |0.21 0.22 0.3 1.4 | 0.46
myocardium 05 |1 035 |5 N/A |38 | N/A | N/A |12 |3
Liver 0.7 |0.7410.74 | 1.45 N/ N/
hyperplasia 42 |2 2 2 N/A|A |[NA |NA |A |NA

04 | 043|105 |(0.71 0.1 N/ |0.84
Atrial fibrillation | 31 1 6 8 N/A |64 | N/A | N/A | A 7
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0.4 |0.38|0.96 |0.52 1.3 N/
Cholestasis 31 |8 1 2 N/A | 2 N/A | NJA | A | N/A
Ventricular 0.0 0.21 0.3 1.4 | 0.61
dysfunction 71 | 057 |2 0.27 | N/A |49 |N/A |[N/A |86 |5
Hepatocellular 0.89 [ 0.23 | 0.29 N/
adenoma 1 5 6 4 N/A | 1 N/A | NJA | A | NA
Perivascular 06 |0.36|0.24 |0.05 0.1 1.7 {0.19
fibrosis 64 |2 7 2 N/A |52 | N/A |N/A |2 3
Fibrosis of heart | 1.0 | 0.80 | 0.61 | 0.58 0.3 N/
chamber 4 3 9 5 N/A |25 | N/JA|N/A |A | NA
Myocardial 0.4 |0.47 |047 |0.47 1.1 N/ |0.15
fibrosis 78 |8 8 8 N/A |95 |[N/A|NA |A |2
Left wventricular | 0.3 | 0.21 | 0.06 | 0.06 0.5 - 0.7 | 0.12
dysfunction 76 |3 1 6 N/A | 03 | N/A | 1.158 |47 |1
Apoptosis of | - - - - -
proximal tubule | 0.6 | 0.64 | 0.64 | 0.64 0.6 N/
cells 47 |7 7 7 N/A | 47 | N/A |N/A | A | NA
Apoptosis of | 0.0 1.17 | 0.31 0.0 0.6 | 0.43
tubular cells 46 |05 |9 4 N/A | 17 | N/A | N/A |99 |7
Cell death of - -
proximal tubule | N/ - - 1.0 0.0
cells A N/A | 1.04 | 1.04 | N/A |4 N/A | N/A | 68 | N/A
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Atrial fibrillation | 0.5 | 0.50 | 1.11 | 0.78 0.2 N/

or flutter 05 |5 3 6 N/A |43 [N/A |[N/A |A |NA

Cell death of |0.0 |0.77 |1.23 | 0.23 0.0 0.7

tubular cells 97 |3 7 7 N/A |89 [N/A |N/A |18 | N/A

Pulmonary 0.3 [0.31]0.60 |0.01 0.5 0.5 |0.84

Hypertension 13 |3 6 7 N/A |17 [N/A |[N/A |19 |9

Thrombosis of | 0.5 | 0.55 | - 0.55 0.4 N/

renal glomerulus |55 |5 097 |5 N/A |47 |[N/A |[N/A |A | N/A

Arrhythmia  of [ 0.3 | 0.30 | 1.35 | 1.05 0.0 N/

atrium 02 |2 1 6 N/A |59 | N/A |N/A |A | NA

Damage of renal | 0.2 | 0.16 | 0.16 | 0.17 0.9 0.3

tubule 3 |9 9 6 N/A |16 |N/A|N/A |91 |1
0.7 [0.72 1039 | 0.72 0.3 N/

Rupture of heart |28 |8 1 8 N/A |42 [N/A |[N/A |A | NA
0.7 [0.20 | 0.21 |1.08 0.4 0.2

Hepatotoxicity 26 |1 9 1 N/A | 1 N/A | N/A |54 | N/A

Quantity of

glutathione  in | 0.3 |0.70 | 1.13 | 0.37 0.3 N/

liver 33 |7 4 8 N/A |33 |[N/A|NA |A |NA

Left wventricular | 0.5 0.49 | 0.03 0.1 - 0.1 | 0.09

fibrosis 34 103817 3 N/A |06 | N/A |1.103 |29 |2
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Quantity of | 0.4 1.1 N/

peroxisomes 4 044 (044 1044 |[N/A |01 |[N/A|NA |A |NA
N/ |1.13|0.28 | 0.28 1.1 N/

Bleeding of heart | A 1 3 3 N/A |31 [N/A |N/A |A |NA

Proliferation of | - - - - -

biliary epithelial | 0.2 | 0.78 | 0.78 | 0.47 04 N/

cells 18 |8 8 8 N/A |93 | N/A |N/A |A | NA

Remodeling  of 0.76 | 0.76 | 0.76 0.4 N/

left ventricle 0 1 1 1 N/A |79 | N/A |N/A | A N/A

Benign -

neoplasm of | 1.0 | 0.61]0.26 | 0.13 0.6 N/

liver 81 |8 7 2 N/A | 6 N/A | NJA | A | NA

Proliferation of | 0.5 | 0.29 | 0.43 | 0.58 0.4 0.1

oval cells 86 |7 3 6 N/A | 64 | N/JA | N/A |32 | N/A

Increased -

excretion of | N/ 1.10 0.2 1.1

albumin A N/A | N/A | 3 N/A |54 | N/A | N/A |03 | N/A

Nonalcoholic - - -

fatty liver | 0.5 [0.56 | - - 0.0 N/

disease 63 |3 064 |0.64 | N/A |48 | N/A |N/A |A | NA

Pulmonary - - - - -

hypertensive 0.3 [0.39 047 [ 084 0.3 N/

arterial disease 91 |1 9 2 N/A |01 | N/A|N/A |A |NA

Fibrosis of heart | 0.7 | 0.43 | 0.70 | 0.28 0.1 N/

ventricle 57 |9 3 9 N/A |85 | N/A|NA |A |[NA

Disorder of | 0.3 [ 037037 001 | NJA |03 |NA |NA |00]-
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coronary artery |79 |9 9 4 9 38 | 0.75
1
0.2 |0.49 | 0.06 0.6 | 0.30
Bradycardia 74 |1 5 047 |N/A |0 N/A | N/A |99 |1
Decreased
Levels of | 1.0 N/
Albumin 91 (06 |06 |O N/A | O N/A |NA |A [NA
Increased uptake | 1.0 N/
of albumin 91 |06 |06 |O N/A | O N/A |[N/A |A | NA
Quantity of liver | 0.1 |- - 0.38 0.9 N/
tumor 68 (041041 |7 N/A |01 |[N/A|NA |A |NA
Damage of |0.1 |0.09|0.19 | 0.51 0.0 0.6 | 0.55
myocardium 03 |4 6 3 N/A |94 | N/A |[N/JA |51 |5
Acute kidney | 0.1 | 0.11 | 0.78 | 0.12 0.8 N/ | 0.15
injury 28 |3 8 8 N/A |96 |[N/A|NA |A |2
Diastolic
dysfunction  of | N/ 1.06 | 1.06 N/ N/
heart A N/A | 7 7 N/A|A |[NA |NA |A |NA
Degeneration of [ 0.3 | 0.35 | 0.38 | 0.21 0.3 0.3
kidney 89 |9 9 3 N/A |89 [N/A |N/A |91 |N/A
N/ 1.09 N/ N/
Nephrosis A N/A | -1 1 N/A|A |[NA |NA |A |NA
Hypoplasia of | N/ | N/A | N/A | N/A | N/A |-2 | N/A | N/A | N/ | NA
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renal medulla A A
Glomerular N/ |0.65 | 0.65 | 0.65 N/ N/
endotheliosis A 5 5 5 N/A | A N/A | NJA | A | NA
Fibrosis of | N/ | 1.23|0.26 0.4 N/
atrium A 5 9 N/A [ N/A |04 | N/A |[N/A |A | NA
0.3 | 0.37 035 (0.35 0.2 0.1 | 0.02
Tachycardia 72 |2 4 7 N/A | 18 [ N/A | N/A |52 |2
Cell death of |0.0 |0.45|0.23 |0.14 0.8 N/
renal glomerulus |39 |1 5 5 N/A | 9 N/A |[N/A |A | NA
Apoptosis of | 0.2 | 0.02 | 0.70 | 0.59 0.2 N/
liver 27 |7 3 9 N/A |01 | N/A |[NA |A | NA
Pulmonary 0.3 | 0.03 |0.03 |0.30 0.9 N/
embolism 02 |8 8 2 N/A |86 | N/A|N/A | A |NA
Proliferation of | 0.1 | 0.47 | 0.47 | 0.12 0.4 N/
cholangiocytes 13 |8 8 8 N/A |26 [N/A |[N/A |A |NA
Cell death of |03 |0.29 |0.76 | - 0.1 N/
liver 26 |1 1 0.05 | N/A |29 |N/A [N/A |A | NA
Secretion of bile | N/ 0.76 0.7 N/
acid A N/A | 2 N/A | N/A |62 | N/A |[N/A |A | NA
Fibrosis of | 0.7 |0.21 0.22 N/ N/
cardiac muscle 05 |1 035 |5 N/A | A N/A | NJA | A | N/A
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Ventricular 0.2 0.26 | 0.39 - N/ | 0.37
tachycardia 82 |0 2 9 N/A |01 [NJA|NA |A |1
Glomerulopathy | 0.2 |0.27 | 0.27 | 0.27 0.2 N/

of mesangium 77 |7 7 7 N/A |77 [N/A |[N/A |A |NA
Interstitial

fibrosis of left | 0.4 |0.31|0.39 | 0.08 0.0 N/
ventricle 56 |7 7 4 N/A | 9 N/A |[N/A |A | NA
Autoimmune - -

glomerulonephrit | 0.4 | 0.44 0.4 N/

is 47 |7 N/A | N/A | N/A |47 [N/A|N/A |A [N/A
Injury of | N/ | 0.06 | 0.06 0.4 0.7
myocardium A 8 8 N/A | N/A | 4 N/A | N/A |47 | N/A
Hepatic 0.0 [0.05]0.32 |0.32 0.4 N/
adenocarcinoma | 58 |8 6 6 N/A |33 [N/A |N/A |A |NA
Perivascular

fibrosis of | N/ 1.0 N/
coronary artery | A N/A | N/A | N/A | N/A |91 |[N/A|N/A |A | NA
Left ventricular

diastolic N/ N/ N/ | 1.06
dysfunction A N/A | N/A |N/A |NJA|A |NA|NA |A |7
Damage of heart | 0.1 | 0.15 | 0.15 0.5 N/
ventricle 52 |2 2 N/A [N/A |55 | N/A [N/A |A | NA
Dysfunction  of | N/ N/ N/
cardiomyocytes | A 1 N/A |N/A |[NJA|A |[NA|NA |A |NA
Hyperplasia of | - 0.23 | - 0 N/A | O N/A | N/A | N/ | N/A
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heart 01 |9 0.47 A

28 8
Cell death of - -
hepatic  stellate | N/ 0.26 0.5 N/
cells A N/A | N/A | 7 N/A |15 |[N/A |N/A |A |NA
Erythropoiesis of | N/ | 0.76 N/ N/
liver A 2 N/A |N/A |IN/A|A [NA|NA |A [NA
Nonalcoholic 0.1 [0.12]0.15 |0.15 0.1 N/
steatohepatitis 28 |8 2 2 N/A |28 [N/A |[N/A |A |NA
Cell viability of | 0.0 | 0.07 | 0.07 | 0.07 0.1 N/ | 0.05
cardiomyocytes |72 |2 2 2 N/A |41 [N/A |[N/A |A |6

N/ | 0.27 N/ N/
Chronic hepatitis | A 7 N/A |N/A IN/A|A |[NA |NA |A |NA
Coronary N/ 0.2 N/
occlusion A N/A | N/A | N/A |N/A |43 |[N/A|N/A |A |[NA
Inflammation of | N/ 0.21 N/ N/
renal glomerulus | A N/A | 8 N/A |[N/A|A |NA|NA |A |NA
Perivascular -
fibrosis of left | N/ 0.11 N/ N/
ventricle A N/A | 7 N/A [N/A|A |[NA |NA |A |NA
Nonsyndromic
renal N/ N/ N/
hypodysplasial | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Hypertrophy of | N/ N/ N/
cardiac-like A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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myocytes

Stable  disease

stage  ischemic | N/ N/ N/

heart failure A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Double inlet

heart left | N/ N/ N/

ventricle A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Histopathologica | N/ N/ N/

| change of liver | A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
N/ N/ N/

Hepatomegaly A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Nephrotic N/ N/ N/

syndrometype4 |A [ N/A|N/A |N/A |[NA|A |[NA|[NA |A [NA

Cardiorenal N/ N/ N/

syndrome A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Dilated N/ N/ N/

cardiomyopathy | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Familial ~ focal

segmental

glomeruloscleros | N/ N/ N/

isrosis A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Right ventricular | N/ N/ N/

hypertrophy A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Severe alcoholic | N/ N/ N/

hepatitis A N/A |N/A |N/A |[NA|A |[NA|NA |A |NA

Advanced liver

cholangiocarcino | N/ N/ N/

ma A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
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Sudden cardiac | N/ N/ N/
death A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Secretion of bile | N/ N/ N/
salt A N/A |N/A |N/A INJA|A |[NA|NA |A |[NA
Paroxysmal
supraventricular | N/ N/ N/
tachycardia A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Arrest in growth
of kidney cell | N/ N/ N/
lines A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Coronary artery | N/ N/ N/
disease A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Associated
pulmonary
arterial N/ N/ N/
hypertension A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Chronic  atrial | N/ N/ N/
flutter A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
Acute
decompensated | N/ N/ N/
heart failure A N/A | N/A |N/A |N/A|A |[NA|NA |A [NA
Advanced stage | N/ N/ N/
cirrhosis A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Proximal tubular | N/ N/ N/
toxicity A N/A | N/A |N/A [N/A|A |[N/A|NA |A |[NA
Mild dilated | N/ N/ N/
cardiomyopathy | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Thrombosis  of | N/ | N/A | N/A | N/A | N/A | N/ | N/A | N/A | N/ | N/A
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glomerular A A A
capillary

N/ N/ N/
Renal adysplasia | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Double  aortic | N/ N/ N/
arch A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Acute
inflammation of | N/ N/ N/
liver A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Severe heart | N/ N/ N/
failure A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
New York Heart
Association class | N/ N/ N/
IV heart failure A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Bile duct | N/ N/ N/
proliferation A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Recurrent
myocardial N/ N/ N/
infarction A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Infection by | N/ N/ N/
hepatitis B virus | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Primary dilated | N/ N/ N/
cardiomyopthy | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Child-Pugh class
A hepatocellular | N/ N/ N/
carcinoma A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Severe  dilated | N/ N/ N/
cardiomyopathy | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
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Decreased

excretion of | N/ N/ N/

albumin A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA

Acute

glomerulonephrit | N/ N/ N/

is A N/A |N/A |N/A INJA|A |[NA|NA |A |[NA

Chronic  active | N/ N/ N/

hepatitis A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA

Generation  of

reactive oxygen | N/ N/ N/

species in liver A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Severely

symptomatic

disease stage

atrial fibrillation | N/ N/ N/

or flutter A N/A | N/A |N/A |NJ/A|A |[NA|NA |A |[NA

Hypertrophy of | N/ N/ N/

cardiac muscle A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Familial  atrial

fibrillation type | N/ N/ N/

9 A N/A | N/A |N/A |N/A|A |[NA|NA |A [NA

Dilation of

proximal

convoluted N/ N/ N/

tubule A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Minimal change

nephrotic N/ N/ N/

syndrome A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Longstanding N/ | N/A | N/A | N/JA | N/JA | N/ | N/A | N/A | N/ | N/A
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persistent atrial | A A A
fibrillation

Symptomatic

toxin induced

pulmonary

arterial N/ N/ N/
hypertension A N/A |N/A |N/A |NJA|A |[NA|NA |A |[NA
Congenital

malformation of | N/ N/ N/

aortic valve A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Oxidative stress

response of | N/ N/ N/
myocardium A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Familial

ventricular N/ N/ N/
arrhythmia A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Tetralogy of | N/ N/ N/
Fallot A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Severe  hepatic | N/ N/ N/
steatosis A N/A |N/A |N/A [N/A|A |[NA|NA |A |[NA
Nonsyndromic

arrhythmogenic

right ventricular | N/ N/ N/
cardiomyopathy | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Mitogenesis  of

hepatic  stellate | N/ N/ N/
cells A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
ST-elevation N/ N/ N/
myocardial A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
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infarction

Finnish

congenital

nephrotic N/ N/ N/

syndrome A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Adhesion of | N/ N/ N/

liver cells A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA

Hereditary

Wolff-

Parkinson-White | N/ N/ N/

syndrome A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Kidney graft | N/ N/ N/

failure A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Alport syndrome

or thin basement

membrane N/ N/ N/

nephropathy A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Recessive

dilated N/ N/ N/

cardiomyopathy | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Metastatic liver

cholangiocarcino | N/ N/ N/

ma A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Oxidative stress

response of | N/ N/ N/

cardiac muscle A 0 0 N/A |[N/A|A |NA|NA |A |NA

Dilated

cardiomyopathy | N/ N/ N/

1z A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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Increased

localization  of

alkaline N/ N/ N/
phosphatase A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Moderately

differentiated

hepatocellular N/ N/ N/
carcinoma A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A
Child-Pugh class

A primary

hepatocellular N/ N/ N/
carcinoma A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Familial  atrial | N/ N/ N/
fibrillation A N/A | N/A | N/A | N/A|A | NA|NA |A |NA
Autosomal

recessive  renal

tubular N/ N/ N/
dysgenesis A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Unilateral renal | N/ N/ N/
agenesis A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Focal necrosis of | N/ N/ N/

liver cells A N/A | N/A | N/A | N/A|A | NA |NA |A |NA
Expansion of | N/ N/ N/
hepatocytes A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Shortened PR | N/ N/ N/
interval A N/A | N/A | N/A | N/A|A | NA |NA |A |NA
Hypertrophy of | N/ N/ N/
renal glomerulus | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
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Hypertrophy of | N/ N/ N/

heart chamber A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Immune

complex N/ N/ N/

nephritis A N/A | N/A |N/A |INJA|A |[NA|NA |A |[NA

Enlargement of

ventricular N/ N/ N/

myocytes A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Familial sudden | N/ N/ N/

cardiac death A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Lesioning of | N/ N/ N/

liver A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Stable  disease

stage

cardiomyopathic | N/ N/ N/

heart failure A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Well-

differentiated

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Familial primary

pulmonary N/ N/ N/

hypertension A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Persistent  fetal

circulation N/ N/ N/

syndrome A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA

Spontaneous

coronary artery | N/ N/ N/

dissection A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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Susceptibility to

noncryptogenic | N/ N/ N/
cirrhosis A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Non-ST

elevation

myocardial N/ N/ N/
infarction A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
New York Heart

Association class | N/ N/ N/

I11 heart failure A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Invasion of

hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Increased release | N/ N/ N/

of AST A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Abnormal

morphology  of | N/ N/ N/
podocytes A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Heritable

pulmonary artery | N/ N/ N/
hypertension A N/A |N/A |N/A |N/A|A |[NA|NA |A |[NA
Familial

arrhythmogenic

right ventricular | N/ N/ N/
dysplasiatype2 |A | N/A |N/A [N/A [NJA|A |N/A|NA |A |NA
Hypertrophy of | N/ N/ N/
Kidney A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Multiple  types | N/ N/ N/
congenital heart | A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
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defects type 7
N/ N/ N/
Cardiotoxicity A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Hyperplasia of | N/ N/ N/
distal tubule A N/A |N/A |N/A |NJ/A|A |[NA|NA |A |[NA
Primary liver | N/ N/ N/
cirrhosis A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA
Unresectable
hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
N/ N/ N/
Variant angina A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Nephrotoxic
acute renal | N/ N/ N/
failure A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Familial dilated | N/ N/ N/
cardiomyopathy | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Symptomatic
stage
hypertensive N/ N/ N/
heart failure A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA
Familial
nephrotic N/ N/ N/
syndrome A N/A | N/A |N/A [N/A|A |[N/A|NA |A |[NA
Autosomal
recessive benign
recurrent
intrahepatic N/ N/ N/
cholestasis 1 A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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Left ventricular

noncompaction | N/ N/ N/

type 2 A N/A | N/A | N/A | N/A | A N/A | N/A A N/A

Thrombosis  of | N/ N/ N/

heart A N/A | N/A | NJA | N/JA A | N/A |NA | A | NA
N/ N/ N/

Mesocardia A N/A | N/A | N/A | N/JA A | N/A |NA | A | NA

Apoptosis of

cardiac N/ N/ N/

fibroblasts A N/A | N/A | N/A | N/A | A N/A | N/A A N/A

Symptomatic

stage atrial | N/ N/ N/

flutter A N/A | N/A | NJA | NJA A | N/A |NA | A | NA

Chronic heart

failure stable

disease stage | N/ N/ N/

heart failure A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA

Left wventricular

noncompaction | N/ N/ N/

type 10 A N/A | N/A | NJA | NJA A | N/A|[NA | A | NA

Dilated

cardiomyopathy | N/ N/ N/

1d A N/A | N/A | NJA | NJA A | N/A|[NA | A | NA

Sinoatrial node

dysfunction and | N/ N/ N/

deafness A N/A | N/A | N/A | N/A | A N/A | N/A A N/A

Familial left

ventricular N/ N/ N/

noncompaction A N/A | N/A | NJA | N/A | A N/A | NJA | A N/A
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Monogenic

nephrotic N/ N/ N/

syndrome A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA

Familial

hypoplastic left | N/ N/ N/

heart syndrome | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Familial ~ sinus | N/ N/ N/

bradycardia A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Deafness,

congenital heart

defects, and

posterior N/ N/ N/

embryotoxon A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Hepatitis B

surface antigen-

negative

hepatitis C virus

negative

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Chronic hepatitis

C virus genotype | N/ N/ N/

4 A N/A | N/A |N/A |N/A|A |[NA|NA |A [NA

Severe

ventricular N/ N/ N/

arrhythmia A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Severe

experimental N/ N/ N/

autoimmune A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
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myocarditis

Acute phase

crescentic

glomerulonephrit | N/ N/ N/

is A N/A | N/A |N/A |INJA|A |[NA|NA |A |[NA
End-stage

chronic  kidney | N/ N/ N/
disease A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Arrhythmogenic

right ventricular

dysplasia N/ N/ N/
familial 9 A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Adhesion of | N/ N/ N/
hepatocytes A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Q-wave  acute

myocardial N/ N/ N/
infarction A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Familial dilated

cardiomyopathy

with left

ventricular N/ N/ N/
noncompaction | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Permanent atrial | N/ N/ N/
fibrillation A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Renal agenesis | N/ N/ N/

or hypodysplasia | A | N/A | N/A |[N/A [N/A|A |[N/A[NA |A [NA
Idiopathic and/or

familial N/ N/ N/
pulmonary A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
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arterial

hypertension

Progression  of

hepatocellular N/ N/

carcinoma 0 0 0 0 N/A|A |[NA |NA |A |NA

Brugada N/ N/ N/

syndrometypel | A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA

Degeneration of | N/ N/ N/

nephron A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Stenosis of | N/ N/ N/

coronary artery | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Nephrotic N/ N/ N/

syndrome type 7 | A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
N/ N/ N/

IgA nephropathy | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Damage of

tubulointerstitiu | N/ N/ N/

m A N/A | N/A |N/A |N/A|A |[NA|NA |A [NA

Refractory

hemodynamicall

y unstable

ventricular N/ N/ N/

tachycardia A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Cardiorespirator | N/ N/ N/

y arrest A N/A | N/A |N/A [N/A|A |[N/A|NA |A |[NA

Paroxysmal

familial

ventricular N/ N/ N/

fibrillation type | A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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1
Bradyasystolic N/ N/ N/
cardiac arrest A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Thrombosis  of | N/ N/ N/
atrium A N/A |N/A |N/A |NJ/A|A |[NA|NA |A |[NA
Dilated
cardiomyopathy | N/ N/ N/
type 1DD A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Familial  renal
agenesis or | N/ N/ N/
hypodysplasia A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Symptomatic
stage ischemic | N/ N/ N/
heart failure A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
N/ N/ N/
Cardiac death A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Syndromic N/ N/ N/
arrhythmia A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Acute
pulmonary N/ N/ N/
embolism A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Decreased
Levels of | N/ N/ N/
Potassium A N/A |N/A |N/A [NA|A |[NA|NA |A |NA
Decreased
production of | N/ N/ N/
albumin A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Catecholaminerg | N/ | N/A | N/A | N/A | N/A | N/ | N/A | N/A | N/ | N/A
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ic  polymorphic | A A A

ventricular

tachycardia  or

long QT

syndrome

Sustained

ventricular N/ N/ N/

tachycardia A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA

Experimental

crescentic

glomerulonephrit | N/ N/ N/

is A N/A | N/A | NJA | NJA A | N/A |[NA | A | NA

Sinus-node N/ N/ N/

dysfunction A N/A | N/A | N/A | N/A|A | NA|NA |A |NA

Collagen type IV

inherited N/ N/ N/

nephropathy A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Pressure

overload N/ N/ N/

hypertrophy A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Atrophy of renal | N/ N/ N/

cortex A N/A | N/A | N/A [ N/A|A | NA |NA |A |NA

Inoperable

chronic

thromboembolic

pulmonary N/ N/ N/

hypertension A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Advanced N/ N/ N/

chronic heart | A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A
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failure

Metastatic  liver | N/ N/ N/

tumor A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
N/ N/ N/

T wave changes | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Primary biliary | N/ N/ N/

cirrhosis A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA

Recurrent

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Hypoplasia  of | N/ N/ N/

mesangial cells | A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Early stage

myocardial N/ N/ N/

infarction A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Hypertrophy of | N/ N/ N/

left ventricle A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA

Child-Pugh class

A advanced

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Familial N/ N/ N/

glomerulopathy | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Stage IV primary | N/ N/ N/

biliary cirrhosis | A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Hypertrophy of | N/ N/ N/

ventricular wall | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Chronic allograft | N/ | N/A | N/A | N/A | N/A | N/ | N/A |[N/A | N/ | N/A
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nephropathy A A A

Non-valvular N/ N/ N/

atrial fibrillation | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Chronic hepatitis | N/ N/ N/

C A N/A |N/A |N/A |NJ/A|A |[NA|NA |A |[NA

Cardiac valvular

form autosomal

recessive Ehlers-

Danlos N/ N/ N/

syndrome A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Brugada N/ N/ N/

syndrome A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Focal

glomerulonephrit | N/ N/ N/

is A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Familial steroid-

resistant

nephrotic N/ N/ N/

syndrome A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Catecholaminerg

ic  polymorphic

ventricular

tachycardia type | N/ N/ N/

1 A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA

Primary

pulmonary N/ N/ N/

hypertension A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Anthracycline- N/ N/ N/

induced A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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cardiotoxicity

N/ N/ N/
Nephromegaly A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Hepatorenal N/ N/ N/
syndrome A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Cardiomyopathy | N/ N/ N/
of left ventricle | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Acute N/ N/ N/
myocarditis A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Severe renal | N/ N/ N/
hypodysplasia A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Catecholaminerg
ic  polymorphic
ventricular
tachycardia type | N/ N/ N/
2 A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Acyanotic
congenital heart | N/ N/ N/
disease A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Hepatitis C
virus-related
hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Stable  disease
stage heart | N/ N/ N/
failure A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
End-stage renal | N/ N/ N/
failure A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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Lipidosis of | N/ N/ N/

renal glomerulus | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Cryptogenic N/ N/ N/

cirrhosis A N/A |N/A |N/A INJA|A |[NA|NA |A |[NA

Progressive

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Hypertrophy of | N/ N/ N/

heart septum A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Familial

ventricular N/ N/ N/

fibrillation A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Inoperable

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Congenitally

corrected

transposition of | N/ N/ N/

the great arteries | A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Symptomatic

stage iodine-

refractory liver | N/ N/ N/

metastasis A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Diastolic  heart | N/ N/ N/

failure A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA

Familial

pulmonary N/ N/ N/

hypertension A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
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Dilated

cardiomyopathy | N/ N/ N/

3B A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA
Intrahepatic N/ N/ N/
cholestasis A N/A | N/A |N/A |INJA|A |[NA|NA |A |[NA
Frasier N/ N/ N/
syndrome A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Alcoholic N/ N/ N/
cirrhosis A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Alcoholic N/ N/ N/
steatohepatitis A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Expansion of | N/ N/ N/
mesangial cells | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Primary

glomerulonephrit | N/ N/ N/

is A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Hepatotoxicity N/ N/ N/

of hepatocytes A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Paroxysmal N/ N/ N/
atrial flutter A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Sick sinus

syndrome type 2

with cardiac

noncompaction

and  ascending | N/ N/ N/
aorta dilation A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Nonsyndromic N/ N/ N/
congenital heart | A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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disease
Galloway-
Mowat N/ N/ N/
syndrome 7 A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Lupus nephritis
WHO class | N/ N/ N/
/v A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Congestion  of
glomerular N/ N/ N/
capillary A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Small cell
undifferentiated | N/ N/ N/
hepatoblastoma | A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Familial sick | N/ N/ N/
sinus syndrome | A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Primary
pulmonary N/ N/ N/
hypertension 1 A N/A |N/A |N/A |N/A|A |[NA|NA |A |[NA
Dysfunction  of | N/ N/ N/
liver A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
N/ N/ N/
Atrial flutter A N/A | N/A |N/A |N/A|A |[NA|NA |A [NA
Congenital long | N/ N/ N/
QT syndrome A N/A | N/A |N/A [N/A|A |[N/A|NA |A |[NA
Recurrent N/ N/ N/
tachyarrhythmia | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Shprintzen N/ N/ N/
syndrome A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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Dilated

cardiomyopathy | N/ N/ N/
type 1EE A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Symptomatic

stage chronic

systolic heart | N/ N/ N/
failure A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Systemic  lupus

erythematosus N/ N/ N/
nephritis A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Moderate N/ N/ N/
hepatic fibrosis | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Non-obstructive

coronary artery | N/ N/ N/
disease A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Paroxysmal N/ N/ N/
atrial fibrillation | A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Abnormal

morphology  of | N/ N/ N/
mesangial cells | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Dilated

cardiomyopathy | N/ N/ N/

1A A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Hypertrophy of

cardiac anterior | N/ N/ N/

wall A N/A |N/A |N/A [NA|A |[NA|NA |A |NA
Left wventricular | N/ N/ N/
noncompaction | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
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BCLC stage C

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Calcific  aortic | N/ N/ N/

valve stenosis A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Dysplasia of | N/ N/ N/

hepatocytes A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Locally

advanced

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Dilated

cardiomyopathy

with left

ventricular

noncompaction | N/ N/ N/

type 1c A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Glomerulosclero

sis of | N/ N/ N/

mesangium A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Dilated

cardiomyopathy | N/ N/ N/

type 1JJ A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Systolic ~ heart | N/ N/ N/

failure A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Catecholaminerg

ic  polymorphic

ventricular N/ N/ N/

tachycardia A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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Hepatosplenic T- | N/ N/ N/

cell lymphoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Quantity of

apoptotic kidney | N/ N/ N/

cell lines A N/A | N/A |N/A |INJA|A |[NA|NA |A |[NA

Focal  nodular | N/ N/ N/

hyperplasia A N/A |N/A |N/A |NJA|A |[NA|NA |A |[NA

Neoplasia of | N/ N/ N/

hepatocytes A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Wolff-

Parkinson-White | N/ N/ N/

syndrome A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Mild hepatic | N/ N/ N/

fibrosis A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Acute

myocardial N/ N/ N/

infarction A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA

BCLC stage B

primary

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Autosomal 2

visceral N/ N/ N/

heterotaxy A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
N/ N/ N/

Biliary cirrhosis | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Atresia of | N/ N/ N/

tricuspid valve A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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Dominant

dilated N/ N/ N/

cardiomyopathy | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Stable  chronic | N/ N/ N/

heart failure A N/A | N/A | NJA | N/A | A N/A | NJA | A | N/A

Increased N/ N/ N/

synthesis of CRP | A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA
N/ N/ N/

Severe hepatitis | A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
N/ N/ N/

Nephrotoxicity A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA

Primary

hepatocellular N/ N/ N/

carcinoma A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A

Acute ST-

elevation

myocardial N/ N/ N/

infarction A N/A | N/A | N/A | N/A|A | NA |NA |A |NA

Progressive

familial

intrahepatic

cholestasis type | N/ N/ N/

1 A N/A | N/A | NJA | NJA A | N/A|[NA | A | NA

Bleeding of renal | N/ N/ N/

glomerulus A N/A | N/A | N/A | N/A|A | NA |NA |A |NA

Pulmonary

hypertension

WHO functional | N/ N/ N/

class IV chronic | A N/A | N/A | N/A | N/A|A | NA |NA |A |NA
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thromboembolic
pulmonary

hypertension

Symptomatic

stage N/ N/ N/
bradycardia A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
C3 N/ N/ N/
glomerulopathy | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Inherited

primary

arrhythmia N/ N/ N/
syndrome A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Enlargement of | N/ N/ N/
cardiomyocytes | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Increased Levels | N/ N/ N/

of Bilirubin A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Mild

glomerulonephrit | N/ N/ N/

is A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Initiation of

regeneration of | N/ N/ N/
liver A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA
Brugada N/ N/ N/
syndrome type 8 | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Congenital

anomaly of | N/ N/ N/
aortic arch A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Enlargement of | N/ N/ N/
heart ventricle A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
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Left ventricular | N/ N/ N/
dilation A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Postoperative
pulmonary N/ N/ N/
embolism A N/A | N/A |N/A |INJA|A |[NA|NA |A |[NA
Repetitive
paroxysmal
supraventricular | N/ N/ N/
tachycardia A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Enlargement of | N/ N/ N/
left ventricle A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Familial N/ N/ N/
arrhythmia A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Cell death of | N/ N/ N/
Kupffer cells A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Dilated
cardiomyopathy | N/ N/ N/
type 1IMM A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Sick sinus | N/ N/ N/
syndrome type 3 | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Abnormal
morphology  of | N/ N/ N/
mesangium A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Recurrent
ventricular N/ N/ N/
fibrillation A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Short QT | N/ N/ N/
syndrome A N/A |N/A |N/A [NA|A |[NA|NA |A |NA
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Recurrent
chronic

thromboembolic

pulmonary N/ N/ N/
hypertension A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Proliferation of | N/ N/ N/
hepatoblasts A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Acute  tubular | N/ N/ N/
necrosis A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Short-QT N/ N/ N/
syndrome 3 A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Hypertrophy of | N/ N/ N/
distal tubule A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Familial isolated

autosomal

dominant

noncompaction

of left

ventricular N/ N/ N/
myocardium A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Membranous

glomerulonephrit | N/ N/ N/

is A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Hyperplasia of | N/ N/ N/
renal tubule A N/A |N/A |N/A |[NA|A |[NA|NA |A |NA
Stage Il primary | N/ N/ N/

biliary cirrhosis | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Wolff Parkinson | N/ N/ N/

White syndrome | A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
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with
hypertrophic
cardiomyopathy

N/ N/ N/
Hepatoblastoma | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Nonfatal
myocardial N/ N/ N/
infarction A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Early-onset
premature
coronary artery | N/ N/ N/
disease A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Inherited
arrhythmia N/ N/ N/
syndrome A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Enlargement of | N/ N/ N/
right ventricle A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Hypoplasia  of | N/ N/ N/
right heart A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Atrial septal | N/ N/ N/
defect type 3 A N/A | N/A |N/A |N/A|A |[NA|NA |A [NA
Chronic
autoimmune N/ N/ N/
hepatitis A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Stage Il acute
myocardial N/ N/ N/
infarction A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Poorly N/ N/ N/
differentiated A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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hepatocellular

carcinoma

Interrupted N/ N/ N/
aortic arch A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Electrical

alternation of | N/ N/ N/
heart A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA
Acute congestive | N/ N/ N/

heart failure A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Metastatic

hepatocellular N/ N/ N/
carcinoma A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Myocytolysis of | N/ N/ N/

heart A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA
Stage V chronic | N/ N/ N/
kidney disease A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Child-Pugh class

A recurrent

hepatocellular N/ N/ N/
carcinoma A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Persistent

chronic

thromboembolic

pulmonary N/ N/ N/
hypertension A N/A | N/A | N/A | N/A|A | NA |NA |A |NA
Local

hepatocellular N/ N/ N/
carcinoma A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A
Interauricular N/ N/A | N/JA | N/A | N/JA | N/ | NJA | N/JA | N/ | N/A
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communication | A A A

Left ventricular

noncompaction | N/ N/ N/

type 3 A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Symptomatic

stage atrial | N/ N/ N/
fibrillation A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Oxidative stress

response of | N/ N/ N/
cardiomyocytes | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Ann Arbor stage

I-Iv

hepatosplenic T- | N/ N/ N/

cell lymphoma A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Severe acute | N/ N/ N/
renal failure A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Andersen N/ N/ N/
syndrome A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
Autosomal

dominant

pulmonary

arterial N/ N/ N/
hypertension A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Dilated

cardiomyopathy | N/ N/ N/

type 1AA A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
Familial isolated

dilated N/ N/ N/
cardiomyopathy | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
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Dilated

cardiomyopathy | N/ N/ N/

2a A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Apoptosis of

proximal tubule | N/ N/ N/
epithelial cells A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Suppression  of

hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
BCLC stage B

hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Myocardial N/ N/ N/
hypertrophy A |N/A|NA|NA [NA|A |[NA|[NA |[A |NA
Renal

hypodysplasia/ap | N/ N/ N/

lasia type 3 A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Pulmonary

hypertension

WHO functional

class i

pulmonary N/ N/ N/
hypertension A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Size  of liver | N/ N/ N/
tumor A N/A |N/A |N/A |[NA|A |[NA|NA |A |NA
Abnormal

morphology  of

glomerular N/ N/ N/
capillary A N/A |N/A |N/A [NA|A |[NA|NA |A |NA
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Refractory

ventricular N/ N/ N/

fibrillation A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA

Type 1

hepatorenal N/ N/ N/

syndrome A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Unresectable

liver

cholangiocarcino | N/ N/ N/

ma A N/A | N/A |N/A [N/A|A |[NA|NA |A [NA

Increased release | N/ N/ N/

of albumin A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Agenesis of | N/ N/ N/

Kidney A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA

Steroid

dependent

nephrotic N/ N/ N/

syndrome A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA

Familial

arrhythmogenic

right ventricular | N/ N/ N/

dysplasiatype 1 | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Spontaneous

coronary artery | N/ N/ N/

disease A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Stenosis of | N/ N/ N/

pulmonary artery | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Mild to moderate | N/ N/ N/

stage heart | A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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failure

Susceptibility to

myocardial N/ N/ N/
infarction A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Chronic viral | N/ N/ N/
hepatitis A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA
N/ N/ N/
Acute hepatitis | A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Abnormal
morphology  of | N/ N/ N/
coronary artery | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Abnormal
morphology  of | N/ N/ N/
renal glomerulus | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Calcification of | N/ N/ N/
aortic valve A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Symptomatic
stage heart | N/ N/ N/
failure A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Familial ~ atrial | N/ N/ N/
septal defect A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Right ventricular | N/ N/ N/
dysfunction A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Sick sinus
syndrome 2 with
cardiac N/ N/ N/
noncompaction | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Brugada N/ | N/A | N/A | N/JA | N/JA | N/ | N/A | N/A | N/ | N/A
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syndrome type 9 | A A A

Cardiac N/ N/ N/

decompensation | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Chronic ~ heart

failure acute

decompensated

disease stage | N/ N/ N/

heart failure A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA

Nonischemic

dilated N/ N/ N/

cardiomyopathy | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
N/ N/ N/

Pyelonephritis A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Experimentally | N/ N/ N/

induced cirrhosis | A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA

Enlargement of | N/ N/ N/

heart chamber A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA

Arrhythmogenic

right ventricular | N/ N/ N/

cardiomyopathy | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Hypertrophy of | N/ N/ N/

cardiomyocytes | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

Autosomal

recessive Finnish

congenital

nephrotic N/ N/ N/

syndrome A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Liver N/ N/ N/

cholangiocarcino | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
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ma
Alcoholic N/ N/ N/
hepatitis A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Chronic ~ heart | N/ N/ N/
failure A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Fatal myocardial | N/ N/ N/
infarction A N/A | NJA |N/A |[NJA|A |[NA|NA |A |NA
Child-Pugh class

A metastatic

hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Survival of | N/ N/ N/
mesangial cells | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Child-Pugh class

B7 advanced

hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A [NA|A |[NA|NA |A |NA
Atrophy of renal | N/ N/ N/
glomerulus A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Congenital

atrioventricular

valve N/ N/ N/
abnormality A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Right ventricular | N/ N/ N/
dilatation A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Pulmonary

arterial

hypertension N/ N/ N/
associated with | A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
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congenital heart

disease

Dilated

cardiomyopathy | N/ N/ N/

type 1FF A N/A | N/A |N/A |INJA|A |[NA|NA |A |[NA

Transformation | N/ N/ N/

of kidney cells A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Decreased

localization  of | N/ N/ N/

albumin A N/A | N/A |N/A [NA|A |[NA|NA |A |NA

Susceptibility to | N/ N/ N/

hepatitis C virus | A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Vasospasm  of | N/ N/ N/

coronary artery | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

X-linked dilated | N/ N/ N/

cardiomyopathy | A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Hepatitis B

virus-related

hepatocellular N/ N/ N/

carcinoma A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Postmyocardial

infarction N/ N/ N/

syndrome A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Focal segmental

glomeruloscleros | N/ N/ N/

is type 9 A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA

Dilation of

glomerular N/ N/ N/

capsule A N/A |N/A |N/A [NA|A |[NA|NA |A |NA
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Advanced

hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Heart failure

with  preserved | N/ N/ N/
ejection fraction | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Autosomal

recessive

progressive

familial

intrahepatic

cholestasis type | N/ N/ N/

1 A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Delay in

autoimmune

glomerulonephrit | N/ N/ N/

is A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Susceptibility to | N/ N/ N/
hepatitis B virus | A N/A | N/A |N/A |IN/A|A |[NA|NA |A |[NA
Metastasis of

hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Hypertrophy of | N/ N/ N/

heart A N/A |N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Ventricular N/ N/ N/
hypertrophy A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
Abnormal

morphology of | N/ N/ N/
mesangial matrix | A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

368

Tasabeeh Mohamed - November 2023




Chapter 7: Appendices

Paroxysmal

familial

ventricular N/ N/ N/

fibrillation A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA

Hypertrophy of | N/ N/ N/

heart cells A N/A |N/A |N/A INJA|A |[NA|NA |A |[NA

Rupture of left | N/ N/ N/

ventricle A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA

Hypertrophy of | N/ N/ N/

renal tubule A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA

Pulmonary

hypertension

WHO functional

class Il chronic

thromboembolic

pulmonary N/ N/ N/

hypertension A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA

Hypertrophy of | N/ N/ N/

myocardium A N/A | N/A |N/A |N/A|A |[NA|NA |A [NA

WHO functional

class ]

pulmonary

arterial N/ N/ N/

hypertension A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA

Atrial N/ N/ N/

hypertrophy A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA

BCLC stage C

advanced N/ N/ N/

hepatocellular A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
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carcinoma

Symptomatic

stage

cardiomyopathic | N/ N/ N/
heart failure A N/A | N/A |N/A |INJA|A |[NA|NA |A |[NA
Decreased

synthesis of | N/ N/ N/
albumin A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Pulmonary

hypertension

WHO functional

class i

pulmonary

hypertensive N/ N/ N/
arterial disease A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Symptomatic

drug induced

pulmonary

arterial N/ N/ N/
hypertension A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Increased release

of alkaline | N/ N/ N/
phosphatase A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Proliferative

glomerulonephrit | N/ N/ N/

is A N/A |N/A |N/A |[NA|A |[NA|NA |A |NA
Hyperplasia of | N/ N/ N/
cardiomyocytes | A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Decreased N/ | N/A | N/A [N/A | N/A | N/ |N/A [N/A | N/ | N/A
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activation of | A A A
albumin
Interstitial
fibrosis of | N/ N/ N/
myocardium A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Compensated N/ N/ N/
cirrhosis A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Eisenmenger N/ N/ N/
complex A N/A | N/A |N/A INJA|A |[NA|NA |A |[NA
Hepatosplenome | N/ N/ N/
galy A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Familial
ventricular N/ N/ N/
tachycardia A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Enlargement of | N/ N/ N/
heart A N/A | N/A |N/A [NJA|A |[NA|NA |A |[NA
Early stage
hepatocellular N/ N/ N/
carcinoma A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
WHO functional
class I
pulmonary
arterial N/ N/ N/
hypertension A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Dysfunction  of | N/ N/ N/
podocytes A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
Primary liver | N/ N/ N/
cancer A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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Enlargement of | N/ N/ N/
heart cells A N/A | N/A | NJA | N/JA A | N/A |NA | A | NA
Proliferation of

proximal tubule | N/ N/ N/

cells A N/A | N/A | NJA | N/JA A | N/A |NA | A | NA
Advanced liver | N/ N/ N/
tumor A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA
Non-rheumatic N/ N/ N/
aortic stenosis A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Acute alcoholic | N/ N/ N/
hepatitis A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA
Toxin  induced

pulmonary

arterial N/ N/ N/
hypertension A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA
Invasive

hepatocellular N/ N/ N/
carcinoma A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A
Intrahepatic

cholestasis of | N/ N/ N/
pregnancy typel | A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Familial

coronary artery | N/ N/ N/
disease A N/A | N/A | NJA | NJA A | N/A|NA | A | NA
Infantile

cholestatic

hepatitis N/ N/ N/
syndrome A N/A | N/A |N/A [NJA|A |[NA|NA |A |NA
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Hyperbilirubine | N/ N/ N/
mia A N/A |N/A |N/A |INJA|A |[NA|NA |A |[NA
Regeneration of | N/ N/ N/
myocardium A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA
Dilated
cardiomyopathy | N/ N/ N/
1S A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Stable  disease
stage
hypertensive N/ N/ N/
heart failure A N/A | N/A |N/A [N/A|A |[NA|NA |A |[NA
Left ventricular
noncompaction | N/ N/ N/
type 6 A N/A | N/A |N/A |INJ/A|A |[NA|NA |A |[NA
Long-QT N/ N/ N/
syndrome A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Acute heart | N/ N/ N/
failure A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
Drug-induced N/ N/ N/
hepatotoxicity A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Symptomatic
stage systolic | N/ N/ N/
heart failure A N/A | N/A |N/A |[NJA|A |[NA|NA |A |NA
Vasodilation of | N/ N/ N/
renal artery A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA
Acute deep vein
thrombosis with | N/ N/ N/
pulmonary A N/A | N/A |N/A |N/A|A |[NA|NA |A |[NA
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embolism

Hypertrophy of

ventricular N/ N/ N/

myocytes A N/A | N/A |N/A |NJA|A |[NA|NA |A |NA

Familial renal | N/ N/ N/

hypoplasia A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA

Decreased

hematocrit of | N/ N/ N/

organism A N/A | N/A |N/A |[NJA|A |[NA|NA |A | NA

Dilated

cardiomyopathy | N/ N/ N/

19 A N/A | N/A | NJA | NJA A | N/A|NA | A | NA

Stable coronary | N/ N/ N/

artery disease A N/A | N/A |N/A |NJA|A |[NA|NA |A | NA

BCLC stage B

advanced

hepatocellular N/ N/ N/

carcinoma A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A

Dilated

cardiomyopathy

secondary to | N/ N/ N/

drug A N/A | N/A | N/A | N/A|A | NA |NA |A |NA

Progressive liver | N/ N/ N/

metastasis A N/A | N/A | N/A | N/A | A N/A | N/JA | A N/A

Hypodysplasia N/ N/ N/

of kidney A N/A | N/A | NJA | NJA A | N/A|NA | A | NA
N/ N/ N/

Endocarditis A N/A | N/A | N/A | N/A|A | NA |NA |A |NA
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BCLC stage C

primary

hepatocellular N/ N/ N/

carcinoma A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A

Hereditary N/ N/ N/

nephritis A N/A | N/A | NJA | NJA A | N/A |NA | A | NA

Hypoplasia  of | N/ N/ N/

aortic arch A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA

Decompensated | N/ N/ N/

cirrhosis of liver | A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A

Chronic New

York Heart

Association class

H-1v heart | N/ N/ N/

failure A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA

Left ventricular

systolic N/ N/ N/

dysfunction A N/A | N/A | N/A | N/A|A | NA |NA |A |NA

Size of

glomerular N/ N/ N/

crescent A N/A | N/A | N/A | N/A | A N/A | NJA | A N/A

Vasodilation of | N/ N/ N/

Kidney A N/A | N/A | NJA | NJA A | N/A|[NA | A | NA

Persistent atrial | N/ N/ N/

fibrillation A N/A | N/A | N/A | N/A|A | NA |NA |A |NA

Severe  hepatic | N/ N/ N/

fibrosis A N/A | N/A | NJA | NJA A | N/A|NA | A | NA

New York Heart | N/ | N/A | N/A | N/A | N/A | N/ | N/A | N/A | N/ | N/A
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Association class | A A A
Il heart failure

N/ N/ N/
Pericarditis A N/A | N/A | NJA | N/JA A | N/A |NA | A | NA
Long QT | N/ N/ N/
syndrome 1 A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA
Advanced stage
intrahepatic N/ N/ N/
cholestasis A N/A | N/A | NJA | N/A | A N/A | NJA | A | NA
Familial atrial
fibrillation type | N/ N/ N/
7 A N/A | N/A | NJA | NJA A | N/A|NA | A | NA
Supraventricular | N/ N/ N/
tachycardia A N/A | N/A | N/A [ N/A|A | NA |NA |A | NA
Nephrotic
syndrome type | N/ N/ N/
11 A N/A | N/A | N/A | N/A|A | NA|NA |A |NA
Hepatitis
subtype infantile
hepatitis N/ N/ N/
syndrome A N/A | N/A | N/A | N/A|A | NA|NA |A |NA
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