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Abstract 

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is a congenital heart 
disorder characterized by replacement of the ventricular myocardium with fibrofatty 
tissue. The majority of cases are due to mutations in genes encoding desmosomal 
cell junction proteins, including plakophilin-2 and plakoglobin. Naxos disease is an 
autosomal recessive form of ARVC that is caused by a 2 bp C-terminal deletion in 
the desmosomal plakoglobin (JUP) gene, resulting in the expression of a truncated 
plakoglobin protein. This causes skin abnormalities from infancy as well as heart 
defects that develop in early adulthood. The pathogenesis of ARVC/Naxos Disease 
is poorly understood and current animal models do not fully recapitulate the human 
disease. My project aimed to characterize a novel zebrafish model of ARVC.  

I first attempted to knock out the plakophilin-2 gene in zebrafish using TALEN and 
CRISPR genome editing technology. As this approach was unsuccessful I continued 
with sa12692 plakoglobin mutants. Similar to ARVC patients, sa12692 mutants 
develop to adulthood with similar survival rates to WT controls. 3’RACE and 
western blot revealed that the sa12692 plakoglobin mutation causes exon 14 to be 
skipped, leading to reduced expression of a truncated protein, highly similar to 
Naxos plakoglobin protein in humans. Whole transcriptome profiling identified 
1,072 differentially expressed genes in mutant adult hearts, including several 
involved in cardiac function. An ingenuity pathway analysis revealed adherens 
junction signalling and remodelling of adherens junction signalling as the top 
significantly enriched pathways, supporting the role of altered junctional components 
in the development of ARVC. Other adhesion-related signalling pathways were also 
altered including integrin, paxillin and integrin-linked kinase signalling pathways. In 
addition, the sirtuin signalling pathway, linked to mitochondrial function was altered 
providing novel insights into ARVC pathogenesis. Markers of ARVC including 
arrhythmia, fibrosis, apoptosis and cardiac dilation were identified by a toxicity 
function analysis.  

Intercalated disc remodelling has been frequently observed in ARVC human hearts. 
Therefore, the ultrastructure of heart and skin at larval and adult stages was 
examined by transmission electron microscopy and junctions were quantified by 
stereology. Desmosomes and adherens junctions were significantly reduced in both 
larval and adult mutant skin, with significantly increased intercellular gaps. While 
desmosome number was reduced in the mutant larval hearts, junction number in the 
adult hearts was normal. However, widened intercellular gaps indicate only a partial 
compensation of intercalated disc function. Alterations in junctional components are 
indicative of abnormal cell adhesion and support the RNA-seq findings.  

Overall, I have established an authentic model of ARVC that recapitulates several 
aspects of the human disease and provides novel insights into the molecular 
mechanisms underlying the disease pathogenesis.  
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1 Introduction 

1.1 Zebrafish  

Zebrafish (Danio rerio) are small tropical freshwater teleosts that originate from 

eastern India. The zebrafish was recognised as a novel model organism in the 1970s 

and 1980s following genetic experimentation by George Streisinger at the University 

of Oregon (Streisinger et al., 1981).  

1.1.1 Zebrafish as a model organism 

The zebrafish has several attributes that make it an excellent vertebrate model 

system. High fecundity and external fertilization ensure abundant production of 

easily obtainable embryos. The development of transparent embryos enables the 

visualisation of internal structures during developmental stages. These features, 

along with a short generation time and rapid development, allow the use of zebrafish 

for robust large-scale mutagenesis screens (Driever et al., 1996). The zebrafish 

model is particularly useful in the study of heart development and cardiovascular 

disorders. Unlike mammalian species, zebrafish embryos can survive in the absence 

of a functional cardiovascular system for several days, by passive diffusion of 

oxygen. This allows the phenotypic analysis of severe cardiovascular defects that 

would otherwise cause embryonic lethality in mammalian embryos (Stainier, 2001). 

Additionally, the zebrafish genome has been fully sequenced and it has significant 

homology to the human genome, with approximately 70% of human genes 

possessing at least one clear human orthologue (Howe et al., 2013). 

1.1.2 Zebrafish heart structure 

In contrast to the four-chambered human heart, zebrafish possess one atrium and one 

ventricle. Zebrafish hearts also have two other components; an inflow tract called the 

sinus venosus and an outflow tract called the bulbus arteriosus (Poon and Brand, 

2013). In vertebrates, the heart is the first functional organ to form. Like the human 

heart, the zebrafish heart develops from a linear heart tube (Figure 1.1). The heart 

tube, composed of an inner endocardium and an outer muscular myocardium, is 

formed by 24 hours post-fertilization (hpf) following fusion of cardiac progenitor 

cells that originate from the primary heart field of the anterior lateral plate mesoderm 

(Stainier et al., 1993; Yelon et al., 1999). Heart contractions, which are initially 
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peristaltic, begin during heart tube formation. Leftward movement of the heart tube 

(‘jogging’) is followed by rightward bending (‘looping’) at 36 hpf to form the two 

separate cardiac chambers by 48 hpf (Chen et al., 1997). A population of myocardial 

cells analogous to the second heart field in mammals additionally contributes to 

ventricular growth (Lazic and Scott, 2011). Invagination of endothelial cells at the 

atrioventricular canal leads to the formation of valve leaflets. Both the superior and 

inferior valve leaflets are present by 102 hpf (Scherz et al., 2008).  

 
Figure 1.1: Zebrafish heart development. 
(A) By 24 hpf, the linear heart tube is formed from precursor cells and begins 
leftward migration. (B) At 28-36 hpf leftward movement of the heart continues and it 
then begins to loop to the right. Second heart field cells also contribute to growth at 
this stage (illustrated by light shading). (C) The two-chambered heart is formed by 
48 hpf; atrium (pink) and ventricle (blue). Valves are formed at a later stage from 
endocardial cells (purple) (modified from Brown et al., 2016). 
 

Valve leaflets have a thickness of two cell layers until 28 days post-fertilization (dpf) 

and are remodelled to form four valve leaflets by the adult stage (Beis et al., 2005). 

Cardiac trabeculation, the formation of sheet-like projections by extrusion and 

expansion of ventricular cardiomyocytes, begins to occur around 72 hpf (Liu et al., 

2010). Formation of the epicardium is also initiated around this time (Liu and 

Stainier, 2010). Trabeculated cardiomyocytes become more extensive and complex 

as the heart develops and eventually give rise to a new layer of ventricular muscle at 

juvenile stages (~6 weeks) which emerges externally to the single myocardial layer 

present from embryonic stages (Gupta and Poss, 2012).  

A 

B 

C 
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Initially conduction travels unidirectionally from the sinus venosus to the outflow 

tract, which develops at 20-24 hpf. An atrioventricular conduction delay begins at 

36-48 hpf which correlates with chamber formation and development of the 

atrioventricular canal. By 100 hpf, a more complex fast conduction system has arisen 

in the ventricle which fully matures at 2-3 weeks, resulting in apex-to-base 

conduction (Chi et al., 2008). 

Although adult zebrafish possess a functionally fast cardiac conduction system, they 

lack a specialised His-Purkinje system and a distinct septum (Chi et al., 2008). 

However, zebrafish do possess similar heart rates and electrocardiogram (ECG) 

parameters to those of humans (Liu et al., 2016). In contrast, the mouse heart rate is 

10 times faster than the human heart rate (Uechi et al., 1998). Moreover, the 

identification of a second heart field in zebrafish is of huge significance as many 

congenital heart defects in humans are caused by abnormalities in cardiac tissue 

derived from the second heart field (Lazic and Scott, 2011). Dissimilar to humans, 

zebrafish have the capacity to regenerate their hearts following injury. 

Understanding of the molecular mechanisms of this process could help in devising a 

method to recapitulate this regenerative response in human diseased myocardium 

(Poss et al., 2002). 

Overall, although the two-chambered zebrafish heart is considered evolutionally 

immature compared to the mammalian heart, nonetheless it exhibits some 

characteristics that are useful for cardiovascular research. 

1.1.3 Zebrafish skin structure 

Zebrafish skin consists of three compartments; epidermis, dermis and hypodermis. In 

24 hpf zebrafish embryos, the epidermis is composed of two cell layers; a superficial 

layer and a basal layer. A thin subepidermal space containing a loose collagen matrix 

resides below the basal layer and is bordered by muscle cells. At 36 hpf, a well-

defined basement membrane is present and formation of the primary dermal stroma 

from the collagen matrix is initiated. The epidermis and dermis are fully 

distinguished at 5 dpf. The primary dermal stroma thickens during larval stages and 

is lined by dermal endothelial cells that cover most of the muscle cell surface. 

Between 5-10 dpf, the loose dermal stroma transforms into a dense, regularly spaced 

collagen fibril network. In 15 dpf larvae, the epidermis has formed a third layer and 
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now consists of the superficial stratum, the intermediate stratum, and the basal 

stratum. The hypodermis subsequently forms at the deep surface of the primary 

dermal stroma. At 26 dpf, the stroma has transformed into a cellular dermis called 

the stratum compactum which is rich in fibroblasts (Figure 1.2). At 30 dpf, scale 

development is initiated in the upper part of the dermis (Le Guellec et al., 2004).  

 
Figure 1.2: Zebrafish skin structure. 
At 26 dpf, zebrafish skin consists of a three-layer epidermis, a cellular dermis rich in 
fibroblasts and a hypodermis. Scale development is initiated in the upper dermis at 
30 dpf (modified from Le Guellec et al., 2004). 
 

Human skin is structurally similar to zebrafish skin as it also consists of epidermis, 

dermis and hypodermis, although there are a number of differences. In contrast to 

human epidermis whereby cells are renewed periodically, outer dead zebrafish 

epidermal cells are individually replaced from a reservoir of cells in the intermediate 

stratum (Le Guellec et al., 2004). Moreover, the epidermis of zebrafish does not 

form a stratum corneum; an outer layer of dead, keratinized cells that lines human 

skin (Chang and Hwang, 2011). Therefore, zebrafish lack human appendages such as 

hair follicles and nails which are formed by keratinization (Shetty and Gokul, 2012). 

Instead they possess scales, mucous-secreting cells, and a sensory organ called the 

lateral line. These structures are important in an aquatic environment (Cline and 

Feldman, 2016). 

Despite these differences, zebrafish are increasingly used to study skin development 

and model skin disorders. Human skin diseases such as melanoma (Patton et al., 

Epidermis 

Dermis 

Hypodermis 

Basement  
membrane 
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2005), psoriasis (Dodd et al., 2009) and Kindler syndrome (Postel et al., 2013) have 

been effectively recapitulated in the zebrafish organism.  

1.2 Cell adhesion 

Cell adhesion is the process by which neighbouring cells form contacts with each 

other through specialised protein complexes. Cell adhesion is essential for the 

strength, stability and functional integrity of tissue architecture. Direct cell-cell 

interactions are mediated by cell junctions including desmosomes, tight junctions, 

adherens junctions and gap junctions. The primary role of gap junctions is cell 

communication and electrical coupling, while desmosomes and adherens junctions 

are the major junctions involved in mechanical attachment of adjacent cells (Getsios 

et al., 2015). Each cell junction is made up of a number of junctional components 

with specific functions. In addition to their structural roles, some junctional 

components are also involved in cell signalling. Hence, defective junctional 

components can lead to consequential cell damage and organ malfunction (Vermij et 

al., 2017). 

1.2.1 Desmosomes 

Desmosomes are complex cell-cell adhesion junctions that provide mechanical 

coupling by anchoring the intermediate filaments of adjacent cells. Desmosomes are 

particularly important in organs that undergo a lot of mechanical stress such as the 

skin and heart. The components of desmosomes comprise three core regions: the 

desmoglea (extracellular region), the outer dense plaque and the inner dense plaque 

(North et al., 1999). Desmosomal components are members of three protein families 

including the desmosomal cadherins (desmogleins and desmocollins), the armadillo 

proteins (plakophilins and plakoglobin) and the plakin proteins, consisting mainly of 

desmoplakin (Delva et al., 2009). The location of members of the three protein 

families in the desmosome are indicated in Figure 1.3. 
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Figure 1.3: Structure of a desmosome. 
In the top panel, the ultrastructure of a desmosome is shown. The extracellular 
desmoglea is flanked by electron-dense plaques on opposing plasma membranes. 
The bottom panel depicts a schematic diagram of the molecular components of a 
desmosome. The cytoplasmic tails of the desmosomal cadherins (desmoglein [Dsg] 
and desmocollin [Dsc]) associate with the desmosomal armadillo proteins 
(plakoglobin [Pg] and plakophilin [PKP]) which in turn bind the N-terminus of 
desmoplakin (DP). The C-terminal end of DP serves to anchor intermediate 
filaments (IF) to the desmosomal protein complex, mediating cell-cell adhesion at 
the plasma membrane (modified from Dusek et al., 2007). 
 

Desmosomal cadherins 

Desmogleins and desmocollins are transmembrane glycoproteins of the cadherin 

superfamily of calcium-dependent adhesion molecules. The extracellular domains of 

desmosomal cadherins make up the desmosomal desmoglea and their cytoplasmic 

tails bind the armadillo proteins, plakoglobin and plakophilin. Four isoforms of 

desmoglein and three isoforms of desmocollin exist which are expressed in a tissue-

specific and differentiation-dependent manner (Broussard et al., 2015). Desmocollin-

2 is ubiquitously expressed in epithelial tissues and the heart while desmocollin-1 

and desmocollin-3 are strongly expressed in the basal and suprabasal layers of the 

epidermis, respectively (Arnemann et al., 1993). Desmoglein-2 is present in all 

desmosome-possessing tissues and highly expressed in the myocardium while 
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desmoglein-1 and desmoglein-3 expression is restricted to stratified epithelia 

(Schafer et al., 1994). Desmoglein-4 is found in suprabasal epidermis and hair 

follicles (Kljuic et al., 2003). 

Desmoplakin 

Desmoplakin, a member of the plakin family of cytolinkers, is the most abundant 

component of desmosomes. It is composed of a central alpha-helical coiled rod 

domain flanked by two globular domains. The amino-terminal head of desmoplakin 

interacts with the desmosomal armadillo proteins while the carboxy-terminal tail 

binds intermediate filaments of the cytoskeleton (Kouklis et al., 1994; Kowalczyk et 

al., 1997). There are two desmoplakin isoforms (I and II) formed by alternative 

splicing which differ in rod length. Both isoforms are widely expressed but 

desmoplakin II expression is lower in simple epithelia and desmoplakin I is the only 

form present in the heart (Delva et al., 2009). 

Plakophilins 

The armadillo proteins possess a central domain consisting of a series of imperfect 

amino acid repeats. The three plakophilin family members and plakoglobin (Section 

1.2.3) constitute the desmosomal armadillo protein family. In addition to their 

existence in desmosomal plaques, plakophilin-1 and plakophilin-2 are also localised 

in the nucleus (Mertens et al., 1996; Schmidt et al., 1997). In desmosomes, 

plakophilins associate with plakoglobin, cadherins and desmoplakin and facilitate 

linkage of desmosomal cadherins to desmoplakin, which in turn anchors the 

intermediate filaments (Chen et al., 2002; Bonne et al., 2003). Similar to the 

desmosomal cadherins, expression of the plakophilins is tissue-specific and 

differentiation-dependent. Plakophilin-2 is the only plakophilin present in the heart 

emphasising its important role in maintaining cardiac tissue integrity (Mertens et al., 

1996). Plakophilin-1 and plakophilin-3 are the dominant epidermal plakophilins. The 

highest expression of plakophilin-1 is in the suprabasal layers of stratified epithelia 

(Moll et al., 1997) while plakophilin-3 is found in simple and stratified epithelia 

(Schmidt et al., 1999). 
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1.2.2 Adherens junctions 

Adherens junctions also play an important role in intercellular adhesion and 

organisation of tissue architecture. Cell adhesion is mediated by the interaction 

among proteins of the classical cadherin superfamily (including E-cadherin and N-

cadherin) and the catenin family members (including p120-catenin, plakoglobin, β-

catenin and α-catenin). The cytoplasmic tail of the cadherin interacts with β-catenin 

or plakoglobin which in turn binds to α-catenin resulting in the formation of a 

cadherin-β-catenin/plakoglobin-α-catenin complex (Aberle et al., 1994). As α-

catenin binds and bundles F-actin (Rimm et al., 1995), it acts as a linker molecule 

between actin and the cadherin/β-catenin complex in vivo (Yonemura, 2017). The 

location of each adherens junction component is indicated in Figure 1.4. 

 
Figure 1.4: Structure of an adherens junction. 
Schematic diagram of the molecular components of an adherens junction. 
Extracellularly, a classical cadherin molecule such as E-cadherin (green) interacts 
with E-cadherin on opposing cells. Intracellularly, E-cadherin interacts with p120-
catenin (purple). It also binds β-catenin or plakoglobin (red) which in turn bind α-
catenin (blue), facilitating anchorage of the entire junctional complex to the actin 
microfilaments (MF) (modified from Aktary et al., 2017).  
 
 
Classical cadherins 

The classical cadherins are a family of calcium-dependent adhesion molecules which 

exhibit unique tissue distribution patterns. In particular, E-cadherin is found in 
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epithelial tissues (Ogou et al., 1983; Yoshida-Noro et al., 1984) while N-cadherin is 

primarily located in non-epithelial tissues such as neural tissue and muscles, 

including the heart (Hatta et al., 1987). Their extracellular domain is composed of 

five subdomains, called extracellular cadherin repeat domains, which contain 

calcium-binding sequences (Overduin et al., 1995). The conformation of the 

extracellular domain of cadherins is controlled by calcium binding which results in 

homophilic interactions between the ectodomains of cadherins on opposing cells 

(Pokutta et al., 1994). The highly conserved cytoplasmic domains of classical 

cadherin members are responsible for the binding of catenins (Knudsen and 

Wheelock, 1992; Shibamoto et al., 1995). 

Catenins 

The presence of all adherens junction catenins (β-catenin, plakoglobin, α-catenin and 

p120-catenin) is essential for optimal adhesive function of the cell. β-catenin, 

plakoglobin and p120-catenin are armadillo proteins. The armadillo domain of β-

catenin binds the cadherin cytoplasmic domain and facilitates linkage to the actin 

cytoskeleton via its association with α-catenin (Aberle et al., 1994). In addition to its 

structural role, β-catenin serves as a transcriptional regulator in the highly conserved 

Wnt signalling pathway by binding to the Tcf/Lef transcription factors (MacDonald 

et al., 2009). The p120-catenin subfamily uses their armadillo domains to bind the 

juxtamembrane region of the cytoplasmic domains of cadherins (Yap et al., 1998; 

Ohkubo and Ozawa, 1999). When bound, p120-catenin can stabilise levels of 

cadherins by antagonising cadherin endocytosis (Liu et al., 2007). Moreover, p120-

catenin/cadherin binding functions to strengthen cell adhesion. This is thought to 

occur by its effects on the clustering of cadherins at adhesive sites (Yap et al., 1998) 

and regulation of actin dynamics via Rho inhibition (Anastasiadis et al., 2000; Noren 

et al., 2000). Unlike the other catenins, α-catenin is not an armadillo protein. Its N-

terminus is responsible for β-catenin/plakoglobin binding (Huber et al., 1997) while 

its C-terminus contains an actin-binding domain (Pokutta et al., 2002). In addition to 

its F-actin binding properties, it can also indirectly associate with the cytoskeleton by 

interaction with other actin-binding proteins such as its homologue vinculin 

(Watabe-Uchida et al., 1998). Three mammalian isoforms of α-catenin have been 

identified; αE-catenin, αN-catenin and αT-catenin (Vite et al., 2015). Zebrafish 

express αE-catenin and αN-catenin only (www.ensembl.org/index.html). 
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1.2.3 Plakoglobin 

Plakoglobin (or γ-catenin) is an 83 kDa armadillo protein first identified in the 

desmosomal plaque (Franke et al., 1983). It was later found to be a component of 

both desmosomes and adherens junctions, highlighting its important role in cell 

adhesion (Cowin et al., 1986). Plakoglobin has 12 armadillo repeats flanked by N-

terminal and C-terminal domains (Choi et al., 2009). In desmosomes, plakoglobin 

armadillo repeats 1-3 are responsible for the binding of desmoglein (Troyanovsky et 

al., 1996) whereas the second armadillo repeat and carboxyl-terminal end of the 

central armadillo domain are involved in desmocollin binding (Wahl et al., 1996; 

Witcher et al., 1996). Palka and Green (1997) examined the roles of the end terminal 

domains in A-431 cells. They discovered that truncation of the C-terminus resulted 

in abnormally long desmosomes or groups of tandemly linked desmosomes while 

truncation of the N-terminus increased the cytosolic pool of plakoglobin. 

Plakoglobin is believed to play a crucial role in desmosomal assembly by promoting 

the clustering of desmosomal cadherins with subsequent recruitment of desmoplakin 

which anchors the plakoglobin/cadherin complex to intermediate filaments of the 

cytoskeleton (Acehan et al., 2008). In adherens junctions, the N-cadherin binding 

site has been mapped to armadillo repeats 7 and 8 of plakoglobin (Sacco et al., 1995) 

while the E-cadherin binding site has been mapped to armadillo repeats 4 and 5 

(Troyanovsky et al., 1996). The first armadillo repeat of plakoglobin binds α-catenin 

(Sacco et al., 1995) which indirectly mediates the linkage of the classical cadherins 

to the actin cytoskeleton (Drees et al., 2005). Chitaev et al. (1998) showed that α-

catenin and desmoglein interact with the same hydrophobic pocket of plakoglobin 

which hinders α-catenin from binding to plakoglobin/desmoglein complexes. The 

overlap of desmosomal cadherin and α-catenin binding sites is believed to be the 

reason for segregation of adherens junctions and desmosomes (Troyanovsky et al., 

1996; Witcher et al., 1996; Chitaev et al., 1998). The tail regions of plakoglobin 

determine the specificities of the interactions of various cofactors to the central 

armadillo repeat domain. For example, deletion of the C-terminal domain increases 

binding of E-cadherin to plakoglobin but strongly reduces binding of α-catenin 

(Solanas et al., 2004) 

The closest relative of plakoglobin is β-catenin. Their central armadillo domains are 

83% similar while their N-terminal and C-terminal tails share much less similarity; 
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57% and 15%, respectively (Solanas et al., 2004). Despite being highly homologous, 

β-catenin is exclusively expressed in adherens junctions. However, β-catenin has 

been found to localise in desmosomes in the absence of plakoglobin in mice 

(Bierkamp et al., 1999). Similar to β-catenin, plakoglobin has both structural and 

signalling roles. Cross-talk between adherens junctions and desmosomes is 

dependent on plakoglobin which enables the formation of stable adhesive 

complexes. In an epithelial cell line with dexamethasone-induced knockdown of 

classical cadherins, desmosomal formation did not occur despite expression of all 

desmosomal components. Increasing the number of E-cadherin/plakoglobin 

complexes by co-transfection of E-cadherin and plakoglobin resulted in the 

formation of desmosomes. Hence, a prerequisite interaction between plakoglobin 

and classical cadherins is essential for desmosomal organisation (Lewis et al., 1997). 

Plakoglobin was first indicated in the Wnt signalling pathway following the 

discovery that exogenous Wnt resulted in increased expression and altered 

localisation of plakoglobin in PC12 cells (Bradley et al., 1993). However, the exact 

role of plakoglobin in Wnt signalling remains controversial. Some publications have 

reported that plakoglobin positively regulates Wnt signalling (Zhurinsky et al., 2000; 

Maeda et al., 2004; Niu et al., 2013) while others have observed an antagonistic role 

of plakoglobin in Wnt signalling (Miravet et al., 2002; Martin et al., 2009). 

The armadillo repeats of human plakoglobin display high similarity (ranging from 

70% to 93%) to those of zebrafish plakoglobin. However, their N-terminal tails are 

only 42% similar while their C-terminal tails possess a mere 9% similarity (Cerdà et 

al., 1999).  

1.2.4 Intercalated discs 

Mechanical and electrical coupling of cardiomyocytes is essential for maintaining 

coordinated contraction of the heart. This is mediated by the highly specialised 

intercalated discs which connect neighbouring cardiomyocytes at their ends. 

Intercalated discs contain three types of intercellular junctions; gap junctions, 

adherens junctions and desmosomes (Vermij et al., 2017). 

Gap junctions, composed of connexins, orchestrate communication between cells by 

allowing the passage of ions and molecules (Kumar and Gilula, 1996). Connexin 43 

is the most abundant connexin in the myocardium and is expressed in both atrial and 
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ventricular cardiomyocytes (van Kempen et al., 1995). Gap junctions mediate 

electrical coupling of cardiomyocytes which is essential for normal cardiac impulse 

propagation (Kumar and Gilula, 1996). 

In the heart, adherens junctions and desmosomes are responsible for the mechanical 

coupling of cardiomyocytes. Desmosomes anchor desmin intermediate filaments, 

while adherens junctions (referred to as ‘fascia adherens’) anchor actin 

myofilaments. For a long time it was believed that fascia adherens and desmosomes 

were distinct separate entities of the intercalated disc. However, Franke et al. (2006) 

introduced the concept of mixed-type junctions or hybrid adhering junctions, termed 

the ‘area composita’. By immunoelectron microscopic analysis of mammalian tissue, 

they observed typical desmosomal components including desmoplakin, plakophilin-

2, desmoglein, desmocollin-2 and plakoglobin in the entire plaque-coated junctional 

region of the intercalated disc. This included both desmosome-like and fascia 

adherens-like junctions (Franke et al., 2006). A subsequent paper by the Franke lab, 

examined the presence of fascia adherens components in the intercalated disc. Using 

double-label immunofluorescence they showed that α-catenin, β-catenin and N-

cadherin were co-localised with desmoplakin in the intercalated disc. The presence 

of fascia adherens components was independent of the cell adhesion junction’s 

specific morphology as shown by immunoelectron microscopy (Borrmann et al., 

2006). During mammalian embryogenesis, the majority of the intercalated disc is 

occupied by mutually exclusive desmosomes and fascia adherens (Pieperhoff and 

Franke, 2007). In the post-natal heart, co-localisation of desmosomal and fascia 

adherens components progresses (Pieperhoff and Franke, 2007) and more than 90% 

of the intercalated disc is occupied by area composita in the mature adult heart 

(Borrmann et al., 2006; Franke et al., 2006).  

In addition to its abundance in late mammalian ontogenesis, the formation of area 

composita is a late evolutionary process. The Franke lab studied the myocardium of 

lower vertebrates including birds, fish and amphibians. They concluded that although 

some form of area composita is present in non-mammalian vertebrate hearts, cell 

adhesion junctions predominantly exist as separate and distinct desmosomes and 

fascia adherens. Hence, it is possible that these complex mixed-type junctions 

evolved to resist the increased mechanical load of the mammalian heart (Pieperhoff 

and Franke, 2008). 
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The Franke lab publications have provided novel insights into the molecular 

composition of the intercalated disc. The findings that desmosome and adherens 

junctions markers are not exclusively expressed in their respective junctions is of 

huge importance given the increasing discovery of pathogenic mutations in 

components of the intercalated disc (Gerull et al., 2004; van Hengel et al., 2013) and 

the significant implementation of intercalated disc remodelling in cardiovascular 

diseases (Basso et al., 2006; Chen et al., 2017; Ortega et al., 2017). 

1.3 Arrhythmogenic right ventricular cardiomyopathy 

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a congenital heart 

disorder that was first described in the 1970s and recognised as a distinct form of 

cardiomyopathy in 1982 (Marcus et al., 1982). It is estimated to affect 1:1000-

1:5000 people worldwide (Peters et al., 2004) and it is recognised as one of the 

leading causes of sudden death in young athletes (Corrado et al., 2006). ARVC is 

predominantly a disease of the right ventricle characterized by fibrofatty replacement 

of the myocardium. Symptoms include syncope, palpitations, tachycardia and 

arrhythmias although sudden death can often be the first clinical manifestation of the 

disease (Corrado et al., 1997; Gerull et al., 2004).  

Exercise is an important factor in the development and progression of ARVC. This 

was first documented in the Veneto region of Italy, whereby young athletes were 

found to have a 5-fold increased risk of dying from ARVC than non-athletes 

(Corrado et al., 2003). In one study of ARVC mutation carriers, endurance athletes 

were found to develop symptoms at a younger age than non-athletes and had a higher 

lifetime risk of developing arrhythmias and heart failure (James et al., 2013). 

Endurance training has also been shown to provoke right ventricular dysfunction in 

mouse models of ARVC (Kirchhof et al., 2006; Cruz et al., 2015).   

Diagnosis of ARVC is based on the ‘International Task Force Criteria’, a scoring 

system introduced in 1994 (McKenna et al., 1994) and revised in 2010 which relies 

on ‘major’ and ‘minor’ criteria from a number of categories including structural 

changes, electrical abnormalities, family history and genetic findings (Marcus et al., 

2010). Treatment of ARVC is purely symptomatic with a primary focus of reducing 

the risk of sudden cardiac death through the use of beta-blockers or anti-arrhythmic 

drugs, insertion of an implantable cardiac defibrillator, as well as the implementation 
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of general lifestyle changes (Sen-Chowdhry et al., 2010). However, diagnosis and 

treatment of ARVC remains substandard due to the complex nature of the disease. 

1.3.1 Genetics 

ARVC commonly exhibits an autosomal dominant pattern of inheritance although 

autosomal recessive forms of the disease have also been identified. In excess of 1400 

gene variants are currently listed on the ARVC Genetic Variants Database, publicly 

available via www.arvcdatabase.info (van der Zwaag et al., 2009). The database is 

regularly updated and includes pathogenic and non-pathogenic gene variants as well 

as variants of unknown pathogenicity. There are 436 pathogenic mutations in 13 

genes currently listed. Most of these occur in desmosomal genes but mutations in 

non-desmosomal genes also exist. The known non-desmosomal genes harbouring 

ARVC-causing mutations are lamin A, desmin, titin, phospholamban, 

transmembrane protein 43, transforming growth factor-β3 (TGF-β3), αT-catenin and 

tumour protein p63 (Table 1.1). 

Table 1.1: ARVC-associated genes included in the ARVC database. 

Gene Encoded protein 
Subcellular 

localisation 

All 

variants 

Pathogenic 

variants 

PKP2 Plakophilin-2 Desmosome 283 171 

DSP Desmoplakin Desmosome 287 86 

DSG2 Desmoglein-2 Desmosome 166 50 

DSC2 Desmocollin-2 Desmosome 117 42 

JUP Plakoglobin Desmosome 117 37 

LMNA Lamin A and lamin C Nuclear envelope 49 17 

DES Desmin Intermediate filament 29 11 

TTN Titin Sarcomere 313 10 

PLN Phospholamban Sarcoplasm reticulum 15 4 

TMEM 43 
Transmembrane 

protein 43 
Nuclear envelope 80 3 

TGFB3 
Transforming growth 

factor-β3 
Growth factor 24 2 

CTNNA3 αT-catenin Area composita 2 2 

TP63 Tumour protein p63 Nucleus 32 1 
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ARVC is often referred to as a ‘disease of the desmosomes’ as pathogenic mutations 

have been identified in all five desmosomal genes (plakoglobin, desmoplakin, 

plakophilin-2, desmoglein-2, and desmocollin-2) and ~50% of patients possess an 

ARVC-causing desmosomal mutation. Compound and digenic heterozygosity in 

desmosomal genes have also been reported in ARVC patients and are associated 

with an earlier disease onset and greater disease severity (Xu et al., 2010). Genetic 

carriers of the same mutation often present with incomplete penetrance or variable 

expressivity which complicates risk stratification in affected individuals (Dalal et al., 

2006). Plakophilin-2 is the most commonly mutated gene in ARVC. Gerull et al. 

(2004) reported the presence of a plakophilin-2 mutation in 27% of 120 unrelated 

individuals diagnosed with ARVC. An even higher prevalence was observed by 

Dalal et al. (2006) who identified plakophilin-2 mutations in 43% of 58 unrelated 

probands. Furthermore, plakophilin-2 is suggested to be a major determinant of 

familial ARVC (van Tintelen et al., 2006).  

Mutations in other non-desmosomal genes are not listed on the ARVC database but 

have also been linked to ARVC. A mutation in N-cadherin was recently discovered 

in ARVC patients (Mayosi et al., 2017). Interestingly, this is the second mutation 

identified in genes encoding proteins of the area composita as ARVC-causing 

mutations in αT-catenin have also been identified (van Hengel et al., 2013). These 

findings support the hypothesis that ARVC does not exclusively affect the 

desmosomes but extends to the area composita. The ryanodine receptor 2 gene 

located in the sarcoplasm reticulum (Tiso et al., 2001) and the alpha subunit 5 of the 

voltage-gated sodium channel located in the intercalated disc (te Riele et al., 2017) 

are also thought to possess ARVC-causing mutations. 

1.3.2 Pathology and pathogenesis 

The histological hallmark of ARVC is the degeneration of cardiomyocytes and 

progressive replacement of the myocardium by fibrofatty tissue. This phenotype is 

thought to interfere with electrical conduction leading to arrhythmias. Structural 

abnormalities were first identified in the anterior infundibulum, the inferior wall of 

the right ventricle and the right ventricular apex; referred to as the ‘triangle of 

dysplasia’ (Marcus et al., 1982). However, it was later discovered that ARVC is not 

confined to the right ventricle. In a study by Basso et al. (1996), involvement of the 
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left ventricle was identified in 47% of ARVC hearts. This was one of the first studies 

that reported structural changes of the left ventricle and this pattern of left ventricular 

involvement has frequently been observed in later studies (Corrado et al., 1997; 

Gerull et al., 2004; Ghannudi et al., 2014). Abnormalities of the left ventricle are 

commonly associated with severe right ventricular abnormalities and often observed 

in advanced disease stages (Corrado et al., 1997). However, other studies have 

reported that severe impairment of the right ventricle does not necessarily coincide 

with left ventricular involvement (Ghannudi et al., 2014). In addition, one study 

reported left ventricular abnormalities in 40% of ARVC hearts with preserved right 

ventricular function (Sen-Chowdhry et al., 2007). Thus, ARVC is no longer viewed 

as an isolated disease of the right ventricle. 

Pathogenic processes including apoptosis and inflammation are associated with 

ARVC disease manifestation and contribute to the pathological characteristics of 

ARVC with subsequent progressive cardiomyopathy. Apoptosis results in 

cardiomyocyte death leading to substitution of the myocardium with fibrofatty 

tissue. Apoptotic cardiomyocytes were identified in 7 of 20 ARVC patients using the 

TUNEL method and electron microscopy (Valente et al., 1998). Additionally, high 

expression levels of apoptosis regulatory proteins such as CPP-32 and Bax were 

detected in the right ventricular myocardium of ARVC patients (Mallat et al., 1996; 

Yamaji et al., 2005). Inflammation has also been implicated in ARVC pathogenesis. 

Basso et al. (1996) observed patchy inflammatory infiltrates associated with 

cardiomyocyte cell death in 67% of ARVC hearts examined. Similarly, T-

lymphocyte infiltration was observed in 50% of ARVC hearts with severe structural 

changes in a later study by Campuzano et al. (2012). It is unclear whether 

inflammation is a primary manifestation of the disease or arises in response to 

apoptotic events. The inflammatory theory hypothesises that fibrofatty replacement 

of the myocardium occurs as a healing and repair process following chronic 

myocarditis and genetically predisposed individuals have an increased viral 

susceptibility (Thiene et al., 1991; Basso et al., 1996). Cardiotropic viruses have 

been detected in the myocardium of ARVC patients although it is not known 

whether these viruses elicit pathological changes or simply serve as a marker of 

disease (Bowles et al., 2002).  
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1.3.3 Molecular pathogenesis 

Inflammation and apoptosis may be both secondary responses caused by increased 

mechanical stress due to altered cell adhesion as a result of impaired desmosomal 

function. Altered expression and localisation of desmosomal proteins are frequently 

observed in ARVC cases. In Naxos disease, a recessive form of ARVC caused by a 

plakoglobin mutation, the mutant protein fails to localise at the intercalated disc 

(Kaplan et al., 2004b). A mutation in one desmosomal protein may also affect the 

localisation of another desmosomal protein as observed in a study of Carvajal 

syndrome caused by a desmoplakin mutation, whereby both desmoplakin and 

plakoglobin failed to localise at the intercalated disc (Kaplan et al., 2004a). Reduced 

intercalated disc expression of plakoglobin has also been reported in ARVC patients 

with documented mutations in desmoplakin, plakophilin-2, and desmoglein-2 

(Asimaki et al., 2009). Remodelling of the intercalated disc in ARVC is supported 

by ultrastructural findings (Guiraudon, 1989; Kaplan et al., 2004b; Basso et al., 

2006; Pilichou et al., 2006; Lahtinen et al., 2008). Pale intercalated discs with wide 

intercellular gaps and a reduced number of mislocalised abnormal desmosomes have 

been identified in ARVC human hearts (Basso et al., 2006). 

A distinct feature of ARVC which distinguishes it from other forms of 

cardiomyopathies is the emergence of electrical abnormalities in the early ‘concealed 

phase’ before the onset of apparent structural changes. Gap junction remodelling 

indicated by diminished immunohistochemical signal for connexin 43 is frequently 

observed in ARVC human hearts (Kaplan et al., 2004b; Asimaki et al., 2009; 

Yoshida et al., 2015). This is supported by ultrastructural findings of fewer and 

smaller gap junctions (Kaplan et al., 2004b). Reduced immunoreactive signal for 

Nav1.5, the major protein subunit of the cardiac voltage-gated sodium channel, has 

also been observed in ARVC hearts (Noorman et al., 2013). Therefore, there is 

evidence to suggest that arrhythmias are not caused by fibrofatty infiltration but 

rather due to subtle changes in gap junctions and ion channels at the subcellular 

level. 

1.3.4 Naxos disease 

Naxos disease is an autosomal recessive form of ARVC first described by 

Protonotarios et al. (1986) in four families originating from the Greek island of 
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Naxos. In 1998, the gene locus was mapped to chromosome 17q21 (Coonar et al., 

1998). McKoy et al. (2000) identified a homozygous two base pair (bp) deletion at 

the 3’ end of the plakoglobin gene as the causative mutation. Although they reported 

a Jup2157del2 mutation, the correct position of the deleted nucleotides is 2038 and 

2039 (www.malacards.org/card/naxos_disease). This deletion causes a frameshift 

mutation resulting in premature termination of the protein (McKoy et al., 2000). This 

publication was a major breakthrough as it documented the first identification of a 

causative gene in ARVC and led to the discovery of further pathogenic desmosomal 

mutations. Naxos disease patients present with a triad of symptoms (Figure 1.5); 

ARVC, woolly hair and hyperkeratosis of the palms and soles known as 

palmoplantar keratoderma (Protonotarios et al., 1986).  

 
Figure 1.5: Characteristic phenotype of Naxos disease. 
Woolly hair (A) and palmoplantar keratoderma (B & C) are the cutaneous features 
(Coonar et al., 1998). Fibrofatty replacement of cardiomyocytes occurs in the heart 
(D); the hallmark feature of ARVC (McKoy et al., 2000). 
 

Woolly hair is present from birth and the skin phenotype develops during early 

infancy. Unlike autosomal dominant forms of ARVC, diagnostic cardiac 
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abnormalities are 100% penetrant by adolescence (Antoniades et al., 2006). 

Heterozygous carriers of the Naxos mutation may exhibit minor disease features 

including woolly hair, minor ECG abnormalities and mild dilation of the right 

ventricle but do not fulfil the diagnostic criteria for ARVC (Protonotarios et al., 

2001; Antoniades et al., 2006). Children generally do not present with cardiac 

abnormalities. However, severe heart failure resulting in sudden death has been 

reported in children as young as 3 years old (Baykan et al., 2015). In one study, the 

annual disease-related and sudden death mortality rates were reported to be 3% and 

2.3%, respectively. Syncope, early structural progression under the age of 35 and left 

ventricular involvement were identified as the most reliable predictors of sudden 

cardiac death (Protonotarios et al., 2001).  

There has only been a single study investigating the molecular pathology of Naxos 

disease (Kaplan et al., 2004b). The authors reported a significantly reduced 

immunofluorescent signal for plakoglobin at cell-cell junctions in both the right and 

left ventricles of Naxos disease hearts compared to control hearts. Western blot on 

whole tissue extract confirmed the presence of a truncated plakoglobin protein. 

Diminished immunofluorescence for connexin 43 was also observed in intercalated 

discs of Naxos disease hearts. In particular, this included one patient who had not 

exhibited overt structural changes of the heart such as fibrofatty replacement of the 

myocardium. Ultrastructural examination of tissue from the same patient also 

revealed reduced number of gap junctions and decreased average gap junction 

length. Although the ultrastructure of only one patient was examined, the finding of 

fewer atypical gap junctions together with reduced connexin 43 immunofluorescent 

signal in all four patients, suggests gap junction remodelling occurs in Naxos 

disease. Moreover, it is likely that remodelling at the molecular level precedes 

apparent structural changes (Kaplan et al., 2004b). Hence, it is plausible that these 

changes may promote abnormal electrical coupling eventually leading to 

arrhythmias.  

Apart from plakoglobin, a defect in one other desmosomal protein is associated with 

a cardiocutaneous phenotype. A homozygous single-nucleotide deletion in the last 

exon of desmoplakin resulting in a truncated desmoplakin protein is responsible for a 

variant of Naxos disease, called Carvajal syndrome (Norgett et al., 2000). This 

syndrome has an earlier disease onset and morbidity compared to ARVC. Patients 
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present with woolly hair, striate palmoplantar keratoderma and dilated 

cardiomyopathy predominantly affecting the left ventricle (Norgett et al., 2000). 

Although patients exhibit a more generalised form of cardiomyopathy than ARVC 

patients, histopathological features affecting the right ventricular free wall and 

myocardial loss with replacement fibrosis are apparent. In contrast to ARVC, fatty 

replacement of the myocardium does not occur (Kaplan et al., 2004a). 

Immunohistochemical findings in one patient have observed decreased 

immunoreactive signal at the intercalated discs for desmoplakin, plakoglobin and 

connexin 43 in addition to desmin, which is also involved in the pathogenesis of 

dilated cardiomyopathy (Kaplan et al., 2004a).  

1.4 Animal models of ARVC 

Although there have been considerable advancements in understanding the 

pathogenesis of ARVC since it was first described in the 1970s, the precise 

molecular mechanisms underlying disease onset and progression remain largely 

unknown. Moreover, treatment options are limited and do not halt disease 

progression. Therefore, the generation of animal models has a fundamental 

importance in gaining a greater understanding of the disease and to assist in the 

development of novel therapeutics. 

1.4.1 Mouse models 

A number of mouse models of ARVC have been characterized including loss-of-

function, gain-of-function and mutant models (Table 1.2). However, these models 

possess significant limitations. Knockout of genes encoding the desmosomal 

complex results in embryonic lethality (Bierkamp et al., 1996; Ruiz et al., 1996; 

Gallicano et al., 1998; Eshkind et al., 2002; Grossmann et al., 2004). Therefore, it is 

not possible to investigate the effect of desmosomal gene knockout on the post-natal 

heart. This highlights the critical role of desmosomes in embryonic development and 

explains why homozygous null mutations have not been identified in human 

patients. Desmosomal proteins are essential in the development of an organism. 

Knockout models are incapable of recapitulating the human disease as ARVC 

patients survive because desmosomal proteins, although not fully functional, are still 

expressed.  
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To overcome embryonic lethality, cardiac-restricted knockout mouse models of 

ARVC have been generated (D. Q. Li et al., 2011; J. Li et al., 2011; Lyon et al., 

2014; Kant et al., 2015). These models recapitulate some aspects of the human 

disease phenotype such as myocyte loss, fibrosis, inflammation, arrhythmias and 

intercalated disc remodelling. Similarly, heterozygous cardiac-restricted 

desmoplakin knockout mice exhibit apoptosis, fibrofatty replacement of 

cardiomyocytes and arrhythmias (Garcia-Gras et al., 2006). In contrast, no 

phenotypic changes are observed in heterozygous plakoglobin mice (Bierkamp et al., 

1996; Ruiz et al., 1996) while heterozygous null alleles for plakophilin-2 cause 

ultrastructural changes in the absence of any gross anatomical or histological 

differences (Cerrone et al., 2012). The effect of overexpression of WT desmosomal 

proteins has also been explored. In particular, gain-of-function of desmocollin-2 

results in a severe biventricular cardiomyopathy (Brodehl et al., 2017). 

Despite the fact that these models mimic many aspects of the human disease, they 

lack one key feature of ARVC, which is the expression of the mutant protein. 

Several models have been introduced that involve cardiac-specific expression of 

mutant desmosomal proteins and these models recapitulate a number of ARVC 

disease features (Yang et al., 2006; Pilichou et al., 2009; Chelko et al., 2016). 

However, these models also express the endogenous protein which makes it difficult 

to discern whether the effects observed are as a result of the mutant protein or simply 

due to overexpression of the protein.  

Zhang et al. (2015) attempted to generate two models of ARVC with the sole 

expression of mutant plakoglobin protein. In one model, truncated plakoglobin was 

expressed at very low levels. Similar to Naxos patients, the mutant pups displayed 

skin abnormalities which consisted of fragile and loose skin. However, they did not 

exhibit characteristic hallmarks of ARVC. Heart defects may have developed in time 

but the pups died shortly after birth which prevented monitoring of their progression 

to adulthood (Zhang et al., 2015). In the second model, truncated protein was 

expressed at WT levels. Mutant mice were healthy with normal functioning hearts 

and no sign of any ARVC features (Zhang et al., 2015). Therefore, despite both 

models solely expressing mutant plakoglobin, neither model recapitulates ARVC in 

humans. 
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Table 1.2: Current mouse models of ARVC and their limitations. 
Model Type Protein ARVC Phenotype Major 

limitation Reference 

Knockout 

Plakoglobin Intercalated disc remodelling 

Embryonic 
lethality 

(Bierkamp et 
al., 1996; Ruiz 
et al., 1996) 

Plakophilin-2 Intercalated disc remodelling (Grossmann et 
al., 2004) 

Desmoplakin Atypical desmosomes (Gallicano et 
al., 1998) 

Desmoglein-2 None (death at blastocyst stage) (Eshkind et 
al., 2002) 

Cardiac-
restricted 
knockout 

Plakoglobin 

Myocyte loss, apoptosis, fibrous 
replacement of myocytes, 
inflammation, heart failure, 
intercalated disc remodelling 

Mutant 
protein is 
not 
expressed 
 

(J. Li et al., 
2011) 

Plakoglobin 

Progressive cardiomyopathy 
and fibrosis, ventricular dilation, 
apoptosis, arrhythmias, 
intercalated disc remodelling 

(D. Q. Li et 
al., 2011) 

Desmoplakin 

Biventricular cardiomyopathy, 
apoptosis, fibrofatty 
replacement of myocytes, 
arrhythmias, heart failure, 
intercalated disc remodelling 

(Lyon et al., 
2014) 

Desmoglein-2 
Chamber dilation, necrosis, 
fibrosis, conduction defects, 
intercalated disc remodelling 

(Kant et al., 
2015) 

Overexpression 
of WT protein 
(cardiac-
specific) 

Desmocollin-2 

Biventricular cardiomyopathy, 
necrosis, fibrosis, upregulation 
of inflammatory pathways, 
intercalated disc remodelling 

(Brodehl et al., 
2017) 

Overexpression 
of mutant 
protein 
(cardiac-
specific) 

Desmoglein-2 

Biventricular dilation, necrosis, 
apoptosis, inflammatory 
infiltrates, arrhythmias, sudden 
death WT 

protein is 
also 
expressed 

(Pilichou et 
al., 2009) 

Desmoplakin  

Ventricular enlargement, 
apoptosis, fibrosis, lipid 
accumulation, intercalated disc 
remodelling 

(Yang et al., 
2006) 

Plakoglobin  
Apoptosis, fibrosis, 
inflammation, intercalated disc 
remodelling 

(Chelko et al., 
2016) 

Low expression 
of mutant 
protein 

Plakoglobin Skin abnormalities only Perinatal 
lethality 

(Zhang et al., 
2015) 

Expression of 
mutant protein 
at endogenous 
levels 

Plakoglobin None No ARVC 
phenotype 

(Zhang et al., 
2015) 

 

1.4.2 Zebrafish models 

Compared to mammals, fewer zebrafish ARVC disease models have been generated 

(Table 1.3). In contrast to embryonic lethality in knockout mouse models of ARVC 

(Bierkamp et al., 1996), zebrafish can survive for a number of days without a 
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functioning cardiovascular system as observed in zebrafish morphants (Heuser et al., 

2006). Morpholino antisense technology has been used to generate several zebrafish 

models of ARVC by knockdown of various proteins of the desmosomal complex 

(Heuser et al., 2006; Martin et al., 2009; Moriarty et al., 2012; Giuliodori et al., 

2018). Similar to the human disease, zebrafish morphants exhibit a number of 

cardiac abnormalities. However, the transient nature of morpholinos is a major 

limiting factor. Morpholino effects begin to wear off around 3 dpf which restricts 

examination of the phenotype to early developmental stages. Fibrofatty replacement 

of the myocardium generally manifests in ARVC patients as the disease progresses. 

Therefore, this important aspect of the human disease cannot be examined in 

zebrafish morphants. Moreover, the appearance of severe cardiac defects in zebrafish 

morphants at early developmental stages is not reflective of the human disease, 

whereby cardiac dysfunction does not become apparent until early adulthood. In 

addition, morpholino knockdown models, similar to knockout models, rely on the 

loss of expression of the normal protein. This is in contrast to the human condition 

whereby the clinical characteristics are due to expression of the mutant protein. 

A recent zebrafish model, developed by Asimaki et al. (2014), encapsulates ARVC 

disease features better than morpholino approaches. They created a zebrafish line 

with cardiac-specific expression of the Naxos disease mutant plakoglobin protein. 

By 48 hpf, mutant embryos exhibited bradycardia, reduced stroke volume and 

decreased cardiac output. After 4-6 weeks, mutant fish developed cardiac dilation, 

thinning of chamber walls, cachexia, and peripheral oedema. Moreover, a higher 

mortality rate was observed in the mutant fish compared to WT controls (Asimaki et 

al., 2014). Unlike zebrafish morphant models of ARVC, this model involves the 

expression of mutant protein and the effects can be monitored from early 

development to adult stages. However, although this mutant model recapitulates 

some aspects of the human disease, it has a number of limitations. Firstly, the 

expression of both WT and mutant plakoglobin protein does not mimic the human 

condition of Naxos disease. Secondly, mutant protein expression is cardiac-specific 

which hinders examination of skin defects associated with Naxos disease. In 

addition, cardiac defects emerge in the mutants at early developmental stages and the 

majority of deaths occur in the first 10 days after fertilization. The mortality rate then 
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levels off to control rates. Early cardiac abnormalities and premature death does not 

reflect the human condition of ARVC. 

Table 1.3: Current zebrafish models of ARVC and their limitations. 
Model Type Protein Findings Major 

limitation Reference 

Knockdown  

Desmocollin-2 

Bradycardia, chamber 
dilation, abnormal 
cardiac contractility, 
pericardial oedema, loss 
of desmosomal plaque 
area, loss of 
desmosomal 
extracellular electron-
dense midlines 

Effects are 
transient 

(Heuser et 
al., 2006) 

Plakoglobin 

Bradycardia, cardiac 
oedema, reduced heart 
size, blood pooling, 
reduced circulation, 
failure of the heart to 
loop, abnormal 
valvulogenesis, loss of 
desmosomes and fascia 
adherens, abnormal 
desmosomes 

(Martin et 
al., 2009) 

Plakophilin-2 

Bradycardia, cardiac 
oedema, blood pooling, 
heartstring, abnormal 
and fewer desmosomes 

(Moriarty et 
al., 2012) 

Desmoplakin 

Bradycardia, pericardial 
effusion, fewer 
desmosomes with 
abnormal morphology in 
the skin and heart 

(Giuliodori 
et al., 2018) 

Overexpression 
of mutant protein 
(cardiac-specific) 

Plakoglobin 

Bradycardia, reduction 
in stroke volume and 
cardiac output, 
cardiomegaly, thinning 
of atrial and ventricular 
walls, cachexia, 
peripheral oedema, 
premature death 

WT protein 
is also 
expressed 

(Asimaki et 
al., 2014) 

 

1.4.3 Insights on ARVC pathogenesis from experimental models 

Intercalated disc remodelling is frequently observed in ARVC hearts and is 

indicative of a loss of cell adhesion. Hence, the strength of cell adhesion of myocytes 

expressing disease alleles has been investigated in vitro. Sato et al. (2011) silenced 

plakophilin-2 in neonatal rat ventricular myocytes by small interfering RNA 
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(siRNA) knockdown and subjected them to mechanical shear stress in the form of 

agitation. The monolayers of test myocytes broke into a significantly greater number 

of fragments than control monolayers, indicating a greater loss of cell adhesion. 

Hariharan et al. (2014) recapitulated this finding in myocytes in which plakoglobin 

was silenced. However, in contrast to the loss of cell adhesion observed following 

plakoglobin knockdown, no differences in cell adhesion were observed in myocytes 

expressing mutant plakoglobin or plakophilin-2. Furthermore, mutant cells failed to 

exhibit an increased immunoreactive signal for plakoglobin or N-cadherin following 

mechanical intervention, in contrast to control cells. This suggests that expression of 

mutant desmosomal proteins does not affect cell mechanical properties. However, 

they do affect the response of cells to mechanical stimulation by eliciting an 

abnormal signalling response. Although these experiments are unable to recapitulate 

tissue cohesion in vivo, these findings suggest that other molecular mechanisms are 

likely to underlie the disease pathogenesis. Thus, desmosomal dysfunction appears 

to result in the injury of myocytes leading to their subsequent degeneration. 

The hypothesis that arrhythmic events observed in ARVC patients are not caused by 

fibrofatty infiltration but rather due to subtle changes in gap junctions and ion 

channels at the subcellular level has been explored in experimental models. Sodium 

current deficits were observed in plakophilin-2 halpoinsufficient mice (Cerrone et 

al., 2012) and following plakophilin-2 silencing in cultured myocytes (Sato et al., 

2009). Ankyrin-G, a component of the voltage-gated sodium channel complex has 

been shown to associate with both plakophilin-2 and connexin 43. Its loss caused 

weakened intercellular adhesion and reduced gap junction coupling in neonatal rat 

ventricular myocytes (Sato et al., 2011). An interaction between desmoglein-2 and 

Nav1.5 associated with reduced sodium current and increased susceptibility to 

arrhythmias has also been observed in mice overexpressing mutant desmoglein-2 

(Rizzo et al., 2012). These findings support the proposition that the intercalated disc 

is one functional unit with cross-talk between its structural components. Hence, it is 

hypothesised that a mutation in one component of the desmosomal complex may 

indirectly result in electrical disturbances and arrhythmic events via intercalated disc 

cross-talk (Sato et al., 2011). The mechanism behind this interaction has not been 

fully elucidated but aberrant protein trafficking at the cellular level is thought to play 

a role. In one particular study, cardiomyocytes derived from human induced 
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pluripotent stem cells (hiPSCs) of ARVC patients were treated with SB216763 

which altered the subcellular localisation of SAP97, a molecule involved in Nav1.5 

trafficking. Treatment resulted in a concurrent retention of connexin 43 and Nav1.5 

at the intercalated disc (Asimaki et al., 2014). Interestingly, SB216763 is an activator 

of Wnt signalling which suggests that this pathway may be implicated in deranged 

trafficking of cell junction proteins. 

Wnt signalling in ARVC 

There is evidence to suggest that desmosomal mutations alter molecular signalling 

pathways resulting in cellular injury. Wnt signalling in particular has been 

increasingly implicated in the pathogenesis of ARVC. β-catenin is a key component 

of the canonical Wnt signalling pathway (Figure 1.6). In the absence of Wnt, β-

catenin is sequestered by a destruction complex consisting of glycogen synthase 

kinase 3β (GSK3β), adenomatous polyposis coli (APC), casein kinase 1 (CK1) and 

the scaffolding protein axin. Phosphorylation by GSK3β leads to its subsequent 

ubiquitination and proteasomal degradation. The pathway is activated by binding of 

a Wnt ligand to a frizzled receptor and its co-receptor, low-density lipoprotein 

receptor-related protein (LRP)5 or LRP6. The cytoplasmic protein, dishevelled, is 

recruited and these events lead to the inhibition of the destruction complex. 

Consequently, the stabilised β-catenin can translocate to the nucleus and activate the 

transcription of Wnt target genes by interaction with members of the Tcf/Lef family 

of transcription factors (for review see MacDonald et al., 2009). 
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Figure 1.6: Schematic representation of the canonical Wnt pathway. 
(Left) In the OFF state, β-catenin is phosphorylated by a destruction complex 
consisting of axin, APC, CK1 and GSK3β which leads to its proteasomal 
degradation. (Right) In the ON state, Wnt ligands bind to their frizzled receptor and 
co-receptors LRP5/6. Dishevelled is activated leading to the inhibition of the 
destruction complex. Stabilised β-catenin is released and translocates to the nucleus 
where it binds to Tcf/Lef transcription factors and induces Wnt target gene activation 
(Lorenzon et al., 2017). 
 

An increase in Wnt signalling has been reported in animal models of ARVC (Martin 

et al., 2009; J. Li et al., 2011). However, the majority of the literature suggests that a 

loss of Wnt signalling is a contributory factor in ARVC pathogenesis. The Marian 

group has published a series of papers providing evidence that Wnt signalling 

regulates a transcriptional switch from myogenesis to adipogenesis resulting in the 

characteristic phenotype of ARVC. In one study, they showed that siRNA 

suppression of desmoplakin in cultured mouse atrial myocyte cell lines resulted in 

the translocation of plakoglobin to the nucleus and a reduction in Wnt signalling via 

competitive inhibition of β-catenin binding. This was associated with increased 

expression of fibrogenic and adipogenic genes as well as the accumulation of lipid 

droplets in desmoplakin knockdown cells (Garcia-Gras et al., 2006). These findings 

were recapitulated in heterozygous cardiac-restricted desmoplakin knockout mice 

which displayed an ARVC phenotype including apoptosis, fibrofatty replacement of 
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cardiomyocytes, ventricular dysfunction and arrhythmias (Garcia-Gras et al., 2006). 

The same group used genetic fate mapping to determine the source of excess 

adipocytes in their mouse model of ARVC and discovered second heart field cardiac 

progenitor cells (CPCs) to be the origin. This also may explain the predominant 

effect of ARVC on the right ventricle, as unlike the left ventricle, it originates from 

the second heart field (Lombardi et al., 2009). In a further study, they provided direct 

evidence to demonstrate that nuclear plakoglobin is responsible for the 

transcriptional switch of CPCs from a myogenic to an adipogenic fate. Adipogenesis 

was enhanced and Wnt signalling was suppressed in CPCs isolated from mouse 

hearts expressing truncated plakoglobin and mouse hearts with overexpression of 

plakoglobin. Furthermore, treatment with 6-bromoindirubin-3'-oxime (BIO), a 

GSK3β inhibitor/Wnt activator, rescued the adipogenic phenotype. In contrast, CPCs 

isolated from plakoglobin null embryos exhibited activation of Wnt signalling and 

did not differentiate into adipocytes (Lombardi et al., 2011). Exacerbated 

accumulation of lipid droplets was also observed in ARVC-hiPSCs following 

adipogenic stimulation with a concomitant reduction in nuclear density of β-catenin 

indicating suppression of Wnt signalling. Lipid droplet accumulation was 

significantly reduced following treatment of the cells with BIO (Caspi et al., 2013).  

Another molecular activator of Wnt signalling has recently been discovered and 

provides further evidence of suppressed Wnt signalling in ARVC pathogenesis. 

SB216763, a GSK3β inhibitor, prevented heart failure and reduced mortality in 

zebrafish expressing cardiac-specific truncated plakoglobin. Isolated mutant fish 

myocytes exhibited abnormal action potentials and alterations in sodium and inward 

rectifier currents which were reversed by SB216763. Additional experiments 

demonstrated that disease features could also be rescued by SB216763 in rat 

myocytes expressing truncated plakoglobin and hiPSCs from two ARVC probands 

with plakophilin-2 mutations (Asimaki et al., 2014). Moreover, SB216763 treatment 

improved survival, cardiac function and myocardial injury in exercised desmoglein-2 

mutant mice compared to vehicle-treated controls (Chelko et al., 2016). Overall, 

there is strong evidence implicating Wnt signalling in ARVC pathogenesis from both 

zebrafish and mammalian models. 
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1.5 Tools for generating zebrafish models of disease 

Forward and reverse genetics have been extensively used in the zebrafish model 

organism. Originally, the majority of genetic analyses of zebrafish were achieved by 

identification of mutants in forward genetic screens (Driever et al., 1996). These 

screens rely on the use of random mutagenesis with a phenotypic readout to screen 

for mutations in target genes. A targeted lesion detection approach, TILLING, has 

been commonly used in combination with forward genetic screens (Wienholds et al., 

2003). This high-throughput technique identifies point mutations in a target gene by 

sequencing PCR-amplified DNA (Wienholds et al., 2002). However, progress in 

sequencing technology and reductions in cost have led to increasing use of next-

generation sequencing to map mutations (Bowen et al., 2012; Miller et al., 2013). 

The zebrafish mutation project is an ongoing project facilitated by the Wellcome 

Trust Sanger Institute that aims to identify disruptive mutations in all zebrafish 

protein-coding genes. This has been made possible using a well-annotated zebrafish 

reference genome, Illumina next generation sequencing, and N-ethyl-N-nitrosourea 

(ENU) chemical mutagenesis. Mutant lines generated are available for purchase 

from the zebrafish international resource center (ZIRC) and the European zebrafish 

resource centre (EZRC) (Kettleborough et al., 2013). Zebrafish have also become a 

popular model for the study of reverse genetics. Translation-inhibiting and splice-

targeting morpholinos have been frequently used for gene knockdown in zebrafish 

(Nasevicius and Ekker, 2000). However, non-specific binding to unintended targets 

can lead to artefacts. For example, clear discrepancies have arisen following 

comparison of phenotypes in morphants versus genome-edited mutants. Often, 

mutants have exhibited less severe phenotypes or no phenotype at all (van Impel et 

al., 2014). This has raised major concerns regarding the specificity of morpholino 

technology. However, it has also been proposed that mutants are capable of genetic 

compensation which may account for the milder or absent phenotype observed in 

these animals, compared to knockdown animals (El-Brolosy and Stainier, 2017). The 

recent emergence of novel gene editing tools as efficient alternatives for reverse 

genetics has opened up an exciting opportunity for modelling genetic diseases. These 

include zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases 

(TALENs) and clustered regularly interspaced short palindromic repeats (CRISPR) 

Cas9. In particular, TALEN technology and the CRISPR-Cas9 gene editing system 
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have been extensively used in a wide variety of model organisms including zebrafish 

(Nemudryi et al., 2014).  

1.5.1 TALENs 

A TALEN is a gene targeting tool made up of two domains; a customisable DNA 

binding domain fused to a Fok-1 nuclease. The DNA-binding domain consists of 

arrays of amino acid repeats which differ only at the 12th and 13th position known as 

the repeat variable di-residue (RVD). Each RVD determines which nucleotide the 

TAL-effector binds e.g. NI binds adenine. Hence, the DNA-binding domain can be 

customised to target almost any chosen DNA sequence. Two TALEN arms are 

required to bind the same DNA sequence which provides high specificity. When 

bound, Fok-1 dimerizes and causes a double-stranded DNA break. This results in 

DNA repair by non-homologous end joining, leading to random insertions or 

deletions at the target site, which may result in a functional mutation. Alternatively, 

the DNA repairs itself by homology-directed repair in the presence of a homologous 

DNA donor template (Joung and Sander, 2013). The resulting mutant line can be 

bred indefinitely and passed on through generations (Christian et al., 2010; Bedell et 

al., 2012). 

Numerous user-friendly design tools are freely accessible for the generation of 

TALENs (Cermak et al., 2011; Doyle et al., 2012; Lin et al., 2014). Although the 

assembly of RVDs is rather laborious, several methods have been introduced to 

synthesise TALENs more rapidly and in larger quantities. Some of these strategies 

include the ‘Golden Gate’ cloning method developed by Cermak et al. (2011), fast 

ligation-based automatable solid-phase high-throughput (FLASH) assembly (Reyon 

et al., 2012), ligation-independent cloning techniques (Schmid-Burgk et al., 2013) 

and most recently, a fully automated platform to manufacture TALENs in one step 

(Chao et al., 2017). In addition, efforts have been made to generate efficient methods 

for genotyping embryos with indel mutations such as high resolution melt analysis 

(HRMA) (Dahlem et al., 2012), the T7 endonuclease 1 assay (Sung et al., 2014) and 

a polyacrylamide gel electrophoresis-based approach (Zhu et al., 2014). 

1.5.2 CRISPR-Cas9  

CRISPR-Cas is a component of the bacterial adaptive immune system used as a 

defence against foreign genetic elements by generating double-stranded DNA 
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breaks. This system has been adapted to eukaryotic cells to become the most 

powerful gene-editing tool available due to its simplicity and adaptability. It consists 

of two components; a Cas9 nuclease and a single guide RNA (sgRNA). The sgRNA 

cloning vector consists of a crRNA:tracRNA backbone which is preceded by a short 

20 bp user-defined target sequence. It functions to direct the Cas9 to a specific target 

DNA site and the Cas9 recognises this complex and cleaves the target site. The DNA 

repairs itself by non-homologous end joining or homology-directed repair in the 

presence of a template DNA (Hsu et al., 2014). Unlike TALENs which requires the 

synthesis of two new proteins for each target, the assembly of CRISPRs is much 

more straightforward as it requires one sgRNA and the same Cas9 nuclease can be 

utilised for all regions of interest (Ran et al., 2013). 

CRISPR-Cas9 gene targeting has been successfully applied in zebrafish. Hwang et 

al. (2013) used CRISPR-Cas9 to target 10 genes in zebrafish embryos. Knockout of 

eight genes was achieved with mean mutagenesis frequencies of 24.1% to 59.4%. 

Although a considerably more difficult technique, knock-in via homology-directed 

repair has also been achieved in zebrafish (Armstrong et al., 2016). This approach is 

particularly advantageous for studying genetic diseases whereby the pathogenic 

mutation is known. Furthermore, multiplex mutagenesis in zebrafish has allowed the 

targeting of several genes simultaneously. In one study, mutagenesis rates of 75-99% 

were observed in all targeted loci in zebrafish embryos co-injected with Cas9 mRNA 

and five different sgRNAs (Jao et al., 2013). 

However, the CRISPR-Cas9 tool also has its drawbacks. As well as transcription 

requirements imposed by the promotor, the target DNA site must precede a 

protospacer adjacent motif (PAM) site which limits the number of potential target 

sites. Moreover, unlike the two-component TALEN system, the short sequence of 

the gRNA binding site poses a risk of non-specific binding which may give rise to 

off-target effects resulting in false positive results (Ran et al., 2013). The 

implementation of online sgRNA design tools aids in the design of sgRNAs with 

maximal on-target activity and minimal off-target effects (Hsu et al., 2013; Moreno-

Mateos et al., 2015; Doench et al., 2016). Adaptations of the CRISPR system such as 

the use of paired Cas9 nickases in conjunction with two sgRNAs have also been 

developed to improve on-target specificity (Guilinger et al., 2014). More recently, 

the incorporation of next-generation bridged nucleic acids and locked nucleic acids 
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at specific positions in crRNAs broadly improved the cleavage specificity of Cas9 in 

vitro and in cells (Cromwell et al., 2018). However, off-target effects still remain 

unpredictable and are a recurrent concern for researchers. 

Regardless of its limitations, the CRISPR-Cas9 gene editing tool is rapidly evolving 

and significant advancements have been made since its first introduction. In 2018 

alone, there have been numerous exciting developments. For example, a CRISPR-

based system has been used for allele-specific gene editing by Li et al. (2018), to 

successfully generate a mouse model of retinitis pigmentosa. This approach could 

ultimately be translated into clinical practice for the treatment of dominant genetic 

diseases. Guo et al. (2018) demonstrated that homology-directed repair efficiency 

can be increased by 2 to 10-fold by incubating cells at 32°C for 24-48 hours post-

transfection. In another study, Liu et al. (2018) used CRISPR activation to convert 

transfected cells into induced pluripotent stem cells by remodelling of endogenous 

epigenetic loci. In addition, a recent tool has been developed that can aid in 

identification of modified zebrafish larvae following genetic manipulation. The 

zebrafish embryo genotyper (ZEG) uses microfluidic harmonic oscillation of the fish 

on a glass surface to rapidly obtain genetic material for analysis. Sensitivity of 

genotyping and survival of animals were found to be over 90%. This automated 

system eliminates the need to sacrifice larvae and thus allows mutant larvae to be 

easily identified and raised to adulthood (Lambert et al., 2018). 

In conclusion, the field of genome editing continues to evolve and the adaptability of 

the CRISPR-Cas9 system had led to significant advancements in recent times. 
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1.6 Aims of this study 

ARVC is a complex congenital disorder with limited treatment options that do not 

halt disease progression. Lack of an ideal animal model hinders further 

understanding of the disease pathogenesis and the development of novel 

therapeutics. Current animal models of ARVC do not fully recapitulate the human 

disease. 

Therefore, the overall objective of this study was to characterize a novel zebrafish 

model of ARVC. This aim was to achieve this objective using a mutant line 

generated from either reverse genetics (gene targeting of plakophilin-2 using 

TALEN or CRISPR-Cas9 technology) or forward genetics (sa12692 plakoglobin 

mutants purchased from the EZRC). 

The specific aims were as follows: 

1. To generate an ARVC zebrafish mutant line using genome editing. 

2. To examine the effect of the mutation on zebrafish survival. 

3. To elucidate the cDNA and protein of the zebrafish mutation and compare 

the protein to the human mutant protein expressed in ARVC. 

4. To investigate the effect of the mutation on gene expression and uncover 

potential molecular pathways implemented in ARVC pathogenesis. 

5. To examine the ultrastructure of the zebrafish mutants at both larval and adult 

stages. 
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Methods 

2 Materials and Methods 

2.1 Materials 

2.1.1 Zebrafish 

Zebrafish is the common name of Danio rerio; Eukaryota; Metazoa; Chordata; 

Craniata; Vertebrata; Euteleostomi; Acrinoptrygii; Neopterygii; Teleosteri; 

Euteleosteri; Ostariophysi; Cypriniformes; Cyprinoidea; Cyprinidae; Rasborinae; 

Danio. Zebrafish of the AB strain were obtained from the ZIRC at Eugene, Oregon 

and bred in-house. Heterozygous mutant embryos of the sa12692 mutation were 

purchased from the EZRC and raised to adulthood, in-house. Homozygous mutants 

of the sa12692 mutation were obtained by incrossing heterozygous mutants and 

raising the embryos to adulthood. Adult zebrafish were housed at a stocking density 

of 20-25 fish per 10 litre tank and fed twice daily. Morning feeds consisted of ZM 

small granular food (ZM systems) while afternoon feeds consisted of live Artemia 

(ZM systems). Artemia cysts (3 g) were incubated in a 1 litre hatchery system 

containing 27 g of Instant Ocean salt (ZM systems) for 24 hours at 28°C under 

constant aeration. Zebrafish were maintained at 28°C on a 14:10 light:dark cycle and 

were spawned once a week. Male and female zebrafish were placed in spawning 

trays in the evening prior to spawning. The fish were kept separate by placing the 

females in a mesh insert in each spawning tray whilst the males remained under the 

insert. The following morning, the males were transferred to the mesh insert and the 

embryos were later collected at the bottom of the spawning trays. Embryos were 

placed in Petri dishes containing egg water (60 µg/mL of instant ocean salt in 

distilled water) and incubated at 28°C. Housing tanks and filters were washed 

weekly. 

2.1.2 Chemicals and laboratory plastics 

All chemicals were of standard analytical grade. De-ionised water was used in the 

preparation of solutions and nuclease-free water was used in all molecular work. 

Microcentrifuge tubes and pipette tips were purchased from Sarstedt.  
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2.1.3 Enzymes and kits 

Restriction enzymes (with buffers) were purchased from New England Biolabs. 

GoTaq DNA Polymerase (with buffer and MgCl2) was supplied by Promega while 

LA Taq DNA Polymerase (with Mg2+ buffer) was supplied by Takara Clontech. 

Proteinase K and Superscript II Reverse Transcriptase (with buffer and DTT) were 

obtained from Invitrogen. Plasmid preparation kits (mini and midi) were supplied by 

Nucleobond® while PCR purification and gel extraction kits were purchased from 

Qiagen. Ambion supplied the SP6/T7 mMESSAGE mMACHINE kit, MEGAclear 

kit, Megashortscript T7 kit, First-Strand RLM Race kit as well as the DNase I 

enzyme and buffer. The pGEM-T Easy vector system I kit was purchased from 

Promega and the LightCycler® 480 High Resolution Melting Master kit was 

purchased from Roche. The bioanalyzer kits (RNA 6000 Nano Kit and DNA 1000 

Kit) were obtained from Agilent and the Qubit Fluorometer kits (Qubit® RNA HS 

Assay Kit and Qubit® dsDNA HS Assay Kit) were obtained from Fisher Scientific. 

Illumina supplied the TruSeq® Stranded mRNA Library Preparation Kit. Taab 

Laboratories Equipment Ltd supplied the Taab TLV Resin Kit. 

2.1.4 Materials list 

Table 2.1: Chemicals and reagents. 
Chemical/Reagent Company Catalogue number 

2-Propanol (Isopropanol) Sigma-Aldrich  I9516  

5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-gal)  

Thermo Scientific  R0941  

Acetic acid  Sigma-Aldrich  A6283  

Acrylamide  Sigma-Aldrich  A3574  

Adenosine triphosphate (ATP)  Fisher Scientific  E3101K  

Agarose  Invitrogen  16500-500  

Ammonium persulfate (APS) Sigma-Aldrich  A3678  

AMPure XP Beckman Coulter A63880 

Bovine serum albumin (BSA)  New England Biolabs  B7004S  

Bradford reagent  Sigma-Aldrich  B6916  

Bromophenol blue  Sigma-Aldrich  B5525  

Calf intestinal alkaline phosphatase  Fisher Scientific  18009019  
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Chloroform  Sigma-Aldrich  C2432  

Chloroform:Isoamyl alcohol 24:1 Sigma-Aldrich C0549 

Deoxynucleotide triphosphates  

(dATP, dCTP, cGTP and dTTP) 

Promega  U1205, U1225, 

U1215 and U1235 

Dithiothreitol (DTT) Sigma-Aldrich 43815 

Ethanol absolute  Sigma-Aldrich  E7023  

Ethidium bromide  Sigma-Aldrich  E2515  

Ethylenediaminetetraacetic acid 

(EDTA)  

Sigma-Aldrich  E6511  

First strand buffer  Fisher Scientific  18080044  

Glycerol  Sigma-Aldrich  G6279  

Glycine  Sigma-Aldrich  G8898  

Gluteraldehyde 25% solution in 

water 

Serva 23114.02 

Hydrochloric acid  Fisher Scientific  AC12463-5001  

Isopropyl β-D-1 

thiogalactopyranoside (IPTG)  

Sigma-Aldrich  I6758  

LB Agar  Sigma-Aldrich  L2897  

LB Broth  Sigma-Aldrich  L3022  

Mercaptoethanol  Sigma-Aldrich  M3148  

Methanol  Sigma-Aldrich  322415  

Nuclease-free water  Promega  BIO37080  

Osmium tetroxide Agar Scientific AGR1019 

Paraformaldehyde  Sigma-Aldrich  P6148  

Phosphate buffered saline (PBS) 

tablets  

Sigma-Aldrich  79382  

Phenol  Sigma-Aldrich  P4557  

Phenol red  Sigma-Aldrich  P3532  

Plasmid-Safe DNase  Fisher Scientific  E3101K 

Ponceau S  Sigma-Aldrich  P3504  

Potassium chloride  Sigma-Aldrich  31248  

Propylene oxide Sigma-Aldrich 110205 

Protease inhibitor cocktail  Abcam  ab206996 
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Radiance HRP substrate  Mason technology  AC2100  

Random primers  Sigma-Aldrich  11034731001  

RIPA lysis buffer Abcam ab206996 

RNAlater® Sigma-Aldrich R0901 

Super optimal broth with catabolite 

repression (SOC) medium  

New England Biolabs  B9020S  

Sodium acetate  Sigma-Aldrich  S7545  

Sodium chloride  Sigma-Aldrich  S7653  

Sodium cacodylate tihydrate 98% Sigma-Aldrich C0250 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich L3771 

Sodium hydroxide  Sigma-Aldrich  S8045  

SYBR green  Biosciences  4385612  

Tetramethylethylenediamine 

(TEMED) 

Sigma-Aldrich  T9281  

Toluidine blue Sigma-Aldrich 89640 

Triton X-100  Sigma-Aldrich  T9284  

Trizma  Sigma-Aldrich  T1503  

TRIzol®  Invitrogen  15596026  

Tween-20  Sigma-Aldrich  P1379  

Virkon  Fisher Scientific  12358667  

 

Table 2.2: Molecular weight markers. 
Ladder  Fragment size  Supplier  

50 bp DNA 650, 600, 550, 500, 450, 400, 350, 300, 

250, 200, 150, 100, 50, 25 bp 

Fisher Scientific 

100 bp DNA 1517, 1200, 1000, 900, 800, 700, 600, 500, 

400, 300, 200, 100 bp  

New England 

Biolabs  

1 kb DNA 10, 8, 6, 5, 4, 3, 2, 1.5, 1, 0.5 kb  New England 

Biolabs  

Prestained protein 

marker  

250, 150, 100, 75, 50, 37, 25, 20, 15, 10 

kDa  

Biorad  
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Table 2.3: Drugs and antibiotics. 
Drug/Antibiotic  Supplier  Catalogue number  

Ampicillin  Sigma-Aldrich  A5354 

Spectinomycin  Sigma-Aldrich  S0692  

Tricaine (MS-222) Obtained from the NUIG vet n/a 

 

Table 2.4: Primary and secondary antibodies. 
Antigen  Host Species  Supplier  Catalogue 

number  

Primary Antibody    

Anti-β-Actin Mouse Sigma-Aldrich A1978 

Anti-α-Actin Mouse Sigma-Aldrich A2172 

Anti-γ-Catenin  Mouse BD Biosciences 610253 

Anti-Connexin 43 Rabbit Proteintech 15386-1-AP 

Anti-N-Cadherin Rabbit Abcam ab211126 

Anti-β-Catenin Mouse Sigma-Aldrich C7207 

Anti-α-Catenin Rabbit Sigma-Aldrich C2081 

Secondary Antibody    

Peroxidase conjugated anti-

rabbit  

Goat  Sigma-Aldrich  AP132P  

Peroxidase conjugated anti-

mouse  

Rabbit  Sigma-Aldrich  AP124P  

 

Table 2.5: Bacterial transformation cells. 
Bacteria  Company  Catalogue number  

DH5α competent cells  Invitrogen  18258012  

Top10 competent cells  Thermofisher  12879416  
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Table 2.6: TALEN plasmids. 
Insert  Plasmids  Supplier  Plasmid site map  

TALEN RVDs  RVDs  

pLR-HD  

pLR-NG  

pLR-NI  

pLR-NH  

pLR-NN  

Addgene  Addgene website  

www.addgene.org/ 

 

 

TALEN arms pFusA 

pFusB1-10 

Addgene  

Final forward 

TALEN 

pCS2TAL3DD Addgene  

Final reverse 

TALEN 

pCS2TAL3RR Addgene  

 

Table 2.7: CRISPR plasmids. 
Plasmids  Supplier  

pT7-gRNA Addgene 

pCS2-nCas9n Addgene 
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Figure 2.1: pTAL3 (pCSTAL3DD/pCSTAL3RR) vector map (image from 
www.addgene.org/). 
 

 
Figure 2.2: pGEM-T Easy vector map (image from www.promega.com). 
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Figure 2.3: pT7-gRNA vector map (image from www.addgene.org/). 
 

 
Figure 2.4: pCS2-nCas9n vector map (image from www.addgene.org/). 
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Table 2.8: Laboratory consumables. 
Laboratory consumables  Supplier  

20 μL microloader pipette tips  Eppendorf  

96-well plates  Sarstedt  

Coffin moulds Agar Scientific 

Glass capillaries (injection needles)  Narishige Scientific Instrument Lab  

Grid cover slips  Millennium Sciences Inc  

LightCycler® 480 96-well plates  Roche  

Microcentrifuge tubes  Sarstedt  

Needles and syringes  BD  

Nitrocellulose membrane  Fisher Scientific  

Petri dishes  Sarstedt  

Pipette tips  Sarstedt  

Plate sealing foils Roche 

Transfer pipettes  Sarstedt  

Tubes (15 mL and 50 mL) Sarstedt 

Western blotting filter paper Fisher Scientific 
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Table 2.9: Laboratory equipment. 
Laboratory equipment Brand 

Bioanalyzer Agilent 2100 Bioanalyzer 

Camera for live imaging Nikon DMX1200C 

Centrifuge Eppendorf 5415R 

Chemiluminescent blot imaging systems Azure c300 and Li-Cor Odyssey Fc 

Electron microscope Hitachi H-7000 

Fluorometer  Qubit 2.0 Fluorometer 

Heat block Stuart SBH130D 

Leica EM AC20 autostainer Leica Microsystems 

Light microscope Nikon SMZ645 & SMZ800 

Magnetic stand Ambion 

Microinjector Narishige IM-300 

Micropipette puller Sutter Instruments p-97 Flaming/Brown 

Microplate centrifuge Beckman Coulter Avanti J-26XP 

Microplate spectrophotometer Thermo Scientific Multiskan GO 

PAGE system Atto Instruments 

pH meter Mettler Toledo SevenEasy 

Pipettes Gilson 

Powerpac power supply Bio-Rad 

qPCR machine Roche LightCycler® 480 

Rocker Stuart Scientific 

Semi-dry transfer apparatus CBS Scientific EBU-4000 

Sonicator Branson Sonifier 150 

Spectrophotometer Thermo Scientific NanoDrop ND-1000 

Temperature-controlled centrifuge NUVE NF 1200R 

Thermal cycler (0.5 mL tubes) Techne 3Prime 

Thermal cycler (96-well) Eppendorf Nexus 

Ultramicrotome Reichert-Jung Ultracut 

UV transilluminator InGenius 

Vortex Scientific Industries Vortex-Genie 2 

Water bath Grant 

Zebrafish tanks and filters Western Aquatics 
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2.1.5 Oligonucleotides 

Oligonucleotides were supplied by Eurofins Genomics (www.eurofinsgenomics.eu/) 

Table 2.10: Oligonucleotides used for qPCR. 
Gene Oligo name Sequence (5’ – 3’) 

Elongation factor 

1-alpha (EF1-α) 

EF1a_F GTG GTA TCA CCA TTG ACA TTG C 

EF1a_R TCA GCC TGA GAA GTA CCA GTG A 

Plakoglobin-a  PG-F1 foward AAC GTC AAG CGT GTG GCA GCT 

PG-R1 reverse AGC AGC ATA GGT GGC GAT CCC T 

Plakoglobin-a  PG HRMA 

FW 

TGT TAC ATT TTA GGC ACA CAA 

PG HRMA RV GTT AAG TGA CAG ACA TGG AGA 

Tubulin, beta 6 

class V 

TUBB6 

forward 

TCC GAC CCG ACA ACT TCA TCT 

TUBB6 

reverse 

ACT CGC ACT CTT TTC TGA CGA 

Heat shock protein 

90, alpha, class A 

member 1, tandem 

duplicate 1 

HSP90AA1.1 

foward 

AGC TCA TCT CCA ACT CCT CTG A 

HSP90AA1.1 

reverse 

TCT GGG ATC AGT TCG ATC TTT AAG

 T 

ADP-ribosylation 

factor 4b 

ARF4b 

forward 

CGC CTC TGG AGA CAC TAT TAT CA 

ARF4b reverse CTC TGC TGC CGT TTC AAT CCT 

zgc:86709 (cardiac 

actin gene) 

ACTC1 

forward 

TCC CTC CAT TGT TGG TCG TC 

ACTC1 

reverse 

TTC AAG GTC AGG ATG CCT CTC 

Leiomodin 2 

(cardiac) a 

LMOD2a 

forward 

AGT GCG AAG AGG AAT GTG CC 

LMOD2a 

reverse 

TGA CCT AGC TTG CTT CAC CC 
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6-phosphofructo-2-

kinase/fructose-

2,6-biphosphatase 

2b 

PFKFB2b 

forward 

GCA AAG CCA ATC TCG TGT GG 

PFKFB2b 

reverse 

ACT CAG AAG CGG AAA CAG TCA T 

Troponin C type 

1b 

TNNC1b 

forward 

GCG TTC GAC ATC TTC GTG C 

TNNC1b 

reverse 

CTT CTT GAG TGG GGT TTT GGC 

Myosin binding 

protein Hb 

MYBPHb 

forward 

AGG TGT CCA CGA TCT TCA CG 

MYBPHb 

reverse 

AGG TGT CCA CGA TCT TCA CG 

F-box protein 32 FBXO32 

forward 

CAG ATA AAG GGC AGT TGG AAT GG 

FBXO32 

reverse 

AGA AGA GGA TGT GGC AGT GTG 

β-catenin β-cat F1 

forward 

CGC TGC GGG TTG TTC TCT CAC A 

β-cat R1 

reverse 

TCA CAG CCG GGC ACA GCT ACT A 

N-cadherin N-cadherin fw CAG TTA TGG CAG CAC GGA CA  

N-cadherin rv GGC ACC TGT TTG GGT TGA GT 
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Table 2.11: Oligonucelotides used for TALEN experiments. 
Standard oligonucleotides used for sequencing of TALEN assembly 

Name Sequence (5’ – 3’) 

pCR8_F1 TTG ATG CCT GGC AGT TCC CT  

pCR8_R1 CGA ACC GAA CAG GCT TAT GT  

TAL_F1 TTG GCG TCG GCA AAC AGT GG  

TAL_R2 GGC GAC GAG GTG GTC GTT GG  

SeqTALEN 5-1 CAT CGC GCA ATG CAC TGA C 

Specific oligonucleotides designed for amplification and sequencing of target 

region 

Name Sequence (5’ – 3’) 

Tal3.3 pkp2 FW AAC TCC CTT TAC GCT ACG CC 

Tal3.3 pkp2 RW ACT GTC TCA CTT TGT TAA TGT GGT 

PKP2 Tal5.1 FW CAG TTG ACT GAA AAG ATG TTT AGG G 

PKP2 Tal5.1 RV GGT GCT CAA AAA GGC AAA GC 
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Table 2.12: Oligonucelotides used for CRISPR experiments. 
Specific oligonucleotides designed for CRISPR assembly 

Name Sequence (5’ – 3’) 

Tyr oligo 1 TAG GAC TGG AGG ACT TCT GGG G 

Tyr oligo 2 AAA CCC CCA GAA GTC CTC CAG T 

pkp2 crispr1 fw TAG GGA GTG GGC GTA GCG TAA A 

pkp2 crispr1 rv AAA CTT TAC GCT ACG CCC ACT C 

pkp2 crispr2 fw TAG GTG TAT GAA AAC CCC CAC A 

pkp2 crispr2 rv AAA CTG TGG GGG TTT TCA TAC A 

pkp2 crispr3 fw TAG GCG TGA GTT TGT TCG CCA G 

pkp2 crispr3 rv AAA CCT GGC GAA CAA ACT CAC G 

Standard oligonucleotides used for sequencing of CRISPR assembly 

Name Sequence (5’ – 3’) 

M13 uni (-21) FW TGT AAA ACG ACG GCC AGT 

M13 uni (-21) RV CAG GAA ACA GCT ATG ACC 

Specific oligonucleotides designed for amplification and sequencing of target 

region 

Name Sequence (5’ – 3’) 

Tyr seq FW GCG TCT CAC TCT CCT CGA CTC TTC 

Tyr seq RV GTA GTT TCC GGC GCA CTG GCA G 

F-PKP2ex1-14.3 ATC ACT GCC AGC CAT TCC C 

R-PKP2ex1-14.3 CCG GCC AGT TTC ATC CTT C 

PKP2 exon3 FW GTT GAC ATA CAT AGC AGG AAG AAC A 

PKP2 exon3 RV TGA AGG GTG TGC TTT TCC GA 
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Table 2.13: Oligonucleotides used for amplification and sequencing of mutant 
plakoglobin DNA. 
Name Sequence (5’ – 3’) 

PG sequencing FW GCC AAA TGG TAA CAG CAC AA 

PG sequencing RV CAT GCC GCC CCT ATA ATC GT 

PG cDNA seq rv S TGC CAT CAG CAT ATC CAC CG 

3’RACE outer primer GCG AGC ACA GAA TTA ATA CGA CT 

pg ex 12 fw  CAC TCC AGC AAC GAA GGG AT 

pg ex 13 fw ACT GCT GAG GAC AAA AAC CCA 

pg ex 15 rv GCC GCC CCT ATA ATC GTC TT 

 

2.2 Methods 

2.2.1 Zebrafish tissue extraction 

Fin-clipping 

Each fish was immersed in 0.1 g/L MS-222 diluted using tank water from 1 g/L MS-

222 in 0.02 M phosphate buffer. The gills were monitored for decreased movement 

and sufficient anaesthesia was achieved within 40-60 seconds. A plastic spoon was 

used to transfer the fish from the MS-222 to a Petri dish. A small section of the 

caudal fin was removed using a sterile surgical blade and placed in 50 mM NaOH 

for subsequent gDNA extraction. The fish was immediately returned to an individual 

housing tank and monitored for three days before being returned to its general tank. 

Heart extraction 

Each fish was euthanized using MS-222 and secured ventral side up in a Petri dish. 

A micro-scissors was used to make an incision from the base of one pectoral fin to 

the other. A second incision was made from the centre of the first incision to the gill 

area. Fine needles were used to pin back the chest wall and expose the heart. The 

ventricle, atrium and bulbus arteriosus were located. The bulbus arteriosus was cut to 

detach it from the gills. The entire intact heart was removed by pinching the bulbus 

arteriosus with a forceps and making one final cut between the atrium and sinus 

venosus. For RNA and protein extractions, hearts were rinsed in sterile PBS and 

48 
 



Methods 

stored in RNAlater® until use. For transmission electron microscopy (TEM) 

preparation, hearts were immediately immersed in primary fixative for processing. 

2.2.2 Genomic DNA extraction 

gDNA was extracted from samples using 50 mM NaOH (50 μL for single embryos 

and 100 μL for fin clips) by heating to 95°C until the tissue was noticeably friable. 

The samples were then vortexed and allowed to cool to 4°C. The basic solution was 

neutralized by the addition of 1 M Tris-HCl, pH 8 (one tenth of the volume of NaOH 

used) and the samples were then centrifuged to pellet the debris.  

2.2.3 Total RNA extraction 

Note: all centrifugation steps occurred at 4°C. 

RNA was extracted using the TRIzol® method. Pools of 10 zebrafish larvae were 

collected at 5 dpf and placed in a 1.5 mL tube. Two adult hearts were pooled per 

sample; these were transferred from RNAlater® to a 1.5 mL tube. TRIzol® (250 μL) 

was added to each tube. The samples were homogenized thoroughly using a sterile 

21G needle and a 1 mL syringe. If unable to proceed with the extraction 

immediately, the samples were stored at -80°C until later use.  

Samples were incubated for 5 minutes at room temperature (RT). Chloroform was 

added (one fifth of the volume of TRIzol® used) followed by immediate agitation 

for 15 seconds and incubation at RT for 3 minutes. For phase separation, samples 

were centrifuged at 12000 g for 20 min. The upper aqueous phase containing the 

RNA was removed carefully and transferred to a new tube. Isopropanol was added 

(half the volume of TRIzol® used) and mixed gently. Samples were incubated for 10 

minutes at RT and centrifuged at 18000 g for 10 minutes. The supernatant was 

removed and the pellet was washed in 70% ice-cold ethanol (one tenth of the volume 

of TRIzol® used) followed by centrifugation at 18000 g for 10 minutes. The ethanol 

was removed and the pellet was allowed to dry at RT for ~7 minutes. The pellet was 

resuspended in 88 µL of nuclease-free water and heated at 55°C for 7 minutes to 

fully resuspend the pellet.  

To remove any remaining DNA, 2 µL (4 units) of DNase enzyme and 10 µL of 10X 

DNase buffer were added and the samples were incubated for 10 minutes at 37°C. 

Phenol (200 µL) and 20 µL of sodium acetate were added and the samples were 
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centrifuged at 18000 g for 5 minutes. The upper phase was transferred to a new tube 

and 200 µL of chloroform:isoamyl alcohol (24:1) was added, followed by 

centrifugation at 18000 g for 5 minutes. The chloroform:isoamyl alcohol step was 

repeated. The upper phase was transferred to a new tube and 200 µL of isopropanol 

was added to precipitate the RNA. The samples were incubated at -80°C for 30 

minutes followed by centrifugation at 18000 g for 30 minutes. The isopropanol was 

discarded and 200 µL of ice-cold ethanol was added to wash the pellet. The samples 

were centrifuged for a final 5 minutes at 18000 g. The ethanol was discarded and the 

pellets were air-dried for 5-10 minutes. The samples were resuspended in 20 µL 

nuclease-free water. 

A nanodrop spectrophotometer was used to determine the concentration and purity 

of RNA obtained. A 260/280 and 260/230 ratio of 1.8-2.2 indicated pure RNA 

suitable for further applications. The RNA was stored at -80°C. 

2.2.4 cDNA synthesis 

First-strand cDNA was synthesized from total RNA using random primers, catalysed 

by superscript II reverse transcriptase enzyme. Random primers (1 µL) were added 

to 1 µg of total RNA and the total volume was made up to 12 µL with nuclease-free 

water. The samples were incubated at 70°C for 10 minutes to allow the primers to 

anneal. First strand buffer (1 µL), 2 µL of 0.1 M DTT and 1 µL of 10 mM dNTP mix 

(dGTP, dTTP, dATP and dCTP) were added and the samples were incubated at 42°C 

for 2 minutes. Superscript II enzyme (1 µL) was added and the samples were 

incubated for a further 1.5 hours at 42°C to allow for DNA polymerisation, followed 

by 15 minutes at 70°C to deactivate the enzyme. A nanodrop spectrophotometer was 

used to determine the concentration and purity of cDNA obtained. The cDNA was 

stored at -20°C. 

2.2.5 Polymerase chain reaction (PCR) 

Primer design 

Primers of optimal specificity and efficiency for PCR were designed using Primer-

Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer pairs were chosen 

based on the following criteria: 18-24 base pairs (bp) in length, melting temperature 

between 59°C and 68°C (and within 2°C of each other), GC content of 40-60%, 
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maximum repeat of 4 bp, <4 dinucleotide repeats, 1-2 GC clamp, high 3’ stability, 

low self-complementary, low 3’ self-complementary and no unintended binding 

sites. An amplicon length of 200-1000 bp was preferred for standard PCR and 80-

150 bp for quantitative real-time PCR (qPCR) and HRMA.  

Standard PCR 

PCR was used to amplify DNA. GoTaq DNA polymerase or LA Taq DNA 

polymerase were used to catalyse a 25 µL reaction which consisted of 1X reaction 

buffer (20 mM Tris-HCl (pH 8.4), 50 mM KCl), 2 mM MgCl2, 200 µM of each 

dNTP, 0.2 µM forward primer, 0.2 µM reverse primer, 1.25 units of enzyme and 2 

µL of DNA. An annealing temperature was selected based on the length and 

composition of the primers used (Table 2.14). 

Table 2.14: General PCR conditions 
Stage  PCR conditions  Temperature °C  Time  Cycles 

1  Denaturation (initial)  95  3 min  1  

2 

Denaturation (cycle)  94  1 min  

33  

  

Annealing (primers)  55-60 (Tm)  1 min  

Elongation  72  45 sec/kb  

3 Final extension  72  10 min  1  

 

Primer validation for qPCR 

Primers were validated by assessing amplification efficiency using a standard cDNA 

dilution series. Template cDNA of known concentration was serially diluted to give 

a range of concentrations from 50-0.08 ng/µL. A total of 5 µL from each cDNA 

concentration was placed on ice and 35 µL of reaction mix was added per cDNA 

concentration. The reaction mix contained a final concentration of 1X SYBR Green, 

75 nM forward primer and 75 nM reverse primer. After vortexing, each 

cDNA/reaction mix was pipetted in triplicate into a 96-well plate. To highlight any 

possible contamination, a no template control sample was prepared by replacing 

cDNA with nuclease-free water in the reaction. An additional sample set was 

prepared using a primer pair of known efficiency (EF1-α) to control for possible 

errors in the reaction preparation. All sample sets prepared were assayed on the same 
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plate and the plate was run on a Roche LightCycler® 480. The resulting Ct values 

versus concentration were plotted on a semi-log line and analysed by linear 

regression. The efficiency is equal to 10^(-1/slope). A calculated slope of -3.33 has 

an efficiency value of 2.0 and equates to a 100% efficient primer pair. Primer pairs 

that were 90-100% efficient were deemed suitable for subsequent use in qPCR 

assays.  

Real-time PCR (quantitative PCR) 

Successfully validated primers were used in differential gene expression analysis by 

measuring fold changes in mRNA levels between selected samples (e.g. WT and 

mutant). Previously synthesised cDNA was diluted to a concentration of 50 ng/μL. A 

primer mix consisting of 1.25 µM of forward primer and 1.25 µM of reverse primer 

was prepared for each gene of interest and for the reference gene. The reaction 

mixture for each sample contained 20 µL 2X SYBR Green, 4.8 µL primer mix, 10.2 

µL nuclease-free water and 5 µL (250 ng) of cDNA. In the case of the no template 

control sample, cDNA was replaced by nuclease-free water. Each sample was 

dispensed into the PCR plate, in triplicate.  

The fold change was calculated using the ΔΔCt method (Livak and Schmittgen, 

2001). For each sample, the average threshold cycle (Ct) values were obtained for 

the gene of interest (GOI) and the reference gene by averaging the three technical 

replicates of each gene. The GOI Ct values were then normalised to those of the 

reference gene (ΔCt= GOI average cycle time – REF GENE average cycle time). A 

calibrator sample was allocated to each sample, i.e. the WT sample to which the 

mutant sample would be compared. The calibrated value (ΔΔCt) for each sample 

was then obtained (ΔΔCt=ΔCtsample -ΔCtcalibrator) and the fold change for each 

biological replicate was calculated using the formula 2(-ΔΔCt).  

2.2.6 High resolution melt analysis  

HRMA is a reliable post-PCR method that can detect changes in a DNA sequence by 

direct melting. It was used to identify heterozygous and homozygous mutants. 

Mutant heteroduplex DNA should bind at a lower temperature than homoduplex 

DNA resulting in different melting curve shapes. For HRMA a short amplicon is 

desired, usually 100-150 bp and there should be at least 15 bp between each primer 

and the region containing the mutation. After primer design, the uMelt SM online tool 
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(www.dna.utah.edu/umelt/umelt.html) was used to predict the melting curve of the 

target region and confirm the presence of a single amplicon i.e. no non-specific 

amplification. Template gDNA of known concentration was diluted to a 

concentration of 6 ng/µL. The LightCycler® 480 High Resolution Melting Master 

was used to prepare the HRMA mix and 15 µL was added to each well of a 96-well 

plate along with 5 µL (30 ng) of gDNA. The final concentration in each well 

consisted of 1X Master mix (containing FastStart Taq DNA Polymerase, reaction 

buffer, dNTP mix and High Resolution Melting Dye), 200 mM primer mix, 2.5 mM 

MgCl2 and 1.5 ng/μL of gDNA. An optimised spiking method was introduced to 

differentiate between the melting curves of homozygous WT DNA and homozygous 

mutant DNA. In this case, each gDNA sample of unknown genotype was spiked 

with 11.66% WT DNA. The plate was run on a Roche LightCycler® 480 machine 

and analysed using the LightCycler® 480 Gene Scanning Software.  

2.2.7 3’Rapid amplification of cDNA ends (3’RACE) 

This technique is used to amplify an unknown region at the 3’ end of an mRNA by 

taking advantage of the natural poly(A) tail found in every mRNA and using it as a 

priming site for PCR. The FirstChoice® RLM-RACE Kit was used to amplify the 3’ 

end of the plakoglobin mRNA, by following the manufacturer’s instructions. In 

short, first strand cDNA was synthesised from total RNA followed by amplification 

of the cDNA by PCR using a 3’ RACE outer primer that targets the poly(A) tail and 

a gene-specific inner primer. The gene-specific primer was designed to target a 

known exonic region of plakoglobin; exon 12 was chosen as the mutation occurs in 

intron 14-15. The PCR product was run on a 1% agarose gel and the band of interest 

was gel extracted, purified and sent for sequencing. 

2.2.8 RNA sequencing  

RNA extraction and Quality Control (QC) of RNA 

RNA was extracted from the tissue using the TRIzol® method as described in 

Section 2.2.3. The quality/integrity of the RNA was assessed with the use of an 

Agilent RNA 6000 nano kit on an Agilent Bioanalyzer 2100, by following the 

manufacturer’s instructions. RNA integrity was measured by a software tool on the 

Agilent Bioanalyzer which calculates an RNA integrity number (RIN) for each 

sample. A RIN of 1 indicates a completely degraded RNA sample while a RIN of 10 
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indicates a sample that is completely intact. Only RINs ≥8 were accepted for library 

synthesis. Quality of RNA was confirmed from the electropherogram displayed after 

a bioanalyzer run, in which intact RNA was represented by one small peak at the 

beginning (the marker) followed by two large distinct peaks representing the 18S and 

28S ribosomal units. As expected, the 28S peak exceeded the 18S peak (2:1 ratio) 

and there were no fragmentation peaks (Figure 2.5). RNA concentration and purity 

was assessed on a Qubit Fluorometer using the Qubit® RNA HS (High Sensitivity) 

Assay Kit, according to the manufacturer’s instructions. The assay uses a dye that 

emits a fluorescence signal upon binding the target nucleic acid (e.g. RNA) and 

converts it to an RNA concentration using known RNA standards. The values 

obtained for RNA concentration were used to calculate the amount needed for the 

library preparation.  

 
Figure 2.5: Representative electropherogram of a larval RNA sample; RIN 9.6. 
 

cDNA library prep and QC of library 

Total RNA was converted to a cDNA library using the Illumina TruSeq® Stranded 

mRNA Library Preparation Kit, following the manufacturer’s instructions. An RNA 

input of 1000 ng was used for embryo samples and 600 ng for adult heart samples. 

The only minor but important deviation from the protocol was a shorter drying time 

for the magnetic beads due to the temperature of the lab environment. The 

recommended drying time of 15 minutes was reduced to 10 minutes. Briefly, the 

polyA-containing mRNA molecules were purified and fragmented into smaller 

pieces. First strand cDNA was synthesised from the cleaved RNA fragments using 
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reverse transcriptase and random primers. The RNA fragments were removed and 

double-stranded cDNA was synthesised with the incorporation of dUTP instead of 

dTTP in the second strand. Strand specificity was achieved by degradation of the 

second strand as the polymerase used does not recognise past the dUTP nucleotide. 

The 3’ ends of the cDNA fragments were adenylated to prevent them ligating to each 

other. Complementary indexing adapters were ligated to the ends of the fragments to 

allow hybridisation of the fragments to the flow cell at the sequencing stage. A final 

PCR step ensured enrichment of cDNA fragments with adapters at both ends and 

amplification of the library. The size and purity of each library sample was assessed 

on an Agilent Bioanalyzer using the Agilent DNA 1000 Kit. The final product 

should display a clear band at approximately 260 bp. Additional large peaks indicate 

bead carryover or PCR over-amplification while additional small peaks indicate 

adapter dimers. The DNA of each library sample was quantified on a Qubit 

Fluorometer using the Qubit dsDNA HS (High Sensitivity) Assay Kit, according to 

the manufacturer’s instructions. All 12 samples were pooled at equal concentration 

and the quality of the final product was validated on an Agilent Bioanalyzer. The 

final library was sent to EMBL Genecore for sequencing using a NextSeq 500 

sequencing platform. 

2.2.9 Transmission electron microscopy 

Tissue fixation and embedding 

The primary fixative (2.5% gluteraldehyde + 2.5% paraformaldehyde in 0.1 M 

sodium cacodylate/HCl buffer pH 7.2) was made up fresh on the day of fixation. 

Larvae at 5 dpf and adult hearts were immersed in glass vials filled with the primary 

fixative for 3-4 hours at RT. The tissue was washed in 0.1 M sodium cacodylate/HCl 

buffer (3 × 5 minutes). The tissue was fixed in secondary fixative (1% osmium 

tetroxide in 0.1 M sodium cacodylate) for 2 hours at RT followed by dehydration 

through a series of RT graded ethanol i.e. 30%, 50%, 70%, 90% (2 × 10 minutes in 

each) and pure ethanol (3 × 10 minutes). The ethanol was replaced with propylene 

oxide (2 × 10 minutes) and the tissue was immersed overnight in a 50:50 mixture of 

low viscosity agar resin and propylene oxide at RT, with rotation. The resin was 

prepared using the Taab TLV Resin Kit by thoroughly mixing LV resin (48 g), VH1 

Hardener (16 g), VH2 Hardener (36 g) and LV accelerator (2.5 g). In the morning, 
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the mixture was exchanged for 25:75 propylene oxide and resin, and the tissue was 

left in this mixture ~8 hours at RT, with rotation. The tissue was transferred to 

freshly-prepared pure resin and left overnight on a rotator apparatus at RT. The 

following day, the pure resin was replenished and the tissue was returned to the 

rotator for a further 4-6 hours at RT. Coffin moulds were filled with resin and the 

tissue was placed in the embedding moulds in the desired orientation. For the larvae, 

the heads were placed facing the trapeze-shaped ends. The tissue was allowed to 

polymerise in an oven at 65°C for 48 hours.  

Sectioning tissue 

After polymerisation, the resin block was trimmed using a sharp blade to expose the 

tissue surface. Semi-thin sections (1 µm) were cut using a microtome fitted with a 

glass knife. The sections were stained with 1% toluidine blue and viewed under a 

light microscope to ascertain tissue structure and locate the region of interest. The 

resin block was further trimmed for ultra-thin sectioning. Ultra-thin sections (100 

nm) were cut using a microtome fitted with a diamond knife. Sections were lifted 

onto 3 mm copper grids and stained using a Leica EM AC20 autostainer with 

standard solutions of uranyl acetate (0.5%) and lead citrate (3%) for 10 minutes each 

with distilled water washes in between. The sections were viewed using a 

transmission electron microscope and the photomicrographs were taken with 

AMTV542 software at the appropriate magnification for subsequent stereology.  

Stereology 

The tester was blinded to the experimental group (WT or mutant) throughout this 

process. An accumulated means method was used to calculate the number of 

photomicrographs needed to achieve a true estimate of junction numbers. Fifteen 

photomicrographs per sample per region (skin or heart) were captured at 15000X 

magnification by following an unbiased, systematic approach. The images were 

displayed using Image J software. A 12 cm by 12 cm line grid was used to count cell 

membrane and junctions which included desmosomes, adherens junctions and tight 

junctions. An additional grouping was required for indistinguishable junctions which 

were categorised as unclassified junctions. The grid (Figure 2.6) consisted of 14 

thick lines and 24 thin lines (38 lines in total). 
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Figure 2.6: Stereology grid used to count cell membrane and junctions. 
 

The number of intersections for each junction type was recorded by summing the 

number of times that the respective junction type crossed any of the 38 lines. Given 

that one junction joins two membranes; a count of two intersections was recorded 

per junction. Plain membrane (membrane without any junctions) was recorded by 

summing the number of times that the membrane intersected any of the 14 thick lines 

and multiplying by three. In the case of two connecting cells, a count of two 

intersections was recorded to account for the cell membrane of each cell. Total 

membrane (i.e. membrane with or without junctions) was calculated by summing the 

total count for each junction type and plain membrane. Additional photomicrographs 

were captured at 30000X magnification for the purpose of measuring the width of 

the gap between junctions. Gap width was measured using image J software. Surface 

density was calculated using the formula 2I/L where I is the sum of the intercepts 

and L is the sum of the lengths of lines. For both tissues, each junction type was 

expressed as a percentage of total membrane. The differences between WT and 

mutant junction percentage were analysed by transforming data into arcsin values 

and performing an unpaired Student’s t-test.  

2.2.10 DNA electrophoresis 

DNA fragments were separated based on size by migration through an agarose gel 

using an electrical current. The size of a DNA fragment was estimated by running 

the sample alongside an appropriate DNA marker (50 bp, 100 bp or 1 kb). Agarose 
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gels from 1-2% were selected based on the size of the DNA fragment of interest. The 

gels were prepared by making up agarose powder in 60 mL of 1X TAE running 

buffer (1X Tris, acetic acid and EDTA at pH 8) and heating in a microwave for 1 

minute, until boiling. After cooling for 5 minutes, ethidium bromide was added to a 

final concentration of 0.5 µg/mL. Following loading of the ladder and DNA sample, 

the gel was run at 120V for 50 minutes. DNA bands were visualised using an 

InGenius bio imaging system from Syngene. 

2.2.11 Protein electrophoresis and western blotting 

Zebrafish lysate preparation  

Adult hearts were transferred from RNAlater® to a 1.5 mL microcentrifuge tube. 

RIPA lysis buffer (50 µL) and 0.05 µL protease inhibitor cocktail from the Abcam 

Immunoprecipitation kit (ab206996) were added per sample. The samples were 

sonicated for 9 seconds at the lowest setting. This was repeated twice with cooling 

on ice in between each sonication. The samples were centrifuged at 13000 g for 30 

minutes at 4°C and the supernatant was carefully removed to a fresh tube. A 

Bradford Assay was used to determine the protein concentration. 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated by SDS-PAGE according to the method of Laemmli using 

an Atto minigel system. Stock solutions for the gel were prepared including 1.5 M 

Tris-HCl pH 8.8, 1 M Tris-HCl pH 6.8, 10% SDS, 10% APS, 5X sample buffer (250 

mM Tris-HCl pH 6.8, 10% SDS, 0.5% bromophenol blue, 50% glycerol, 500 mM 

DTT) and 10X running buffer (2.5 M Glycine, 0.035 M SDS, 0.25 M Tris, pH 8.3). 

Proteins were resolved on a reducing 10% separating gel with a 5% stacking gel, run 

at 0.03 Amp constant current for 100 minutes. 

Western blotting 

The semi-dry method was used to transfer proteins from the SDS-PAGE gel to 

nitrocellulose membrane using a semi-dry transfer apparatus. After completion of 

SDS-PAGE, nitrocellulose membrane and blotting paper were soaked in distilled 

water for 10 minutes. The gel, nitrocellulose membrane and blotting paper were then 

soaked in 1X transfer buffer (24 mM Tris, 192 mM glycine, 20% methanol, 1.3 mM 

SDS, pH 8.3) for 10 minutes. The transfer was run at 0.15 Amp constant current for 
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90 minutes. Staining in Ponceau S for 5 minutes confirmed the transfer of proteins to 

the membrane. The membrane was then washed twice in distilled water to remove 

excess stain and rinsed thoroughly in 1X PBS (0.01 M phosphate buffer, 0.0027 M 

KCl and 0.137 M NaCl). To reduce non-specific binding, the membrane was placed 

in a 5% milk/PBS-tween blocking solution for 1 hour at RT with gentle agitation. 

Primary antibodies were diluted to the desired concentration in the blocking solution. 

In cases where the proteins of interest were of different sizes, the membrane was cut 

horizontally using a blade so that each section contained one protein of interest. Each 

section was incubated overnight at 4°C in the appropriate primary antibody, with 

gentle agitation. Primary antibody dilutions used were: anti-α-actin 1:10000, anti-

plakoglobin 1:1000, anti-α-catenin 1:1000, anti-β-catenin 1:2000, anti-N-cadherin 

1:1000 and anti-connexin 43 1:1000. Following incubation with primary antibody, 

the membranes were washed four times in 1X PBS-tween for 5 minutes per wash. 

Secondary antibodies were diluted in blocking solution and the membranes were 

incubated in goat anti-mouse peroxidase conjugate (1:8000) or rabbit anti-goat 

peroxidase conjugate (1:40000 for α-catenin and connexin 43 or 1:80000 for N-

cadherin) at RT for 2 hours followed by a further four 5 minute washes in 1X PBS-

tween. Radiance Chemiluminescent HRP Substrate was added to the membranes to 

produce a chemiluminescent signal. This signal was detected using an Azure c300 

imaging system or a Li-Cor imager. To remove signal prior to other antibody 

incubation, membranes were washed three times in PBS-tween and incubated in 

stripping buffer (25 mM glycine, 1% SDS, pH 2) for 20-25 minutes at RT. 

Membranes were washed three times in PBS-tween and reblocked, before incubation 

with antibodies as before. Western blots were analysed using the Image Studio™ 

Lite Software (Version 5.2) from Li-Cor. The blots were quantified by densitometry 

analysis and the signal intensity of each sample was normalised to total protein 

loading by calculating the signal intensity of the Ponceau S for its respective lane 

(Avin et al., 2016). 

2.2.12 TAL-effector nuclease design and synthesis 

TAL-effector nucleases (TALENs) were designed using the online design tool 

‘scoring algorithm for predicting TALEN activity’ (SAPTA) and assembled using a 

protocol for the ‘Golden Gate’ method, adapted from Cermak et al. (2011). 

Oligonucleotide sequences used in these experiments are shown in Table 2.11.  

59 
 



Methods 

TALEN library preparation 

The Golden Gate TALEN kit, comprised 86 bacterial glycerol stocks, was purchased 

from Addgene. Bacterial stabs containing the plasmids of interest were plated with 

the appropriate antibiotic (ampicillin, tetracycline or spectinomycin) and chosen 

colonies were grown in LB broth overnight. Miniprep or midiprep kits were used to 

isolate and purify the plasmids followed by sequencing of all plasmids.  

TALEN construct synthesis using the Golden Gate cloning method 

The assembly of a TALEN takes five days and it is a two-step process (see Figure 

2.7 for simplified overview). A series of repeat modules are assembled into 

intermediary arrays of 1-10 repeats and these arrays are assembled into a backbone 

plasmid to construct the final scaffold. The repeat modules consist of repeat-

variable-di-residues (RVDs) and each RVD preferentially associates with a different 

base: HD (C), NG (T), NN (G) and NI (A). The sequence specific RVDs were 

selected from SAPTA and assembled into the correct sequence. 

All plasmids were obtained from the TALEN plasmid library (Addgene). RVDs 

encoded by module plasmids were cloned into array plasmids using the Golden Gate 

cloning method as follows: 

• TALEN length 12-21 

-Plasmids for RVDs 1-10 (e.g. pHD1, pHD2, pNI3…) and the pFUS_A array 

plasmid were selected 

-Plasmids for RVDs 11 up to N-1 and the pFUS_B#(N-1) array plasmid were 

selected 

Golden Gate reaction 1 

The first Golden Gate reaction was used to assemble the RVDs into the respective 

array plasmids in a specified order. Four reactions were prepared: left pFUS_A, left 

pFUS_B, right pFUS_A and right pFUS_B. A single 20 µL reaction consisted of 150 

ng of each module plasmid, 150 ng of the pFUS array plasmid, 1 µL (10 units) of 

BsaI enzyme, 1 µL (400 units) of T4 DNA ligase and 2 µL of 10X T4 DNA ligase 

buffer. The reactions were run in a thermocycler as follows: 10X (37˚C/5min + 

16˚C/10min) + 50˚C/5min + 80˚C/5min. Unligated linear dsDNA fragments were 
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destroyed by addition of 1 µL (10 units) of Plasmid-Safe DNase and 1 µL of 25 mM 

ATP. The reactions were further incubated at 37°C for 1 hour followed by 30 

minutes at 70°C to deactivate the enzyme. A 5 µL aliquot of each reaction was then 

transformed into 50 µL of competent DH5α cells. Following heat-shock, 950 µL of 

SOC medium was added and the transformed bacteria were allowed to recover at 

37°C for 2 hours, with shaking. High density and low density fractions of recovered 

cells were spread on agar plates containing spectinomycin (50 µg/mL), 40 µL of X-

gal (20 mg/mL) and 40 µL of IPTG (0.1 M). The plates were inverted and incubated 

at 37°C overnight.  

A number of white colonies were selected per reaction and each individual colony 

was added to 50 µL nuclease-free water. The colony mix (2 µL) was amplified in a 

colony PCR (using primers pCR8_F1 and pCR8_R1) and the product was run on a 

gel to identify which clones contained the correct size insert. LB broth containing 

spectinomycin was added to positive clones and they were cultured at 37°C 

overnight, with shaking. The plasmids were then harvested and purified from the 

bacteria using the miniprep kit. Sequencing was used to confirm the presence of each 

RVD in the correct order.  

Golden Gate reaction 2 

The second Golden Gate reaction was used to assemble the final backbone plasmids 

by fusing the respective pFUS plasmids and the last repeat plasmid. Two reactions 

were prepared: the left TALEN arm and the right TALEN arm. Each 20 µL reaction 

consisted of 150 ng of pFUS_A, 150 ng of pFUS_B, 150 ng of the appropriate pLR 

containing the last RVD, 150 ng of the backbone plasmid (pCSTAL3DD or 

pCSTAL3RR), 1 µL (400 units) of T4 DNA ligase enzyme, 2 µL of 10X T4 ligase 

buffer and 1 µL (10 units) of BsmBI enzyme. The PCR cycle was run as follows: 

37°C/10min + 16°C/15min +37°C/15min + 80°C/5min. Similar to the first Golden 

Gate assembly, 5 µL of the reaction was transformed into competent DH5α cells. 

Recovered cells were cultured overnight at 37°C by plating them on agar plates 

containing ampicillin (100 µg/mL), X-gal and IPTG. 

A number of white colonies were selected for colony PCR using primers TAL_F1 

and TAL_R2. Correct clones were identified on a gel by a faint band at 2-3 kb and 

the laddering effect. LB broth containing ampicillin was added to these positive 
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clones and they were cultured at 37°C overnight, with shaking. The pTAL plasmids 

were harvested from the bacteria and purified, and sent for sequencing to confirm the 

correct final full-length constructs.  

Each TALEN arm plasmid was linearized in a 50 µL reaction consisting of 10 µg of 

plasmid (right or left TALEN), 5 µL of 10X NEBuffer 4, 0.5 µL of BSA and 0.5 µL 

(10 units) of Not1-HF enzyme. The reactions were incubated for 10 hours at 37°C 

followed by an enzyme deactivation step for 20 minutes at 65°C. Calf-intestinal 

alkaline phosphatase (1 µL) was added to dephosphorylate the 5’ end and incubated 

for a further 15 minutes at 37°C. Plasmids were run on a gel to confirm complete 

linearization. Purified linearized plasmids (1 µg) were used as templates for in vitro 

mRNA transcription using the mMESSAGE mMACHINE™ SP6 Transcription Kit, 

by following the manufacturer’s instructions. Right TALEN mRNA and left TALEN 

mRNA were purified using the MEGAclear™ Transcription Clean-Up Kit and 

stored in aliquots at -80°C.  

CYCLE 1 (digestion & ligation) 

 

               Left Talen Target               Spacer                  Right Talen Target 
          CCCAAACTGGATCACTTATCAGCATGGAGGAGCAGTCAGGAAGTTTAGGGAGG      
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CYCLE 2 (digestion & ligation) 

 
Figure 2.7: Flowchart describing the synthesis of a TALEN 
 

2.2.13 Clustered regularly interspaced short palindromic repeats Cas9 design 

and synthesis 

CRISPRs were designed using CRISPRscan; a sgRNA scoring algorithm from the 

Giraldez lab (Moreno-Mateos et al., 2015). CRISPRs were assembled using a 

protocol from the Chen and Wente lab, adapted from Jao et al. (2013). 

Oligonucleotide sequences used in these experiments are shown in Table 2.12. 

Transform 
bacteria to take 

up plasmids 

Pick colonies and 
perform PCR 

colcheck 1 

Culture colonies 
overnight & 

Miniprep 

Sequence before 
proceeding to 

Cycle 2 

63 
 



Methods 

CRISPR-Cas9 design 

CRISPRscan was used to compute a list of possible sgRNAs for the target region 

and score them based on their probability for success. High scoring sgRNAs were 

chosen as these were more likely to have greater stability and activity in vivo. For 

each sgRNA, two complementary single stranded oligonucleotides were ordered.  

CRISPR-Cas9 synthesis  

The pT7-gRNA and the pCS2-nCas9n plasmids from the Chen and Wente lab were 

used in the synthesis of the CRISPRs. Bacterial stabs containing the plasmids were 

spread on agar plates containing ampicillin. Colonies were grown in LB broth 

overnight and a midiprep was used to isolate and purify the plasmid DNA.  

The Chen and Wente CRISPR protocol was optimised as follows: The digestion and 

ligation steps were carried out separately as opposed to a one-step digestion/ligation 

reaction. The digested pT7-gRNA vector plasmid was gel extracted and gel purified 

before use in the ligation reaction. The detailed protocol follows. 

The oligonucleotides were annealed in a 20 µL 1X NEBuffer 3 solution, containing 

2 µL of each 100 µM oligonucleotide stock. The PCR cycle was run as follows: 

95°C/5min + 50°C/10min at 0.1°C/sec + chilling to 4°C at 1°C/sec. The sgRNA 

plasmid was digested in a 20 µL reaction containing 1 µg of plasmid, 1 µL (10 units) 

of BsmB1 enzyme, 1 µL of 10X tango buffer and 1 µL (20 mM) of DTT. The 

reaction was incubated at 37°C for 2 hours. Following a 20 minute enzyme 

deactivation step at 65°C, the digested plasmid was gel extracted and purified. The 

annealed oligonucleotides were ligated to the digested plasmid in a 10 µL reaction 

containing 400 ng of plasmid, 1 µL of annealed oligonucleotides, 1 µL of 10X T4 

ligase buffer and 1 µL (400 units) of T4 ligase enzyme. The reaction was incubated 

at 22°C for 3 hours, followed by a 20 minute enzyme deactivation step at 65°C. A 2 

µL aliquot (80 ng) of the ligation product was transformed into 50 µL of competent 

E.coli One Shot™ TOP10 cells. Following heat-shock, 900 µL of SOC medium was 

added and the transformed bacteria were allowed to recover at 37°C for 45 minutes, 

with shaking. A low density of recovered cells was spread on agar plates containing 

ampicillin (100 µg/mL) and 40 µL of X-gal (20 mg/mL). The plates were inverted 

and incubated at 37°C overnight. LB broth containing ampicillin was added to two 
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pinhead colonies and they were cultured at 37°C overnight, with shaking. The 

plasmids were then harvested and purified from the bacteria using the miniprep kit. 

Sequencing of the sgRNA plasmid with the M13F(-21) primer was used to confirm 

the presence of the correct sgRNA insert. The sgRNA plasmid was then digested for 

16 hours at 37°C in a 50 µL reaction containing 10 µg of plasmid, 5 µL of 10X 

CutSmart® buffer and 1 µL (20 units) of BamH1-HF enzyme. The digested mix was 

treated with proteinase K (100 µg/mL) and SDS (0.5%), and incubated at 50°C for 

30 minutes. Linearization of the plasmid was confirmed by agarose gel 

electrophoresis. Purified linearized sgRNA plasmid (1 µg) was used as a template for 

in vitro mRNA transcription using the MEGAshortscript™ T7 Transcription Kit, 

following the manufacturer’s instructions. The sgRNA mRNA was purified using the 

MEGAclear™ Transcription Clean-Up Kit and stored in aliquots at -80°C.  

The Cas9 plasmid was digested in a 50 µL reaction containing 10 µg of plasmid, 5 

µL of 10X NEBuffer 4, 0.5 µL of BSA and 0.5 µL (10 units) of Not1-HF enzyme. 

The reaction was incubated for 10 hours at 37°C followed by an enzyme deactivation 

step for 20 minutes at 65°C. Linearization of the plasmid was confirmed by running 

the product on a gel. Purified linearized Cas9 plasmid (1 µg) was used as a template 

for in vitro mRNA transcription using the mMESSAGE mMACHINE™ SP6 

Transcription Kit, by following the manufacturer’s instructions. The Cas9 mRNA 

was purified using the MEGAclear™ Transcription Clean-Up Kit and stored in 

aliquots at -80°C.  

2.2.14 Microinjection of gene editing tools 

Glass capillaries were used to make microinjection needles using a Flaming-Brown 

micropipette puller programmed as follows: 300 units of heat, 8 units of pull force 

and a velocity of 50 m/s. 

For TALEN injections, the starting concentration used was 100 ng/µL of each 

TALEN arm, containing 0.05% phenol red to visualise the injection bolus. For 

CRISPR injections, the starting concentration used was 150 ng/µL of Cas9 RNA and 

50-100 ng/µL of sgRNA. The RNAs were prepared in a solution containing 0.05% 

phenol red and 120 mM KCl. The doses of Cas9/sgRNA were adjusted accordingly 

if gene targeting proved unsuccessful.  
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Solutions were backloaded in microinjection needles using an Eppendorf 

microloader pipette tip. The microinjection needle was then fitted in the 

microinjection apparatus (Narishige IM-300 microinjector) set at a pressure of 40 

psi. Injection volume was calibrated to 1 nL by adjusting the injection time to release 

a drop of 1 nL as measured on a gridded Cell-vu slide. 

Injection trays were prepared by pouring a 1.2% agarose solution into Petri dishes 

with microinjection needles used to create moulds to hold embryos in a fixed 

position during the injection process. Fertilized embryos at the one-cell stage were 

lined up in these rows and injected with a constant injection volume of 1 nL. The 

embryos were injected directly through the yolk and into the cell. Control embryos 

were those injected with phenol red solution only and uninjected embryos from the 

same clutch were also monitored as additional controls.  

Morphological analysis of embryos 

Live embryos were photographed using a Nikon SMZ800 microscope and a 

DMX1200C camera. The morphology of the embryos was assessed at 24-, 48- and 

72- hpf. Phenotypic abnormalities were classified as mild, moderate or severe.  

2.2.15 Cloning of PCR products 

Due to mosaic patterns in the genotype, purified gDNA PCR products were cloned 

into the pGEM-T Easy vector using the pGEM-T Easy vector kit, as per the 

manufacturer’s instructions. PCR products were ligated with the vector using T4 

ligase in a 3:1 ratio in ligation buffer. Each ligation product (3 µL) was cloned into 

an E. coli host (One Shot™ TOP10 cells) followed by colony selection and 

extraction. Ten clones were sent for sequencing.  

2.2.16 Statistical analysis  

All results are shown as mean + SEM, n=3 biological replicates unless otherwise 

stated. Ten larvae were pooled per biological replicate for RNA-Seq. Two hearts 

were pooled per biological replicate for RNA-Seq, qPCR and Western blot. 

Graphpad Prism software was used for statistical analyses. Differences between two 

groups were evaluated by Student’s t-test if the data were normally distributed 

(Shapiro-Wilk test) with equal variance (F-test). Otherwise a Mann-Whitney U test 

was used. P < 0.05 was considered statistically significant. 
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Results 1 

3 Targeting of the plakophilin-2 gene using TALEN and CRISPR 

technology 

3.1 The use of gene editing tools to develop a plakophilin-2 mutant line 

as a model of ARVC 

Using morpholino technology, two knockdown models of ARVC have been 

generated in the Grealy lab; plakoglobin and plakophilin-2 knockdowns (Martin et 

al., 2009; Moriarty et al., 2012). However, the effects of morpholinos are transient, 

lasting approximately 3 days; the equivalent to mid-gestation in humans. This is not 

an ideal model for studying ARVC given that the disease generally does not manifest 

itself until adulthood. Fortunately, the emergence of novel gene targeting tools has 

made it increasingly possible to characterize the effects of gene alteration. This 

chapter describes the use of TALEN and CRISPR gene targeting technology in an 

attempt to develop a stable plakophilin-2 mutant line as a novel zebrafish model of 

ARVC. 

3.2 Heritable targeting of plakophilin-2 using transcription activator-

like effector nucleases 

A TALEN is a gene targeting tool made up of two domains; a customisable DNA 

binding domain fused to a Fok-1 nuclease. The introduction of TALEN technology 

has allowed the targeting of almost any DNA sequence. DNA binding domains of 

TALENs were customised to target plakophilin-2. The expectation was that the 

repair of Fok-1 nuclease-induced double-stranded DNA breaks, by non-homologous 

end joining, would produce insertions or deletions in the plakophilin-2 gene leading 

to a functional mutation.  

TALENs have been effectively used to generate genetic mutations in a wide variety 

of model organisms some of which include rat (de Leon et al., 2014), Drosophila 

(Liu et al., 2012), zebrafish (Cade et al., 2012) and pig (Carlson et al., 2012). 

TALEN technology had been established in the Grealy lab at the beginning of my 

studies so this particular tool was the first approach applied in the attempt to 

genetically mutate the plakophilin-2 gene. 
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3.2.1 Sequence and design of TALENs 

The online design tool, SAPTA, was used to design pairs of TAL effectors for TAL-

effector nucleases to target the plakophilin-2 gene. This particular design tool was 

developed by evaluation of existing guidelines (Cermak et al., 2011; Reyon et al., 

2012; Streubel et al., 2012) and creation of a new set of design criteria based on the 

experimental testing of 205 TALENs (Lin et al., 2014). 

The SAPTA design guidelines for favourable binding sites were followed: They 

were preceded by a 5’T, contained a large base composition of C nucleotides, and 

avoided long stretches of A’s and G’s. Each TALEN monomer was 15-25 bp 

separated by a spacer length of 14-19 bp. The SAPTA algorithm allocates a 

composite score to each target site that indicates predicted TALEN activity. Based 

on their experimental work, sites with scores >40 yield non-homologous end joining 

rates as high as 75% (Lin et al., 2014). 

The aim was to induce a premature stop codon as early as possible in the sequence to 

ensure knockout of the protein. Two TALENs targeting exon 3 and one TALEN 

targeting exon 5 were chosen. All target sites had a composite score >42. The three 

TALEN constructs chosen for assembly are depicted in Figure 3.1 along with the 

spacer region where the insertions or deletions are expected to occur. 

Plakophilin-2 exon 3 

 
Plakophilin-2 exon 5 

 
 
Figure 3.1: Plakophilin-2 TALEN targeting sites and their respective exons. 
TALEN 3.1, TALEN 3.3 and TALEN 5 binding sites are shown in green, yellow and 
purple, respectively. Spacer regions are shown in blue. 
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3.2.2 TALEN construct assembly 

As described in Section 2.2.12, TALENs were assembled by following the Golden 

Gate cloning method outlined by Cermak and his colleagues (Cermak et al., 2011). 

Golden Gate reaction I involved cloning the first 10 RVDs into the pFUS_A vector 

and the remainder (excluding the last RVD) into the pFUS_B vector, for both 

TALEN arms. The second Golden Gate reaction involved ligating each pFUS vector 

and respective last RVD to the pTAL destination vector for both the forward and 

reverse TALEN arms. A number of colonies were selected for colony PCR and 

correct clones were identified on a gel by a faint band at 2-3 kb and the characteristic 

‘smear and laddering’ effect (Figure 3.2). The plasmids containing the final, full-

length TALEN arms were harvested from positive clones and sent for sequencing. 

Sequencing of all TALEN constructs at each stage of synthesis confirmed the 

insertion of every RVD in the specified order. Plasmid DNA was linearized and 

transcribed to generate 5’ capped mRNA for microinjection. 

 

 

 
Figure 3.2: Final TALEN 3.3 constructs of forward and reverse arms targeting 
plakophilin-2. 
A single faint band between 2-3kb is indicative of correct clones for TALENs of 12-22 
RVDs. Positive clones of each plasmid were cultured overnight, extracted and 
subsequently linearized prior to mRNA synthesis. 

 

3.2.3 TALEN microinjection and gDNA sequencing analysis 

For each TALEN mRNA, the forward and reverse arms were mixed in a 1:1 molar 

ratio and this mixture was microinjected into WT zebrafish embryos at the one-cell 

3 kb 
2 kb 

Forward TALEN Reverse TALEN 
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stage. Two doses were chosen for delivery by microinjection; a starting dose of 200 

pg and a higher dose of 400 pg. All embryos were scored at 48 hpf and classified as 

normal or deformed, with increased incidence of deformities expected at the higher 

TALEN dose (Table 3.1). The majority of defects observed were heart defects 

including poor circulation, oedema and blood pooling. A small number of embryos 

had short kinked tails, missing tails and enlarged yolk sacs. However, similar defects 

were also observed in the uninjected WT sibling group which made it difficult to 

distinguish effects due to the TALENs. Furthermore, morphology was normal in at 

least 70% of injected embryos across all groups and there was no obvious dose-

response effect. 

Table 3.1: Morphology scoring of TALEN-injected embryos at 48 hpf. 
TALEN Normal Defects 

(mild/moderate/severe) 

Total % defects 

200 pg TALEN 3.1 102 8 10 4 18% (22/124) 

400 pg TALEN 3.1 47 15 0 1 25% (16/63) 

200 pg TALEN 3.3 30 9 1 3 30% (13/43) 

400 pg TALEN 3.3 43 2 0 0 4.5% (2/45) 

200 pg TALEN 5 24 3 3 1 25% (7/31) 

400 pg TALEN 5 38 5 4 2 22.5% (11/49) 

Control 1 (phenol red) 16 2 0 0 11% (2/18) 

Control 2 (WT siblings) 97 7 5 4 14% (16/113) 

 

Sequencing of injected embryos was essential to confirm the success or failure of the 

TALENs. Approximately 10 embryos were selected for gDNA extraction from each 

TALEN-injected group as well as two to three WT control siblings. The gDNA 

samples were amplified using primers flanking the target region and the products 

were checked on a gel before sequencing. The gel image shows single bands of the 

expected size indicating highly specific amplification of the TALEN-targeting region 

(Figure 3.3). The purified PCR products were sent to Eurofin Genomics for 

sequencing the region of interest.  

70 
 



Results 1 

 
Figure 3.3: PCR-amplified genomic DNA samples. 
All amplified genomic DNA samples were run on a gel before sending for 
sequencing to ensure specific amplification of the region of interest. Single clear 
bands of approximately 400 bp indicate successful amplification.  
 

ApE software (downloaded from http://en.bio-soft.net/plasmid/ApE.html) was used 

to align the resulting TALEN-injected gDNA sequencing with the WT gDNA 

reference sequencing. For all three TALENs, the DNA base matches were identical 

between the TALEN-injected gDNA sequence and the corresponding WT reference 

sequence. This confirmed that the TALENs were unsuccessful in generating an indel 

in the plakophilin-2 target gene. An example of a TALEN 3.1 sequence and a WT 

sequence alignment is shown in Figure 3.4. 

400 bp 
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Figure 3.4: Sequencing result following TALEN microinjection. 
The gDNA sequence of a WT uninjected embryo (top) is aligned with the gDNA 
sequence of a TALEN 3.1-injected embryo (bottom). The straight lines indicate an exact 
DNA base match. There are no insertions or deletions indicating that the TALEN did not 
cause a mutation in the spacer region of the injected embryo. 
 

Following failure of all three TALENs, the logical option was to begin using 

emerging CRISPR technology in the hope that this would be a more efficient gene 

editing tool for targeting plakophilin-2. 

3.3 Heritable targeting of plakophilin-2 using clustered regularly 

interspaced short palindromic repeats Cas9 

CRISPR-Cas9, consisting of a Cas9 nuclease and a sgRNA, is the most recently 

discovered genome editing tool and has numerous advantages over ZFNs and 

TALENs. CRISPRs are much easier to assemble as only one single gRNA is 

required to target a specific sequence and the same Cas9 nuclease is suitable for all 

target sites. The sgRNAs are encoded by short 100 bp sequences so there is less 

possibility of recombination and fewer challenges with DNA sequencing. Targeted 

genetic alteration by CRISPR-Cas9 technology has been successfully applied to 

several model organisms including zebrafish (Hwang et al., 2013), mouse (Wang et 

al., 2013), Drosophila (Gratz et al., 2013) and rat (Li et al., 2013). 

Spacer region 
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3.3.1 Synthesis of CRISPR targeting the tyrosinase gene 

Prior to commencing the synthesis of the plakophilin-2 CRISPRs, I decided to 

replicate a published CRISPR that had been proven to result in biallelic disruption of 

a gene, to ensure that there was a working protocol in place. This approach was 

particularly important following the unsuccessful TALEN results. I attempted to 

recapitulate the work of Jao et al. (2013), by generating a successful CRISPR 

targeting the gene tyrosinase. This gene was chosen as it is involved in the 

production of the pigment melanin and pigmentation defects are a convenient 

readout for efficient biallelic gene disruption. 

The CRISPR protocol from the Chen and Wente lab (Jao et al., 2013) was used to 

synthesise the tyrosinase CRISPR with the optimisation outlined in Section 2.2.13. 

The tyrosinase sgRNA oligonucleotides were annealed together and ligated to the 

purified plasmid. A proportion of the ligated product was run on a gel prior to 

transformation and a single band of the correct size was obtained (Figure 3.5). 

 

 
Figure 3.5: The pT7-gRNA vector following ligation of the tyrosinase sgRNA 
insert. 
A single band depicts the successful ligation of the tyrosinase sgRNA insert to the 
plasmid.  
 

Following transformation, sgRNA plasmid DNA was harvested from positive 

colonies and sent for sequencing to confirm the presence of the tyrosinase sgRNA 

insert. The pT7-gRNA and the pCS2-nCas9n plasmids were linearized and the 

products were run on a gel to verify that they were the correct size. The linearized 

plasmids were subsequently used to synthesise mRNA for microinjection. 

~2.6 kb 
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3.3.2 Tyrosinase CRISPR microinjection and gDNA sequencing analysis 

A solution of the sgRNA and the Cas9 mRNAs was microinjected into WT zebrafish 

embryos at the one-cell stage. Two amounts were chosen for delivery by 

microinjection; 60 pg sgRNA + 150 pg Cas9 and a higher dose of 60 pg sgRNA + 

300 pg Cas9. During scoring of injected embryos, a hypopigmented phenotype was 

observed in the eyes of a number of CRISPR-injected embryos (Figure 3.6). The 

lower dose was very well-tolerated although very few embryos (6.6%) displayed a 

loss of pigment. In contrast, the higher dose proved to be toxic as >80% of embryos 

were dead by 1 dpf. Almost half of the surviving embryos displayed a loss of 

pigment phenotype but the majority of those were severely deformed (Table 3.2).  

 
Table 3.2: Dose of tyrosinase CRISPR injected and scoring results. 
Dose Number 

injected 

Number of 

deaths at 1 dpf 

Number with 

hypopigmentation 

Number with 

deformities 

60 pg sgRNA 

+ 150 pg Cas9 

~60 0 4 (6.6%) 0 

60 pg sgRNA 

+ 300 pg Cas9 

~120 ~98 10 (45.5%)              

8 of 10 deformed 

18 (82%) 

 

Defects included mild to severe oedema, short or absent tails and abnormal yolk sacs 

(Figure 3.6 E & F). 
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Figure 3.6: Tyrosinase CRISPR generates loss of pigmentation phenotypes. 
Lateral views of WT (A & B) and tyrosinase-targeted embryos (C–F) at 2 dpf. Both 
doses resulted in hypopigmented phenotypes. The higher dose resulted in toxic 
effects resulting in mild (E) to severe deformities (F). Arrows indicate loss of 
pigmentation. 
 

Genomic DNA was extracted from two tyrosinase-injected embryos with the desired 

phenotype. Amplified gDNA was sent for sequencing and the chromatograms of the 

CRISPR-injected embryos contained multiple peaks (Figure 3.7), indicating that the 

CRISPR successfully disrupted the tyrosinase gene. 
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Figure 3.7: Sequencing chromatograms of a tyrosinase CRISPR-injected 
embryo and a WT uninjected sibling. 
(A) The WT embryo chromatogram consists of single peaks representing the 
expected WT homozygous read. (B) Multiple peaks in the CRISPR-injected 
embryo chromatogram indicate the presence of insertions or deletions in the 
tyrosinase gene. 

 

Reads were difficult to sequence due to mosaicism in the genotype of the embryos 

resulting in ‘noisy’ reads. Cloning was necessary to overcome this problem and 

achieve a clean read. The purified gDNA product of a single embryo was cloned into 

the pGEM®-T easy vector using the Promega pGEM®-T Easy vector system I kit 

and transformed into E.coli One Shot™ TOP10 cells. Nine colonies were harvested 

and the purified products were sent for sequencing. Six clones contained the normal 

WT tyrosinase sequence. Three clones contained insertions and deletions located 

precisely in the sgRNA target region. An example of a WT sequence aligned with a 

mutated tyrosinase sequence is given in Figure 3.8.  

A 

B 
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Figure 3.8: Sequencing result of a positive clone of a tyrosinase-injected embryo. 
A WT reference sequence (top) is aligned with the sequence of a positive clone 
(bottom). The straight lines indicate an exact DNA base match. The red area indicates 
the insertion of 12 nucleotides in the target region. The ‘#’ symbol indicates a 
substitution in the target region.  
 

Figure 3.9 gives a simplified summary of the variety of genetic mutations observed 

in the positive clones. Clone 1 contained an insertion of 12 nucleotides and a single 

substitution. Clone 2 contained three deletions and a single substitution. Clone 3 

contained two deletions only. 

 

 

To determine the direct effect of the mutation on the tyrosinase protein, ExPASy 

translate tool (https://web.expasy.org/translate/) was used to translate the mutated 

cDNA sequences into protein. The mutation in clone 1 resulted in the insertion of 

four amino acids (arginine, isoleucine, proline and serine) at position 28-31 and a 

WT 

C3. 

C2. 

C1. 

PAM 

ACGCTTTGGACTGGAGGACTTCTGGGGAGGTGCAGACTCGGGGGAACTGCTG    no. of mutations 

ACGCTTTGGACTGGAGGACTTCTGACTCGGGGATTCTGGAGGTGCAGACTCGG        (+12, #) 

ACGCTTTGGACTGGAGGACTTC- - -AGAGGTGCAGACTCGGGGGAACTGCTG           (-3, #)  

ACGCTTTGGACTGGAGGACTTCT- -GGAGGTGCAGACTCGGGGGAACTGCTG           (-2) 

sgRNA target 

Figure 3.9: Indels observed in the tyrosinase gene of sequenced clones.  
All three positive clones of the embryo contained different mutations following 
disruption of the tyrosinase gene by CRISPR (C1-C3). The sgRNA target region is 
shown in yellow and the PAM sequence is shown in blue. Insertions are indicated in 
red and substitutions (#) are highlighted in bold. Deletions are represented by 
hyphens. Sequences shown are the anti-sense strands. 
 

77 
 



Results 1 

missense mutation causing a change from proline to serine at position 32. The 

mutation in clone 2 caused the deletion of a single amino acid (proline) at position 

28. The frameshift mutation in clone 3 was the most severe, causing many amino 

acid changes from position 28 onwards and eventually resulting in a premature stop 

codon, truncating the protein from 535 amino acids to 98 amino acids (Figure 3.10). 

 
Figure 3.10: Alignment of the normal tyrosinase protein and the mutant protein 
of clone 3. 
The frameshift mutation caused by the tyrosinase CRISPR results in the truncation 
of the tyrosinase protein to 98 amino acids. Fully conserved residues are shown in 
yellow and residues with similar properties are shown in green.  
 

The tyrosinase CRISPR successfully generated a loss-of-function mutation in the 

tyrosinase gene. There is both phenotypic evidence (loss of pigmentation) and 

genotypic evidence (gDNA sequencing) to support this finding. Having established a 

working protocol, I then focused on generating a successful CRISPR targeting 

plakophilin-2. 
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3.3.3 Design of CRISPRs targeting the plakophilin-2 gene 

The design of highly active sgRNAs is crucial to maximise the possibility of 

efficient gene targeting. Targetable sequences must be of the form 5’-GG-N18-

NGG-3’ due to transcription requirements by the T7 promoter (i.e. 5’-GG) as well as 

the requirement of a PAM sequence (NGG-3’). Several papers have published 

conflicting views on the optimal design of an efficient sgRNA. In this current study, 

the CRISPRscan online tool, developed by Moreon-Mateos and colleagues, was 

used. This tool employs an algorithm to predict sgRNA efficiency. This algorithm is 

based on the mutagenic activity of 1280 sgRNAs targeting 128 genes in the zebrafish 

genome. Based on their findings, sgRNAs enriched in guanine and depleted for 

adenine were chosen as they were found to be more stable overall. Furthermore, they 

tested a number of alternative sgRNAs including truncated sgRNAs and sgRNAs 

with 1-2 mismatches at the 5’ end, and found that these non-canonical sgRNAs were 

just as efficient as the canonical sgRNAs (Moreno-Mateos et al., 2015). Therefore, 

the inclusion of non-canonical sgRNAs was also implemented in plakophilin-2 

CRISPR design, particularly as this addition increased the number of potential 

binding sites (Moreno-Mateos et al., 2015).  

The CRISPRscan model scores all possible sgRNAs in the region of interest; a score 

of >55 equates to an efficient sgRNA while a score of >70 equates to a highly 

efficient sgRNA. Using the CRISPRscan software, one sgRNA targeting exon 1 and 

two sgRNAs targeting exon 3 of plakophilin-2 were chosen for synthesis (Table 3.3). 

The two sgRNAs with the highest scores were non-canonical sgRNAs (CRISPR 1 

and CRISPR 3.1). The highest scoring canonical sgRNA was also chosen for 

assembly (CRISPR 3.2). All three sgRNAs in their respective exons are highlighted 

in Figure 3.11. 
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Table 3.3: sgRNAs designed to target plakophilin-2 using CRISPRscan. 

CRISPR 

Exon and 

strand 

targeted 

sgRNA and target site 
sgRNA 

score 

 

 

CRISPR 

1 

 

 

Exon 1 

anti-sense 

 

 

gG18NGG 

 

Genome AGCGTGAGTTTGTTCGCCAGCGG 

       X||||||||||||||||||| 

  gRNA GGCGTGAGTTTGTTCGCCAG 

 

 

 

83 

 

 

CRISPR 

3.1 

 

 

Exon 3 

anti-sense 

 

 

gG18NGG 

 

Genome CGGAGTGGGCGTAGCGTAAAGGG 

       X||||||||||||||||||| 

  gRNA GGGAGTGGGCGTAGCGTAAA 

 

 

 

95 

 

 

CRISPR 

3.2 

 

 

Exon 3 

anti-sense 

 

 

GG18NGG 

 

Genome GGTGTATGAAAACCCCCACACGG 

       |||||||||||||||||||| 

  gRNA GGTGTATGAAAACCCCCACA 

 

 

 

68 
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3.3.4 Synthesis of CRISPRs targeting the plakophilin-2 gene 

Using the sgRNAs described in 3.3.3, three CRISPRs targeting plakophilin-2 were 

synthesised. The Chen and Wente protocol was adhered to with the same 

modifications outlined in Section 2.2.13. The plakophilin-2 sgRNA oligonucleotides 

were annealed together and ligated to the purified pT7-gRNA plasmid. A proportion 

of the ligated product was run on a gel prior to transformation and a single band of 

the correct size was obtained. Following transformation, sgRNA plasmid DNA was 

harvested from positive colonies and sent for sequencing to confirm the presence of 

the plakophilin-2 sgRNA insert. The pT7-gRNA and the pCS2-nCas9n plasmids 

were linearized and the products were run on a gel to verify that they were the 

correct size (Figure 3.12). The linearized plasmids were subsequently used to 

synthesise mRNA for microinjection. 

Plakophilin-2 exon 1 

ATGCTTAAACCACACCCTGAACACAAAGAACAACCGCAGGACTCCTT

CACGCCCAGCGGAGACTCAACACCTGACGCTTCGATGGCGGAGGAG

AGGGACTTCATGCGCTCCGTGCTGCCGGTTTACGACTCTTTCCACCCC

GAAGACTCTTCACTAGCTTTACCGCTGGCGAACAAACTCACGCTCGC

CGACGCGCACCGGCTGAACCGACTACAGCAACAAGTGCAGCTCACTC

TCTCGCGGAAAAAAAGGAAACCAAAACCAGCAG 

Plakophilin-2 exon 3 

CGGACATTCTCCGTTAATCATGAAGCCACAAGGTCACTGCGGATGGT

TGATCGATCTCAATGGCCAAGCATGGAGCCGCCTCTATTTCACAGAG

GCTATGGAAGCTTTCGTTACACCCCTAAGAGAGCTGGTTTATGCTTGG

GCTCTAACTCTCTGACTCTCCCTTCGGCCCCTACAACCAGCCACTTCC

AAATGAACAAACTCCCTTTACGCTACGCCCACTCCGAGGTCCTGCGA

AATCCACGCTTTGCAGGCCTGTCAGCAGCCACACAAATCCCCAGCAG

CCCGGTGTATGAAAACCCCCACACGGATGATACAGATGATGTGTTTC

Figure 3.11: Plakophilin-2 sgRNA binding sites and their respective exons.  
CRISPR 1, CRISPR 3.1 and CRISPR 3.2 binding sites are highlighted in green, 
yellow and blue, respectively. Mismatch nucleotides are shown in bold. PAM sites 
are underlined. 
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Figure 3.12: Linearized pCS2-nCas9n and pT7-gRNA plasmids. 
(A) Linearized pCS2-nCas9n plasmid. (B) Linearized pT7-gRNA plasmids; CRISPR 
1, CRISPR 3.1 and CRISPR 3.2. The plasmids were subsequently used to synthesise 
mRNA for microinjection 
 

For each CRISPR targeting plakophilin-2, two doses of sgRNA and Cas9 mRNA 

were microinjected into WT zebrafish embryos at the one-cell stage (Table 3.4). 

Table 3.4: The doses of sgRNA and Cas9 mRNA selected for microinjection. 
CRISPR Dose 1 Dose 2 

Plakophilin-2 

CRISPR 3.1 

60 pg sgRNA + 150 pg Cas9 30 pg sgRNA + 300 pg Cas9 

Plakophilin-2 

CRISPR 1 

60 pg sgRNA + 150 pg Cas9 30 pg sgRNA + 300 pg Cas9 

Plakophilin-2 

CRISPR 3.2 

100 pg sgRNA + 150 pg Cas9 60 pg sgRNA + 300 pg Cas9 

 

Embryos injected with CRISPR 1 and CRISPR 3.1 did not display any phenotypic 

differences to WT uninjected siblings. Injection of CRISPR 3.2 resulted in a huge 

number of embryonic deaths and defects (Table 3.5). Mild and moderate defects 

included oedema, blood pooling and poor circulation. Severe defects included no 

heads or tails, shortened or kinked tails, deformed yolk sacs and severe 

cardiovascular abnormalities. 

  

1 3.1 3.2
Cas9 sgRNAs 

A B

~2.6 

~9 kb 

kb 
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Table 3.5: Scoring results of CRISPR 3.2 targeting the plakophilin-2 gene. 
CRISPR 3.2 Normal Dead Defects (mild/moderate/severe) % defects 

Dose 1 43 32 20 8 8 45.57% 

Dose 2 19 70 34 6 4 69.8% 

WT  35 0 3 1 0 11.43% 

 

Approximately 10 embryos were selected for gDNA extraction from each CRISPR-

injected group as well as two to three WT control siblings. The gDNA samples were 

amplified using primers flanking the target region and the products were checked on 

a gel before sequencing to confirm specific amplification of the sgRNA target 

region. Amplified genomic DNA of CRISPR 3.2-injected embryos are shown in 

(Figure 3.13).  

 
Figure 3.13: PCR-amplified genomic DNA samples. 
All amplified genomic DNA samples were run on a gel before sending for 
sequencing to ensure specific amplification of the region of interest. Single clear 
bands of approximately 550 bp indicate successful amplification of exon 3 target 
region in plakophilin-2. 
 

The purified PCR products were sent to Eurofin Genomics for sequencing the region 

of interest. For all three CRISPRs, the alignments of DNA base matches were 

identical between the CRISPR-injected gDNA sequence and the corresponding WT 

reference sequence (Figure 3.14).  

550 bp 
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Figure 3.14: Sequencing result following CRISPR microinjection. 
The gDNA sequence of a WT uninjected embryo (top) is aligned with the gDNA 
sequence of a CRISPR 3.2-injected embryo (bottom). The straight lines indicate an 
exact DNA base match. There are no insertions or deletions indicating that the 
CRISPR did not cause a mutation in the sgRNA target region of the injected embryo. 
 

This confirmed that the CRISPRs were unsuccessful in generating an indel in the 

plakophilin-2 target gene. 

3.4 Discussion 

Moriarty et al. (2012) established an animal model of ARVC by knockdown of 

plakophilin-2 in zebrafish embryos using morpholino injections. As the effects of 

morpholinos are limited by their transient nature, alternative methods were used here 

to target the plakophilin-2 gene in an attempt to generate a stable knockout mutant 

line. Despite the use of two gene editing tools, both TALEN and CRISPR 

technology failed to mutate the plakophilin-2 gene.  

3.4.1 Generation of TALENs targeting plakophilin-2 

Three TALEN constructs were designed and synthesised to target plakophilin-2. 

There are several possible reasons that may underlie the failure of these TALENs. 

Firstly, TALEN design must be examined. The most common RVDs are HD, NG 

and NI, which specify the nucleotides C, T and A, respectively. These RVDs seldom 

associate with other nucleotides. However, RVDs targeting the G nucleotide lack an 

sgRNA target region 
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optimal combination of specificity and activity. The NN RVD that specifies G also 

interacts with A. Therefore, although highly active, NN RVDs lack the specificity of 

NH RVDs (Streubel et al., 2012). In order to achieve a fair balance of affinity for G 

and activity, a combination of NN and NH RVDs were used in the engineering of the 

TAL effectors for plakophilin-2. Streubel et al. (2012) additionally recommend 

incorporating a minimum of 3-4 strong RVDs (HD and NN) and avoiding repetitive 

stretches (>6) of weak RVDs (NI, NK and NG). Spacer length is also an important 

feature of the TALEN architecture and a number of studies have found that 

constructs with shorter spacer lengths have greater efficiency (Miller et al., 2010; 

Cermak et al., 2011; Mussolino et al., 2011). All of the TALEN constructs for 

plakophilin-2 displayed the recommended features for efficient mutagenic activity. 

Hence, it is unlikely that TALEN failure was due to sub-optimal design. Poor 

synthesis of the TALEN constructs can also be ruled out as all plasmids were 

sequenced at every step to ensure correct insertion of the specified RVDs. Targeting 

of the embryos was achieved by manual microinjection of the TALEN mRNA at the 

one-cell stage. Access to an automatic microinjector may have increased the 

accuracy of the injections. However, incompetent injection technique was unlikely 

the issue as microinjection of the tyrosinase CRISPR proved successful.  

There have been a number of advancements in TALEN technology in recent years. 

For example, a phage-assisted continuous evolution (PACE) system, developed by 

Hubbard et al. (2015), has been effectively used to alter the specificity of TALE 

DNA-binding domains resulting in broadly reduced binding to off-target DNA 

sequences, compared to conventional TALENs. In contrast to CRISPR assembly, the 

preparation of TALENs is quite laborious. In 2017, a one-step reaction to assemble 

both TALEN monomers onto a single vector was developed with the aid of a P2A 

self-cleavage sequence. This method was integrated into a fully automated system 

with the capacity to generate 400 pairs of these custom TALENs per day (Chao et 

al., 2017).  

Despite advancements in TALEN manufacturing and the introduction of TALENs 

with greater binding properties, it is not fully understood why some genes cannot be 

effectively altered by TALEN technology. Methylation has been shown to hinder 

TALEN activity as the cytosine-recognition module has low affinity for methylated 

cytosine (Kaya et al., 2017). Regions of the plakophilin-2 genes containing CpG 
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islands were deemed unsuitable target sites. None of the three TALENs contained 

more than one CG so methylation affecting TALEN activity was not a concern. 

Chromatin conformation can also negatively influence the efficiency of TALENs 

(Chen et al., 2016). Hence, it is plausible that the plakophilin-2 gene has a less 

accessible chromatin structure which may have interfered with binding of the 

TALENs.   

3.4.2 Generation of CRISPRs targeting plakophilin-2 

Given its simplicity and low cost, CRISPR-Cas9 has revolutionised genome editing. 

Following failure to mutate plakophilin-2 by TALEN targeting, it was hoped that 

CRISPR-Cas9 would prove more robust. As the first researcher to introduce 

CRISPR technology to the Grealy lab, the most logical approach was to begin by 

synthesising a published functional CRISPR. Recapitulating the work of Jao et al. 

(2013), resulted in successful alteration of the tyrosinase gene. There was sufficient 

evidence to support tyrosinase gene disruption including a loss of pigmentation 

phenotype and indels observed in the DNA sequencing of the target region. This 

promising result ensured a working protocol was established prior to commencement 

of plakophilin-2 targeting.  

Unfortunately, all three CRISPRs designed to target plakophilin-2 were 

unsuccessful. The CRISPR targeting tyrosinase acts as a positive control, ruling out 

poor technique as a factor underlying the failure to mutate the plakophilin-2 gene. To 

identify other possible reasons for failure of the CRISPRs, one must first address the 

sgRNA design. There are numerous available software programs for optimising 

sgRNA design but their diversity complicates the design process. CRISPRscan was 

chosen as it was based on a large scale analysis of sgRNA mutagenesis activity in 

zebrafish. Two non-canonical sgRNAs were chosen as they had very high scores and 

the CRISPRscan model claims only the 8-12 bp at the 3’ end of the target site is 

crucial for target recognition. This is in agreement with most reports; however there 

have been studies published which contradict this finding. Varshney et al. (2015) 

tested 30 sgRNAs containing mismatched bases at the 5’ end of the sgRNA and 

found that 30% failed to mutate their selected target genes in zebrafish. In contrast, a 

reduced failure rate (11%) was observed for sgRNAs with no mismatched bases. 

Mismatches to the 5’GG has also been reported to result in a lower mutagenesis 
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efficiency rate (Qin et al., 2015). Hence, predicting the effects of mismatches based 

on their location is not entirely straightforward. Interestingly, the successful 

tyrosinase CRISPR was a canonical sgRNA with a modest score of 69. The third 

sgRNA chosen to target plakophilin-2 was very similar (canonical sgRNA with a 

score of 68) but like the non-canonical sgRNAs, it too proved unsuccessful. 

It is also possible that the sgRNAs may have bound non-specifically to unwanted 

DNA sites. For example, CRISPR 3.2 resulted in a high number of deaths and 

deformities although a mutation was not observed in the target region, suggesting 

off-target binding may have occurred. Along with sgRNA activity, the degree of 

non-specific binding is also influenced by sgRNA design. In the CRISPRscan model, 

potential off-target effects must match perfectly in their seed region and have a 

maximum of two mismatches in the rest of the sgRNA. However, incidences of 

efficient off-target binding have been observed in regions that differ by up to five 

positions from the sgRNA binding site (Fu et al., 2013). This suggests that for every 

sgRNA designed by CRISPRscan, there are many potential non-specific binding 

sites. It is plausible that the high death rate and deformities observed following 

microinjection of the higher dose of the tyrosinase CRISPR may have occurred as a 

result of non-specific mutations. Several methods including ChIP-seq and whole-

genome sequencing, have revealed that there is currently no comprehensive way to 

predict the off-target sites of a Cas9:sgRNA complex (Komor et al., 2017).   

Alternative Cas9-based systems have been designed to improve target site 

specificity. The use of two sgRNAs in conjunction with two Cas9 nickases to target 

opposing DNA strands creating two single-stranded breaks as well as the 

engineering of a catalytically inactive Cas9 fused to a fok-1 nuclease to create a 

dimeric Cas9 have been shown to reduce off-target effects without concomitant 

reductions in on-target efficiency (Guilinger et al., 2014).  

Similar to the case of TALENs, closed chromatin structure impedes the binding of 

the Cas9:sgRNA construct (Boettcher and McManus, 2015). This is supported by the 

evidence that off-target DNA binding is enriched in open genomic regions (Kuscu et 

al., 2014). Hence, it is entirely possible that local chromatin structure in the 

plakophilin-2 gene may have negatively impacted on the function of the constructs 

by interfering with target binding.  
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It is difficult to know whether designing and injecting more sgRNAs targeting 

plakophilin-2 would have eventually resulted in a positive result. Hwang et al. 

(2013) successfully mutated two genes (gsk3b and drd3) in zebrafish using CRISPR-

Cas9 which were previously not amenable to mutation by TALEN targeting. 

However, it is important to note that the same researchers recorded high indel 

frequencies in slc6a3 (50%) and gria3a (60.1%) following TALEN targeting but 

were unable to disrupt those two genes using CRISPR technology. This raises the 

possibility that one can be simply lucky or unlucky in one’s choice of sgRNA or 

TALEN pair constructs. 

As both TALEN and CRISPR gene-editing tools failed to successfully mutate the 

plakophilin-2 gene, an alternative approach was required to obtain a model of 

ARVC. Embryos of the sa12692 plakoglobin mutation were purchased from the 

EZRC and validated as a novel model of ARVC/Naxos disease. 
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4 Molecular effects of the sa12692 mutation 

Naxos disease is an autosomal recessive form of ARVC caused by a C-terminal 

mutation in the plakoglobin gene. There is an unmet need for an effective animal 

model of Naxos disease. Therefore, sa12692 plakoglobin mutant embryos were 

purchased from the EZRC and characterized as a novel model of Naxos disease. The 

sa12692 mutation is a point mutation (T>G) at a splice site in intron 14 of the 

plakoglobin gene (Figure 4.1). 

 

 

 

Survival of sa12692 mutants was investigated followed by characterization of 

plakoglobin mRNA and protein expression. The effect of the sa12692 mutation on 

gene and protein expression was also explored in order to gain a greater 

understanding of the molecular effects of plakoglobin alteration.  

4.1 Effects of the sa12692 on zebrafish survival 

A total of 240 embryos were received from the EZRC at 2 dpf. The embryos were 

from an outcross of identified, heterozygous carriers of the sa12692 mutation and 

AB wildtype. The embryos were raised to adulthood and the surviving fish were 

genotyped to identify heterozygous carriers. Dorsal fin-clipping was used to harvest 

tissue from the tail region of anaesthetised fish, from which the genomic DNA was 

GCACACAACACTGTGATGGATCCCGTCCTTGGCGATGAAGGGCAGTAGTGTCCTTAT

CAAGAATGTTCCATTCAGTTCTCTCCATGTCTGTCACTTAACAGTCTGAAATGCATTG

CTCACTCTGCAGAGATCAGATCATTGTACAGACAGCTAACATTTTGATATTTATTTTG

TCTTTTGCGATACAGAGCTTGATGGCTACGGTCCTGCAGGATACGGTGGATATGCTG

ATGGCATGCATATGGATCCTCTAGATCCAGAAATGCAAGACGATTATAGGGGCGGC

Mutation (T>G) 

Figure 4.1: Position of the sa12692 mutation in the plakoglobin gene. 
The sa12692 mutation is a point mutation at a splice site occurring in intron 14 (red) 
between exon 14 (green) and exon 15 (purple). The mutation (T>G) is underlined. 
Black boxes represent plakoglobin exons and black lines represent plakoglobin 
introns.  
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extracted and amplified using primers designed to flank the mutated region of the 

plakoglobin gene. Purified PCR products were sent to Eurofins Genomics for 

sequencing of the region of interest. 

Heterozygous carriers were identified by a double peak at position two of intron 14 

representing one normal allele (T) and one mutant allele (G) (Figure 4.2). Of the 110 

surviving fish, 104 were WT and six were heterozygous carriers of the sa12692 

mutation; four females and two males.  

WT  

 
Heterozygous mutant  

 
Figure 4.2: Sequencing chromatograms of WT and heterozygous mutant fish 
Fish were fin-clipped and genomic DNA was extracted from fin tissue. Amplified 
genomic DNA was purified and sent for sequencing. Heterozygous carriers were 
identified by a double peak in the region of interest (position two of intron 14). The 
position where the sa12692 mutation occurs is indicated with an arrow. 
 

Having both male and female carriers made it possible to incross the fish to obtain 

WT and heterozygous mutant fish as well as homozygous mutant fish. To study the 

effect of the mutation on survival, genomic DNA was extracted from the dead 

offspring and genotyped, while the number of deaths per day was recorded. The 

surviving adult fish were also genotyped from genomic DNA extracted from fin 

clips. Sequencing is the gold standard for identifying mutations but it is not very 

cost-effective when dealing with a large number of samples. Therefore, HRMA 

(Section 2.2.6) was used as an alternative method to detect variations in double-

stranded DNA fragments. Spiking with ~10% WT DNA allowed homozygous 
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mutant and WT fish to be differentiated. Following HRMA analysis, all three 

variants (heterozygous mutant, homozygous mutant and homozygous WT) were 

clearly distinguishable on the resulting difference plot (Figure 4.3). Several samples 

of each variant were also sent for sequencing to verify the HRMA results.  

 
Figure 4.3: High Resolution Melt Analysis difference plot of genomic DNA 
samples. 
Samples were clustered into three groups based on their unique melting curves. Each 
line represents one individual sample. Blue lines represent heterozygous mutant 
samples and red lines represent homozygous mutant samples. WT samples are 
represented by green lines. Sequencing chromatograms of each genotype are shown 
on the right using a reverse primer. 
 

In total, 64% of WT fish survived to adulthood compared to 51% of heterozygous 

mutant fish and 44% of homozygous mutant fish. Although fewer mutant fish 

survived to adulthood, there was no significant difference between the survival of 

WT and mutant fish (Figure 4.4; log-rank test, P = 0.2397). Interestingly, no further 

larval deaths were observed in the WT group after 17 dpf but deaths continued to 

occur in the heterozygous mutant group and the homozygous mutant group until 21 

dpf and 22 dpf, respectively.  
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Figure 4.4: Kaplan–Meier survival curve of plakoglobin mutant incross 
progeny. 
Heterozygous carriers were incrossed and larval deaths were recorded each day, and 
genotyped. There was no significant difference in the survival of WT versus mutant 
fish. Data were analysed by a log-rank test. 
 

Although twice as many deaths were observed in the homozygous mutant group 

compared to the WT group, the total number of homozygous mutant fish was 

greater. Upon incrossing heterozygous fish, one would expect the following 

distribution of offspring; 50% heterozygous mutant, 25% homozygous mutant and 

25% homozygous WT, whereas the actual distribution was 43.6%, 32.3% and 

24.1%, respectively (Table 4.1). A Chi-Square test was used to investigate whether 

the observed distribution differed from the expected distribution and it was found 

that there was no significant difference.  

Table 4.1: The number of larval deaths and surviving adult fish following the 
incross of sa12692 heterozygotes.  
 WT Heterozygous mutant Homozygous mutant 

Deaths 17 42 35 

Survived 30 43 28 

TOTAL 47 (24.1%) 85 (43.6%) 63 (32.3%) 

Expected Total 49 (25%) 98 (50%) 49 (25%) 

 

Having observed no significant difference in survival rates under normal conditions, 

I investigated whether stress had an effect on mutant survival. WT and homozygous 
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mutant embryos were exposed to stressful conditions from 1 dpf, by increasing the 

water depth of their housing tanks which created a more hypoxic environment. 

Between 8-10 dpf, a significant number of mutant fish developed moderate to severe 

oedema (Figure 4.5); a phenotype not observed in the WT fish.  

 
Figure 4.5: Stress-induced phenotype of homozygous mutant larvae. 
Exposure to stressful conditions resulted in the development of oedema in 
homozygous mutant larvae at 8 dpf. 
 

By 10 dpf, the death rate in the mutant group was 66% compared to only 9% in the 

WT group. Overall, significantly fewer mutant fish than WT fish (5% versus 26%) 

survived to adulthood (Figure 4.6; log-rank test; P < 0.001). These findings suggest 

that plakoglobin mutant fish respond more rapidly as well as more adversely to 

stress.  
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Figure 4.6: Kaplan–Meier survival curve of WT and homozygous mutant fish 
under stressful conditions. 
WT and homozygous embryos were raised in housing tanks with increased water 
depth, simulating a stressful environment. Significantly fewer mutant fish survived 
to adulthood (log-rank test, P < 0.0001 vs. control).  
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4.2 Effects of the sa12692 mutation on the cDNA and protein sequence 

After investigating the survival of the mutants, I next wanted to address the effects of 

the mutation on the cDNA and protein sequence. As there were no details published 

on the cDNA sequence, I used 3’RACE (Section 2.2.7) to amplify the region 

between exon 12 and the poly(A) tail. This exon was chosen as it occurs before the 

point of the mutation; hence it is a known exonic region of the plakoglobin cDNA. 

WT cDNA was also amplified by 3’RACE to act as a reference sequence. Both the 

WT and mutant PCR products were run on a gel to check for the presence of a single 

prominent band (Figure 4.7). The expected size for the WT amplification product 

was approximately 1.2 kb as this is the length of the sequence from exon 12 to the 

end of the 3’UTR region which is captured by the primers. The plakoglobin mutant 

product was reduced in size, indicating an alteration in the cDNA sequence as a 

result of the mutation.  

 

 
Figure 4.7: Gel image of 3’RACE WT and mutant PCR products. 
WT and mutant cDNA were amplified using a 3’RACE adapter primer and a gene-
specific primer for plakoglobin. Both PCR products were subjected to DNA gel 
electrophoresis. A band of the expected size was observed in the WT lane. A slightly 
smaller band was observed in the mutant lane. Both bands were gel extracted, 
purified and subsequently sent for sequencing.  
 

The bands were gel extracted and the purified products were then sent to Eurofins 

Genomics for sequencing. The mutant sequence was aligned with the WT reference 

sequence and it was discovered that exon 14 was absent in the mutant cDNA (Figure 

4.8). Thus, it was evident that the mutation causes exon 13 to splice directly to exon 

15.  

1.2 kb 

WT Mutant 
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Figure 4.8: Alignment of WT plakoglobin cDNA with mutant plakoglobin 
cDNA. 
Sequencing of the 3’RACE PCR products revealed the deletion of exon 14 in the 
mutant cDNA sequence. The deletion is highlighted in red. Exon 14 is in bold. The 
mismatch at position 29 is a naturally occurring synonymous variant. 
 

Elucidation of the cDNA sequence enabled the design of primers flanking exon 14. 

Both WT and mutant cDNA were amplified and the PCR products were run on a gel. 

The difference in band size of approximately 40 bp provided further confirmation of 

the deletion of exon 14 in the mutant cDNA (Figure 4.9). 

Exon 14 
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Figure 4.9: Gel image of WT and mutant PCR products. 
Primers flanking exon 14 were used to amplify WT and mutant cDNA. Both PCR 
products were subjected to DNA gel electrophoresis. The expected band size of 
approximately 230 bp was observed in the WT lane. A smaller band size of 
approximately 190 bp was observed in the mutant lane due to the 40 bp missing 
exon. 
 

As exon 14 consists of 40 bp, its deletion was expected to result in a frameshift 

mutation. ExPASy translate tool was used to translate the mutant cDNA into protein. 

The frameshift mutation causes a change in amino acids from position 671 onwards 

and eventually results in a premature stop codon. This results in the truncation of the 

plakoglobin protein from 729 amino acids to a predicted protein of 691 amino acids 

(Figure 4.10).  

 
Figure 4.10: The predicted plakoglobin protein of the sa12692 mutants.  
Deletion of exon 14 in sa12692 mutants resulted in a frameshift mutation causing 
truncation of the plakoglobin protein to 691 amino acids. Amino acid changes that occur 
from position 671 onwards are highlighted in blue.   
 

~230 bp 
~190 bp 
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In humans, Naxos disease is caused by a 2 bp deletion in the plakoglobin gene which 

causes the protein to be truncated to 689 amino acids. An alignment of the human 

mutant protein with the predicted zebrafish mutant protein, revealed a striking 

similarity between the two proteins (Figure 4.11). Overall, they were 73% identical 

and 85% similar.  

 
Figure 4.11: Alignment of the human Naxos disease protein with the predicted 
protein of the sa12692 mutants. 
The human Naxos disease protein was aligned with the predicted zebrafish mutant 
protein. The proteins were found to be very similar. Fully conserved residues are 
shown in yellow and residues with similar properties are shown in green. 
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4.3 Effects of the sa12692 mutation on plakoglobin protein expression 

Western blotting was used to confirm the truncation of the plakoglobin protein in the 

mutants and to examine protein expression level in the mutants. The antigen binding 

site of the anti-plakoglobin antibody identifies an epitope at the C-terminal domain 

of the human plakoglobin protein. The antibody had previously been successfully 

validated by our group for use in zebrafish. The antigen binding site was aligned 

with the C-terminal domain of WT and mutant plakoglobin to determine if the 

antibody would recognise the mutated protein. The sequence identity was 40.7% and 

the sequence similarity was 49.1%. In contrast, a higher sequence identity (50.9%) 

and similarity (63.4%) were observed between the antigen binding site and the WT 

plakoglobin epitope. Both alignments are shown in Figure 4.12. 
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Figure 4.12: Alignments of the plakoglobin antigen binding site with the WT 
and mutant epitopes at the C-terminal domain of plakoglobin. 
The anti-plakoglobin antibody and the WT epitope had greater sequence identity 
(top) than the anti-plakoglobin antibody and the mutant epitope (bottom).  
 

Plakoglobin expression was examined in adult hearts by western blotting although I 

was unsure whether the antibody would bind the mutant plakoglobin protein. A band 

of approximately 80 kDa, the expected size for zebrafish plakoglobin was detected in 

the WT hearts but no bands were detected in the mutant hearts (Figure 4.13 A).  
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Figure 4.13: Expression of plakoglobin protein in adult hearts using 30 µg of 
total protein. 
(A) Western blot analysis of plakoglobin protein expression in WT and mutant adult 
hearts. Plakoglobin was detected at 80 kDa in WT hearts but not detected in mutant 
hearts. (B) Total protein staining with Ponceau S was used as a loading control.  
 

At this point, I was unsure whether the expression of plakoglobin was so low that it 

was undetectable or whether the anti-plakoglobin antibody simply failed to bind to 

the mutant protein. To rule out the latter, the western blot was repeated with double 

the amount of protein (60 µg) per sample. Although the WT bands were already 

overloaded, a very high exposure was needed to obtain a signal for plakoglobin in 

the mutants. Very faint bands of a reduced size for plakoglobin were detected in the 

mutant hearts at 76 kDa, confirming the C-terminal truncation and indicating 

remarkably reduced expression of the mutant protein (Figure 4.14 A). Barely visible 

bands were also detected at ~82 kDa in mutant hearts but this was most likely due to 

background noise as a result of overloading of protein and overexposure of the 

signal. 

Plakoglobin 

~80 kDa 
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Figure 4.14: Expression of plakoglobin protein in adult hearts using 60 µg of 
total protein. 
(A) Western blot analysis of plakoglobin protein expression in WT and mutant adult 
hearts. Plakoglobin was detected at 80 kDa in WT hearts. A faint band was detected 
at 76 kDa in mutant hearts; indicative of reduced expression of a truncated protein. 
(B) Total protein staining with Ponceau S was used as a loading control. 
 

A third western blot analysis was used to compare plakoglobin expression in WT, 

heterozygous mutant and homozygous mutant hearts. The standard amount of 

protein (30 µg) was used and as expected no bands were detected for plakoglobin in 

homozygous mutant samples. Plakoglobin was detected in both WT and 

heterozygous mutant hearts at 80 kDa (Figure 4.15 A). There was no significant 

difference in plakoglobin protein levels in heterozygous mutant hearts compared to 

WT controls, after normalisation with Ponceau staining (Figure 4.15 C; t(4) = 1.503, 

P = 0.2073). 
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Figure 4.15: Expression of western blot protein in WT, heterozygous and 
homozygous mutant hearts. 
(A) Western blot analysis of plakoglobin protein expression in WT, heterozygous 
mutant and homozygous mutant adult hearts. Plakoglobin was detected at 80 kDa in 
WT and heterozygous mutant hearts but not detected in homozygous mutant hearts. 
(B) The samples were normalised for total protein loading by using Ponceau S 
staining. (C) Densitometric analysis showed no significant difference in expression 
of plakoglobin in heterozygous mutant hearts when protein levels were compared to 
those of WT hearts. Data are represented as mean + SEM, analysed by unpaired 
Student's t-test; n=3 per group. 
 

4.4 Effects of the sa12692 mutation on gene expression 

Having established that the sa12692 mutation results in the expression of a mutant 

plakoglobin similar to Naxos disease protein, I next wanted to examine the effects of 

the mutation on gene expression. Next-generation sequencing has revolutionized the 

study of genomics due to its high-throughput and cost-effective sequencing 

technologies. Sequencing of RNA (RNA-seq) has replaced microarray analysis as 

the method of choice for quantifying, discovering and profiling RNAs across the 

whole transcriptome. Therefore, RNA-seq was used to investigate the effect of the 

sa12692 mutation on gene expression. 

Gene expression was examined in whole larvae at 5 dpf and in hearts of 1 year old 

adult fish. Larvae at 5 dpf were selected as this timepoint is equivalent to birth in 

humans. Adult hearts were selected as ARVC is a disorder of the heart and cardiac 

symptoms generally manifest in adulthood. Hence, the molecular effect of the 
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mutation could be profiled at two life stages. As outlined in Section 2.2.8, RNA was 

extracted from WT and mutant tissue by the Trizol® method and intact RNA was 

converted to a cDNA library using the Illumina TruSeq® Stranded mRNA Library 

Preparation Kit. The final library was sent to EMBL Genecore for sequencing on a 

NextSeq 500 sequencing platform. Galway Genomics carried out the initial 

bioinformatics which included processing the resulting reads, aligning the reads to 

the reference genome, annotating the mapped reads, estimating transcript abundance 

and performing statistical analysis to identify differentially expressed genes among 

WT and mutant samples. 

Genes with an adjusted P-value of less than 0.05 were considered to be differentially 

expressed. A total of 43 genes were differentially expressed in the larval samples, as 

illustrated on a log fold change versus mean of normalised counts (MA) plot (Figure 

4.16). Each gene is represented by a dot, with red dots indicating differentially 

expressed genes that reached significance.  

 
Figure 4.16: MA-plot of larval samples displaying the mean of the normalised 
counts versus the log fold changes for all genes tested. 
Grey dots represent genes that did not pass the threshold for significance. Red dots 
represent genes which are significantly differentially expressed. Points which fall 
outside of the window are plotted as open triangles pointing either up or down. 
 

A far greater number of genes were differentially expressed in the adult heart 

samples. The 1,072 differentially expressed genes are represented by red dots on an 

MA plot (Figure 4.17).  
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Figure 4.17: MA-plot of heart samples displaying the mean of the normalised 
counts versus the log fold changes for all genes tested. 
Grey dots represent genes that did not pass the threshold for significance. Red dots 
represent genes which are significantly differentially expressed. Points which fall 
outside of the window are plotted as open triangles pointing either up or down. 
 

Of the total number of differentially expressed genes, 555 genes were upregulated 

and 517 genes were downregulated in mutant adult hearts. A heatmap with 

hierarchical clustering of gene expression levels across all samples is shown in 

Figure 4.18. 
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Figure 4.18: Heatmap of the expression profile of differentially expressed genes 
in the adult heart dataset. 
The row Z-score refers to the number of standard deviations a value differs from the 
mean. Colours represent high (green), low (red) or average (black) expression values 
based on Z-score normalised expression values for each gene. 
 

Highly expressed genes are considered to be more functionally important in a tissue. 

The top 10 genes with the highest expression in adult hearts are listed in Table 4.2. 

Unsurprisingly, a number of mitochondrial-related genes are among the most 

abundantly expressed genes, given the high energy demand of the heart. As 

expected, actin and myosin genes are also highly expressed. These genes encode for 

the major filaments of muscle which are necessary for muscle contraction.   
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Table 4.2: The top 10 highly expressed genes in adult hearts. 
Gene name Gene description Base mean 
mt-co1 Cytochrome c oxidase I, mitochondrial 1988514 
mt-co2 Cytochrome c oxidase II, mitochondrial 940401 
mt-co3 Cytochrome c oxidase III, mitochondrial 920012 
myh7l Myosin heavy chain 7-like 862350 
mt-cyb Cytochrome b, mitochondrial 654817 
mt-atp6 ATP synthase 6, mitochondrial 567891 
mb Myoglobin (oxygen-binding) 554457 
actc1a Actin, alpha, cardiac muscle 1a 511343 
myh7l Myosin, light chain 7, regulatory 498863 
slc25a5 Solute carrier family 25 (mitochondrial carrier; adenine 

nucleotide translocator), member 5 
484203 

 

Among the top 20 upregulated genes (Table 4.3), abundantly expressed genes such 

as actin genes and heat shock protein genes were increased in mutant hearts. 

Although not highly expressed, differential expression of 6-phosphofructo-2-

kinase/fructose-2,6-biphosphatase 2b (pfkfb2b) gene is also of interest due to its 

involvement in cardiac glycolysis. Genes of interest are highlighted in bold in Table 

4.3 along with their respective fold changes, base means and P-values.  
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Table 4.3: The top 20 upregulated genes in mutant adult hearts. 

Gene name Gene description Fold 
change 

Base 
Mean 

P-value 
(adj) 

ARF4 (1 of 
many) 

Zgc:110286 (ADP-ribosylation 
factor family) 14.59 175 1.983E-54 

arf4b ADP-ribosylation factor 4b 7.39 226 1.911E-33 

ACTC1 Part of the actin alpha cardiac 
muscle precursor alpha family  6.26 13918 2.246E-25 

zgc:195023 Part of the C type natriuretic 
peptide precursor family  4.74 132 1.221E-12 

si:dkey-40h20.1 Uncharacterized 4.58 230 1.213E-10 

wnk2 WNK lysine deficient protein 
kinase 2 4.52 80 4.913E-13 

pfkfb2b 
6-phosphofructo-2-
kinase/fructose-2,6-
biphosphatase 2b 

4.50 255 9.329E-19 

spata6l Spermatogenesis associated 6-
like 4.25 410 4.773E-16 

si:ch211-262i1.5 Uncharacterized  4.02 89 2.615E-13 

hsp90aa1.1 
Heat shock protein 90, alpha 
(cytosolic), class A member 1, 
tandem duplicate 1 

3.90 6850 1.425E-08 

hspb9 Heat shock protein, alpha-
crystallin-related, 9 3.36 37 6.174E-06 

Zgc:64002 Part of the N Methlytransferase 
family  3.31 240 3.271E-08 

acta1a Actin, alpha 1a, skeletal muscle 3.22 7630 1.425E-08 

cyp1b1 Cytochrome P450, family 1, 
subfamily B, polypeptide 1 3.15 1610 1.049E-08 

CABZ01080568.
1 

Part of the DNAJ homolog 
subfamily 3.10 1046 2.382E-08 

n/a Uncharacterized 3.08 81 1.024E-07 
hspa4a Heat shock protein 4a 3.06 3540 3.722E-10 
si:dkey-85n7.7 Uncharacterized 3.04 162 5.388E-05 

ywhag2 
3-monooxygenase/tryptophan 
5-monooxygenase activation 
protein, gamma polypeptide 2 

2.94 397 6.332E-14 

stard14 START domain containing 14 2.82 39 0.000112 
 

Among the top 20 downregulated genes (Table 4.4), the majority of genes were not 

highly expressed. Zinc finger FYVE domain containing 9b (zfyve9b), also known as 

SARA (smad anchor for receptor activation), was the most downregulated gene in 

mutant hearts. It is thought to play a role in TGF-β signalling (Tsukazaki et al., 
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1998). Interestingly, ARVC-causing mutations have been identified in TGF-β3 

(Beffagna et al., 2005). Potassium voltage-gated channel subfamily J member 19a 

(kcnj19a) was also significantly downregulated. Ion channels are essential in cardiac 

action potential. Other downregulated genes of interest include nuclear factor 

interleukin 3 regulated member 5 (nfil3-5), kelch-like family member 24b (klhl24b), 

protein-L-isoaspartate (D-aspartate) O-methyltransferase domain containing 1 

(pcmtd1) and pcmtd2 as loss of function of these genes may have negative effects on 

cardiac function. Genes of interest are highlighted in bold in Table 4.4 along with 

their respective fold changes, base means and P-values. 
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Table 4.4: The top 20 downregulated genes in mutant adult hearts. 

Gene name Gene description Fold 
change 

Base 
Mean 

P-value 
(adj) 

zfyve9b (SARA) Zinc finger, FYVE domain 
containing 9b 

0.07 169 3.613E-46 

asb15b Ankyrin repeat and SOCS box 
containing 15b 

0.17 248 3.847E-24 

kcnj19a Potassium voltage-gated channel 
subfamily J member 19a 

0.17 586 1.812E-16 

Si:dkey-184p9.7 Uncharacterized 0.19 157 2.733E-14 
slc14a2 Solute carrier family 14 (urea 

transporter), member 2 
0.23 113 1.568E-11 

col12a1a Collagen, type XII, alpha 1a 0.27 565 1.051E-15 
pcmtd2 Protein-L-isoaspartate (D-

aspartate) O-methyltransferase 
domain containing 2 

0.29 437 2.083E-12 

si:dkey-21e2.13 Uncharacterized 0.29 47 3.365E-07 
no name Uncharacterized 0.30 559 3.962E-12 
phf21aa PHD finger protein 21Aa 0.31 157 3.722E-10 
nfil3-5 Nuclear factor, interleukin 3 

regulated, member 5 
0.32 2989 5.909E-08 

fbxo25 F-box protein 25 0.32 725 1.888E-08 
pus7l Pseudouridylate synthase 7-like 0.34 280 9.736E-13 
igic1s1 Immunoglobulin light iota 

constant 1, s1 
0.34 92 1.445E-05 

si:dkey-
112m2.1 

Part of the transmembrane 132C 
precursor 

0.35 65 9.23E-06 

pcmtd1 Protein-L-isoaspartate (D-
aspartate) O-methyltransferase 
domain containing 1 

0.35 988 2.911E-15 

klhl24b Kelch-like family member 24b 0.35 1013 8.026E-06 
gpr37b G protein-coupled receptor 37b 0.35 27 0.0001674 
bnip4  BCL2 interacting protein 4 0.37 556 1.445E-05 
si:dkey-21e2.10  Uncharacterized 0.37 58 3.456E-05 
 

The Ingenuity Pathway Analysis (IPA) software application (QIAGEN Redwood 

City, https://www.qiagenbioinformatics.com/) was used to analyse the differentially 

expressed genes. IPA recommends a minimum of 100 genes for analysis. Thus, only 

the adult heart dataset was investigated further. One disadvantage of IPA is that it is 

restricted to the analysis of human genes. Therefore, biomart was used to convert the 

differentially expressed zebrafish genes into their corresponding human orthologs. 

Some genes did not have any listed human orthologs. For such genes, the protein 
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was blasted against the human proteome and the gene with the top protein match was 

chosen as the human ortholog. In cases where a single human gene had multiple 

zebrafish orthlologs, the gene with the higher expression in the dataset was chosen as 

the ortholog. This resulted in 1,001 analysis-ready human orthologs for IPA input.   

IPA was used to explore significant canonical pathways associated with the 

differentially expressed genes. The top three significant pathways were epithelial 

adherens junction signalling (P = 0.00000112), sirtuin signalling (P = 0.00000136) 

and remodelling of epithelial adherens junctions (P = 0.00000208) (Figure 4.19). 

IPA also calculates a z-score which gives a prediction of the activation state of a 

pathway or a biological process; a z-score ≥ 2 predicts activation versus a z-score ≤ -

2 predicts inhibition. There was not enough knowledge in the database to give a 

prediction of activation state for adherens junction signalling (grey bar). Sirtuin 

signalling is predicted to be significantly inhibited (blue bar) with a Z-score of -

2.043 and there is equal evidence for both activation and inhibition for remodelling 

of adherens junctions (white bar).  

 
Figure 4.19: The top three canonical pathways in the adult heart dataset 
identified by IPA analysis. 
Epithelial adherens junction signalling, sirtuin signalling and remodelling of 
epithelial adherens junctions were the top enriched canonical pathways in mutant 
adult hearts. The log ratio refers to the ratio of differentially expressed genes in the 
pathway compared to the total number of genes in the pathway.  
 

Enrichment of adherens junction pathways is highly relevant considering 

plakoglobin is a component of adherens junctions. The differentially expressed genes 

in both adherens junction signalling pathways are listed in Table 4.5; genes common 
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to both pathways are highlighted in yellow. The α-actin cardiac muscle 1 gene 

(actc1) has the highest fold change (6.26) and tubulin genes constitute a significant 

proportion of differentially expressed genes. 

Table 4.5: Differentially expressed genes of adherens junction signalling and 
remodelling of adherens junctions. 

Adherens Junction Signalling Remodelling of Adherens Junctions 

Entrez gene name Fold 
change Entrez gene name Fold 

change 
actin, alpha 2, smooth muscle, 
aorta 

1.95 actin, alpha 2, smooth muscle, 
aorta 

1.95 

actin, alpha, cardiac muscle 1 6.25 actin, alpha, cardiac muscle 1 6.25 
actinin alpha 1 1.41 actinin alpha 1 1.41 
actinin alpha 3 
(gene/pseudogene) 

1.73 actinin alpha 3 
(gene/pseudogene) 

1.73 

CAP-Gly domain containing 
linker protein 1 

1.42 Cbl proto-oncogene like 1 0.74 

catenin alpha 1 1.34 CAP-Gly domain containing 
linker protein 1 

1.42 

epsin 2 1.42 catenin alpha 1 1.34 
junction plakoglobin 0.66 tubulin alpha 1a 1.92 
KRAS proto-oncogene, 
GTPase 

1.51 tubulin alpha 1b 1.84 

myosin heavy chain 9 1.55 tubulin alpha 1c 1.72 
myosin heavy chain 14 1.47 tubulin alpha 3c 1.90 
myosin VIIA 0.62 tubulin alpha 4a 1.44 
phosphatase and tensin 
homolog 

1.47 tubulin beta 6 class V 2.19 

Rap guanine nucleotide 
exchange factor 1 

1.51 tubulin beta 4A class IVa 1.47 

tubulin alpha 1a 1.92   
tubulin alpha 1b 1.84   
tubulin alpha 1c 1.72   
tubulin alpha 3c 1.90   
tubulin alpha 4a 1.44   
tubulin beta 6 class V 2.19   
tubulin beta 4A class IVa 1.47   
Wiskott-Aldrich syndrome like 0.70   
 

Adherens junction signalling pathways with differentially expressed genes 

highlighted are shown in Figure 4.20. 
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Figure 4.20: Adherens junction signalling. 
Adherens junction signalling was significantly enriched in mutant adult hearts. 
Differentially expressed genes in the pathway are outlined in purple. Genes with 
increased expression in mutant hearts are highlighted in pink/red; darker shaded 
genes indicate genes with a greater fold change. Genes with reduced expression in 
mutant hearts are highlighted in green.  
 

Other significant pathways of interest were integrin signalling (P = 0.000484), 

integrin-linked kinase (ILK) signalling (P = 0.000699) and paxillin signalling (P = 

0.00191). Similar to adherens junction signalling, all three pathways are involved in 

cell adhesion. The three pathways had positive z-scores but only ILK signalling and 

paxillin signalling had significantly increased z-scores indicating a prediction of 

pathway activation. Moreover, there were a number of differentially expressed genes 

common to all three pathways (Figure 4.21). 
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Pathway Total Gene names 
ILK, Integrin and 
Paxillin 8 acta2, itgb4, actn3, actn1, actc1, itgb7, ptpn11, pxn 

ILK and Integrin 2 gsk3b, pten 
Integrin and 
Paxillin 3 arf1, kras, itga5 

ILK and Paxillin 1 mapk9 

Integrin only 9 rapgef1, arf5, wasl, capn1, tspan3, rac2, arf4, arf3, 
bcar3 

ILK only 9 flnc, myh14, pdpk1, myc, hif1a, flnb, myh9, ptgs2, 
creb1 

Paxillin only 1 mapk14 

Figure 4.21: Integrin signalling, ILK signalling and paxillin signalling were 
increased in mutant adult hearts.  
 

Wnt signalling has been implicated in the pathogenesis of ARVC. This pathway was 

not significantly enriched in the dataset although the expression of a number of 

genes associated with Wnt signalling were altered including gsk3β, sfrp5, smarca4a, 

tab1 and c-Myc.  

A toxicity function analysis (IPA-Tox) was used to determine the cardiac toxicity 

associated with the observed gene expression changes in the mutants (Table 4.6). 

  

(z-score: 0.655) (z-score: 2.357) 

(z-score: 3.317) 
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Table 4.6: IPA-Tox analysis findings of the adult heart dataset. 
Diseases or Functions Annotation p-value # Molecules 

Primary dilated cardiomyopathy 0.0000025  14 
Familial dilated cardiomyopathy 0.0000218 12 
Enlargement of heart 0.0000716 40 
Hypertrophy of heart 0.000125 39 
Apoptosis of heart 0.000217 24 
Dominant dilated cardiomyopathy 0.000249 8 
Cardiotoxicity 0.000308 9 
Arrhythmogenic right ventricular cardiomyopathy 0.00111 6 
Pericarditis 0.00129 5 
Enlargement of atrium 0.00167 3 
Familial arrhythmogenic cardiomyopathy 0.00619 4 
Arrhythmia 0.0099 22 
Familial arrhythmia 0.0171 8 
Atrial flutter 0.0183 7 
Atrial fibrillation or flutter 0.024 13 
Cardiac fibrillation 0.0306 14 
Interstitial fibrosis of heart 0.036 4 
Long-QT syndrome 0.0366 5 
Enlargement of heart ventricle 0.0372 13 
Infarction of heart 0.0401 21 
 

Arrhythmia was particularly interesting as it is a common symptom of ARVC and 

arrhythmic events are the cause of sudden death in ARVC. A total of 22 genes 

associated with arrhythmia were differentially expressed in mutant adult hearts 

(Figure 4.22). This included increased expression of intercalated disc components 

plakophilin-2, desmocollin-2 and Nav1.5 and reduced expression of plakoglobin. 
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Figure 4.22: Differentially expressed genes in mutant adult hearts associated 
with arrhythmia. 
A number of differentially expressed genes in the adult heart dataset were linked to 
arrhythmia. ‘C’ indicates causation and ‘CO’ indicates correlation. 
 

Ten differentially expressed genes were selected for validation by qPCR. An equal 

number of downregulated and upregulated genes were examined in independent 

adult heart samples. Jupa (plakoglobin) (t(4) = 7.838, P = 0.0014) and mybphb (t(4) = 

2.801, P = 0.0487) were significantly downregulated in sa12692 mutants while 

hsp90aa1 (t(4) = 2.847, P = 0.0465), actc1 (t(4) = 3.154, P = 0.0344), pfkfb2b (t(4) = 

8.660, P = 0.0010) and arf4b (t(4) = 2.793, P = 0.0492) were significantly 

upregulated, consistent with the RNA-seq findings. There was no significant change 

in the mRNA expression of tubb6, lmod2a, tnnc1b and fbxo32 in sa12692 mutants 

(Figure 4.23). 
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Figure 4.23: Validation of RNA-seq data by quantitative PCR. 
The expression of 10 genes was detected by qPCR (white column) and RNA-seq 
(black column). The expression of six genes was significantly changed in sa12692 
mutant hearts compared to WT hearts; the dashed line represents WT levels. 
Significantly differentially expressed genes in sa12692 mutant hearts, as analysed by 
qPCR are indicated by an asterisk where *P < 0.05, **P < 0.01 and ***P < 0.001.  
 

4.5 Effects of the sa12692 mutation on protein expression 

A number of proteins were chosen for expression analysis by western blotting. 

Proteins of the three major junctions of the intercalated disc (desmosomes, gap 

junctions and fascia adherens) were the primary focus. Proteins were selected based 

on several factors including RNA-seq findings (α-actin and α-catenin), previous 

findings in the literature (connexin 43, N-cadherin and β-catenin) and availability of 

antibodies.  

Genes encoding desmosomal proteins have been linked to ARVC and 

immunohistochemical changes in desmosomal proteins have been observed in tissue 

biopsies of ARVC patients (Asimaki et al., 2009). Plakophilin-2 and desmocollin-2 

were of particular interest due to RNA-seq findings of increased expression of both 

genes in mutant hearts. Unfortunately, protein expression analysis was not possible 

due to lack of antibodies compatible with zebrafish plakophilin-2 and desmocollin-2. 
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Remodelling of gap junctions characterized by reduced expression and altered 

localisation of connexin 43 has been reported in both ARVC and Naxos disease 

patients (Kaplan et al., 2004b; Fidler et al., 2009). Gap junction abnormalities are 

associated with impaired electrical conduction and arrhythmias. Thus, I examined 

protein expression of connexin 43 in adult hearts by western blotting and normalised 

to total protein (Figure 4.24). There was no significant difference in connexin 43 

protein levels in mutant hearts compared to WT controls (Figure 4.24 C; t(6) = 1.361, 

P = 0.2226). 

 

 
Figure 4.24: Expression of connexin 43 protein in adult hearts. 
(A) Western blot analysis of connexin 43 protein expression in WT and mutant adult 
hearts. Connexin 43 was detected at 43 kDa. (B) The samples were normalised for 
total protein loading by using Ponceau S staining. (C) Densitometric analysis 
showed no significant difference in expression of connexin 43 in mutant hearts when 
protein levels were compared to those of WT hearts. Data are represented as mean + 
SEM, analysed by unpaired Student's t-test; n=4 per group.  
 

Adherens junction signalling and remodelling of adherens junctions were the top 

differentially expressed canonical pathways. N-cadherin is the major adhesion 

molecule in cardiac fascia adherens and it has been recently discovered that 

mutations in the N-cadherin gene are a novel cause of ARVC (Mayosi et al., 2017). 

Expression of N-cadherin protein was examined in adult hearts by western blotting 

and normalised to total protein (Figure 4.25). In mutant hearts, total N-cadherin 

levels were reduced by more than 5-fold to 18% of WT levels. (Figure 4.25 C; t(6) = 

3.66, P = 0.0106). 
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Figure 4.25: Expression of N-cadherin protein in adult hearts.  
(A) Western blot analysis of N-cadherin protein expression in WT and mutant adult 
hearts. N-cadherin was detected at 99 kDa. (B) The samples were normalised for 
total protein loading by using Ponceau S staining. (C) Densitometric analysis 
showed a significant decrease in expression of N-cadherin in mutant hearts when 
protein levels were compared to those of WT hearts. Data are represented as mean + 
SEM. *P < 0.05 by unpaired Student's t-test; n=4 per group.  
 

The core component of the adherens junction is the cadherin-catenin complex which 

is primarily linked by α-catenin to the actin cytoskeleton. Upregulation of α-catenin 

and α-actin mRNA in mutant hearts prompted the examination of their total protein 

levels by western blotting (Figure 4.26 and Figure 4.27). The expression of α-actin 

protein was unchanged in the mutant hearts (Figure 4.26 C; t(6) = 0.2164, P = 

0.8358).  
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Figure 4.26: Expression of α-actin protein in adult hearts.  
(A) Western blot analysis of α-actin protein expression in WT and mutant adult 
hearts. α-actin was detected at 42 kDa. (B) The samples were normalised for total 
protein loading by using Ponceau S staining. (C) Densitometric analysis showed no 
significant difference in expression of α-actin in mutant hearts when protein levels 
were compared to those of WT hearts. Data are represented as mean + SEM, 
analysed by unpaired Student's t-test; n=4 per group. 
 

Similarly, there was no significant difference in α-catenin protein levels in mutant 

hearts compared to WT control hearts (Figure 4.27 C; t(6) = 1.075, P = 0.3239). 

However, the anti-α-catenin antibody gave inconsistent results across replicates, 

indicating that this antibody is not optimal for use in zebrafish samples. Therefore, 

caution is advised when interpreting this result. 
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Figure 4.27: Expression of α-catenin protein in adult hearts. 
(A) Western blot analysis of α-catenin protein expression in WT and mutant adult 
hearts. α-catenin was detected at 100 kDa. (B) The samples were normalised for total 
protein loading by using Ponceau S staining. (C) Densitometric analysis showed no 
significant difference in expression of α-catenin in mutant hearts when protein levels 
were compared to those of WT hearts. Data are represented as mean + SEM, 
analysed by unpaired Student's t-test; n=4 per group.  
 

As β-catenin and plakoglobin share a high degree of homology and are both 

expressed in adherens junctions, the effect of the plakoglobin mutation on β-catenin 

protein levels was next examined by western blotting. β-catenin was normalised to 

total protein and it was found that β-catenin protein expression was significantly 

increased in mutant hearts (Figure 4.28). The β-catenin protein level in mutants was 

1.78 ± 0.23 times the total β-catenin level of control hearts (Figure 4.28 C; U = 0, P 

= 0.0286). 
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Figure 4.28: Expression of β-catenin protein in adult hearts.  
(A) Western blot analysis of β-catenin protein expression in WT and mutant adult 
hearts. Beta-catenin was detected at 86 kDa. (B) The samples were normalised for 
total protein loading by using Ponceau S staining. (C) Densitometric analysis 
showed a significant increase in expression of β-catenin in mutant hearts when 
protein levels were compared to those of WT hearts. Data are represented as mean + 
SEM. *P < 0.05 by Mann-Whitney U test; n=4 per group.  
 

4.6 Discussion 

4.6.1 Survival of sa12692 mutants 

An outcross of sa12692 heterozygous mutant and WT fish were purchased from the 

EZRC. Of 240 embryos, 110 survived to adulthood and only six survivors were 

carriers of the mutation. One would expect that 50% of embryos received were 

heterozygous. However, none of the offspring that died were genotyped so it is 

impossible to know the exact proportions. Hence, the reason for the low number of 

carriers obtained is unknown. Heterozygous mutant fish were incrossed and the 

resulting offspring were raised to adulthood. There was no significant difference in 

the survival of heterozygous or homozygous mutant fish compared to WT fish. This 

result is in contrast to most animal models involving knockdown or transgenic 

expression of plakoglobin. The majority of plakoglobin null mice die during 

embryogenesis due to severe cardiac defects (Bierkamp et al., 1996; Ruiz et al., 

1996). In one study, 10% of plakoglobin null mice survived until birth but displayed 

an exacerbated cardiac phenotype in conjunction with skin defects such as blister 
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formation (Bierkamp et al., 1996). A higher mortality rate was also observed in mice 

following cardiac-restrictive knockout of plakoglobin. Premature death occurred 

from 1 month of age with an average lifespan of 4.5 months (D. Q. Li et al., 2011). 

Lombardi et al. (2011) observed an increased mortality rate in transgenic mice 

overexpressing a truncated plakoglobin protein. Although these pups survived past 

birth, only 40% remained alive by 24 months old compared to almost 90% of WT 

animals. Similarly, cardiac-specific expression of Naxos protein in zebrafish results 

in pronounced heart defects including heart enlargement and cachexia with 

significantly fewer surviving to adulthood than WT (Asimaki et al., 2014). The 

survival of our plakoglobin mutants and lack of an obvious phenotype may be due to 

the fact that our model involves the sole expression of the mutant protein rather than 

knockout or overexpression of plakoglobin. Thus, our model is more similar to the 

human condition in both phenotype and genotype. 

Interestingly, Zhang et al (2015) took a similar approach to ours in two different 

mouse models of Naxos disease. Their OriNax model expressed very low levels of 

Naxos protein and the mice died shortly after birth, with no obvious cardiac 

phenotype, but with fragile and wrinkled skin. In contrast, their FuseNax model 

expressed WT levels of Naxos protein and the mice survived to adulthood without 

any obvious heart or skin defects, similar to our sa12692 mutants. Hence, the early 

deaths of the OriNax mice are likely due to very low mRNA and subsequent low 

expression of mutant plakoglobin protein. 

In contrast to the findings of Naxos disease animal models, there are no reports of 

premature death in patients with Naxos disease or ARVC. Patients develop normally 

to adulthood. Similarly, the sa12692 mutants survive to adulthood and are capable of 

producing viable embryos. The characteristic ARVC phenotype does not begin to 

manifest until early adulthood. However, palmoplantar keratoderma appears in the 

first year of life when infants begin to use their hands and feet. No gross skin 

abnormalities were apparent in the sa12692 mutants. However, it is possible that 

humans are more susceptible to the development of keratoderma due to the increased 

mechanical stress on their skin tissue, particularly the hands and feet. Overall, the 

normal development of the sa12692 mutants to adulthood recapitulates the human 

condition.  
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The link between ARVC and exercise has been increasingly investigated both 

clinically and pre-clinically. In a heterozygous plakoglobin-deficient mouse model, 

vigorous exercise training resulted in the development of an ARVC phenotype 

(Kirchhof et al., 2006). Similarly, right ventricular dysfunction occurred in mice 

expressing mutant plakophilin-2 following endurance training; a phenotype not 

observed in sedentary counterparts (Cruz et al., 2015). In agreement with these 

findings, the sa12692 mutant larvae developed pronounced oedema under stressful 

conditions resulting in significantly higher mortality rates compared to WT fish. 

With regards to exercise in humans, athletes with desmosomal mutations are more 

likely to develop arrhythmias than non-athletic individuals and symptom onset 

generally presents at a younger age (James et al., 2013). Furthermore, in a study of 

42 post-mortem cases of ARVC, 83% died of sudden death and half of those 

occurred during strenuous activity (Corrado et al., 1997). Intense exercise 

disproportionately affects the right ventricle and increases ventricular wall stress. 

Hence, it is proposed that increased stretch on the thin-walled ventricle leads to 

pathological remodelling in genetically predisposed individuals. The phenotypic 

variability observed in ARVC patients supports the hypothesis that environmental 

factors such as exercise may also play a role in disease severity and progression. The 

survival data of the sa12692 mutants, adds to the growing knowledge that ARVC is a 

complex disease influenced by both genetic and non-genetic factors. 

4.6.2 Plakoglobin cDNA and protein expression in sa12692 mutants 

The plakoglobin cDNA sequence of the sa12692 mutants was elucidated using the 

3’RACE technique. The splice site mutation at the beginning of intron 14 causes 

exon 13 to splice directly to exon 15. Numerous mutations in 5’ splice sites of 

internal exons have been reported which lead to two phenotypes in vivo. Recognition 

of a 5’ cryptic splice site may occur but the most common phenotype is exon 

skipping. Talerico and Berget (1990) mutated three exon constructs at the 5’ splice 

site at the beginning of intron 2 and studied the effect of the mutation on splicing in 

vitro. It was discovered that the recognition of exon 2 by splicing factors was 

inhibited, resulting in skipping of exon 2, and splicing of exon 1 to exon 3. They 

compared their result to 18 in vivo 5’ splice site mutations reported in the literature 

and found that exon skipping occurred in 15 cases (Talerico and Berget, 1990). 
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Therefore, the exon skipping observed as a result of the sa12692 mutation is in 

agreement with published findings of 5’ splice site mutation phenotypes.  

The removal of exon 14 results in a frameshift mutation that leads to a C-terminal 

truncation of the plakoglobin protein. The protein is truncated from 729 amino acids 

to 691 amino acids and the final 21 amino acid residues are altered. In Naxos 

disease, the deletion of nucleotides 2038 and 2039 in plakoglobin also causes a 

frameshift mutation resulting in a premature stop codon. The protein is truncated 

from 745 amino acids to 689 amino acids and the final 11 amino acid residues are 

altered. Alignment of the mutated protein in both species revealed a sequence 

identity of 72%. Expression of the truncated plakoglobin protein was hugely reduced 

in sa12692 mutant hearts. However, this may be due to poor antibody binding to the 

mutant protein rather than actual reduced expression. Poor antibody binding is most 

likely the reason we had to double the amount of protein loaded to obtain a signal. 

Based on a 50% reduction in plakoglobin mRNA expression in the mutants, it is 

quite possible that the protein expression is also reduced but the reduction in protein 

observed may be an over-representation of the extent of the decrease. Similar to our 

normal blot using a standard amount of protein, Zhang et al. (2015) did not observe 

any expression of plakoglobin in their OriNax mice using the same C-terminal 

antibody. However, they obtained plakoglobin expression using an N-terminal 

antibody. Four anti-plakoglobin antibodies were tested previously by the Grealy 

group, and the C-terminal antibody was the only one that worked in zebrafish. 

Hence, finding another suitable antibody would have proven difficult. 

The majority of animal models of Naxos disease do not fully recapitulate the human 

disease because they rely on the loss of plakoglobin or the overexpression of 

plakoglobin rather than the sole expression of the mutant protein. The sa12692 

mutants exclusively express the truncated disease-causing plakoglobin, similar to 

Naxos disease patients. This is supported by a study by Kaplan et al. (2004b) who 

examined plakoglobin expression in three control patients and one Naxos disease 

patient by western blotting. No signal detection was observed in the Naxos disease 

sample when the blot was probed with a C-terminal anti-plakoglobin antibody. A 

truncated plakoglobin was observed in the Naxos disease sample following probing 

with an antibody specific for the N-terminus of plakoglobin. However, statistical 

analysis was not possible as the study was limited by the availability of only a single 
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Naxos disease sample. Thus, the degree of plakoglobin downregulation is currently 

unknown in Naxos disease patients. However, Zhang et al. (2015) hypothesise that 

insufficient Naxos protein is responsible for disease manifestation as normal cardiac 

function was maintained in their OriNax mouse model expressing endogenous levels 

of truncated plakoglobin. On the contrary, low levels of truncated plakoglobin in 

their FuseNax mouse model resulted in perinatal mortality. Hence, the sa12692 

zebrafish line is a more appropriate model for studying the effects of reduced 

expression of truncated plakoglobin. 

4.6.3 Whole transcriptome profiling 

The effect of the sa12692 mutation on gene expression was investigated in whole 

larvae at 5 dpf and adult hearts. The sa12692 mutation had little effect on gene 

expression in larvae compared to adult hearts. This suggests that the disease does not 

begin to manifest during early life stages, similar to the human condition. However, 

the lack of gene expression changes in the larval dataset could also be due to the use 

of whole larvae instead of heart tissue only. An RNA-seq analysis of larval hearts as 

opposed to whole larvae would have allowed a direct comparison of gene expression 

in larval hearts and adult hearts. However, extracting hearts from larvae would have 

proven difficult and a significant number of larvae would have been required to 

obtain sufficient tissue for RNA extraction.  

The top 20 downregulated and upregulated genes in the adult heart dataset were 

identified. Among the upregulated genes, two actin genes (actc1 and acta1a) were 

significantly increased in mutant hearts. Remodelling of the actin cytoskeleton 

commonly occurs in heart failure (Hein et al., 2000). Increased actin may be an 

attempt to counteract an increased mechanical stress on mutant hearts. Two heat 

shock protein genes (hsp90aa1.1 and hspa4a) were also among the top 20 

significantly increased genes in mutant hearts. Heat shock proteins are known as 

‘stress proteins’ as they are increased in response to stressful stimuli (e.g. ischemia) 

and exert cardioprotective effects including enhanced protein folding and inhibition 

of apoptosis (Latchman, 2001). Thus, an increase in heat shock protein genes in 

mutant hearts suggests exposure of the hearts to damaging stimuli. Pfkfb2b, a 

stimulator of glycolysis, was increased 4.5-fold in mutant hearts. Interestingly, 

pressure overload hypertrophy results in a 6-fold increase in pfkfb2 (Nascimben et 
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al., 2004) and anoxia or ischemia causes a 2 to 3-fold elevation in pfkfb2 (Marsin et 

al., 2000) in rat hearts. Furthermore, a transgenic mouse model with 3 to 4-fold 

increased cardiac levels of pfkfb2 was found to protect cardiomyocytes from 

hypoxia but chronic elevation of glycolysis eventually led to hypertrophy and 

fibrosis (Wang et al., 2008). Therefore, there is evidence to suggest that there are 

disturbances in the normal cardiac metabolism of mutant hearts most likely induced 

by compromised cardiac function. 

Among the top 20 downregulated genes in the dataset, SARA had the highest fold 

reduction in mutant hearts. Smad proteins translocate to the nucleus upon TGF-β 

stimulation and it is thought that SARA recruits Smad proteins and presents them to 

the TGF-β receptor for phosphorylation (Tsukazaki et al., 1998). However, the role 

of SARA in TGF-β signalling remains controversial. Bakkebø et al. (2012) used 

siRNA silencing of SARA to show the protein is not required for Smad activation 

and does not influence the transcription of TGF-β target genes. Therefore, it is 

unknown what effects, if any, that loss of SARA would have on mutant hearts. The 

kcnj19a gene which encodes for a member of the inward-rectifying potassium 

channel family was also downregulated in mutant hearts. These channels are 

important in cardiac excitability and defective channels have been linked to long QT 

syndrome and atrial fibrillation (Anumonwo and Lopatin, 2010). Based on previous 

findings in the literature, several significantly downregulated genes in the dataset 

may be associated with cardiac dysfunction in mutant hearts. In particular, a 

homozygous nonsense mutation in klhl24 has been identified in two individuals with 

hypertrophic cardiomyopathy. Furthermore, morpholino knockdown of klhl24 in 

zebrafish causes cardiac defects resulting in death by 5 dpf (Hedberg-Oldfors et al., 

2016). Downregulation of nfil3-5 and pcmt domain 1 and domain 2 genes in mutant 

hearts is also an interesting finding as in vitro overexpression of nfil3 (Lin et al., 

2015) and pcmt (Yan et al., 2013) was found to protect cardiomyocytes from 

hypoxia-induced apoptosis. 

The top three significant canonical pathways associated with the differentially 

expressed genes in adult hearts were adherens junction signalling, sirtuin signalling 

and remodelling of adherens junctions. Other pathways of interest include integrin 

signalling, ILK signalling and paxillin signalling. In addition, there was a number of 

enriched toxicity functions associated with cardiac dysfunction in the dataset. These 
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included several markers of ARVC such as arrhythmia, apoptosis, cardiac 

enlargement and cardiac fibrosis. Arrhythmia was of particular interest as it is a 

major risk factor in sudden death associated with ARVC. The mRNA expression of 

the major gap junction component, connexin 43, was unaltered. However, other 

intercalated disc genes including plakoglobin, plakophilin-2, desmocollin-2 and 

Nav1.5 were among the differentially expressed genes. Interestingly, plakophilin-2 

has been shown to interact with Nav1.5 and knockdown of plakophilin-2 in cultured 

cardiomyocytes disturbs the sodium current (Sato et al., 2009). Rizzo et al. (2012) 

observed that mice overexpressing mutant desmoglein-2 had increased arrhythmia 

susceptibility and an in vivo interaction between Nav1.5 and desmoglein-2 was 

identified. Hence, it is hypothesised that crosstalk between different junctional 

components can lead to electrical disturbances 

Of the differentially expressed genes in the RNA-seq analysis chosen for validation 

by qPCR, all 10 genes showed the same pattern of expression (upregulation or 

downregulation in mutant hearts) as observed by RNA-seq analysis, with six genes 

reaching statistical significance, giving us confidence in the robustness of the RNA-

seq analysis. 

4.6.4 Canonical pathway findings 

Adherens junction signalling and remodelling of adherens junctions were among the 

top three significant pathways associated with the differentially expressed genes. 

This finding supports the view that abnormal cell adhesion plays a crucial role in the 

pathogenesis of ARVC. The characteristic hallmark of ARVC is the replacement of 

cardiomyocytes with fibrofatty tissue. However, it is believed that pathological 

remodelling of the intercalated disc precedes structural changes of the myocardium. 

Plakoglobin expression, in particular, has been frequently investigated in the 

literature. Asimaki et al. (2009) proposed a novel diagnostic test for ARVC 

following identification of plakoglobin downregulation and abnormal distribution in 

the intercalated disc, regardless of the causative desmosomal mutation (Asimaki et 

al., 2009). However, subsequent studies have opposed this idea. Munkholm et al. 

(2012) and Kwon et al. (2013) also reported a reduced immunoreactive signal for 

plakoglobin in a high degree of patients but it could not be relied upon as a 

diagnostic test for ARVC. Interestingly, some studies have reported normal 
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immunohistochemical staining for plakoglobin in all ARVC samples tested (Tavora 

et al., 2013; Chen et al., 2017). Despite variations in immunohistochemical findings, 

ultrastructural evidence of intercalated disc remodelling including loss of junctions 

and widening of the intercalated disc has been observed in heart samples of ARVC 

patients (Basso et al., 2006). Moreover, our finding of enriched adherens junction 

signalling in mutant hearts supports the hypothesis that ARVC is not exclusively a 

disease of the desmosomes, but rather, it affects the entire structure of the 

intercalated disc. 

There is also evidence to suggest that ARVC pathogenesis does not originate 

exclusively from remodelling of the intercalated disc as a result of loss of cell 

adhesion. Wnt signalling is essential in heart development and normally remains 

quiescent in the adult heart except under conditions of pathological stress such as 

cardiac hypertrophy and fibrogenesis. Perturbed Wnt signalling has been associated 

with mutations of several intercalated disc genes suggesting an involvement of Wnt 

signalling in the molecular pathogenesis of ARVC. Suppression of desmoplakin 

expression in cultured atrial myocytes causes the translocation of plakoglobin to the 

nucleus and reduction in Wnt signalling by interfering with the binding of β-catenin 

to Tcf/Lef transcription factors (Garcia-Gras et al., 2006). This finding was also 

observed in cardiac-restricted desmoplakin-deficient mice leading to myocyte 

apoptosis, fibrogenesis, adipogenesis and myocardial dysfunction (Garcia-Gras et al., 

2006). Further evidence of the role of nuclear plakoglobin in repressing Wnt 

signalling was demonstrated in mice overexpressing truncated plakoglobin, whereby 

a transcriptional switch to adipogenesis was displayed. Treatment of isolated 

cardiomyocytes with a known activator of Wnt signalling reversed the adipogenesis 

(Lombardi et al., 2011). Rescue of an ARVC phenotype was also observed in 

zebrafish and rat ventricular myocytes expressing cardiac truncated plakoglobin, 

following treatment with SB216763; another activator of Wnt signalling. 

Additionally, SB216763 treatment of cardiomyocytes from two ARVC probands 

with plakophilin-2 mutations, normalised the distribution of four proteins 

(plakoglobin, connexin 43, SAP97 and Nav1.5) associated with ARVC pathogenesis 

(Asimaki et al., 2014). Despite the strong evidence associating molecular 

mechanisms of ARVC and concurrent suppression of Wnt signalling, there have 

been some conflicting findings. Martin et al. (2009) reported increased expression of 
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β-catenin at the protein level and increased Wnt target gene expression in 

plakoglobin morphants, implying an antagonistic role of plakoglobin in Wnt 

signalling. Comparably, in a conditional mouse model with cardiac-restricted 

plakoglobin deletion, remodelling of the intercalated disc caused an increased 

stabilisation of β-catenin protein and increased expression of several Wnt target 

genes. They hypothesised that increased Wnt signalling contributed to the ARVC 

phenotype observed (J. Li et al., 2011). In contrast, no change in Wnt signalling was 

reported in a different mouse model with stable cardiac-restricted plakoglobin 

deletion. However, β-catenin expression was significantly increased and localised in 

the intercalated discs, but not in the cytosol or nucleus (D. Q. Li et al., 2011). In the 

current study, the mRNA expression of one Wnt target gene (c-Myc) was increased 

but the Wnt pathway did not pass the threshold for significance in the IPA analysis. 

However, β-catenin protein expression was significantly increased in mutant adult 

hearts (for further discussion see Section 4.6.5). 

Integrin signalling, ILK signalling and paxillin signalling were significantly enriched 

in the adult heart dataset and positive z-scores indicate activation of these pathways. 

Although they have not been shown to play a role in ARVC disease pathogenesis, 

these pathways have been implicated in cardiac function. Integrins are cell surface 

adhesion receptors that provide a connection between the extracellular matrix and 

the actin cytoskeleton. Integrin ligand binding is involved in the activation of diverse 

intracellular signalling cascades (Harburger and Calderwood, 2009). Kostetskii et al. 

(2005) observed increased β1 integrin expression in cardiac-restricted N-cadherin 

knockout mice. Several cytoskeleton proteins of the LIM domain family are thought 

to mediate connection of the myofibrils to the cadherin/catenin complex and they 

hypothesised that the integrin system may have facilitated this linkage following N-

cadherin depletion. An increased mRNA expression of β5, β7 and α5 integrin was 

observed in sa12692 mutant hearts in conjunction with reduced N-cadherin protein. 

The α5 integrin is the main subunit expressed in foetal and neonatal cardiomyocytes 

but α7 becomes the predominant subunit detected in adult cardiomyocytes. 

Interestingly, stresses producing hypertrophy can increase the levels of α5, which has 

been demonstrated in a rat model of myocardial infarction (Nawata et al., 1999). 

Integrin expression has also been examined in non-ischemic cardiomyopathy 

patients treated with left ventricular assist devices. In one study using microarray 
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analysis, α5 and β5 integrin were increased while β1, β6 and α7 were decreased at 

explantation (Birks et al., 2005). This suggests a role of integrins in cardiac 

remodelling. Paxillin and ILK both play important roles in transducing signals from 

integrins to the actin cytoskeleton (Harburger and Calderwood, 2009). An increase in 

all three pathways in the sa12692 mutants may be an attempt to strengthen 

extracellular matrix connections to the actin cytoskeleton as a result of increased 

mechanical load caused by a loss of cell adhesion in the intercalated disc. Increased 

mRNA expression of the cytoskeleton proteins actin and tubulin in sa12692 mutant 

hearts provides evidence of some degree of actin cytoskeleton remodelling. 

Interestingly, increased tubulin is one of the morphological cardiac changes observed 

in dilated cardiomyopathy patients with end-stage heart failure (Schaper et al., 1991). 

Sirtuin signalling was significantly enriched in the adult heart dataset and a negative 

z-score indicates inhibition of this pathway. Sirtuins are a family of seven protein 

histone deacetylases that regulate a variety of cellular functions (Winnik et al., 

2015). Sirtuin signalling has not previously been implicated in ARVC pathogenesis. 

However, the role of sirtuins in cardiac function, particularly sirtuin 1 and sirtuin 3, 

has been extensively studied (Winnik et al., 2015). Sirtuin 3, localised in the 

mitochondria, was significantly reduced in mutant hearts. Interestingly, there is 

much evidence to support a protective role of sirtuin 3 in the heart and different 

mechanisms have been proposed. Sirtuin 3 is thought to regulate mitochondrial 

function by deacetylating various proteins to protect the cell from stressful stimuli. 

Hafner et al. (2010) showed that sirtuin 3 controls mitochondrial permeability 

transition pore (mPTP) activation and loss of sirtuin 3 results in reduced cardiac 

function by increased mPTP opening leading to mitochondrial dysfunction and cell 

death. Sirtuin 3 knockout mice displayed accelerated age-related cardiac 

hypertrophy. Moreover, the mice were hypersensitive to cardiac stress and developed 

pronounced cardiac hypertrophy as a result (Hafner et al., 2010). In contrast, 

transgenic mice overexpressing sirtuin 3 were protected from cardiac hypertrophy 

following exposure to hypertrophic agonists. The authors showed that this effect was 

due to a reduction in reactive oxygen species levels induced by sirtuin 3 (Sundaresan 

et al., 2009). Age-related fibrosis is also delayed by sirtuin 3. Sirtuin 3 knockout 

mice displayed extensive fibrosis while mice overexpressing sirtuin 3 exhibited 

reduced fibrosis and decreased expression of fibrotic markers compared to WT 
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controls. Sirtuin 3 was shown to control tissue fibrosis by targeting GSK3β and 

blocking TGF-β1 signalling. Furthermore, fibroblasts isolated from human hearts 

with end-stage heart failure had reduced levels of sirtuin 3 compared to controls 

(Sundaresan et al., 2016). Sirtuin 3 is also essential for maintaining ATP levels in the 

heart as sirtuin 3 knockout mice displayed a 50% reduction in basal ATP levels (Ahn 

et al., 2008). The protein is also believed to possess apoptosis regulatory effects as 

overexpression of sirtuin 3 reduced cardiomyocyte cell death in response to cellular 

stress in cultured rat cardiomyocytes (Sundaresan et al., 2008). Overall, there is 

growing evidence that sirtuin 3 exerts a variety of cardioprotective effects and loss of 

sirtuin 3 in mutant hearts is likely to have negative effects on the pathophysiology of 

the heart. In particular, fibrosis and apoptosis are hallmark features of ARVC. 

Hence, sirtuin signalling may play a role in the pathogenesis of ARVC. 

4.6.5 Protein expression findings 

Connexin 43, the major component of gap junctions, was first examined in mutant 

hearts. Altered electrical coupling via gap junction remodelling is thought to play a 

role in the development of arrhythmias in ARVC. Immunohistochemical studies of 

ARVC heart samples observed reductions in connexin 43, the major gap junction 

protein of the intercalated disc (Asimaki et al., 2009; Yoshida et al., 2015). However, 

normal connexin 43 expression in ARVC patients has also been reported (Kwon et 

al., 2013; Tavora et al., 2013). A study by Chen et al. (2017) sought to determine a 

reason for these conflicting findings by comparing connexin 43 expression in ARVC 

patients with sustained ventricular tachycardia (SVT) versus non-SVT patients. The 

SVT group displayed significant downregulation and altered distribution of connexin 

43 protein while no connexin 43 abnormalities were observed in the non-SVT group. 

This provides evidence for a correlation between connexin 43 remodelling and 

severity of arrhythmias in ARVC patients. One study in Naxos disease patients also 

reported reduced expression and abnormal distribution of connexin 43 in the 

intercalated disc of both right and left ventricles (Kaplan et al., 2004b). In contrast, 

sa12692 mutant hearts displayed similar connexin 43 levels to WT control hearts. It 

is possible that the mutants may have displayed aberrant distribution of connexin 43 

but immunohistochemical analysis was outside the scope of this current study. 

Moreover, as there is evidence to suggest that connexin 43 disturbances correlate 
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with disease severity, it is possible that abnormalities may manifest as the fish age 

and disease severity progresses over time.  

As a major structural component of adherens junctions, reduced N-cadherin protein 

in mutant hearts supports the RNA-seq findings of enriched adherens junction 

signalling. Abnormal N-cadherin expression in ARVC human hearts has not yet 

been reported in the literature (Asimaki et al., 2009; Kwon et al., 2013; Tavora et al., 

2013; Chen et al., 2017). Limitations of some studies include lack of genetic testing 

as inclusion criteria for test subjects and thus relying solely on the Task Force 

Inclusion for a diagnosis of ARVC. Only one study examined N-cadherin levels in 

Naxos disease hearts and found no difference from control hearts (Kaplan et al., 

2004b). Despite normal N-cadherin expression in ARVC hearts, a recently 

discovered mutation in the N-cadherin gene has been identified as a novel cause of 

ARVC (Mayosi et al., 2017). Furthermore, there is evidence to suggest that N-

cadherin may play a role in intercalated disc remodelling. Germline deletion of N-

cadherin in mice results in severe cardiovascular effects and embryonic lethality, 

highlighting its critical role in cardiac morphogeneis (Radice et al., 1997). Similarly, 

induced deletion of N-cadherin in the adult mouse myocardium leads to complete 

disassembly of the intercalated disc, eventually resulting in sudden cardiac death as a 

result of spontaneous ventricular fibrillation (Kostetskii et al., 2005). 

Although actc1 mRNA was significantly increased in mutant hearts, the protein 

expression was unchanged. However, a number of actin genes encode for essentially 

the same actin protein. The proteins encoded by acta1a, acta1b, acta2, actc1a, actc1b 

and actc1c genes all have >97% identity to the actc1 protein. Acta1a and acta1b 

genes were also increased in the dataset. However, the other four actin genes were 

unchanged. In particular, this included the 8th highest expressed gene in the dataset; 

acta1a (base mean of 511343). Hence, other actin proteins that were not 

differentially expressed may have been detected by the antibody resulting in an 

overall non-significant change in actin protein. The α-catenin protein was also 

unchanged in mutant hearts compared to WT controls. However, binding of the α-

catenin antibody was poor and the results were inconsistent across replicates. In 

addition, the mRNA fold change was only 1.34 so a corresponding small increase at 

the protein level would be difficult to detect.   
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Examination of β-catenin protein expression was of particular interest given its high 

homology to plakoglobin, its structural role in adherens junctions and its signalling 

role in the Wnt pathway. β-catenin protein was increased in the sa12692 mutant 

hearts. Similar to plakoglobin morphants, β-catenin mRNA was unchanged in 

sa12692 mutants. Martin et al. (2009) reported that the increased protein may be due 

to increased translation or less degradation via the ubiquitin pathway. In our RNA-

seq findings, the mRNA expression of one Wnt target gene was increased but 

immunohistochemical staining is required to determine the localisation of β-catenin 

in the myocardium. An absence of β-catenin in the nucleus would support the RNA-

seq findings that Wnt signalling is not altered in sa12692 mutants. It is quite 

plausible that an increase in β-catenin is an attempt to compensate for the loss of 

functional plakoglobin in the intercalated disc of sa12692 mutant heats as 

plakoglobin loss-of-function animal models have observed a compensatory role of β-

catenin in the absence of plakoglobin. Intact adherens junctions and an absence of 

desmosomes were observed in cardiac-restricted plakoglobin knockout mice 

suggesting an inability of β-catenin to compensate for plakoglobin loss in 

desmosomal adhesion junctions (D. Q. Li et al., 2011). Bierkamp et al. (1996) 

observed localisation of β-catenin to the desmosomes in plakoglobin knockout 

mouse embryos but only partial compensation was observed due to the inability of 

plakoglobin to form a functional link with desmoplakin. 

Based on the findings in this chapter, the ultrastructural effects of the sa12692 

mutants were next examined. 
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5 Ultrastructural effects of the sa12692 mutation on cell adhesion 

junctions  

This chapter discusses the effects of the sa12692 mutation at the ultrastructural level. 

Although ARVC is caused by desmosomal mutations, there are limited studies 

detailing the ultrastructure of the diseased myocardium. The RNA-seq findings, 

previous findings in the literature and clinical evidence prompted a thorough 

investigation of cell adhesion junctions in sa12692 mutants by TEM. As Naxos 

disease affects the heart and skin, both tissues were selected for examination. 

A detailed overview of the TEM process including tissue fixation, sectioning, 

imaging and stereological technique is provided in Section 2.2.9. Desmosomes, 

fascia adherens (in heart) and adherens junctions (in skin), depicted in Figure 5.1, 

were the main structures of interest as plakoglobin is a component of each of these 

junctions. Junction number was quantified and expressed as percentage of membrane 

containing junctions. 

 
Figure 5.1: Cell adhesion junctions in zebrafish heart and skin examined by 
transmission electron microscopy. 
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In contrast to adherens junctions, desmosomes have a more electron-dense 

composition (Figure 5.2). This is particularly evident in adult tissues. The central 

core (desmoglea) is sandwiched between electron-dense plaques consisting of an 

outer dense plaque, an inner dense plaque and a deeper cytoplasmic region where 

intermediate filaments are bound. 

 
Figure 5.2: Electron-dense composition of a desmosome. 
TEM image of a desmosome in adult zebrafish skin. The extracellular domain 
(desmoglea) is flanked by electron-dense cytoplasmic domains (inner and outer 
dense plaques). Intermediate filaments are anchored in the deeper cytoplasmic 
plaque region. 
 

5.1 Effects of the sa12692 mutation on cell adhesion junctions in larval 

hearts 

Cell adhesion junctions were first examined in the intercalated discs of 5 dpf larval 

hearts. Desmosomes, with their distinctive electron-dense plaques, were easily 

identifiable in WT larval hearts. Desmosomes were also present in mutant larval 

hearts although some were more diffuse in nature with less electron-dense plaques 

(Figure 5.3; A). Furthermore, the number of desmosomal junctions was significantly 

reduced in mutant larval hearts (Figure 5.3 B; t(4) = 14.89, P = 0.0001). 
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Figure 5.3: The ultrastructure of desmosomes in the intercalated discs of larval 
hearts. 
Desmosomes were examined in larval hearts by TEM. (A) In WT larvae, 
desmosomes were distinct and well-developed. In mutant larvae, diffuse and less 
well-developed desmosomes were present. Sample desmosomes are indicated by 
arrows. (B) The percentage of membrane containing desmosomes was significantly 
reduced in mutant larval hearts. Data are represented as mean + SEM. ***P = 0.0001 
by unpaired Student's t test; n=3 larvae per group. 
 

In general, fascia adherens appeared to be structurally similar in WT and mutant 

hearts. However, thickening of fascia adherens was observed at some intercalated 

discs (Figure 5.4; A). The number of fascia adherens junctions was similar in WT 

and mutant larval hearts (Figure 5.4 B; t(4) = 0.3492, P = 0.7445). Despite the loss of 

desmosomes, the average intercalated disc gap width was comparable between WT 

and mutant larvae (Figure 5.4 C; t(4) = 0.9027, P = 0.4177). 
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Figure 5.4: The ultrastructure of fascia adherens in the intercalated discs of 
larval hearts. 
Fascia adherens were examined in larval hearts by TEM. (A) In WT larvae, fascia 
adherens (black arrow) were present at the intercalated discs. In mutant larvae, 
thickening of fascia adherens (white arrow) was observed at some intercalated discs. 
Arrowheads indicate intercalated disc gap width. (B) There was no significant 
difference in the percentage of membrane containing fascia adherens in WT and 
mutant larval hearts. (C) There was no significant difference in the intercalated disc 
gap width in WT and mutant larval hearts. Data are represented as mean + SEM; n=3 
larvae per group. 
 

The total number of junctions (desmosomes and fascia adherens) was comparable in 

WT and mutant larval hearts (Figure 5.5; t(4) = 0.5793, P = 0.5968). 
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Figure 5.5: Quantification of total junctions in larval hearts. 
There was no significant difference in the percentage of membrane containing 
junctions, including desmosomes and fascia adherens, in WT and mutant larval 
hearts. Data are represented as mean + SEM; n=3 larvae per group. 
 

These findings suggest that the sa12692 mutation negatively affects the number of 

desmosomes in larval hearts as well as desmosomal structure. However, the presence 

of intact intercalated discs suggests that there is no obvious loss of cell adhesion in 

the hearts at this stage of development. 

5.2 Effects of the sa12692 mutation on cell adhesion junctions in larval 

skin 

Cell junctions were also examined in the skin of 5 dpf larvae. Junctions were 

classified as desmosomes, adherens junctions or tight junctions. Some junctions 

could not be distinguished as adherens junctions or desmosomes for two reasons; 

unavoidable sectioning of some membranes at an oblique angle and effects of the 

mutation on the structure of junctions. Therefore, the addition of a fourth category 

(‘unclassified’ junctions) was required to categorise indistinguishable junctions. 

There was a striking loss of desmosomes (Figure 5.6 B; t(4) = 14.89, P = 0.0142) and 

adherens junctions (Figure 5.6 C; t(4) = 5.693, P = 0.0047) in mutant larval skin. 
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Figure 5.6: The ultrastructure of adhesion junctions in larval skin. 
Adhesion junctions were examined in larval skin by TEM. (A) Junctions were 
present in both WT and mutant skin. Junctions are indicated by arrows; ‘D’ 
(desmosome) and ‘AJ’ (adherens junction). (B) The percentage of membrane 
containing desmosomes was significantly reduced in mutant larval skin. (C) The 
percentage of membrane containing adherens junctions was significantly reduced in 
mutant larval skin. Data are represented as mean + SEM. *P < 0.05, **P < 0.01 by 
unpaired Student's t test; n=3 larvae per group. 
 

Cell junctions are often found in a ‘zipper’ pattern in the skin. Structurally intact 

desmosomes were observed in mutant larval skin (Figure 5.7; A). However, the 

presence of desmosomes with wide intercellular gaps (Figure 5.7; B) and less 

distinct desmosomes with abnormal plaques (Figure 5.7; C) were also observed. 

Some particularly diffuse junctions could not be classified (Figure 5.7; C). Widened 

membrane with indistinguishable junctions was also evident at cell borders of mutant 

skin (Figure 5.7; D).  
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Figure 5.7: Abnormal adhesion junction morphology in mutant larval skin. 
Adhesion junctions were examined in mutant larval skin by TEM. Junctions are 
indicated by arrows; ‘D’ (desmosome) and ‘UJ’ (unclassified junction). A diverse 
morphology of junctions was observed including structurally intact junctions (A), 
junctions with wide intercellular gaps (B), diffuse junctions (C) and 
indistinguishable junctions at widened cell-to-cell borders (D).  
 

Overall, the width of intercellular gaps of both desmosomes (Figure 5.8 B; t(4) = 

3.809, P = 0.0190) and adherens junctions (Figure 5.8 C; t(4) = 3.121, P = 0.0355) 

was significantly increased in mutant larval skin. 
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Figure 5.8: Intercellular gaps of adhesion junctions in larval skin.  
Intercellular gaps of desmosomes and adherens junctions were examined in larval 
skin by TEM. (A) Desmosomes (black arrows) and adherens junctions (white 
arrows) had wider intercellular gaps in mutant larval skin compared to WT larval 
skin. (B) Desmosome intercellular gap width was significantly increased in mutant 
larval skin. (C) Adherens junction intercellular gap width was significantly increased 
in mutant larval skin. Data are represented as mean + SEM. *P < 0.05 by unpaired 
Student's t test; n=3 larvae per group. 
 

Unclassified junctions and tight junctions were also examined. The numbers of 

unclassified junctions (Figure 5.9 A; t(4) = 0.7875, P = 0.4750) and tight junctions 

(Figure 5.9 B; t(4) = 1.133, P = 0.3206) were comparable in the skin of WT and 

mutant larvae. 
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Figure 5.9: Quantification of unclassified junctions and tight junctions in larval 
skin. 
There was no significant difference in the percentage of membrane containing 
unclassified junctions (A) or tight junctions (B) in WT and mutant larval skin. Data 
are represented as mean + SEM; n=3 larvae per group. 
 

There was a significant reduction in the total number of junctions (desmosomes, 

adherens junctions, unclassified junctions and tight junctions) in mutant larval skin 

compared to WT controls (Figure 5.10; t(4) = 10.64, P = 0.0004). 

WT Mutant
0

1

2

3

4

5

***

%
 o

f M
em

br
an

e
C

on
ta

in
in

g 
Ju

nc
tio

ns

 
Figure 5.10: Quantification of total junctions in larval skin. 
The percentage of membrane containing junctions, including desmosomes, adherens 
junctions, unclassified junctions and tight junctions was significantly reduced in 
mutant larval skin compared to WT controls. Data are represented as mean + SEM. 
***P < 0.001 by unpaired Student's t test; n=3 larvae per group. 
 

Overall, the sa12692 plakoglobin mutation results in the loss of desmosomes and 

adherens junctions in mutant larval skin. A proportion of cell junctions in the 

mutants were well-developed while others were abnormal and less distinct. Increased 

intercellular junction gaps suggest a loss of cell adhesion in the skin of mutant 

larvae.  
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5.3 Effects of the sa12692 mutation on cell adhesion junctions in adult 

hearts 

Following examination of cell adhesion junctions in larval tissue, the ultrastructural 

effects of the sa12692 mutation in adult tissue were next addressed. As expected, the 

fully developed adult heart exhibited a more structured organisation of 

cardiomyocytes than the less developed larval heart tissue. Similar to WT controls, 

mutant adult hearts displayed normal arrangement of sarcomeres between distinct 

neighbouring Z-lines (Figure 5.11). Mitochondria were abundant and there were no 

signs of fibrofatty replacement of cardiomyocytes such as the presence of adipocytes 

or fibroblasts. 

  

 
Figure 5.11: Overview of adult heart ultrastructure. 
Adult heart tissue was examined by TEM. Myofibrils composed of repeating units of 
sarcomeres were structurally intact in mutant adult hearts, similar to WT controls. 
Sample Z-discs are represented by black arrows. Sample sarcomeres are represented 
by white double arrows. ‘M’ indicates mitochondria. 
 

Desmosomes appeared structurally intact in the intercalated discs of mutant adult 

hearts (Figure 5.12 B). Although a single intercalated disc may contain several 

desmosomes, they are generally reasonably dispersed between adjacent fascia 

adherens. This is in contrast to the ‘zipper’ pattern of desmosomes commonly 

observed in the skin. However, a series of desmosomes in close proximity was 

observed in two of three mutant adult hearts; a phenotype not observed in WT adult 
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hearts (Figure 5.12 C). In contrast to larval hearts, the number of desmosomes in WT 

and mutant adult hearts was similar (Figure 5.12 D; t(4) = 1.401, P = 0.2337). 
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Figure 5.12: The ultrastructure of desmosomes in the intercalated discs of adult 
hearts. 
Desmosomes were examined in adult hearts by TEM. Sample desmosomes are 
indicated by arrows. (A) In WT adult hearts, desmosomes were distinct and well-
developed. (B) In mutant adult hearts, desmosomes were structurally similar to WT 
desmosomes. (C) An abnormal series of repeating desmosomes was present in two 
mutant adult hearts. (D) There was no significant difference in the percentage of 
membrane containing desmosomes in WT and mutant adult hearts. Data are 
represented as mean + SEM; n=3 fish per group. 
 

Similar to mutant larval hearts, a thickening of fascia adherens was observed at some 

intercalated discs of mutant adult hearts (Figure 5.13 B). Furthermore, intercalated 

discs with wide intercellular gaps and pale cytoplasmic plaques were observed 

(Figure 5.13 C). Although the number of fascia adherens was similar in WT and 

mutant adult hearts (Figure 5.13 D; t(4) = 1.376, P = 0.2409), the average 

intercalated disc intercellular gap width was significantly increased in mutant adult 

hearts (Figure 5.13 E; t(4) = 2.796, P = 0.0490).  
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Figure 5.13: The ultrastructure of fascia adherens in the intercalated discs of 
adult hearts. 
Fascia adherens were examined in adult hearts by TEM. (A) In WT adult hearts, 
fascia adherens (black arrow) were present at the intercalated discs. (B) In mutant 
adult hearts, thickening of fascia adherens (white arrow) was observed at some 
intercalated discs. (C) Wider intercalated disc gaps with pale internal plaques 
(orange arrow) were observed in mutant adult hearts. (D) There was no significant 
difference in the percentage of membrane containing fascia adherens in WT and 
mutant adult hearts. (E) Intercalated disc gap width was significantly increased in 
mutant adult hearts. Data are represented as mean + SEM. *P < 0.05 by unpaired 
Student's t test; n=3 fish per group. 
 

The number of total junctions (desmosomes and fascia adherens) was comparable in 

WT and mutant adult hearts (Figure 5.14; t(4) = 1.013, P = 0.3685). 
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Figure 5.14: Quantification of total junctions in adult hearts. 
There was no significant difference in the percentage of membrane containing 
junctions, including desmosomes and fascia adherens, in WT and mutant adult 
hearts. Data are represented as mean + SEM; n=3 fish per group. 
 

Overall, the sa12692 mutation had no effect on the number of desmosomes or fascia 

adherens in mutant adult hearts. However, structural abnormalities including 

thickened fascia adherens, wide intercalated disc gaps and pale internal plaques 

suggest remodelling of the intercalated disc components. 

5.4 Effects of the sa12692 mutation on cell adhesion junctions in adult 

skin 

Cell adhesion junctions were next examined in adult skin tissue. Junctions were 

structurally more developed and abundantly expressed in adult skin compared to 

larval skin. Similar to the observations in mutant larval skin, there was a striking loss 

of desmosomes (Figure 5.15 B; t(4) = 2.910, P = 0.0437) and adherens junctions 

(Figure 5.15 C; t(4) = 3.308, P = 0.0297) in mutant adult skin. 
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Figure 5.15: The ultrastructure of adhesion junctions in adult skin. 
Adhesion junctions were examined in adult skin by TEM. (A) Junctions were present 
in both WT and mutant skin. Junctions are indicated by arrows; ‘D’ (desmosome) 
‘AJ’ (adherens junction) and ‘UJ’ (unclassified junction). (B) The percentage of 
membrane containing desmosomes was significantly reduced in mutant adult skin. 
(C) The percentage of membrane containing adherens junctions was significantly 
reduced in mutant adult skin. Data are represented as mean + SEM. *P < 0.05 by 
unpaired Student's t test; n=3 fish per group. 
 

Structurally intact desmosomes were observed in mutant adult skin (Figure 5.16 A). 

However, the presence of desmosomes with wide intercellular gaps was also 

recorded (Figure 5.16 B & C).  
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Figure 5.16: Abnormal adhesion junction morphology in mutant adult skin. 
Adhesion junctions were examined in mutant adult skin by TEM. A diverse 
morphology of junctions was observed including structurally intact desmosomes (A) 
and desmosomes with wide intercellular gaps (B) & (C). Sample desmosomes with 
abnormal morphology are indicated by arrows.  
 

In mutant adult hearts, the intercellular gap width of desmosomes was increased 

compared to WT controls (Figure 5.17 B; t(4) = 2.816, P = 0.0480) while there was 

no significant difference in the intercellular gap width of adherens junctions (Figure 

5.17 C; t(4) = 1.732, P = 0.1583). 
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Figure 5.17: Intercellular gaps of adhesion junctions in adult skin. 
Intercellular gaps of desmosomes and adherens junctions were examined in adult 
skin by TEM. (A) Desmosomes (arrows) had wider intercellular gaps in mutant adult 
skin compared to WT adult skin. (B) Desmosome intercellular gap width was 
significantly increased in mutant adult skin. (C) There was no significant difference 
in adherens junction intercellular gap width in WT and mutant adult skin. Data are 
represented as mean + SEM. *P < 0.05 by unpaired Student's t test; n=3 fish per 
group. 
 

Similar to larval skin, there was no significant difference in the number of 

unclassified junctions (Figure 5.18 A; t(4) = 1.157, P = 0.3118) or tight junctions 

(Figure 5.18 B; t(4) = 1.104, P = 0.3315) in mutant adult skin compared to WT 

controls. 
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Figure 5.18: Quantification of unclassified junctions and tight junctions in adult 
skin. 
There was no significant difference in the percentage of membrane containing 
unclassified junctions (A) or tight junctions (B) in WT and mutant adult skin. Data 
are represented as mean + SEM; n=3 fish per group. 
 

The total number of junctions was significantly reduced in mutant adult skin in 

comparison to WT controls (Figure 5.19; t(4) = 4.165, P = 0.0141).  
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Figure 5.19: Quantification of total junctions in adult skin. 
The percentage of membrane containing junctions, including desmosomes, adherens 
junctions, unclassified junctions and tight junctions was significantly reduced in 
mutant adult skin. Data are represented as mean + SEM. *P < 0.05 by unpaired 
Student's t test; n=3 fish per group. 
 

The sa12692 plakoglobin mutation results in the loss of desmosomes and adherens 

junctions in mutant adult skin. Abnormal cell junction morphology indicates reduced 

quality of junctions as a result of the plakoglobin mutation. Wide intercellular gaps 

suggest altered adhesive properties of cell junctions. 
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5.5 Summary 

The main ultrastructural findings are summarized in Table 5.1. 

Table 5.1: Summary of ultrastructural findings. 

 

Collectively, these findings highlight the important role of plakoglobin in the 

maintenance of cell adhesion. Overall, the sa12692 mutation appears to exert a 

greater effect on the skin compared to the heart. A consistent loss of both 

desmosomes and adherens junctions in conjunction with widened intercellular gaps 

was observed in sa12692 mutant skin at both larval and adult stages. In contrast, 

only desmosomes were reduced in number in mutant larval hearts. Moreover, the 

loss of desmosomes is reversed by adulthood, although widened intercalated disc 

gaps suggest only partial compensation.  

In summary, it is clear that the architecture of cell adhesion junctions is subjected to 

alterations at the ultrastructural level in both the skin and heart of sa12692 mutants 

although more subtle effects are observed in heart tissue.  

5.6  Discussion 

In humans, Naxos disease is characterized by heart and skin defects caused by 

defects in the junctional protein, plakoglobin. Ultrastructural abnormalities in 

junctional complexes were observed in both the heart and skin of sa12692 mutants. 

5.6.1 Ultrastructural findings in the heart 

The ultrastructural effects of the sa12692 mutation on cell adhesion junctions in the 

heart were investigated at both larval and adult stages. The loss of desmosomes in 
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the larval hearts of sa12692 zebrafish mutants is in agreement with previous studies 

in ARVC boxer dogs caused by a striatin mutation (Oxford et al., 2011), in zebrafish 

plakoglobin and plakophilin-2 morphants (Martin et al., 2009; Moriarty et al., 2012) 

and in plakoglobin knockout mouse models (Bierkamp et al., 1996; J. Li et al., 

2011). However, Ruiz et al. (1996) and D. Q. Li et al. (2011) reported a total absence 

of desmosomes in their respective plakoglobin knockout mouse models. Complete 

ablation of desmosomes was also observed in desmoglein-2 knockout mice (Kant et 

al., 2015).  

Normal expression of fascia adherens was observed in sa12692 mutants at both 

larval and adult stages. In contrast, a reduced number of fascia adherens has been 

reported in zebrafish plakoglobin morphants (Martin et al., 2009) and in boxer dogs 

with ARVC (Oxford et al., 2011). In 2011, two groups published the effects of 

cardiac-restricted plakoglobin knockout in mice (D. Q. Li et al., 2011; J. Li et al., 

2011). Interestingly, the Radice group observed an increase in fascia adherens at the 

intercalated discs (J. Li et al., 2011). Similar to our findings, the Shou group reported 

normal expression of intact fascia adherens in cardiomyocyte-restricted plakoglobin 

knockout mice (D. Q. Li et al., 2011). They hypothesised that β-catenin compensates 

for the loss of plakoglobin in adherens junctions as increased β-catenin expression 

was observed at the intercalated discs (D. Q. Li et al., 2011). Similarly, β-catenin 

protein was increased in adult hearts of sa12692 mutants (Section 4.5) although its 

localisation is currently unknown. 

Diffuse less electron-dense desmosomes were found in larval hearts of sa12692 

mutants. The presence of abnormal desmosomes is in agreement with previous 

findings in zebrafish models (Heuser et al., 2006; Martin et al., 2009) and mouse 

models of ARVC (Bierkamp et al., 1996; J. Li et al., 2011; Kant et al., 2012). 

Atypical desmosomes with less electron-dense plaques have been reported in 

plakoglobin morphants (Martin et al., 2009) as well as in plakoglobin knockout 

mouse models (Bierkamp et al., 1996; J. Li et al., 2011). Indistinguishable 

desmosomes were described by Kant et al. (2012) in desmoglein-2 knockout mice 

while desmosomes lacking extracellular electron-dense midlines were observed in 

desmocollin-2 zebrafish morphants (Heuser et al., 2006). Ruiz et al. (1996) reported 

the presence of ‘mixed-type’ junctions in their plakoglobin null mouse model. These 

junctions resembled fascia adherens but with desmoplakin-positive dense 
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cytoplasmic plaques. Interestingly, abnormal ‘thickening’ of fascia adherens was 

observed in the sa12692 mutants at both larval and adult stages. Immunoelectron 

microscopy would be required to discern if these are in fact ‘mixed-type’ junctions 

as observed in plakoglobin knockout mice. It is possible that these atypical junctions 

may be an attempt to compensate for the loss of desmosomes in larval hearts and 

dysfunctional desmosomes in adult hearts. Unlike larval hearts, abnormal 

desmosomes were not found in sa12692 adult hearts. Structurally normal adherens 

junctions and desmosomes have also been observed in boxer dogs with ARVC 

despite a reduction in junction number (Oxford et al., 2011). 

Although no loss of junctions was observed in sa12692 adult hearts, the average 

intercalated disc intercellular gap was increased. Widened intercellular space at the 

level of the intercalated disc was also observed in mice overexpressing mutant 

desmoglein-2 with otherwise normal organisation of junctional components. This 

feature preceded the onset of cell injury and inflammation but coincided with the 

onset of conduction slowing, suggesting remodelling of the intercalated disc plays a 

key role in disease pathogenesis. The percentage of widened intercalated disc gaps 

increased with age (Rizzo et al., 2012). In agreement with this finding, structurally 

normal intercalated discs were observed in sa12692 mutant hearts at the larval stage. 

Loss of desmoglein-2 also affects the intercellular space of intercalated discs as 

regional dissociation of intercalated discs has been observed in desmoglein-2 

knockout mice (Kant et al., 2012; Kant et al., 2015). 

Unlike sa12692 mutant hearts, collagen-rich fibrotic lesions, autophagic vacuoles 

and lipid droplets were also observed in desmoglein-2 mutant cardiomyocytes 

indicating a more severe loss of cellular function (Kant et al., 2012). Similarly, 

adipocytes were present in the myocardium of all ARVC boxer dogs (Oxford et al., 

2011). In contrast, the sa12692 mutation does not appear to exert severe effects on 

the overall myocardium architecture. Instead, subtle changes emerge at the level of 

the intercalated disc. 

Few studies have explored the ultrastructural myocardium of ARVC human patients 

and most of these studies are limited by a small sample size and lack of quantitative 

data. In an early study, pale and flattened intercalated discs were observed with rare 

and small desmosomes (Guiraudon, 1989). A comprehensive quantitative TEM 
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study by Basso et al. (2006) confirmed these preliminary findings of intercalated disc 

remodelling in ARVC. Of the 21 patients examined, 10 were found to have a 

mutation in plakophilin-2, desmoplakin or desmoglein while pathogenic mutations 

could not be found in the remaining 11 patients. As observed in sa12692 mutant 

adult hearts, the average intercalated disc gap width was significantly increased. 

Further similarities include the presence of pale internal plaques and abnormal small 

junctions with repeated couplings in 32% and 52% of samples, respectively (Basso 

et al., 2006). These findings were also observed in a separate study of three ARVC 

patients with desmoglein-2 mutations (Pilichou et al., 2006). In contrast to our 

findings, Basso et al. (2006) also observed atypical long desmosomes and 

abnormally located desmosomes in ARVC human hearts. Displaced desmosomes 

have also been reported in other ARVC studies (Pilichou et al., 2006; Lahtinen et al., 

2008) while elongated desmosomes have been observed in Carvajal syndrome; a 

cardiocutaneous syndrome caused by a desmoplakin mutation (Kaplan et al., 2004a). 

Although desmosomes appeared normal in sa12692 mutant adult hearts, the presence 

of more electron-dense fascia adherens is unusual. This raises the possibility that 

compromised adhesion results in the remodelling of the intercalated disc which alters 

the composition of proteins, resulting in ‘mixed’ type junctions. A reduction in the 

number of desmosomes is a consistent finding in ARVC human heart tissue (Basso 

et al., 2006; Lahtinen et al., 2008) as well as animal models of ARVC. No change in 

the abundance of desmosomes was observed in sa12692 mutant adult hearts. 

However, it is worth noting that none of the TEM studies examined patients with 

plakoglobin mutations. Hence, it is plausible that there are variations in intercalated 

disc remodelling depending on the causative gene.  

Despite intercalated discs disturbances, Basso et al. (2006) observed normal 

arrangement of sarcomeres with defined Z-bands in all ARVC cases. This is in 

agreement with our findings although some animal models of ARVC have reported 

distorted sarcomere structure (J. Li et al., 2011; Oxford et al., 2011; Kant et al., 

2012). Basso et al. (2006) also reported the presence of intracellular lipid droplets in 

86% of ARVC cases. This is not surprising considering all samples tested positive 

for fibrofatty replacement of cardiomyocytes prior to TEM analysis. In contrast, no 

signs of fibrosis or adiposis were observed in sa12692 mutant hearts. However, the 

adult zebrafish were only 4 months old which is just the beginning of adult life 
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whereas fibrofatty infiltration is generally associated with late stages of disease. 

Hence, it is possible that older sa12692 mutant fish may display more pronounced 

intercalated disc remodelling in conjunction with fibrofatty replacement of 

cardiomyocytes.  

5.6.2 Ultrastructural findings in the skin 

The ultrastructural effects of the sa12692 mutation on cell adhesion junctions in the 

skin were investigated at both larval and adult stages. In contrast to the relatively 

mild effects on junctions in the heart, less abundant expression of desmosomes and 

adherens junctions was observed in sa12692 mutant skin at both stages. Loss of 

junctions has also been reported in plakoglobin knockout models. A 20-fold 

reduction in the number of desmosomes was observed in the skin of plakoglobin 

knockout embryonic mice. Remaining desmosomes were abnormal in appearance, 

lacking inner electron-dense cytoplasmic plaques (Bierkamp et al., 1996; Bierkamp 

et al., 1999). Similarly, diffuse less electron-dense junctions were observed in 

sa12692 mutant larval skin. Desmosomal architecture has also been explored by 

Acehan et al. (2008) in plakoglobin knockout keratinocytes derived from mice. They 

discovered that the outer plaques of desmosomes were narrower and less dense while 

the inner plaques were disorganised or absent in knockout cells. Collectively, these 

findings suggest altered assembly of desmosomes as a result of plakoglobin loss. Li 

et al. (2012) created an epidermal conditional knockout mouse model of plakoglobin 

which mimicked the human condition of palmoplantar keratoderma. TEM analysis 

revealed abnormal junctions including adherens junctions with wide intercellular 

spaces. Comparably, significantly increased intercellular gaps were observed in 

sa12692 mutant skin, suggesting compromised cell adhesion. Both plakoglobin 

knockout mouse models reported an increase in localisation of β-catenin at the cell 

membrane suggesting β-catenin compensates for the loss of plakoglobin at cell 

junctions (Bierkamp et al., 1999; Li et al., 2012). However, reduced quantity and 

quality of cell junctions implies that β-catenin’s compensatory role is limited. 

Immunogold labelling of plakoglobin knockout keratinocytes has shown that β-

catenin can substitute for plakoglobin in the clustering of cadherins but is unable to 

recruit sufficient levels of plakophilin-1 and desmoplakin, resulting in poor 

anchorage of intermediate filaments (Acehan et al., 2008). Desmosomes and 

adherens junctions, indistinguishable from WT junctions, were also observed in 
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sa12692 mutant skin. Hence, it is possible that mutant plakoglobin can form what 

appear to be structurally normal junctions but there may be insufficient plakoglobin 

for the correct formation of all cell junctions. 

Ultrastructural examination of human skin has not yet been undertaken in Naxos 

disease patients. However, our findings are similar to those observed in human skin 

conditions caused by desmosomal mutations. Striated palmoplantar keratoderma 

caused by desmoplakin haploinsufficiency resulted in the formation of abnormal 

desmosomes lacking cytoplasmic plaques although normal desmosomes with 

defined plaques were also present (Keith et al., 1999). Small desmosomes were 

observed in the skin of patients with keratoderma caused by a nonsense mutation in 

desmoglein-1 (Wan et al., 2004). Both mutations resulted in a reduction in the 

number of desmosomes. Abnormal desmosomes and reduced number of 

desmosomes were recapitulated in sa12692 mutants. A complete loss of plakoglobin 

was observed in a patient with lethal congenital epidermolysis bullosa, a severe skin 

condition caused by a homozygous nonsense mutation in plakoglobin. Very few 

remnants of desmosomes were present in the skin and perinatal death occurred as a 

result of extreme skin fragility (Pigors et al., 2011). This emphasises the vital role of 

plakoglobin in the architecture of the skin. Interestingly, an ultrasound revealed 

normal morphology and function of the heart although the myocardium was not 

examined ultrastructurally (Pigors et al., 2011). This raises the possibility that 

plakoglobin has a less essential role in the heart than the skin and its loss exerts a 

more severe effect in the latter. This is in agreement with the pathogenesis of Naxos 

disease, whereby skin defects are present from infancy but heart defects develop 

later in life. Similarly, more subtle junctional defects were observed in sa12692 

mutant heart tissue compared to skin tissue. 
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6 Discussion 

The overall aim of this thesis was to characterize a novel zebrafish model of ARVC. 

In the Grealy lab, two models of ARVC have previously been generated using 

morpholino knockdown technology (Martin et al., 2009; Moriarty et al., 2012). 

However, the transient nature of morpholino technology restricts examination of its 

effects to early developmental stages. In contrast, ARVC is a progressive disease 

which manifests in early adulthood. Therefore, the first objective of my study was to 

use genome editing to generate a zebrafish knockout model of ARVC. TALENs and 

CRISPRs targeting plakophilin-2 were synthesised and injected into zebrafish 

embryos but both gene-editing tools failed to mutate the target gene. This led me to 

seek an alternative model of ARVC; sa12692 plakoglobin mutants obtained from the 

EZRC. This model recapitulates the human disease better than a knockout approach 

as it involves the expression of mutant plakoglobin protein. 

In humans, ARVC begins to manifest itself in early adulthood and exercise increases 

disease severity. The characteristic hallmark of ARVC is fibrofatty replacement of 

the myocardium. It is commonly associated with arrhythmias which are a major risk 

factor for sudden cardiac death (Corrado et al., 1997). Ultrastructurally, intercalated 

disc remodelling is frequently observed (Basso et al., 2006). An animal model of 

ARVC is essential for the development of novel therapeutics, the elucidation of 

signalling pathways that may underlie the disease pathogenesis and the identification 

of unique hallmarks of ARVC suitable for use in ARVC diagnostics. 

The finding that sa12692 mutants develop normally to adulthood is in contrast to 

most animal models of ARVC, but similar to the clinical situation in which ARVC 

patients also survive to adulthood and do not generally exhibit characteristic features 

of ARVC prior to this stage. Interestingly, sa12692 mutant survival was remarkably 

reduced following exposure to stressful conditions, with concurrent development of 

moderate to severe oedema. This is supported by RNA-seq findings of increased 

expression of pfkfb2 and hsp genes; upregulation of these genes in the heart occurs 

in response to stressful stimuli. Collectively, my findings highlight dampened ability 

of sa12692 mutants to function in response to stress which recapitulates clinical 

findings in which increased mechanical stress in the form of vigorous exercise has 
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been associated with earlier ARVC disease onset and a higher incidence of 

arrhythmias (James et al., 2013) and sudden death (Corrado et al., 1997). 

The major hallmark of ARVC, fibrofatty replacement of the myocardium, was not 

observed in sa12692 mutant hearts following examination by TEM. However, this 

pathogenic feature is generally associated with late stages of disease and the mutant 

hearts examined were 4 months old. In contrast, my RNA-seq analysis of 1 year old 

mutant hearts suggests the progressive development of pathological changes. A 

toxicity function analysis revealed pathological markers of ARVC commonly 

observed in the clinical setting, including cardiac apoptosis, cardiac fibrosis and 

enlargement of the heart.  

Although fibrofatty replacement is consistently observed in the clinical setting, there 

is an unmet need for a diagnostic marker at earlier disease stages. Asimaki et al. 

(2009) proposed a novel diagnostic marker of ARVC following identification that 

plakoglobin was downregulated at the intercalated discs of ARVC hearts, regardless 

of the disease-causing mutation. However, subsequent studies have opposed this idea 

and demonstrated that diminished plakoglobin signal cannot be relied upon as a 

diagnostic test (Munkholm et al., 2012; Kwon et al., 2013). My model provides 

novel insights into canonical pathways that may underlie the pathogenesis of ARVC. 

Downregulation of sirtuin signalling and upregulation of integrin signalling and two 

of its associated pathways have not previously been linked to ARVC. In particular, 

reduced expression of sirtuin 3 may potentially serve as a marker of disease. In 

addition, given that disease-causing mutations have not been identified in a 

significant proportion of ARVC patients, my RNA-seq findings may shed light onto 

other genes that may be involved in the development of ARVC. 

Arrhythmia is a life-threatening symptom of ARVC. Similarly, a number of genes 

associated with arrhythmias were differentially expressed in mutant adult hearts. 

Interestingly, connexin 43 mRNA and protein were unchanged despite the 

association between connexin 43 remodelling and arrhythmic risk in ARVC. 

However, it is possible that the observed connexin 43 protein predominantly resides 

in non-junctional pools, as observed by Kaplan et al. (2004b) in Naxos disease heart 

tissue. Furthermore, my findings of gene expression changes in desmocollin-2, 
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plakophilin-2 and Nav1.5 support the involvement of other intercalated disc 

components in the development of an arrhythmic substrate.  

Ultrastructural remodelling is commonly observed in ARVC hearts and there is 

evidence to suggest that it precedes the onset of overt structural changes (Kaplan et 

al., 2004b). My TEM findings highlight subtle ultrastructural changes in the heart, 

although certain alterations observed by Basso et al. (2006) in human hearts such as 

fewer but longer desmosomes were not recapitulated in mutant adult hearts. 

However, the human hearts examined all tested positive for fibrofatty replacement of 

the myocardium which suggests a more advanced stage of disease compared to the 4 

month old mutant hearts which would likely correlate with more pronounced 

intercalated disc remodelling. Moreover, given that 90% of the intercalated disc in 

mammals consists of area composita (Borrmann et al., 2006; Franke et al., 2006), it 

is likely that the junctional changes observed by Basso et al. (2006) did not 

exclusively represent desmosomal components. My findings of enriched adherens 

junction signalling pathways and altered protein expression of N-cadherin and β-

catenin in mutant adult hearts supports the involvement of the entire intercalated disc 

in pathological remodelling. 

With regards to the aspects of ARVC that are specific to Naxos disease; the sole 

expression of mutant plakoglobin is a key feature. Similarly, elucidation of the 

mutant cDNA sequence led to the finding of a C-terminal truncated plakoglobin 

protein in sa12692 mutants. In contrast, the majority of current animal models of 

ARVC rely on the knockout or overexpression of the protein of interest. Some 

models do express mutant protein but these are often cardiac-restricted which do not 

reflect the human disease. My model is the first zebrafish model of ARVC with 

global expression of mutant protein in the absence of the endogenous protein. 

Moreover, the sa12692 mutant plakoglobin protein is highly similar to the truncated 

plakoglobin protein expressed in Naxos disease.  

Skin abnormalities are also a unique feature of the Naxos form of ARVC. My model 

is particularly valuable as global expression of mutant plakoglobin allows both heart 

and skin defects to be examined. An ultrastructural examination of skin tissue in 

Naxos disease patients has not yet been undertaken. Thus, my findings of reduced 

junction number and widened intercellular gaps give novel insights into the 
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ultrastructural changes that may occur in human skin. In addition, comparable 

findings have been documented in patients with keratoderma caused by other 

desmosomal mutations (Keith et al., 1999; Wan et al., 2004). This opens up the 

possibility of utilising sa12692 mutants as a general model of keratoderma.  

To the best of my knowledge, this is the first study that examined both heart and skin 

defects in an animal model of ARVC at two life stages equivalent to birth and 

adulthood in humans. We observed more severe defects in the skin which raises the 

question of whether this model is more suitable as a model for the cutaneous 

phenotype. However, I believe this observation could be due to different tissue-

specific requirements of plakoglobin or possible compensatory roles of the heart 

during early life stages. Similarly, heart defects manifest later than skin defects in 

Naxos disease patients (Antoniades et al., 2006). Thus, my model appears to mimic 

the human condition. 

In terms of the usefulness of my model for screening potential therapeutics, one 

would assume my model is not fit for this purpose as sa12692 mutants lack gross 

morphological changes suitable for phenotypic readout. However, it is possible that 

stress-inducing stimuli could be used to induce a phenotype in sa12692 mutant 

larvae. In my opinion, this is a much better approach than current zebrafish models 

used for large-scale drug screens. For example, SB216763 was identified following 

its ability to reduce cardiac dysfunction in a zebrafish model of ARVC (Asimaki et 

al., 2014). However, as this model involves cardiac-specific overexpression of Naxos 

protein, it does not recapitulate the human disease. Therefore, although this animal 

model can be used to identify novel compounds that alleviate the effects of the 

mutation, there is no guarantee that these compounds will behave as desired in 

clinical studies. This may explain why SB216763 has not yet advanced to clinical 

trials. 

Future directions 

Several challenges were encountered in the development of a model for ARVC. 

Attempts to develop a knockout model were unsuccessful which led me to using 

sa12692 mutants. The embryos were raised to adulthood and genotyped to identify 

heterozygous carriers. The carriers were then subsequently incrossed and the 

resulting offspring were raised to adulthood. Incrossing of homozygous mutants 
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allowed me to eventually raise sufficient fish for my experimental work. The raising 

and genotyping of three generations of fish took quite some time and it meant that I 

could not begin the majority of the characterization of the model until the third year 

of my PhD. Therefore, there are still some unanswered questions that remain to be 

addressed in order to complete the validation of the model. 

In this study, 4 month old fish were examined by TEM analysis which is the 

beginning of adult life, but the ultrastructural effects of the mutation at later stages 

are unknown. ARVC manifests itself in early adulthood in humans. However, there 

could be species-specific differences in the manifestation of the disease, particularly 

as the fish were not exposed to potential environmental stressors such as exercise 

which inevitably exacerbates the condition. The impact of external environmental 

factors likely explains why incomplete penetrance and variable expressivity are 

commonly observed in the ARVC population (Dalal et al., 2006). Moreover, ARVC 

is a progressive disease and the characteristic hallmark of ARVC, fibrofatty 

replacement of the myocardium, is generally associated with late stages of disease. 

Therefore, it would be extremely interesting to repeat the TEM analysis in older 

sa12692 mutants. The identification of more severe intercalated disc remodelling and 

presence of adiposis/fibrosis at this late stage of disease would further support my 

model as an authentic animal model of ARVC. Moreover, this would allow us to 

compare the progression of ARVC at three different life stages in sa12692 mutants. 

In addition, identification of fibrofatty replacement in older mutants would confirm 

that intercalated disc remodelling does indeed precede this effect, supporting the 

evidence that junctional components promote disease progression.  

Immunohistochemical analysis is also required to elucidate the localisation of 

intercalated disc components. Wnt signalling has been increasingly linked to ARVC 

pathogenesis but it was not one of the pathways identified in my RNA-seq analysis. 

However, the upregulation of β-catenin protein in mutant hearts is an intriguing 

finding. Is β-catenin localised in the nucleus and participating in Wnt signalling? Or 

alternatively, is it upregulated at the intercalated disc in an attempt to compensate for 

plakoglobin loss? The localisation of plakoglobin also warrants further investigation 

as it is often downregulated at the intercalated disc of ARVC patients (Asimaki et al., 

2009) and experimental models have shown that it can translocate to the nucleus and 

participate in cell signalling (Garcia-Gras et al., 2006).  
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In light of my RNA-seq findings of altered expression of genes associated with 

arrhythmias, immunohistochemical analysis of connexin 43 is also necessary. This is 

particularly relevant given the frequent reports of reduced immunoreactive signal for 

connexin 43 at the intercalated disc of ARVC heart samples (Asimaki et al., 2009; 

Yoshida et al., 2015). It is entirely possible that sa12692 mutants may display 

normal protein expression of connexin 43 but with altered localisation. The 

recording of electrical activity of sa12692 mutant hearts by ECG, confirming the 

presence or absence of arrhythmias, would undoubtedly add to the characterization 

of this model. Unfortunately, ECG testing was not at our disposal during my project. 

Finally, further whole transcriptome profiling of sa12692 mutants would be useful. 

My work focused on differential gene expression in mutant hearts. However, it 

would also be interesting to examine gene expression in mutant skin, particularly as 

the ultrastructural effects were more pronounced in skin tissue. Skin and heart tissues 

are both subjected to mechanical stress but the exact reason for early manifestation 

of skin defects in Naxos disease is unknown. The identification of common 

molecular pathways as well as unique tissue-specific pathways may help to decipher 

the exact effects of the plakoglobin mutation. 

Overall, I have achieved the main objectives of this thesis by characterizing a novel 

animal model of ARVC which recapitulates a number of aspects of ARVC in 

humans. Additionally, I have set up the foundations for future experimental work 

using this model which hopefully will lead to exciting new findings in the field of 

ARVC research. 
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