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Abstract

Abstract

Plakoglobin and plakophilin-2 are desmosomal armadillo proteins, required for correct
cardiac development in zebrafish. Mutations in the human genes can cause the congenital
heart defect arrhythmogenic right ventricular cardiomyopathy (ARVC). Both proteins have
structural and signalling roles in development, with plakoglobin implicated as a negative
regulator of Wnt signalling. Our lab has previously established zebrafish loss of function
models for both proteins using morpholino antisense oligonucleotides. Loss of plakoglobin
has previously been shown to up-regulate expression of Wnt target genes at early stages of
development. This study shows the up-regulation to be transient and stage-dependent.
Wnt target genes bmp4, ndrl1 and dharma show a tendency towards increased expression
in the early blastula stage, with ndrl and dharma mRNA expression levels normalised by
late blastula, and bmp4 by 48 hpf. Cardiac and developmental defects caused by loss of
plakoglobin can be rescued by co-injection of Wnt inhibitor Dickkopf-1 (Dkk1). This study
shows that though Dkk1 can restore cardiac patterning it is not sufficient to compensate
for loss of plakoglobin in cell-cell junctions (desmosomes).

Whole-mount in-situ hybridisation experiments and gqPCR were used to investigate the
expression of Wnt target genes in plakophilin-2 knockdown embryos. Wnt target gene
expression was unaffected at the developmental stages examined. Left-right patterning
defects previously observed in plakophilin-2 morphant embryos suggested the Nodal
signalling pathway as a target for further investigation. Using the same methods,
cardiogenic genes were examined in plakophilin-2 morphant embryos at the 18 somite
stage. Expression of Nodal target genes leftyl, bmp4, southpaw, one-eyed pinhead and
ndrl was significantly increased, with concomitant down-regulation of /efty2. These results
are the first reported incidence of an interaction between plakophilin-2 and the Nodal
signalling pathway.

Our group aims to establish a zebrafish model that recapitulates the cardiac and signalling
defects of ARVC. To investigate if signalling aspects of the human condition are replicated
in the morphant embryos, expression levels of ARVC-related genes connexin 43,
desmoplakin-a, adipogenic transcription factor Wnt5b and adipogenic marker PPAR-y were
examined by qPCR. All genes were decreased in plakoglobin morphant embryos, and
unaffected in plakophilin-2 morphant embryos.

Complete protein loss has failed to accurately mimic molecular features of the disease,
hence TALEN targeting was used to induce mutations in exon 4 of the plakoglobin protein
in vivo and the resulting mutant embryos were characterised and assessed as a model for
ARVC. The achieved germline mutations are predicted to encode premature stop codons,
truncating the plakoglobin protein. This putative shortened protein resulted in cardiac,
signalling and developmental defects reminiscent of the plakoglobin knock-down
phenotype, with additional epithelial defects observed in a small subset of mutant
embryos. The cardiac defects arising from TALEN-induced mutations in plakoglobin indicate
potential for the development of an improved zebrafish model for ARVC using this
technique to introduce mutations in different regions of the gene.

Xi
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1 Introduction



Chapter One

1.1 Zebrafish and research

The zebrafish, Danio rerio, is a small tropical freshwater fish that has become
increasingly popular as a model system in recent years, particularly in the field of
cardiovascular research. As further information is gleaned regarding the complex
process of cardiac development the need for a suitable model that permits
researchers to delve further into the underlying genetic, cellular and molecular

processes becomes more pressing and the zebrafish presents a suitable candidate.

1.1.1 The zebrafish as a model system

The zebrafish has several compensatory features that are extremely beneficial for
an in vivo model, despite the anatomical differences between mature zebrafish and
human hearts. External fertilisation and high fecundity ensure large numbers of
easily obtainable embryos, and the natural optical clarity of early-stage embryos
allows for the examination of internal structures and monitoring of developmental
processes without the need for invasive procedures. Additionally, their rapid rate of
development facilitates the study of the complete process of cardiogenesis in just a

few days (Figure 1.1).

30 minutes
after fertilization
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— R
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A8 stage
0 2 (1000 cells)
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2 : Y
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Organogenesis J
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Figure 1.1 Life cycle of the zebrafish.
(Wolpert, 1998)
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In addition to their rapid development, the zebrafish has another advantage over
mammalian models. Defects in early heart development are embryonic lethal in the
majority of vertebrates, yet, due to their small size, zebrafish can survive for several
days without a functional cardiovascular system because sufficient perfusion with
oxygen can be achieved by passive diffusion (Pelster and Burggren, 1996; Pelster,
1999). This trait, coupled with the wide range of genetic manipulation tools
available (such as zinc finger nucleases (ZFNs), Targeting Induced Local Lesions in
Genomes (TILLING), Transcription Activator-Like Effector Nucleases (TALENs) and
the well-established morpholino anti-sense oligonucleotides) favours the zebrafish

as a model for numerous developmental processes and, in particular, cardiogenesis.

1.1.2 Zebrafish heart patterning and development

In vertebrate embryos, the first organ to form and function is the heart. Fate
mapping studies provide information on the location of cardiac progenitors as early
as the blastula stage, where myocardial progenitors have been identified proximal
to the embryonic margin, and on both sides of the embryo. Atrial and ventricular
progenitors occupy separate locations, with ventricular progenitors situated closer
to the embryonic margin and more dorsally than the atrial progenitors. Endocardial
progenitors are also found close to the margin at this early stage, but without the
chamber-specification seen in the myocardial progenitors (Stainier et al., 1993; Lee

et al., 1994; Keegan et al., 2004).

By early segmentation myocardial progenitors are localised to the posterior half of
the anterior lateral plate mesoderm (ALPM), with ventricular progenitors
maintaining a more dorsal position (relative to the atrial progenitors) at this stage
(Yelon et al., 1999). As these separate populations of myocardial precursors
differentiate they also migrate towards the embryonic midline (Figure 1.2). By the
20 somite stage these independent populations have fused to form a shallow cone,
with ventricular cells located at the centre and apex, and atrial cells found at the
base (Stainier et al., 1993). As the myocardial precursors are migrating towards the
midline the endocardial precursors move from the anterior of the ALPM towards

the centre and posterior, and combine with the myocardium, spreading across the
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interior of the cardiac cone as it forms (Bussmann et al., 2007; Schoenebeck and
Yelon, 2007). The endocardial and myocardial precursors, once joined, migrate
asymmetrically, using a process of involution to form a linear heart tube by 24 hpf

(Stainier et al., 1993; Yelon et al., 1999).

Endocardial
progenitors

Atrial
progenitors

Ventricular
progenitors

Figure 1.2 Early zebrafish heart development.

(a-c) Heart development before looping. Embryos are shown in a dorsal view. (a) At 12 hpf
the myocardial progenitors are located in the anterior lateral plate mesoderm (ALPM),
ventricular progenitors are more dorsally situated than atrial progenitors. Endocardial
progenitors are located in the anterior of the ALPM. (b) The myocardial and endocardial
progenitors migrate asymmetrically towards the midline and fuse to form the cardiac cone
by 19 hpf (20 somite stage). (c) The myocardium involutes to surround the endocardium
and form a linear heart tube by 24 hpf (Staudt and Stainier, 2012).

After formation of the linear heart tube, at approximately 24 hpf, the earliest visible
sign of cardiovascular asymmetry occurs with the leftward “jogging” and
subsequent rightward “looping” of the heart tube (Chen et al., 1997). The heart
loops to the right (at approximately 36 hpf) positioning the ventricle to the right of
the atrium (Chin et al., 2000). As looping progresses, distinct chambers form as
bulges in the cardiac tube in a process called ballooning. These “bulges” are further
defined as separate chambers when cardiac cushions form at the atrio-ventricular
boundary at 48 hpf (Hu et al.,, 2000). By 55 hpf a layer of polarized cuboidal
endocardial cells is present at both the superior and inferior portions of the atrio-
ventricular canal (AVC). This layer of endocardial cells develops and by invagination
forms projections in both the inferior and superior atrio-ventricular canal. These

projections form the inferior and superior valve leaflets of the AVC, and are clearly
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visible and connected to the myocardial trabeculae by 7 dpf (Scherz et al., 2008).
Though the heart is fully functional by 7 dpf, cardiac development is not complete.
The valve leaflets have a thickness of two-cell layers at this stage, which does not
alter until at least 28 dpf, and by the adult stage there are a total of four leaflets in

the AV valve (Beis et al., 2005).

1.2 Wnt signalling

A highly conserved pathway across vertebrate and invertebrate species, Wnt
signalling is required for many biological processes including embryogenesis, cell
polarity and motility, and cell fate decisions. Genes of the Wnt family are identified
by sequence homology to the first described members, murine Wnt-1 (originally
int-1) and wingless in Drosophila (van Ooyen and Nusse, 1984; Cabrera et al., 1987).
Wnt family genes encode cysteine-rich, palmitoylated, secreted glycoproteins that
are typically 300-450 amino acids in length with a conserved domain of 23-24
cysteine residues (Cadigan and Nusse, 1997). Wnt proteins act upon various cellular
pathways, which can be divided into canonical (B-catenin dependent) and non-
canonical Wnt pathways, which will be discussed in Sections 1.2.1 and 1.2.3

respectively.
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1.2.1 Canonical Wnt signalling
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Figure 1.3 The Canonical Wnt signalling pathway.

In the “off” state (left) B-catenin is maintained at low levels by axin and APC, and protein
kinases GSK-3 and CK1. In the “on” state (right) Wnt ligands bind to members of the
Frizzled family of receptors, activating a canonical signalling pathway that targets members
of the TCF/LEF transcription factor family. Binding of Wnt to Frizzled re-arranges the
receptors, activating proteins of the Dishevelled family. Activation of Dishevelled inhibits
the axin-GSK-3-APC complex, which normally promotes destruction of intracellular B-
catenin. Inhibition of the B-catenin “destruction complex” allows a pool of cytoplasmic B-
catenin to stabilize, some of which is able to enter the nucleus and consequently promote
gene expression via its interaction with members of the TCF/LEF family of transcription
factors (diagram from Nusse, 2012).

The most important regulatory step in the canonical Wnt pathway is the
phosphorylation, ubiquitination and resulting degradation of B-catenin (a Wnt

down-stream effector protein) by a destruction complex.
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In the inactive state a low level of free intracellular B-catenin protein is present in
the cytosol. This cytosolic pool is sequestered by the destruction complex which
consists of Axin, APC and protein kinases GSK-3 and CK1 (Figure 1.3). B-catenin is
primed by CK1 phosphorylation and then further phosphorylated by GSK-3
targeting it for ubiquitination by B-TrCP ubiquitin E3 ligase, after which it is

degraded by the proteasome.

Phosphorylation of APC and GSK-3 by the kinases in the destruction complex, and
de-phosphorylation of axin by protein phosphatase 1 (PP1) reduces axin-GSK-3
association, hence degradation of B-catenin can also be reduced (Luo et al., 2007).
Adhesion complexes containing cadherins and a-catenin can also regulate PB-
catenin, and negative regulator Dickkopf-1 (DKK1) can inhibit Wnt signalling by
binding to the low-density lipoprotein-related 6 (LRP6) receptor (Semenov et al.,

2001).

During signalling (i.e. in the active state shown in Figure 1.3) members of the Wnt
family bind to members of the Frizzled family of receptors and the co-receptor
LRP5/6, targeting LEF/TCF transcription factors (Tamai et al., 2000; Mao et al.,
2001). This process ultimately facilitates translocation of B-catenin to the nucleus

via interaction with Dishevelled, but many aspects of it are still poorly understood.

Transducin B-like protein 1 (TBL1) and TBL-1 related proteins mediate the targeting
of B-catenin to the promoter (Li and Wang, 2008). Nuclear Dvl, c-Jun, B-catenin and
TCF can form a complex on Wnt gene promoters which results in the regulation of
gene transcription, hence B-catenin binding to TCF/LEF induces transcription of Wnt

target genes (Behrens et al., 1996; Molenaar et al., 1996; Gan et al., 2008).

A number of models have been proposed to explain further the B-catenin
stabilisation mechanism that occurs in the wake of canonical Wnt pathway
activation. Sequestration of Axinl by binding LRP5/6 is thought to reduce the
availability of destruction complexes, hence permitting the accumulation of B-
catenin. Wnt-induced de-phosphorylation and de-stabilisation of Axin may also be
mediated by its translocation to the membrane (Mao et al., 2001; Zeng et al., 2005).
Degradation of Axin by activated Wnt-receptors or Dishevelled has also been

7
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proposed as a mechanism by which B-catenin may be stabilised (Mao et al., 2001;

Lee et al., 2003; Tolwinski et al., 2003).

An alternative model whereby Axin and APC dissociate from GSK-3 or B-catenin has
also been proposed. Dishevelled binds directly to Axin and may disrupt the
destruction complex when the Wnt pathway is activated, hence cytosolic B-catenin
is not captured by the destruction complex (Logan and Nusse, 2004; Liu et al., 2005;
Malbon and Wang, 2006).

Inhibition of GSK-3 activity, de-phosphorylation of phosphorylated B-catenin,
sequestration of GSK-3 from the cytosol and APC-mediated disassembly of the Axin
destruction complex have also been proposed as alternative methods by which
stabilisation of B-catenin is achieved upon activation of the canonical Wnt signalling

pathway (reviewed by MacDonald et al., 2009).

Recently, a mechanism has been proposed where B-catenin phosphorylation,
ubiquitination and degradation by the proteasome all occur within an intact Axin
complex. Li et al. (2012) propose a model that contradicts existing studies, as
neither disassembly of the destruction complex, nor inhibition of phosphorylation
of Axin-bound B-catenin were found during active Wnt signalling in their study.
Instead, a model whereby inhibition of B-catenin degradation occurs within an
intact destruction complex is posited, with activated Wnt signalling suppressing the
ubiquitination of B-catenin that occurs within the destruction complex. As a result,
the Axin complex is saturated with phosphorylated B-catenin, and so this newly
synthesised B-catenin can accumulate in the Axin complex in a free cytosolic form
in response to Wnt signalling, and interact with nuclear TCF transcription factors (Li

et al,, 2012).

1.2.2 Plakoglobin and canonical Wnt signalling

The structural similarities between plakoglobin and B-catenin confer similar binding

capabilities on these two armadillo proteins. The central arm repeat domain of both



Chapter One

proteins is capable of interaction with TCF-4, and the amino- and carboxy-terminal
tails of both plakoglobin and B-catenin are able to bind to the arm domains, thus
determining the specificity and affinity of each protein for its co-factors (Solanas et
al., 2004). As catenin proteins, B-catenin and plakoglobin have roles in both
adhesion and signalling. Both proteins can be degraded by the “destruction
complex” which targets them for phosphorylation by B-TrCp and subsequent
degradation by the ubiquitin pathway (Sadot et al., 2000; Lee et al., 2003).
However, phosphorylation of plakoglobin is inhibited by O-glycosylation near the
GSK-3 phosphorylation site, thus post-translational stability of plakoglobin is
increased (Hu et al., 2006).

In vitro plakoglobin mutants lacking amino- and carboxy- terminal tails have
induced formation of a transcriptionally active complex of plakoglobin/TCF/LEF in a
human embryonic kidney cell line (Zhurinsky et al., 2000). Plakoglobin and [-
catenin occupy separate and distinct binding sites on TCF-4 and complexes of
plakoglobin/B-catenin/TCF-4 can be detected, indicating that these proteins can
bind simultaneously to TCF-4. Transcriptional activity of TCF-4 has been observed to
increase in TCF-4 mutants with decreased plakoglobin interaction, which suggests
that plakoglobin has an antagonistic role in the regulation of canonical Wnt

signalling (Miravet et al., 2002).

A signalling role for plakoglobin has been demonstrated in several in vitro systems,
where it has shown limited ability to activate TCF/LEF-dependent transcriptional
activity, however it may be argued that the endogenous plakoglobin and B-catenin
present in the cell lines used for these studies could potentially interfere with the
observed results (reviewed by Swope et al., 2012b). Increased transcriptional
activity has been observed in one study following co-transfection of plakoglobin
with TCF-4 or LEF, and knockdown of endogenous plakoglobin had the opposite
effect, coinciding with a slight decrease in TCF/LEF reporter activity (Maeda et al.,
2004). Most importantly a mesothelial cancer cell line lacking endogenous B-

catenin was used for this study, countering the argument that extant plakoglobin or
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B-catenin may have influenced results obtained in previous studies. Published data

on the effect of plakoglobin on Wnt signalling is summarised in Table 1.1.

Table 1.1 Effect of plakoglobin on Wnt signalling

Effect of Plakoglobin on Wnt Signalling

Salic et al. (2000)

Williams et al. (2000)

Zhurinsky et al. (2000)

Miravet et al. (2002)

Maeda et al. (2004)

cPle e

Martin et al. (2009)

Evidence from our lab implicates plakoglobin as a negative regulator of canonical
Whnt signalling. Expression of Wnt target genes such as ndrl, bmp4 and dharma was
up-regulated in zebrafish embryos following loss of plakoglobin by morpholino
knockdown (Martin et al., 2009). A direct role for plakoglobin in regulating gene
expression has also been suggested, with plakoglobin shown to suppress c-Myc

expression in an Lef-1-dependent manner in keratinocytes (Williamson et al., 2006).

1.2.3 Non-canonical Wnt signalling

Many different pathways have been grouped under the heading of non-canonical
Whnt signalling, but perhaps the best understood are the planar cell polarity (PCP)
and Wnt/calcium pathways. Differences of note between the two groupings
(canonical and non-canonical) are the specific ligands activating each pathway, and
the ability of the non-canonical pathways to inhibit the canonical signalling
pathway. Activators of the non-canonical pathways include Wnt4a, Wnt5a and

Wnt11 (Komiya and Habas, 2008).

In the PCP pathway ligand binding to the Frizzled receptor recruits Dvl, which then
forms a complex with Daam1. Daam1 activates Rho via guanine exchange factor,
and Rho in turn activates Rho-associated protein kinase (ROCK), the major
cytoskeletal organiser (Habas et al., 2001; Liu et al., 2008). Dvl forms an additional
complex with Racl, which mediates binding of profilin to actin (Schlessinger et al.,

2009; Tada and Kai, 2009; Wang, 2009; Miller and McCrea, 2010). Racl is thought
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to activate the c-Jun N-terminal kinase (JNK)-type mitogen activated protein (MAP)
kinase cascade, which can lead to polymerisation of actin (Kikuchi et al., 2007; Tada
and Kai, 2009; Miller and McCrea, 2010; Miller et al., 2011). Interestingly, deletion
of a single copy of Daam1 has recently been reported to cause a congenital heart

defect (Bao et al., 2012).

In the Wnt/calcium pathway Wnt5a and Frizzled co-operate to regulate intracellular
calcium levels. Purified Wnt5a has been shown to activate calcium signalling in cell
culture models. This rapid signalling process is dependent upon heterotrimeric G
proteins, and once the Ca?* has been released it activates calcium-dependent
enzymes like calcium/calmodullin-dependent kinase (CaMK)Il, protein kinase C
(PKC) and calcineurin (Kuhl et al., 2000a; Kuhl et al., 2000b; Kremenevskaja et al.,
2005; Dejmek et al., 2006; Ma and Wang, 2006). The regulation of PKC by Wnt
ligands is required for cardiac differentiation, with isoform PKC& thought to be of
particular importance (Pandur et al., 2002; Belema Bedada et al., 2005; Koyanagi et
al., 2009). The Wnt/calcium pathway connects to nuclear factor of activated T cells
(NFAT) through calcineurin (Saneyoshi et al., 2002; Dejmek et al., 2006), and both
calcineurin and NFAT have been implicated in cardiac hypertrophy (Heineke and

Molkentin, 2006).

1.3 Nodal signalling

Body patterning and axis specification are key elements of early vertebrate
development, and provide the scaffold for the more complex developmental
events, such as organ positioning, that occur later. Numerous signalling pathways
act in a co-ordinated way to regulate these processes, and of these the Nodal
cascade is thought to control many of the molecular events that specify the final

body plan. An overview of the Nodal signalling pathway is shown in Figure 1.4.

11



Chapter One

1.3.1 Signalling components of the Nodal pathway
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Figure 1.4 The Nodal Signalling Pathway.

Homodimeric proprotein Nodal ligands can be cleaved extracellularly by proprotein
convertases Furin and Pace4. Mature Nodal ligands can bind to EGF-CFC co-receptors
forming a complex with type | (ALK4) and type Il (ActRII/ActRIIB) dimers. Interaction of
Nodal ligands with Cerberus or Lefty proteins has an inhibitory effect on Nodal signalling.
Activation of the Nodal receptor leads to phosphorylation of type | receptors by type I
kinase, and phosphorylation of Smad2/Smad3. These activated Smads associate with Smad
4 and translocate to the nucleus. The receptor complex is internalized by endosomes and
can be targeted by Dapper2 (Dpr2) for lysosomal degradation. Once in the nucleus,
activated Smad complexes interact with winged-helix transcription factor FoxH1 or Mixer
homeoproteins on target promoters. Interactions with Mediator or ARC105 can then result
in transcriptional activation. Drap1/FoxH1 or Smad phosphatase Ppm1A interactions can
inhibit Nodal pathway activity. Reproduced and adapted with permission of Development.
Article available online at http://dev.biologists.org/content/134/6/1023 . (Shen, 2007).

Signalling molecules of the Nodal pathway are members of the transforming growth
factor B (TGFB) superfamily. TGFB ligands elicit their cellular effects via binding to
type | and Il serine-threonine kinase transmembrane receptors. Nodal pathway
molecules signal specifically through the type | receptor ALK4 and the type Il

12
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receptors ActRIl and ActRIIB (Reissmann et al., 2001; Yeo and Whitman, 2001; Yan
et al., 2002). Downstream of their receptors, Nodal signals are transduced by
Smad2 and Smad3 (intercellular signal transducers for the TGFB family). Formation
of transcriptional complexes in the nucleus occurs after activated receptors
phosphorylate Smad2 and/or Smad3 causing interaction with Smad4 (Schier and
Shen, 2000; Shen, 2007). The Mixer subclass of homeodomain proteins and the
transcription factor FoxH1 are required for the interaction of Nodal ligands with
Smads 2 and 3, as they contain Smad-interaction motifs that enable the formation

of transcriptional complexes (Germain et al., 2000; Randall et al., 2004).

Extracellular growth factor—-CFC (EGF-CFC) proteins are membrane-bound
extracellular factors with essential roles during vertebrate development, and the
CFC in their nomenclature is derived from three members of this family, Cripto, FRL-
1, and Cryptic. Despite being a small group of only six members the co-receptors of
the EGF-CFC family are essential components unique to the Nodal signalling
pathway, conferring specificity for ALK4 (Yeo and Whitman, 2001; Yan et al., 2002).
Mammalian genes Cripto and Cryptic, batrachian genes XCR1-3, and the zebrafish
gene one-eyed pinhead (oep) encode all of the known proteins included in the EGF-
CFC classification (Schier and Shen, 2000; Dorey and Hill, 2006). These cysteine-rich
extra-cellular proteins utilise a glycosyl-phosphatidylinositol linkage to adhere to
the plasma membrane, and are identifiable by their amino-terminal signal
sequence, a divergent epidermal growth factor (EGF)-like motif, a second conserved
cysteine-rich domain (the CFC motif) and a carboxy-terminal hydrophobic region

(Shen et al., 1997; Zhang et al., 1998).

Antagonism of the Nodal pathway occurs via a number of extracellular inhibitors. A
subclass of the TGFB factors, the Lefty inhibitors, interacts with EGF-CFC proteins
and Nodal ligands and thus prevents receptor complexes from forming. They do not
however interact with receptors ALK4 or ActlIB and hence proteins of the Lefty
family are not thought to act via competitive inhibition (Chen and Shen, 2004;
Cheng et al., 2004). A study in Xenopus has shown that the extra-cellular protein
Cerberus, required for head induction, is also capable of inhibiting Nodal signalling
by directly interacting with Nodal ligands (Piccolo et al., 1999). Other antagonists to
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the Nodal pathway have been proposed, including membrane-associated proteins
Nicalin, Nomo and Tomoregulin-1, but their mechanism of inhibition is, as yet,

unclear (Harms and Chang, 2003; Haffner et al., 2004).

1.3.2 The Nodal Pathway in zebrafish development

At the early stages of zebrafish development Nodal signals are required for
establishment of the shield and formation of the organizer and mesendoderm
(Erter et al., 1998; Feldman et al., 1998). As shown in Figure 1.5 below, the Yolk-
Syncytial Layer (YSL), which develops synchronously with the onset of zygotic
genome activation, is the region where mesoderm-inducing factors and Nodal-
related signals are expressed (Schier and Shen, 2000). Kupffer's vesicle, the
zebrafish “organ of asymmetry” is thought to be the site of initiation for Nodal
signalling, where cilia motility and asymmetric fluid flow drive expression of the
Nodal ligand to the LPM (Raya and Izpisua Belmonte, 2006) after which Nodal
signalling is self-propagating and dependent upon its antagonists to maintain

correct localisation of expression.
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Figure 1.5 Nodal activities in fish.
Expression patterns of Nodal-related genes (shown in red hatching) superimposed on fate
map of developing fish embryo (adapted from Schier and Shen, 2000).
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Zebrafish loss-of-function studies have yielded much of the extant data on the
Nodal pathway, its regulation and its members. Though only one Nodal ligand exists
in most vertebrates (humans, mice and chicks) zebrafish have three: ndri, ndr2,
and southpaw. Zebrafish studies on oep and Nodal-related genes ndrl and ndr2
have shown the requirement of EGF-CFC proteins for Nodal signalling. Ndr2 (also
known as cyclops) is expressed in the left lateral plate and within the diencephalon,
an expression pattern that is highly conserved between fish and mammals
(Rebagliati et al., 1998; Sampath et al., 1998). Though ndr2 mutations alone cause
only minor disruptions to the asymmetric patterning of the internal organs, double
mutants for ndr1 and ndr2 bear strikingly similar developmental defects to embryos
lacking oep, where head and trunk mesendoderm and endoderm do not form, and
the anterior-posterior axis is mis-aligned with disrupted asymmetry of the viscera
and diencephalon (Chen et al., 1997; Feldman et al., 1998; Gritsman et al., 1999;
Yan et al., 1999; Bisgrove et al., 2000; Chin et al., 2000; Liang et al., 2000). Zebrafish
flh (floating head) mutants display bilateral expression of Pitx2 but lack expression
of antivin (which recognises lefty 1 and lefty 2) in the LPM (Chin et al., 2000).
Antivin has a high level of structural similarity to murine Lefty and ectopic
expression of antivin can completely abolish induction of the mesoderm in early
zebrafish development (as can Lefty) via competitive inhibition of Activin (Thisse

and Thisse, 1999).

A loss-of-function study has shown that Nodal ligand southpaw is required to
establish correct asymmetrical patterning of the heart (including cardiac jogging
and looping), pancreas and diencephalon (Long et al., 2003). Mis-expression of
Nodal has also been linked to altered heart patterning in frog and chick models,
including looping defects (Levin et al., 1997, Sampath et al., 1997). As Nodal
signalling operates on a long-range basis the importance of the Lefty feedback
inhibitors cannot be underestimated, particularly in their role maintaining the

asymmetry of expression of the Nodal ligands in the left LPM (Lenhart et al., 2011).

As the Nodal signalling molecules, and in particular southpaw, are capable of
controlling the asymmetric positioning of the organs they may be considered the
left determinants in zebrafish development.
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1.4 Signalling and heart development

Three main pathways regulate the early stages of heart development; bone
morphogenetic protein (BMP) signalling, fibroblast growth factor (FGF) signalling
and Wnt signalling, with later stages of cardiac development controlled by the
Notch and Nodal pathways. Loss-of-function studies, cell fate-mapping and
molecular analyses have provided much of the extant information on the
importance of these signalling cascades in development, however current
information is still far from providing a comprehensive understanding of the entire

mechanism and interactions of the different pathways.

1.4.1 BMP signalling and heart development

BMPs are a subgroup of the TGF-B protein superfamily, named for their ability to
induce bone differentiation. Since their initial discovery, numerous other roles have
been identified for BMP proteins, including a very important role in heart
development. In zebrafish, left-dominant expression of bmp4 occurs prior to any
morphological evidence of asymmetry in the developing embryo, and analysis of
mutants with abnormal cardiac asymmetry revealed disrupted patterning of bmp4
in all mutants (Chen et al.,, 1997). These data strongly suggest that cardiac
expression of bmp4 is responsible for the correct establishment of heart

asymmetry.

More recently, a role for bmp4 in left-right asymmetry has been mapped to two
distinct time points in development. Chocron et al. have shown a requirement for
bmp4 during early segmentation to antagonise expression of southpaw in the right
LPM and regulate laterality of the gut and heart. A second wave of bmp4 is then
required during segmentation to regulate the expression of Nodal pathway genes
cyclops, leftyl and lefty2, yet this second time-point is concerned only with
regulation of cardiac laterality (Chocron et al., 2007). This both supports previously
published data describing the necessity of bmp4 for correct cardiac development,
and demonstrates a role for bmp4 in regulation of Nodal signalling, where it may

act up- or down-stream of the Nodal pathway.
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1.4.2 FGF signalling and heart development

FGF signalling regulates multiple aspects of embryogenesis, including cell
proliferation, differentiation and migration. In vitro synergistic interaction between
FGF and BMP signalling in the endoderm induces formation of cardiac tissue from
the adjoining mesoderm (Barron et al., 2000). /In vivo the importance of FGF
signalling in early cardiac development has been described in several species,
including Drosophila, zebrafish and mouse. In Drosophila a null mutant for Heartless
(Htl) lacks induction of several cell fate lineages and results in defective heart
development (Beiman et al., 1996). Mouse embryos hypomorphic for Fgf8 have
numerous cardiovascular defects and also show craniofacial and pharyngeal arch
abnormalities, suggesting a role for FGF signalling in neural crest cell development
(Abu-Issa et al., 2002). Fgf10-expressing cells contribute to the arterial pole of the
murine heart (Kelly et al., 2001) and loss of the Fgf10 ligand or its major receptor
Fgfr2-lllb also induces overt cardiac phenotypes in mice (Marguerie et al., 2006).
Embryos lacking Fgf10 show abnormal positioning of the heart in the thorax, while
late developmental impairment of the cardiac outflow tract and right ventricular
wall were observed in mice lacking Fgfr2-lllb (Marguerie et al., 2006). A zebrafish
mutation of fgf8 is associated with down-regulation of nkx2.5 and Gata4, disrupting
induction and differentiation of the heart and causing abnormal formation of the

ventricle (Reifers et al., 2000).

1.4.3 Wnt signalling and heart development

The majority of evidence suggests a positive role for canonical Wnt/B-catenin
signalling in cardiac development. Inhibition of endogenous Wnt signalling prevents
formation of heart valves (Hurlstone et al., 2003). In pluripotent embryonal
carcinoma cells Wnt signalling is activated prior to cardiogenic differentiation, and
is capable of promoting cardiomyogenesis (Nakamura et al.,, 2003). Naito et al.,
(2006) have demonstrated the potential for Wnt signalling to act in a stage-specific
manner, with early activation of Wnt during embryoid body formation leading to
increased differentiation of murine embryonic stem cells into cardiomyocytes and

suppressed expression of haematopoietic and vascular markers. Late stage

17



Chapter One

activation had the opposite effect on both differentiation and expression of
markers, indicating a bi-phasic role for Wnt signalling in heart development (Naito
et al., 2006). A bi-phasic role for Wnt/B-catenin signalling in development has also
been shown in zebrafish indicating that Wnt/B-catenin signalling promotes
cardiogenesis prior to gastrulation and later defines the size of the heart-forming
field (Ueno et al., 2007). Loss and gain of function studies of B-catenin within the
secondary heart field found Wnt signalling to be important in regulating growth of
cardiac progenitor cells such as the cells of the right ventricle and interventricular

myocardium (Ai et al., 2007).

Most recently, however, a model proposing four distinct roles for Wnt signalling
during the first three days of zebrafish development has been proposed. Dohn and
Waxman (2012) have further clarified the role of Wnt signalling in the regulation of
cardiomyocyte formation in the zebrafish. Zebrafish paralogs of Wnt8a are required
and sufficient to promote specification of both atrial and ventricular
cardiomyocytes in the pre-gastrula embryo, which occurs indirectly through the
promotion of the ventro-lateral mesoderm. During gastrulation and early
somitogenesis the pre-cardiac mesoderm is sensitive to Wnt signalling, which has a
second function at this stage inhibiting cardiomyocyte differentiation and may
subsequently lead to their death through a p53/Caspase-3 independent
mechanism. The length of this second “phase”, where cardiomyocyte progenitor
specification is inhibited by Wnt signalling was previously unknown (Ueno et al.,
2007), but it now seems that the pre-cardiac mesoderm is sensitive to increased
Whnt signalling for a long time period extending from early gastrulation to the onset
of somitogenesis (Dohn and Waxman, 2012). During cardiomyocyte differentiation
a third “phase” is active, where Wnt signalling promotes additional specification
and differentiation of atrial progenitors (Dohn and Waxman, 2012). These data,
combined with the knowledge that Wnt signalling prevents proliferation of
differentiated ventricular cells (Rottbauer et al., 2002), have led Dohn and Waxman
to propose a model whereby cardiomyocytes respond to four distinct phases of
Whnt signalling during the initial three days of zebrafish development: (1) promotion

of cardiomyocyte development in pre-gastrula embryos, (2) restriction of
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cardiomyocyte development in the pre-cardiac mesoderm, (3) promotion of
specification and differentiation of atrial progenitor cells, and (4) repression of

proliferation of differentiated ventricular cells (Dohn and Waxman, 2012).

1.4.4 Nodal and Notch signalling in heart development

The zebrafish mutant one-eyed pinhead (oep), in which a Nodal signalling co-factor
is lost, has consequential cardiac defects indicating a role for Nodal signalling in
heart development. Oep mutants have a greater loss of ventricular cardiomyocytes
than atrial cardiomyocytes, indicating that Nodal signalling may be responsible for
assigning a ventricular fate to cardiac progenitors (Reiter et al., 2001; Keegan et al.,
2004). Nodal signalling is required for correct cardiac formation, and loss and gain
of function experiments in both mice and zebrafish have shown the requirement
for Notch activity to induce Nodal expression and determine the left/right axis

(Raya et al., 2003).

1.5 Cell-cell adhesion

Junctional complexes are required to maintain the structural integrity and
functionality of cells, tissues, and organs. Individual cells have several junctional
complexes to mediate the requirements for communication and adhesion, i.e.
adherens junctions, desmosomes, gap junctions and tight junctions. Gap junctions
are essential for communication, whereas adhesion between individual cells is
mediated by desmosomes, adherens and tight junctions. The components of these
junctional complexes have a wide variety of functions and hence disruption to
formation of cell-cell junctions can have far-reaching consequences and roles in

numerous diseases.

1.5.1 Desmosomes

Desmosomes are intercellular junctions that provide strong adhesion between cells
in tissues that undergo a high level of mechanical stress (for example cardiac
muscle tissue), and hence require a high level of adhesion to maintain their
integrity. Desmosomes link intracellularly to the intermediate filaments, and this

complex (the desmosome-intermediate filament complex) provides the network
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responsible for maintaining the strength and integrity of tissues. Structurally,
desmosomes can be divided into three sections: the desmoglea (extracellular core
region), the outer dense plaque (ODP) and inner dense plaque (IDP). The
desmosome is composed of several different proteins, with the major components
being the desmosomal cadherins (desmogleins 1-4 and desmocollins 1-3), members
of the armadillo protein family (plakoglobin and plakophilins 1-3) and the plakin
linker protein desmoplakin, which anchors the intermediate filaments. Desmogleins
and desmocollins mediate adhesion via their extracellular domains, and their
cytoplasmic tails interact with the desmosomal plaque proteins. The outer dense
plaque is composed of the cytoplasmic tails of the desmosomal cadherins which

bind to members of the armadillo and plakin families (Figure 1.6).
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Figure 1.6 Structure of desmosomes.

Schematic of desmosomal proteins and relative distance from the plasma membrane (PM).
The desmosomal cadherins (desmogleins and desmocollins) extend into the extracellular
core and outer dense plague (ODP) to establish contact and adhere to neighbouring cells in
a Ca’*-dependent manner. The cadherin cytoplasmic tails associate linker proteins,
plakoglobin (PG), the plakophilins (PKP), and desmoplakin (DP). DP binds to the
intermediate filaments (IF) within the inner dense plaque (IDP), serving to tether the
intermediate filaments to the plasma membrane (adapted from Kottke et al., 2006; Delva
et al., 2009).
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1.5.2 Plakoglobin

Plakoglobin (also known as junctional plakoglobin (JUP) or y-catenin) is an 83 kDa
member of the armadillo (ARM) protein family and a major component of both
adherens junctions and the outer dense plaque of desmosomes. Armadillo proteins
have a central “armadillo” domain consisting of a series of imperfect repeats of
about 40 amino acids, flanked by distinct amino- and carboxy- terminal domains.
Plakoglobin shares a high level of structural and functional similarity with another
of the armadillo proteins, B-catenin. The central arm domains of human plakoglobin
and B-catenin have 83% amino acid similarity while the N- and C-terminal tails
share 57% and 15% similarity respectively, with this disparity between tail domains
thought to be responsible for their ligand specificity (Williams et al., 2000; Solanas
et al., 2004). Zebrafish plakoglobin has over 79% similarity to the central arm
domain of human plakoglobin, with considerably lower similarity at the tail domains
(42% at the N-terminal and a mere 9% at the C-terminal) (Cerda et al., 1999). Both
B-catenin and plakoglobin are responsible for binding the cytoplasmic tail of
adherens junction cadherins and linking them to the actin cytoskeleton, with a-
catenin mediating this linkage (Nelson, 2008). In adherens junctions E-cadherin
binds to plakoglobin in the region containing ARM repeats 4 and 5 (McCrea et al.,
1991), whereas N-cadherin binds to the region where repeats 7 and 8 are found
(Knudsen and Wheelock, 1992). In desmosomes, plakoglobin has a fundamental
role in promoting the clustering of desmosomal cadherins and linking them to the
cytoskeleton via desmoplakin, and is required for effective anchorage of the
intermediate filaments (Acehan et al., 2008; Swope et al., 2012b). Desmocollin and
desmoglein (the desmosomal cadherins) bind to the central arm domain of
plakoglobin in a similar manner to the cadherin components of adherens junctions.
Despite the high level of functional overlap between plakoglobin and B-catenin, the

latter has been more extensively studied.

In zebrafish plakoglobin protein has been detected at all developmental stages with
increased expression between 12 and 24 hpf. Interestingly, plakoglobin and B-
catenin are co-localized in the developing embryo until 12 hpf, and at 24 hpf

distinct cardiac domains of expression for each protein become visible, likely due to

21



Chapter One

the requirement for plakoglobin in the desmosomes. Structurally, B-catenin is an
essential component of adherens junctions, whereas plakoglobin is found in both
adherens junctions and desmosomes (Martin and Grealy, 2004). Loss of plakoglobin
causes problems with cardiac development, with plakoglobin knockdown embryos
showing smaller hearts, reduced heart rate, cardiac oedema and blood pooling

(Martin et al., 2009).

1.5.3 Plakophilin-2

Plakophilins are a subgroup of armadillo proteins that are members of the p120°"

family (reviewed by Hatzfeld, 2005; reviewed by Hatzfeld, 2007). The plakophilin
subgroup comprises of three members: plakophilins 1, 2 and 3. In addition to their
role as components of the submembrane plaque of intercellular junctions (including
desmosomes and the cardiac area composita) plakophilins can also be found in the
cytoplasm and the nucleus (Mertens et al., 1996; Schmidt et al., 1997; Schmidt et
al., 1999; Godsel et al., 2004; Franke et al., 2006).

Plakophilin-2 is similar in sequence to its sibling proteins 1 and 3, with each
composed of a basic N-terminal head domain followed by a series of imperfect arm
repeats and a short C-terminal tail (Bonne et al., 1999). Plakophilins 1-3 are
constituents of the desmosomal plaques where they associate tightly with other
armadillo proteins, cadherins and desmoplakin, linking the C-termini of the
desmosomal cadherins to the N-terminus of desmoplakin which then binds the
intermediate filaments of the cytoskeleton (McGrath et al., 1997). Plakophilin-2 is
specifically required for efficient assembly of desmoplakin into desmosomes, by
facilitating the association of desmoplakin with PKC-a (required for assembly), and
regulating the availability of PKC-a for phosphorylation of other cellular substrates
(Bass-Zubek et al., 2008). Plakophilin-2 is the most widely distributed of all the
plakophilins, occurring in the desmosomes of all proliferative tissues, in
meningiothelia and meningiomas, and in the cardiomyocytes and Purkinje fibres of
the heart (Mertens et al., 1996; Mertens et al., 1999; Borrmann et al., 2000; Akat et

al., 2003; Borrmann et al., 2006; Franke et al., 2006; Akat et al., 2008). It is also the
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only member of the plakophilin family found in the heart, thus demonstrating its

importance in the maintenance of cardiac structural integrity.

At a molecular level various roles for plakophilin-2 (PKP2) have been demonstrated.
Loss of PKP2 has been linked to sodium current deficit both in vivo and in vitro.
PKP2 haploinsufficiency leads to sodium current deficit and arrhythmogenesis in
murine hearts (Cerrone et al.,, 2012), and loss of PKP2 expression results in
decreased sodium current, sodium channel remodelling and increased re-entrant
activity in cultured cardiomyocytes (Sato et al., 2009; Deo et al., 2011; Sato et al.,
2011). In a colon carcinoma cell line PKP2 has demonstrated an ability to associate
with B-catenin and increase Wnt signalling (Chen et al., 2002). Despite these varied
reported roles, little is really known about the role of PKP2 in signalling. We have
recently shown an association between zebrafish PKP2 and the Nodal signalling
pathway, where loss of PKP2 results in complete ablation of lefty2 in early
cardiogenesis, and an increase in expression of several other Nodal pathway genes

(Moriarty et al., 2012).

Zebrafish PKP2 is predicted to encode an 815 amino acid protein with nine of the
characteristic arm repeats, sharing conserved sites for N-glycosylation,
myristoylation and GSK-3, CK2 and PKC phosphorylation with mammalian armadillo
proteins. It is expressed both maternally and zygotically, with ubiquitous expression
during early blastula stages restricting to epidermal and cardiac tissue during

gastrulation (Moriarty et al., 2008).

1.6 Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is a progressive disease,
characterised by arrhythmias, fibro-fatty replacement of the myocardium (primarily
of the right ventricle) and sudden death (Basso et al., 2009). Arrhythmia in ARVC is
proposed to result from conduction block, and the formation of macro re-entry
circuits caused by the fibrotic myocardial tissue that results from desmosome
dehiscence (Wolf and Berul, 2008). Though it was first described anatomically in

1977 (Fontaine et al., 1977), molecular genetics have since identified the disorder
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as primarily autosomal dominant in nature, and a variety of causative mutations
within the genes encoding desmosomal components have been reported (Table
1.2), hence ARVC is essentially a disease of the desmosomes. The prevalence of
ARVC is estimated to be between 1:2000 and 1:5000, with males more likely to be
affected than females (Basso et al., 2009; Herren et al., 2009) yet determination of
distribution is hampered by the lack of diagnostic features evident prior to the
sudden cardiac death with which ARVC is commonly associated. Interestingly a
study recently published on the geographical distribution of ARVC has indicated
that prevalence of some mutated genes is dependent on location, which will be

discussed further in Sections 1.6.1 and 1.6.2 (Jacob et al., 2012).

Table 1.2 ARVC-related genes

Gene No. of reported pathogenic Associated disease
mutations phenotypes
Plakophilin-2 131 ARVC
Plakoglobin 13 ARVC; AC; Naxos Disease;

cutaneous defects with no
associated cardiomyopathy

Desmin 6 ARVC; cardiomyopathy with
limb weakness; bi-ventricular
cardiomyopathy

Desmocollin-2 32 ARVC
Desmoglein-2 48 ARVC
Desmoplakin 67 ARVC; bi-ventricular

arrhythmogenic
cardiomyopathy with
epidermolytic palmoplantar
keratoderma and woolly hair

TGF-beta 3 2 ARVC
TMEM43 2 ARVC
Titin 8 ARVC

Data collated from ARVC gene variants database (www.arvcdatabase.info; van der Zwaag
et al., 2009).

1.6.1 Plakophilin-2 and ARVC

Plakophilin-2 is estimated to be the most commonly mutated gene in cases of

ARVC, with 131 pathogenic variants of the 224 reported to date and a high
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prevalence of mutations in this gene in populations in the USA and the Netherlands

(www.arvcdatabase.info; van der Zwaag et al., 2009; Jacob et al., 2012).

Though mutations in some of the other genes discussed here result in cardiac
disease with attendant phenotypic defects, plakophilin-2 mutations seem to result
in what we may call “pure” cardiomyopathies, where only heart defects occur.
Mutations in the plakophilin-2 gene that may result in ARVC include frame-shift,
mis-sense and splice-site, yet despite the wide range of reported mutations there
are few differences in the clinical symptoms or cardiac phenotypes reported (Syrris
et al.,, 2006). There are however some detectable molecular differences between
mutations. Using neonatal rat myocytes one study has compared two N-terminal
mutations in plakophilin-2 and identified mutation-dependent differences in the
association of PKP2 with connexin 43 and desmoplakin proteins, identifying the N-
terminal region between amino acids 79 and 178 of the PKP2 sequence as essential
for maintaining these proteins within the same junctional complex (Joshi-
Mukherjee et al., 2008). Another plakophilin-2 mutation (a splice-product mutation)
located within the ninth arm repeat has been reported to cause ARVC with
attendant gap junction remodelling (Tandri et al., 2008). Though there are no
observed external phenotypic differences it seems that, on a molecular level,

plakophilin-2 mutations encompass a number of structural and localisation defects.

1.6.2 Plakoglobin and ARVC

Unlike plakophilin-2, there are few documented mutations in plakoglobin that
result in cardiac defects, with the two best-characterised occurring at opposite ends
of the sequence and with disparate effects. An N-terminal serine insertion is
associated with ventricular tachycardia and characteristic fibro-fatty replacement of
the right ventricle, and examination of protein localisation at the intercalated discs
of cardiac myocytes revealed decreased localisation of plakoglobin, desmoplakin

and connexin 43 (Asimaki et al., 2007).

A deletion of 2 base-pairs at the C-terminal of plakoglobin results in a frame-shift
and premature termination of the protein, which causes a different

cardiomyopathy, the autosomal recessive Naxos Disease (named for the island
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where it was first identified in 1986). In addition to the characteristic cardiac
defects of ARVC, individuals affected by Naxos Disease also display distinctive
palmoplantar keratosis and rough bristly hair (Protonotarios et al., 1986; McKoy et
al., 2000). Gap junction remodelling is also seen to occur in patients with Naxos
Disease, and localisation of both the mutant plakoglobin protein and connexin 43 is
altered (Kaplan et al.,, 2004b). Interestingly, two mutations (splice site and
nonsense) in the 5 region have been reported to cause the skin fragility,
palmoplantar keratoderma and woolly hair phenotype associated with Naxos
Disease, but without the attendant cardiomyopathy that results from the Naxos

mutation (Cabral et al., 2010).

The ARVC genetic variants database (www.arvcdatabase.info; van der Zwaag et al.,

2009) has catalogued a total of thirteen pathogenic mutations in the plakoglobin
gene, four of which have been discussed above. Of the nine additional pathogenic
plakoglobin mutations reported, eight are missense mutations occurring at regions
throughout the gene from exon 2 to exon 11. The majority of these mutations have
been reported in isolation, yet there are two exceptions (van der Zwaag et al.,
2009). One of these, T19l, occurs when a threonine residue at position 19 is
replaced with isoleucine, manifesting in ARVC (den Haan et al., 2009; Tan et al.,
2010; Garcia-Pavia et al., 2011). There have also been multiple reports of missense
mutation V159L, a leucine replacement of the valine residue located at position 159
resulting in an arrhythmogenic cardiomyopathy involving both ventricles (Ly et al.,
2008; Xu et al., 2010). The final reported mutation is a deletion of three base-pairs
towards the N-terminal, detected in an individual with confirmed ARVC in
accordance with standard Task Force diagnostic criteria (McKenna et al., 1994; Xu

et al.,, 2010).

Though several plakoglobin-related cardiomyopathies have been well characterised
their prevalence world-wide is generally quite rare (with the exception of Denmark,
Greece and Cyprus) with incidences of plakoglobin mutations almost negligible in
comparison to those of other desmosomal mutations (Jacob et al., 2012). Though
plakoglobin mutations are not the most common cause of ARVC the protein does

play a central role, as plakoglobin localisation is so universally and specifically

26


http://www.arvcdatabase.info/

Chapter One

diminished across all forms of ARVC that its distribution has been proposed as a

diagnostic test (Asimaki et al., 2009).

1.6.3 Other desmosomal protein mutations

Cutaneous defects like those observed in Naxos Disease are not seen with any of
the plakophilin-2 mutations identified to date, yet they are not unique to
plakoglobin. A similar condition, also characterised by striated palmoplantar
keratoderma, woolly hair and cardiomyopathy, has been identified and linked to a
mutation in desmoplakin. Carvajal Syndrome is caused by deletion of a single
nucleotide in the tail domain which introduces a premature stop codon and hence
truncation of the desmoplakin protein (Norgett et al., 2000). Though Carvajal
Syndrome and Naxos Disease are caused by similar mutations of different proteins
and have broadly similar phenotypic and clinical presentations there is one key
element of the cardiac component that differs - Naxos Disease primarily affects the
right ventricle, whereas diagnosis of Carvajal Syndrome involves dilation of the left
ventricle (Carvajal-Huerta, 1998). Carvajal Syndrome appears to affect distribution
of desmoplakin and other desmosomal proteins, with localisation of desmoplakin,
connexin 43 and plakoglobin all diminished in the myocardium of affected patients

(Kaplan et al., 2004a).

As in plakoglobin, there are also mutations in desmoplakin that cause
cardiomyopathy with no associated cutaneous defects (Navarro-Manchon et al.,
2011; Gomes et al., 2012). Though the disease classification of ARVC was primarily
based on those cardiomyopathies affecting the right ventricle the increasing
number of left-associated cases presenting with otherwise identical disease
manifestations and causative genes has led to the expanded classification of
Arrhythmogenic Cardiomyopathy (AC) that encompasses both left and right

ventricular forms.

Mutations in desmosomal cadherins desmocollin-2 and desmoglein-2 are also
associated with ARVC. Desmoglein-2 mutations have a high level of penetrance in
reported cases of arrhythmogenic cardiomyopathy with a majority of right

ventricle-associated cases (Syrris et al., 2007; Gehmlich et al., 2010; Gehmlich et al.,
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2012) and the study of a desmocollin-2 mutation has provided increased
understanding of the molecular consequences of ARVC, with patient samples
showing changes in the phosphorylation status and localisation of gap-junction
protein connexin 43, altered localisation of plakoglobin and desmoplakin, and
decreased total protein content for desmoglein-2, desmocollin-2 and plakoglobin

(Gehmlich et al., 2011).

1.6.4 Connexin 43

Changes in expression, phosphorylation and localisation of gap junction protein
connexin 43 have been reported in many studies on ARVC (Kaplan et al., 20043;
Kaplan et al., 2004b; Asimaki et al., 2007; Joshi-Mukherjee et al., 2008; Tandri et al.,
2008; Gehmlich et al., 2011; Gomes et al., 2012). As the major gap junction protein
in the heart, connexin 43 is required for cardiac conduction and correct formation
of gap junctions (Verheule et al., 1997). In zebrafish embryos connexin 43 mRNA is
expressed from 2 hpf onwards, and is detectable in the outflow tract of the
developing cardiovascular system from 48 hpf. From 60 hpf to 72 hpf transcripts are
localised to the dorso-lateral margins of the heart tube at the ventricle, AV junction
and atrium, but not the sinus venosus, and cardiac expression appears to cease

after this stage (Chatterjee et al., 2005).

1.6.5 Animal Models of ARVC

A good animal model should resemble the required aspects of human physiology,
be easily manipulable to recapitulate the main features of the disease phenotype,
and have highly conserved molecular pathways to facilitate imitation of molecular
aspects of the disease in question. Short generation or maturation time is also
extremely advantageous from a research point of view, as is a model that can be

maintained at low cost and used for high-throughput studies.

A number of animal models for ARVC have been developed using various
techniques. Loss-of-function studies are typically more limited than those of
mutations as the importance of the target organ often means that embryonic

lethality prevents long-term studies of the developmental defects.
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A feline cardiomyopathy that bears close resemblance to human ARVC has been
identified, with common domestic cats of various breeds showing enlargement of
the right atrium and ventricle, ventricular lesions, apoptosis of the right ventricle
wall and repair via fibrous and/or fatty tissue replacement (Fox et al., 2000).
Though it is interesting to note the existence of a feline condition, it is of limited use
as a model until further study can be done to elucidate the genetic basis. A
cardiomyopathy with striking similarities to human ARVC has also been identified in
Boxer dogs, with arrhythmias and right ventricular cardiac myocyte replacement by
adipose or fibrous tissue. Most strikingly this canine model showed familial
inheritance of the disease and sudden cardiac death, which were not seen in the
feline model (Basso et al., 2004). A more recent study has identified a deletion in
the 3’ UTR of the striatin gene as causative for ARVC in Boxer dogs, and has co-
localised striatin protein with plakophilin-2, plakoglobin and desmoplakin at the
intercalated disk (Meurs et al.,, 2010). These data suggest that striatin may

represent a potentially unidentified causative gene for human ARVC.

Recapitulation of many important features of the human disease phenotype has
been shown in several other models. Murine studies on heterozygous plakoglobin-
deficient mice have shown that endurance training can accelerate development of
right ventricular dysfunction, yet this can be alleviated by pharmacological therapy
to reduce the ventricular load (Kirchhof et al., 2006; Fabritz et al., 2011). Though
these heterozygous plakoglobin-deficient models mimicked some aspects of the
disease, histology and electron microscopy images did not present any evidence for
aberrant myocardium or desmosome structure. A plakoglobin-null mouse model
has previously been shown to be embryonic-lethal, with mutant embryos showing
pericardial oedema, developmental delay and ruptured ventricles. Examination of
the junctional ultrastructure of the intercalated disks revealed a loss of
desmosomes and changes to the morphology of adherens junctions, which were
present with particularly dense, extended plaques (Ruiz et al., 1996). Another study
on plakoglobin null mice also demonstrated cardiac defects in developing embryos,
including thin, weak myocardium, blood leakage, and reduced numbers of

desmosomes. More detailed ultra-structural examination also revealed alterations
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of the desmosomes, with less dense plaques and atypical desmoglea observed.
Additionally, these plakoglobin-null mice had skin defects including blistering and
notably thin epidermis with poor resistance to mechanical stress due to subcorneal

acantholysis (Bierkamp et al., 1996).

Two recent publications from the Radice laboratory have reported particularly
noteworthy murine models for ARVC using modified knockouts. A tissue-specific
knock-out was used to completely ablate cardiac plakoglobin, with the resulting
embryos having loss of myocytes, fibrotic replacement of the cardiac tissue and a
decrease in the expression of desmosomal proteins plakophilin-2, desmoglein and
desmoplakin (Li et al., 2011a). A cardiac-restricted double knock-out (DKO) of
catenin proteins B-catenin and plakoglobin also successfully recapitulates several of
the hallmark features of the human condition, with DKO mice developing abnormal
hearts with enlarged ventricles, cardiomyopathy, myocardial fibrosis, and
conduction abnormalities that resulted in cardiac death in all animals (Swope et al.,

2012a).

Despite the similarities between these modified knockout models and ARVC (in
particular the fibrotic replacement of myocardial tissue) no cardiac adipocytes were
detected in either study. Modelling of this final aspect remains elusive, yet it is
possible that complete ablation of plakoglobin is not sufficient, and induced
mutations in the genes encoding desmosomal proteins may be the only way to
achieve a model that emulates this final facet of the disease. It must also be
considered that ARVC is a progressive disease, and it may be impossible to model
such a late-onset symptom of the cardiomyopathy at relatively early stages of
development in experimental animal models. Mouse modelling of plakophilin-2
defects has demonstrated abnormal heart development with blood leakage and
cardiac rupture, however embryonic lethality in early development was a limiting
factor in this study (Grossmann et al., 2004). Embryonic lethality has also been a
limiting factor in a cardiac-specific homozygous desmoplakin knockout, yet
heterozygous desmoplakin-deficient mice can survive and emulate key aspects of
the human condition including arrhythmias, increased adipose tissue and fibrosis

(Garcia-Gras et al., 2006).
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Morpholino knockdown has also been used to generate loss-of-function models in
zebrafish embryos. Embryos lacking desmosomal proteins plakoglobin or
plakophilin-2 had similar cardiac phenotypes, with cardiac oedema, reduced heart
rates, blood pooling and kinked tails, and altered desmosome composition and
numbers at the intercalated disks (Martin et al., 2009; Moriarty et al., 2012).
Plakoglobin knockdown embryos also had small hearts in comparison to controls,
and reflux of blood between the heart chambers (probably due to the observed
defects in valvulogenesis). Morpholino knockdown of desmocollin-2 resulted in
cardiac oedema, brachycardia and altered desmosome structure in morphant
hearts (Heuser et al., 2006). Though morpholino-based assays provide valuable data
on cardiac development they are limited by the transient nature of the knockdown
and so can only provide insights into the early effects, making it impossible to

recapitulate the later stage features of a progressive disease such as ARVC.

1.7 Targeted gene knockdown using morpholino antisense oligomers

First described in 1997, morpholino antisense oligomers were championed as a
powerful genetic tool capable of blocking protein translation, with such desirable
properties as complete resistance to nucleases, good targeting predictability, high
in vivo efficiency and high sequence specificity (Summerton and Weller, 1997;
Summerton, 1999). Morpholinos can be easily delivered to 1-2 cell zebrafish
embryos by micro-injection providing a simple and effective knockdown strategy.
Since the initial paper describing the efficacy of morpholino knockdown in zebrafish
(Nasevicius and Ekker, 2000), the sequencing of the zebrafish genome and an
exponential increase in popularity of the technique have greatly aided the study of

zebrafish genetics, enabling transient knock-down of numerous zebrafish proteins.

There are two extant strategies for morpholino-based gene knockdown.
Morpholinos may be targeted to the AUG or 5’ UTR (untranslated region) to block
translation of the mRNA, resulting in maternal and zygotic knockdown of the gene
of interest. Though this complete knockdown is perhaps more desirable than the

splice method, knockdown can only be confirmed by examining protein expression
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and the lack of availability of custom antibodies for zebrafish can in some cases be a
limiting factor. The alternative method, splice morpholinos, target splice junctions
causing alternative splicing and hence results can be monitored by reverse
transcriptase-polymerase chain reaction, but maternal gene expression is

unaffected by this approach (Draper et al., 2001).

Morpholino anti-sense oligonucleotides have now facilitated loss-of-function
studies for over a decade, and have become one of the most commonly used
techniques in zebrafish developmental studies (Draper et al., 2001). The ease of
delivery, reliability, and relatively low cost of morpholino oligonucleotides has
contributed to their popularity, in addition to the fact that inhibition of protein
translation provides a consistent phenotype once a suitable dose has been

established.

Though an important and commonly-used tool, there are associated limitations of
morpholinos. The transient nature of the knockdown prevents long-term loss-of-
function studies. Off-target effects and toxicity are constantly a source of concern
with morpholinos, though these can be combated to a large extent by the use of

IH

“control” morpholinos. An additional consideration for large-scale studies is the
requirement for individual injections to each embryo, which is time-consuming and
labour-intensive, particularly when genetic material is required for protein or cDNA-

based techniques.

Several techniques have emerged in the last decade that may eventually supersede
the use of morpholinos, not least due to their heritable characteristics. TILLING
(Targeting Induced Local Lesions in Genomes), is a reverse genetics approach first
described in Arabidopsis (McCallum et al., 2000) used to identify mutations in
specific genes of interest. TILLING in zebrafish has been documented using two
different screening methods, Cell-based detection (Wienholds et al., 2003b; Draper
et al., 2004) and the re-sequencing of target genes from single mutagenised fish
(Wienholds et al.,, 2003a; Wienholds and Plasterk, 2004). Cell-based detection
utilises the ability of this extracellular glycoprotein to cleave heteroduplex DNA at

all possible single nucleotide mismatches to detect mutations (Oleykowski et al.,
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1998). Zinc-finger nucleases (ZFNs), a chimera of zinc-finger protein and the
nuclease domain of Fokl, have been used to generate heritable targeted gene
disruption via the introduction and subsequent imperfect repair of a double-strand
break. ZFNs have been used successfully in many model systems including zebrafish
(Doyon et al., 2008; Meng et al., 2008). Despite their heritable nature, TILLING and
ZFNs have yet to achieve the popularity of morpholinos, due in part to their
relatively high cost, and also due to difficulties with specificity and customization.
The now-emerging use of transcription-like effector endonucleases (discussed
further in Section 1.8) has several promising features as a technique that may yet

eclipse the more established TILLING and ZFN methods.

1.8 Targeted genome editing using Transcription Activator-Like Effector
Endonucleases

Recent advances have demonstrated the use of transcription activator-like effector
endonucleases (TALENs) as a novel technique for targeted, heritable genome
editing in zebrafish. Dependent upon the imperfect nature of endogenous DNA
repair mechanisms, the TALEN procedure seems to alleviate the problems
associated with existing methods. Their heritable nature excludes problems of
toxicity, off-target effects and transience associated with the popular method of
gene knock-down via morpholinos. In addition, the simplicity of the assembly
process permits the synthesis of a virtually limitless number of TALEN constructs
with inexpensive materials in-house. The flexibility of design and relatively low-cost
of required materials favour TALEN over existing methods such as zinc finger

nucleases (ZFNs) and TILLING.

1.8.1 The TALEN mechanism

Nucleases for targeted genome editing have been engineered using a customizable
DNA-biding domain, consisting of an array of transcription activator-like (TAL)
effector repeats, fused to the nonspecific Fokl cleavage domain, and these

constructs then bind and cleave DNA in pairs (Figure 1.7).
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Figure 1.7 Targeted genome editing using TALENs
TALENs bind DNA using TAL effector repeat domains that recognise individual nucleotides.

TALE repeats are ligated together, creating binding arrays capable of recognising extended
DNA sequences. Coloured ovals represent the DNA-binding domain of the TALEN, with each
colour representing a sequence that binds to one of the four nucleotides, enabling the
targeting of specific DNA sequences. Each TALEN binds to a half-site with Fokl cleaving the
DNA within the central spacer region. DNA mutations are introduced by the natural process
of DNA repair, and dependent upon its imperfect nature. Nuclease-induced double-strand
breaks are repaired by error-prone non-homologous end joining, resulting in the creation
of insertion or deletion mutations (*indels). (Adapted from Moore et al., 2012)

TAL effectors are produced by plant pathogens, from the genus Xanthomonas, with
their native function being to directly modulate gene expression in the host
organism (Bogdanove et al., 2010). They are delivered to the nucleus via the
bacterial type Ill secretion system (sometimes referred to as “the injectosome”, a
protein appendage found in gram-negative bacteria), after which the TAL-effectors
enter the nucleus, bind to effector-specific sequences in host gene promoters and

activate transcription.
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The specificity of the DNA binding is determined by the central domain consisting of
tandem 33-35 amino acid repeats, followed by a single truncated repeat of 20
amino acids, with naturally occurring TAL effectors tending to have 12-27 full
repeats (Boch and Bonas, 2010). A polymorphic pair of residues at positions 12 and
13 in each repeat, the 'repeat-variable di-residue' (RVD) has been identified as the
region that confers specificity for the target sequence. Each repeat specifies for one
targeted nucleotide, with each of the four most common RVDs associating
preferentially with one of the four bases. Naturally occurring recognition sites are
uniformly preceded by a T which is required for TAL effector activity (Boch et al.,
2009; Moscou and Bogdanove, 2009). The simple nature of this sequence
relationship has enabled the construction of customised TAL effector repeat
domains to bind to DNA sequences of interest (Christian et al., 2010; Morbitzer et

al., 2010; Miller et al., 2011; Zhang et al., 2011).

The fusion of TAL effectors with the catalytic domain of the Fokl nuclease has been
used for in vivo genome editing to create DNA double- strand breaks at targeted
regions (Christian et al., 2010; Li et al., 2011b; Mahfouz et al., 2011; Miller et al.,
2011). Fokl cleaves as a dimer, hence these fused constructs of TAL-effectors and
Fokl act in pairs. The constructs bind to target regions on opposing strands across a
spacer region over which the Fokl domains come together and induce the break.
Repair then occurs in the region of the break; however the imperfect nature of the
repair mechanism can result in insertions, deletions or the replacement of bases,
i.e. a mutation. Repair of the double-strand break can occur by either one of two
processes which are highly conserved, (1)- non-homologous end joining, which is
the predominant repair mechanism, but as it can be imprecise, small insertions or
deletions can occur in the repaired sequence, and (2)- homologous recombination,
which is commonly used for gene targeting to insert or replace the gene of interest

(though this does not occur regularly in practice).

1.8.2 Use of TALENs for genome editing

Recently Cermak et al., have adapted the Golden Gate method of cloning to

engineer a complete set of plasmids for assembling novel repeat arrays of TALENs
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(Cermak et al., 2011). The Golden Gate method utilises the cleavage properties of
Type |l restriction enzymes to enable digestion and ligation in the same reaction
mixture. Type Il restriction endonucleases cleave outside their recognition sites,
creating unique 3’ or 5’ overhangs (“sticky ends”) that can consist of any nucleotide.
Thus, multiple sticky ends can be produced at different DNA fragments in a single
reaction (e.g. 256 different overhangs can be created with a Type Il restriction
endonuclease that cleaves to produce a four nucleotide overhang) (Engler et al.,
2008; Engler et al., 2009). It is important to note that the binding sites of Type Il
restriction endonucleases are directional (i.e. non-palindromic), thus if a fragment is
flanked by four nucleotide overhangs and two Type Il restriction endonuclease
binding sites digestion will produce pre-defined sticky ends on either side. Careful
design and selection results in alignment of the digested fragments in a pre-defined

order upon ligation (Figure 1.8).

DESTINATION
VECTOR

INPUT PLASMIDS

DIGESTION

LIGATION

FINAL
CONSTRUCT

Figure 1.8 Golden Gate cloning mechanism
Schematic demonstrating the basic mechanism of Golden Gate cloning. Input plasmids,

destination vector and a Type Il restriction endonuclease are mixed together in a single
reaction with DNA ligase. Digestion results in unique sticky ends (coloured dots represent
these complementary sites), hence careful experimental design permits ordered assembly
of the ligated fragments into the destination vector.

36



Chapter One

Golden Gate cloning is a “one pot” reaction, with fragments, enzymes and ligase all
reacting together in a thermocycler. Repeated cycles cause repetitious digestion
and ligation of the DNA fragments. In ligation reactions, the digested DNA fragment
either re-ligates into the original plasmid, or assembles with the other fragment
(the desired result). In Golden Gate cloning, the assembled parts lack the restriction
site for type Il endonucleases; hence they are trapped within the destination vector.
The use of this one step process for multiple ligation reactions has greatly reduced
the time required to synthesise customised TALEN constructs, and contributed to

the overall efficiency of the TALEN method of targeted genome editing.

The relative simplicity of design, the flexibility of the assay and the cost-effective
nature of the TALEN procedure are all important factors that will undoubtedly lead
to an increase in the popularity of this technique for genome editing. In addition to
this, the heritable nature of the mutations provides a rapid method for the
generation of mutant lines, presenting a significant advantage over the more
established technique of morpholino micro-injection. An efficiency of up to 25% has
been reported for TALEN-based genome editing, placing the technique on a par
with more established techniques such as zinc-finger nucleases (Miller et al., 2011).
The use of TALENS has already been successfully reported in a number of in vivo
systems including yeast, human cell lines and zebrafish (Cermak et al., 2011; Huang

et al., 2011; Miller et al., 2011; Sander et al., 2011; Bedell et al., 2012).

There are some disadvantages to TALEN targeting in its current form. Current
design guidelines specify base composition of target sites and the length of the
spacer region, and as naturally occurring target sites are always preceded by a T this
is also a requirement. Though adherence to these guidelines for successful
targeting may prove unnecessary in time, they are recommended at present and
may inhibit the induction of mutations at specific sites where the target sequence
does not meet requirements. The other main consideration is the occurrence of
germline mosaicism, as the F; progeny resulting from TALEN founder fish
outcrossed with wild-types carry a variety of mutations within the targeted region
(Cade et al.,, 2012; Dahlem et al., 2012; Moore et al., 2012). This mosaicism,

combined with the unpredictable nature of the repair process on which TALEN
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targeting depends, does not favour studies in which an exact mutation is required
(e.g. induction of a point mutation). Overall however TALEN targeting represents a
significant development in forward genome editing and overcomes many of the

problems associated with existing methods for in vivo genome manipulation.

1.9 Aims of this study

Previous work in our lab has established zebrafish knockdown models for both
plakoglobin and plakophilin-2 using morpholino anti-sense oligonucleotides. Loss of
plakoglobin revealed both structural and signalling roles for this armadillo protein,
with embryos lacking plakoglobin having both developmental defects and up-
regulation of Wnt target genes. Knockdown of plakoglobin resulted in embryos with
reduced heart size, cardiac oedema, blood reflux between the atrium and ventricle,
a decreased heart rate and a twisted tail. Cell junction formation was also affected,
with plakoglobin morphant embryos having decreased numbers of desmosomes
and adherens junctions. Examination of Wnt target gene expression identified an
antagonistic role for plakoglobin in the Wnt signalling pathway (Martin et al., 2009).
Knockdown of plakophilin-2 resulted in a similar phenotype of disrupted cardiac
development. Embryos lacking plakophilin-2 had decreased heart rates, cardiac
oedema, blood pooling, incorrect cardiac patterning and twisted tails, and a

decreased number of desmosomes in morphant hearts (Moriarty et al., 2012).

This study aims to elucidate further the signalling roles of plakoglobin and
plakophilin-2 in zebrafish development, and develop an improved zebrafish model
for ARVC by generating a plakoglobin mutant line using TALENs. The specific aims

were:

1. To further examine the interactions between plakoglobin and Wnt signalling

2. Toidentify a signalling role for plakophilin-2 during cardiac development

3. To evaluate plakoglobin and plakophilin-2 morphant embryos as molecular
models for the congenital heart condition arrhythmogenic right ventricular
cardiomyopathy

4. To develop a zebrafish plakoglobin mutant using TALEN targeting and assess

the resulting phenotype.
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2 Materials and Methods
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2.1 Materials
2.1.1 Zebrafish

Zebrafish is the common name of the Danio rerio; Eukaryota;, Metazoa; Chordata;
Craniata; Vertebrata; Euteleostomi; Acrinoptrygii; Neopterygii; Teleosteri;
Euteleosteri; Ostariophysi; Cypriniformes; Cyprinoidea; Cyprinidae; Rasborinae;
Danio. Zebrafish AB adult fish were obtained from the Zebrafish International
Resource Centre at Eugene, Oregon. Transgenic zebrafish (cmlc2:eGFP-ras and
apc™ lines) were obtained as a gift from the Stainier lab at University of California,

San Francisco (UCSF).

2.1.2 Chemicals and laboratory plastics

All chemicals were of standard analytical grade. Distilled water was used in

preparation of solutions.

The  following  chemicals  were purchased from  Sigma  Aldrich

(www.sigmaaldrich.com); acrylamide/bisacrylamide, ammonium acetate,

ammonium persulphate, ampicillin, benzyl alcohol, benzyl benzoate, bovine serum
albumin (BSA), bromophenol blue, calcium chloride, chloroform,
chloroform/isoamylalcohol 24:1, Coomassie blue R-250, developer, diethyl
pyrocarbonate (DEPC), dithiothreitol (DTT), 1,1,2-trichloro-trifluorethane (Freon),
ethanol, ethidium bromide, ethylene diamine tetra acetic acid (EDTA), ethylene
glycol tetra acetic acid (EGTA), fixer, formaldehyde, formamide, glucose, glycerol,
glycine, 5-bromo-4-chloro-3-indolyl B-D-galactose (X-gal), hydrochloric acid,
isopropanol, isopropyl-B-D-thio-galactopyranoside (IPTG), Luria Bertani (LB) agar, LB
broth, magnesium chloride, magnesium sulfate, methyl cellulose, 3-[N-
Morpholino]propanesulfonic  acid (MOPS), paraformaldehyde, phenol,
phenylthiourea (PTU), phosphate buffered saline  tablets (PBS),
phenylmethylsulphonyl fluoride (PMSF), polyoxyethylenesorbitan monolaurate
(Tween 20), Ponceau S solution, potassium chloride, potassium sulphate, protease
inhibitor cocktail, sheep serum, sodium bicarbonate, sodium chloride, sodium
dodecyl sulphate (SDS), sodium hydroxide, N,N,N',N'-Tetramethylethylenediamine
(TEMED), tricaine, tris(hydroxymethyl)aminomethane (Tris) , triton X-100.
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Multi-purpose agarose, BM purple AP substrate, Anti-digoxigenin-AP Fab fragments

and SP6/T7 digoxigenin-labelling kit were purchased from Roche (www.roche.com).

New England Biolabs supplied the 1 kb and 500 bp ladders (www.neb.com). Protein

marker was  purchased from Biorad (www.bio-rad.com). Promega

(www.promega.com) supplied the RNA marker, 10x Taq. buffer, magnesium

chloride, and nuclease-free water. Pipette tips, microcentrifuge tubes, centrifuge

tubes and Petri dishes were supplied by Sarstedt (www.sarstedt.com). Capillary

Eppendorf tips were supplied by Eppendorf (www.eppendorf.com) and glass

capillaries from Narishige (www.narishige.co.jp). Glass Pasteur pipettes were

purchased from Labkem (www.labkem.ie). Kodak Film was purchased from Sigma

Aldrich. Supersignal west pico chemiluminescent substrate was purchased from

Pierce (www.pierce.com). Trizol reagent was manufactured by Invitrogen. Low fat

powdered milk was commercially available. ZM-000 to ZM-500, sea salts and

Artemia were supplied by ZM Ltd (www.zmsystems.co.uk). SYBR-green Fast qPCR

mix, 96-well optical plates and film lids were purchased from Applied Biosystems.
Random hexamers were supplied by Invitrogen. Takara LA Taq polymerase was

obtained from Clontech.
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Oligonucleotides were supplied by Eurofins MWG Operon (www.eurofinsdna.com).

Table 2.1 Oligonucleotides

Gene Oligo name Sequence (5’ - 3’)
B-actin B-actin forward ACG CTT CTG GTC GTACTA
B -actin reverse GAT CTT GAT CTT CAT GGT
B -catenin B -cat F1 forward | CGCTGC GGG TTG TTC TCT CACA

B -cat R1 reverse

TCA CAG CCG GGCACAGCTACTA

Bone morphogenic
protein 4 (bmp4)

Bmp4fl forward

GCG AGC GAAACG CAGCCCTA

Bmp4r2 reverse

ATC CAG GCG GCG CCACAATC

Connexin 43

Cxn43F3 forward

TCCACG CCGACGCTCCTGTA

Cxn43R3 reverse

ATG GAG CTCAACGTC GCC GC

Desmoplakin-a

Dsp-aF1 forward

TGG CGG TTC AGA AGC GAG CT

Dsp-aR1 reverse

TTT CCG CAG CTG ATC CAT GGCG

Dharma dhaF4 forward GCT CGA GCG ACT CTT CGC GG
dhaR4 reverse TCCTCG CTGAGG CCCGTGTT
Elongation factor 1- | EF1 forward GTG GTATCACCATTGACATIGC
o (EF1-a) EF1 reverse TCA GCC TGA GAA GTACCAGTG A
Lefty 1 LeftylF forward TGG ATC ATC GAG CCG TCC GGT
LeftylR reverse CGG CAG CCG CCTTTA CACCT
Lefty 2 Lefty2F forward CGG AGG CAC CACAGG CCG AT
Lefty2R reverse GGC CTG GGT CAC GTC GAA GC
Nodal-related 1 | Ndr1-F2 forward | AGT TTT GGC CCT CGC GGT CG
(ndri) Ndri1-R1 reverse GAT GTC GGC CGT GACCTG CC
One-eyed pinhead | oepF forward TCG AGT CAG GAT GTG AGG GGT CA
(oep) oepR reverse TTG ACG TTG CGG CGT TTG CG
Pitx2c Pitx2cF forward CGCCGCTTT CGATGG CCT CT
Pitx2cR reverse TCTTTCTCT ACG GACTCT GGACTG G
Plakoglobin PG-F1 forward AAC GTC AAG CGT GTG GCA GCT
PG-R1 reverse AGC AGC ATA GGT GGCGATCCCT
PPAR-y PPAR-gF forward | AGA CGT TTG GCT GGC CCG TG
PPAR-gR reverse | GCG AGT GCG TGT CGT CCT CC

Southpaw (spaw)

spawF forward

AGA CCG GGT CACGGCACCA

spawR reverse

CGCTTCCACTTCCACTGCCCT G

Whntl Whnt1lF forward AGG ACCGTT TTG ACG GCG CA
WntlR reverse TGCGCT GGG TTTTCT GGTTCCA
Wnt5b Wnt5bF forward AAG CACAGGTTTTTG CTC GGG A

Wnt5bR reverse

TGC AAA GCG CCT CCT CAGATG G
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Table 2.2 Oligonucleotides for TALEN experiments

Primer Sequence (5’-3’)
PGexon4F CGT GTG AGG GCG GCCATG TT
PGexon4R AGATGGTTCGGCCAGCTTCTGT
PGexonl15F TGC AGG ATA CGG TGG ATATGCTG
PGexonl15R TCT GGC CAT GGA GTT GTA GGG CA
pCr8F1 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

HRM_PGexon4F

CGG CCATGTTTCCTG AGA CT

HRM_PGexon4R

CTG TAC ATT GGT CTG CTG GGA

HRM_PGexon15F

CCT GCA GGA TAC GGT GGATA

HRM_PGexon15R

ATG CCG CCCCTATAATCG TC

Oligonucleotides designed specifically for this study are capitalised, those used as standard
for TALEN construction are shown in lower-case lettering.

Table 2.3 Molecular Markers

Fragment size

Supplier

1 kb 10, 8, 6, 5, 4, 3, 2, 1.5, 1, New England Biolabs
0.5 kb
100 bp 1517, 1200, 1000, 900, 800, New England Biolabs

700, 600, 500, 400, 300,
200, 100 bp

Prestained protein marker

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

Biorad
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2.1.4 Enzymes and kits

Restriction enzymes (with buffers) were purchased from New England Biolabs.
Proteinase K was purchased from Invitrogen. Plasmid preparation kits (maxi and
mini), PCR purification kit and gel extraction kit were obtained from Qiagen. SP6/T7
MMESSAGE mMACHINE kit, MEGAclear kit and the DNasel enzyme and buffer were

purchased from Ambion. pGEM-T Easy kit was purchased from Promega.

2.1.5 Morpholinos and antibodies

Morpholinos were purchased from GeneTools, Oregon (www.gene-tools.com).

Table 2.4 Morpholino oligonucleotides

Morpholino name Sequence
Plakoglobin anti-sense GAGCCTCTCCCATGTGCATTTCCAT
Plakoglobin 5 bp mismatch control GACCCTCTGCCATCTGGATTTGCAT
Plakophilin-2 anti-sense (5’UTR) GTCACCTCTCCAAAGATCGTGTTTC
Plakophilin-2 5 bp mismatch control GTGACCTCTCCAAACATCGTCTTTC

Table 2.5 Antibodies

Primary Antibodies

Antigen Host Species Isotype Supplier
Anti-Plakoglobin Mouse 1gG,a BD Bioscience
Anti-a-tubulin Mouse 1gG, Sigma
Anti-Connexin43 Rabbit IgG, ProteinTech
Secondary Antibodies

Antigen Host Species Conjugate Supplier
Anti-rabbit I1gG Goat Peroxidase Sigma
Anti-mouse IgG Goat Peroxidase Sigma
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Table 2.6 Whole Mount In-Situ Probes

In situ probe Sense or | Restriction Transcription | Reference
antisense enzyme Polymerase

Bmp4 Antisense Xba T7 Yost lab

Boz Antisense BG1 llI Sp6 Hirano lab

Squint Antisense BamHI T7 Dawid lab

Leftyl Antisense EcoR | T7 Thisse lab

Lefty2 Antisense Miv | T7 Thisse lab

2.1.6 Equipment

Zebrafish tanks and filters were supplied by Western Aquatics. LSM incubator and
MSE Sonicator were supplied by Mason Technologies. Cell-vu slides were supplied
by Fisher. Narishige supplied an IM 300 microinjector and needles. Model P-97
Flaming Brown pipette puller was purchased from the Sutter instrument company.
Electrophoresis gel apparatus AE-6450 was from Atto Instruments. Western semi-
dry transfer system was supplied by CBS Scientific Co. and powered by a Powerpac
200 power supply. The platform shaker was manufactured by Grant Boekel. The bag
sealer was manufactured by Russell Hobbs. The waterbath was manufactured by
Grant. Reagents were weighed using a Mettler Toledo balance. Pipetteman pipettes
were supplied by Gilson. The pH of solutions was determined using a Mettler
Toledo pH meter. The Eppendorf microcentrifuges used were the 5415R and 5415D
bench centrifuges. QBT1 Grant & Stewart heating blocks were used. The PCR
machine, PTC-200 Peltier Thermal Cycler, was manufactured by MJ Research. The
UV transilluminator was manufactured by UVP. Gel images were captured using an
Ingenius gel documentation system from Syngene in conjunction with GeneSnap
software. Nucleic acid quantification was performed using a Nanodrop
spectrophotometer ND-1000. Embryos were examined using Nikon SMZ645
microscopes. Quantitative PCR was performed using an ABI 7500 Fast gqPCR
machine from Applied Biosystems. An Eco lllumina PCR machine was used for high

resolution melt analysis experiments.
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2.2 Methods
2.2.1 Zebrafish maintenance

Unless stated all solutions and protocols used in the care and maintenance of the
zebrafish were taken from The Zebrafish Book (Westerfield, 1995). Adult zebrafish
were housed at a stocking density of approximately 20 fish per 20 litre tank and fed
thrice daily. Morning and evening feeds consisted of ZM500 ground food, and in the
afternoon a feed of live Artemia. Artemia cysts (3 g) were incubated with 70 g of
Instant Ocean salt in a 1 litre hatchery for a minimum of 24 hours with strong
aeration at a constant temperature of 28°C. Fish were maintained at 28°C on a
14:10 light : dark cycle. Fish were spawned once a week in spawning trays (20 cm X
9 cm) by placing male fish in the tray with a female placed in a mesh insert above
on the evening prior to spawning. Male and female fish were mixed together in the
upper insert after lights turned on the following morning. Embryos were collected
from the bottom of the spawning trays and cultured in 90 cm Petri dishes
(approximately 50 embryos per dish). Embryos were incubated at 28°C in E3
medium (5 mM NacCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33 mM MgSQ,, and 10 ppm
Methylene Blue) if being cultured to adulthood for breeding or in filter-sterilised
egg water (60 pg/ml stock salts in distilled water) if used for experiments. Fish
housing tanks were washed weekly while the fish were on to spawn, with all tanks
being washed once monthly with a solution of Milton sterilising fluid and water.
Filters were thoroughly rinsed with water and tanks were re-filled using

dechlorinated tap water.

2.2.2 General experimental preparation

All pipette tips and microcentrifuge tubes were autoclaved and bench surfaces
were wiped with 70% ethanol. Gloves were worn and changed regularly to prevent
RNase contamination in molecular experiments. Nuclease-free water was used in all

molecular experiments for re-suspension of nucleic acids, dilutions and PCR mixes.

46



Chapter Two

2.2.3 Gene knockdown

Morpholinos to block translation of the plakoglobin and plakophilin-2 proteins had
previously been designed and optimised by Drs. E.D. Martin and M.A. Moriarty
respectively. A 5-base pair mismatch control morpholino for each gene of interest
was used for controls in all experiments unless otherwise stated. Wild-type un-
injected embryos from injection days were also monitored alongside morpholino-

injected embryos as an additional control.

Microinjection protocol

Glass capillaries were used to make microinjection needles using a Flaming-Brown
pipette puller programmed as follows: 300 units heat, 8 units of pull force and a

velocity of 50 m/s.

Morpholinos were diluted to a final concentration of 5 ng/nl in nuclease-free water
and a 0.05% solution of phenol red stock solution (0.0014M phenol red and 0.2M
KCI). 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 90 cm Petri
dishes with microinjection needles used to mould rows to hold embryos in a fixed
position for injecting. Freshly fertilised embryos were lined up in these rows. All
embryos were injected at the 1-cell stage with a constant injection volume of 1 nl.
Phenol red was used in the vehicle as a means of visualising the injection bolus.
Control embryos were those injected with control morpholino only and wild-type
sibling embryos were also monitored as additional controls. Embryos were allowed

develop until the appropriate developmental stage.
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2.2.4 RNA extraction and cDNA synthesis
Isolation of total RNA

Embryos were harvested at the desired developmental stage in batches of 50-150.
Trizol reagent was used to extract RNA from the whole tissue, with 100 pl of Trizol
being added per 20 embryos in a 1.5 ml microcentrifuge tube. A sterile 1 ml syringe
and needle (21G) were used to shear the tissue which was then incubated for five
minutes at room temperature. Chloroform (200 pl per 1 ml Trizol) was then added
and samples were vortexed immediately and incubated at room temperature for
three minutes. Samples were then centrifuged at 4 °C for 15 minutes at a force of

12,000 g.

The resulting upper aqueous phase was transferred to a fresh pre-cooled 1.5 ml
microcentrifuge tube. Isopropanol was added (500 ul per 1 ml Trizol) and the
samples were incubated at room temperature for 10 minutes. Tubes were then
centrifuged for a further 10 minutes at 12,000 g and 4°C. The supernatant was
removed and the pellet was washed with 100 ul of 75% ethanol (pre-chilled on ice).
Tubes were vortexed and centrifuged at 12,000 g for 10 minutes at 4 °C. The
ethanol supernatant was then removed and the pellet was left to air-dry for 5-10
minutes. The RNA pellet was re-suspended in 88 ul of DEPC water and incubated at

55°C for 10 minutes.

The RNA solution was DNase treated by adding 10 pl DNase buffer and 2 pl DNase
enzyme, and samples were incubated at 37 °C for ten minutes. All samples were
then diluted to a total volume of 400 pl by addition of 200 ul phenol, 80 ul of
nuclease-free water and 20 pl of 3 M sodium acetate. Samples were thoroughly
mixed and centrifuged at 13200 g at a temperature of 4 °C for five minutes. The
supernatant was then transferred to a new microcentrifuge tube to which 200 pl of
chloroform : isoamyl alcohol (24:1) was added and tubes were vortexed. This
chloroform : isoamyl alcohol step was repeated, and the resulting supernatant was
once again transferred to a fresh tube. Isopropanol (200 ul) was added to the
supernatant, and the samples were then incubated at -70°C for twenty minutes.

Tubes were then centrifuged for a further 30 minutes at 13,200 g and 4°C. The

48



Chapter Two

supernatant was then removed and the RNA pellet was washed with 200 ul of a
pre-chilled 70% ethanol solution. Tubes were centrifuged for 5 minutes at 13,200 g
and 4°C. The ethanol supernatant was then removed and the pellet was left to air-
dry for 5-10 minutes before re-suspension in 8 pl of nuclease-free water and stored
at -70°C. The total RNA concentration and quality was determined by

spectrophotometry.

cDNA synthesis

Total RNA was reverse transcribed using random hexamers. The reaction mixture
contained 1 pg of total RNA, 0.5 uM random hexamers, 4 ul of Superscript Il first
strand buffer (50 mM Tris-HCI, 75 mM KCI, 3 mM MgCl,), 2 ul of 0.1 M DTT, 10 ul
nuclease-free water, 1 pl of 10 mM dNTP mix and 1 pl of the reverse transcription
polymerase. The reaction was incubated for 1 hour at 42°C and then 15 minutes at

70°C to heat inactivate the enzyme. cDNA was stored at -20 °C.

2.2.5 Polymerase Chain Reaction
RT-PCR protocol

Polymerase chain reactions consisted of a 50 pl reaction mixture containing 1X
reaction buffer (50 mM KCI, 10 mM Tris-HCI, 0.1% Triton X-100), 200 uM of dATP,
dCTP, dGTP, dTTP, 1.5-4 mM MgCl,, 10 pmoles of forward primer, 10 pmoles of
reverse primer, 1.25 Units of Tag DNA polymerase and 0.6 ug of template cDNA.
Annealing temperatures varied depending on primers used. The elongation time
chosen was based on the length of DNA to be amplified. Negative controls were

included for all reactions, with the template cDNA replaced by nuclease-free water.

The programme for a typical polymerase chain reaction featured a 30 second
denaturation step at 95°C, a 30 second primer annealing step and an elongation
step at 70 °C (1 minute per 1 kb of DNA to be amplified). This programme was

repeated for 29-34 cycles and followed by a final 10 minute extension step at 70 °C.

The NCBI Primer-BLAST programme (http://www.ncbi.nlm.nih.gov/tools/primer-

blast) was used to design primers for DNA amplification. Primers were designed at a
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length of 20-25 base-pairs, with a GC content of 40 -60% and without inverted

repeats or complementary sequences.
Quantitative RT-PCR

Quantitative reverse transcription PCR was performed using a protocol adapted
from “High Throughput Real-Time Quantitative Reverse Transcription PCR” from
Current Protocols in Molecular Biology (Bookout et al.,, 2006). SYBR Green

chemistry and the AAC; method were used for all assays.
Primer design and validation

Primers were designed to meet the specific requirements for quantitative RT-PCR,
with a 40-60% GC content and melting temperatures of approximately 60 °C.
Oligonucleotides containing runs of the same nucleotide, repetitive sequences or
more than two G or C bases at the 3’ end were deemed unsuitable. Primers were
also designed to produce an amplicon of 50 — 150 bases in length. Primer validity
was assessed using a standard cDNA dilution series from which linear regression
curves were plotted. A primer set with a slope of -3.3 + 0.1 was deemed valid for

use in further experiments.

Template cDNA (synthesis as described in Section 2.2.5) was serially diluted to give
a range of concentrations from 50 — 0.08 ng/ul. A 5 pl aliquot of each cDNA
concentration was then added to a microcentrifuge tube on ice. A 35 ul aliquot of
reaction mixture with final concentrations of 1X SYBR Green mix and 150 nM of
both forward and reverse primers for the gene of interest (GOI) was then added to
each cDNA concentration and this mixture was vortexed and pipetted in triplicate
into the 96-well optical plate. No-template controls (NTC) were also prepared in
which nuclease-free water was substituted for the cDNA solution. As an additional
control a sample set was prepared using a previously validated primer set (for

reference gene EF1-a), which was then assayed on the same plate as the primer
set(s) to be validated. A sample plate layout is shown in Figure 2.1. Once

successfully validated to meet the specified parameters a primer set was deemed

suitable for use in quantitative PCR assays.
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50ng | 50ng | 50ng | 10ng/ | 10ng/ | 10ng/ | 2.0ng | 2.0ng | 2.0ng | 0.4 0.4 0.4
Jul /ul /ul pl pl pl /ul /ul /ul ng/ul | ng/ul | ng/ul

EFl-o | EF1-a | EF1-a | EF1l-a | EF1-a | EFl-a | EF1l-a | EF1-a0 | EF1-a | EF1-a | EF1-a | EFl-a

0.08 | 0.08 0.08 NTC NTC NTC 50ng/ | 50ng/ | 50ng/ | 10ng/ | 10ng/ | 10ng
ng/ul | ng/ul | ng/ul pl pl pl pl pl /ul

EFl-a | EF1-a | EF1-a | EF1l-a | EF1-a | EF1-a | GOI GOl GOl GOl GOl GOl

2.0ng | 2.0ng | 2.0ng | 0.4ng | 0.4ng | 0.4ng | 0.08 0.08 0.08 NTC NTC NTC
/ul /ul /ul /ul /ul /ul ng/ul | ng/ul | ng/ul

GOl GOl GOl GOl GOl GOl GOl GOl GOl GOl GOl GOl

Figure 2.1 Sample plate layout for validation of qPCR primers
Template cDNA concentrations or no-template control (NTC) wells are shown with primers

for reference gene EF1-a or gene of interest (GOI).

Relative gene expression assays

Successfully validated primer sets were used in the subsequent gene expression
assays to measure fold-changes in expression of particular RNA transcripts between
samples. A 1:1 mixture of forward and reverse primer was diluted to a final
concentration of 150 nM. As before, template cDNA was synthesized by reverse-
transcribing 1 ug of total RNA isolated from control and target morpholino-injected

embryos. Template cDNA was then diluted to give a final concentration of 10-50

ng/ul.

The reaction mixture per sample (to be aliquoted in triplicate) consisted of: 20 pl of
2X SYBR Green mix, 4.8 ul of a 1.25 mM mixture of both the forward and reverse
primers, 5 ul of template cDNA (at a concentration of 10-25 ng) and 10.2 ul of

nuclease-free water. A sample plate layout is shown below (Figure 2.2).

Control Morphant NTC Control

10 ng/pul > 10 ng/ul > |Ong/ul | ———» | 10 ng/pl |—
EFl-a EFl-a EFl-a GOl

Morphant NTC

10 ng/ul > | 0ng/ul >

GOl GOl

Figure 2.2 Sample plate layout for AACT qPCR experiments.
Triplicate wells shown for a sample plate examining gene expression in control (blue) and
morphant (red) embryos, with no-template control (NTC) wells shown in black.
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The average cycle time for each of the three replicates of a sample was calculated
and the GOI cycle time values were normalised to those of the reference gene for
the same sample (ACt=average cycle timego — average cycle timergrerence GENE)-
House-keeping gene EF1-a was chosen as the reference gene for all experiments as
it has been shown to be stably, precisely and reproducibly expressed at consistent
levels in all tissues, and validated as a suitable reference gene for use in qPCR by

several studies (Nicot et al., 2005; Ingerslev et al., 2006; Tang et al., 2007)

A calibrator sample was then chosen for each sample, i.e. the control morpholino
sample to which the morphant sample data would be compared. The calibrated
value, or AACt, for each sample was then calculated (AACt=ACtsampie -ACtcaiibrator)-
The fold-change for each sample relative to the calibrator was then calculated (fold-

2088 " Fold-change was then efficiency corrected using the Pfaffel

change=
method, i.e. by adjusting the efficiency value (E) of the reaction from the standard
value of 2 (assuming perfect doubling of the PCR template) to a value obtained
from the standard curve validation assay e.g if a primer validation assay yielded an

efficiency value of 97% the E value would be adjusted to 1.97.

2.2.6 Gel electrophoresis

DNA electrophoresis

DNA fragment size was estimated by comparison to standard base-pair markers.
Samples were electrophoresed in tandem with DNA base-pair ladders. Agarose gels
of varying concentrations (from 1-1.5%) were used, depending on the size of the
DNA fragment of interest. A 2 ul aliquot of a 10 mg/ml stock solution of ethidium
bromide was added to 60 ml of agarose and the 1X TAE running buffer consisted of
1 X Tris, acetic acid and EDTA at pH 8. Samples were electrophoresed in accordance
with Sambrook et al., (1989). Gels were visualised using an InGenius gel

documentation system from Syngene.
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RNA electrophoresis

RNA quality was analysed by agarose gel electrophoresis on a 1.2% non-degrading
formaldehyde gel. Ethidium bromide was added to the sample to enable
visualisation of the RNA. A 2:1 ratio of the 28S to 18S ribosomal RNA indicated
adequate RNA quality. RNA samples were heated for ten minutes at 65°C to remove
secondary structures prior to running on the formaldehyde gel, in accordance with

protocols from Sambrook et al., (1989).

Protein electrophoresis

Zebrafish lysate preparation

Embryos at the desired stage were harvested in batches of 50-150 and transferred
to microcentrifuge tubes containing 1 ml of deyolking buffer (55 mM NaCl, 1.8 mM
KCl, 1.25 mM NaHCO3, 10% protease inhibitor cocktail [0.2 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride (AEBSF), 1 mM EDTA, 130 uM bestatin, 14 uM E-64, 1 uM
leupeptin and 0.3 uM aprotinin]). Gentle pipetting with a 200 ul pipette tip was
used to disrupt the yolk sac. Embryos were then shaken at 1000 g for five minutes
and pelleted by centrifugation at 300 g for 30 seconds at room temperature. After
removal of the supernatant, the pellet was washed in 1 ml of wash buffer (110 mM
NaCl, 3.5 mM KCI, 2.7 mM CaCl,, 10 mM Tris pH 8.5), shaken for one minute and
centrifuged at 300 g for 30 seconds at room temperature. The supernatant was
discarded and the wash step repeated. Samples were then frozen at -70°C or

directly processed.

Embryo samples were thawed on ice and 50 ul of lysis buffer (1% Triton X-100, 10
mM Tris-HCI, pH 7.5, 140 mMNacCl, 5 mM EDTA, 2 mM EGTA, 1 mM PMSF) was
added. Samples were sonicated three times for 5 seconds with 30 seconds of
cooling time on ice allowed between each sonication. Freon (100 pul) was added to
lysates, and tubes were then vortexed for 30 seconds and centrifuged at 13,200 g

for thirty minutes. The isolated protein supernatant was then carefully removed to
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a new 1.5 ml microcentrifuge tube. Protein concentration was estimated using a

BCA assay.

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Proteins were separated by SDS-PAGE according to the Laemmli method using an
Atto mini-gel system. Stock solutions for SDS-PAGE were prepared, including: Tris
1.5 M pH 8.8, Tris 1 M pH 6.8, 10% SDS, 10% ammonium persulphate, 5X sample
buffer (250 mM Tris 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).

Samples were resolved on a 7.5% acrylamide gel at 0.04 A for 90 minutes.
Western blotting

Protein transfer was achieved by the semi-dry method. Following SDS-PAGE,
nitrocellulose membrane was soaked in distilled water for ten minutes. The SDS-
PAGE gel, nitrocellulose membrane and blotting paper were then soaked in transfer
buffer (24 mM Tris, 192 mM glycine, 20% methanol, 1.3 mM SDS, pH 8.3) for ten
minutes. Proteins were transferred from the SDS-PAGE gel to the membrane using
a semi-dry transfer apparatus at 0.15 Amp constant for 90 minutes. Ponceau S
solution (Sigma) was then used to stain the blot to show proteins had been
transferred. Following a five minute incubation step in Ponceau solution the
membrane was thoroughly rinsed with distilled water to visualise the protein
bands. The membrane was then de-stained with 0.1 M NaOH and again rinsed

thoroughly with distilled water.

Membranes were blocked for one hour at room temperature with gentle agitation
in solution of 5% milk in Tris-buffered saline (TBS) (50 mM Tris, 150 mM NaCl, 1 M
HCl to pH 7.5). Primary antibodies were diluted to the appropriate concentration
with blocking solution and incubated with the membrane overnight at 4°C with
gentle agitation. Primary antibody dilutions used were: anti-plakoglobin 1:1000,
anti-a-tubulin 1:2000 and anti-connexin 43 1:1000. Membranes were then washed

three times in TBS and incubated in secondary antibody, goat anti-rabbit peroxidase
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conjugate (1:140,000) or goat anti-mouse peroxidase conjugate (1:8000), at room
temperature for 2-3 hours. Membranes were washed three times in TBS and
developed using Pierce Super Signal West pico chemiluminescent substrate. Kodak
film was used to detect the signal. To remove signal prior to additional antibody
incubation, membranes were washed three times in TBS and incubated in stripping
buffer (25 mM glycine, 1% SDS, pH 2) for 20 minutes at room temperature with
shaking. Membranes were then washed three times in TBS and re-blocked in 5%

milk solution before incubation with antibodies as before.

2.2.7 Whole-Mount In-Situ Hybridisation

Purification of plasmids

LB broth with 0.25 mg of ampicillin was inoculated with a glycerol stock of the
plasmid of interest and cultured overnight at 37°C. These cultures were then
centrifuged at 5,000 g for five minutes and plasmid DNA was isolated and purified
using a Qiagen mini-prep kit in accordance with the manufacturer’s instructions.
The concentration and quality of the isolated plasmid DNA was then assessed using
a Nanodrop spectrophotometer, with an Ayss0 ratio of approximately 1.8

indicating good quality pure DNA.

Restriction digestions

Purified plasmid DNA was digested using restriction enzymes in accordance with
the manufacturer’s instructions. Restriction digestion was monitored by gel
electrophoresis, with a single band indicating complete digestion. DNA was then
purified by phenol-chloroform extraction as performed for RNA isolation (Section

2.2.4).
Digoxigenin-labelling of probes

A digoxigenin-labelling kit from Roche was used in accordance with manufacturer’s
instructions to label RNA probes. The reaction mixture of purified and linearised

plasmid, DIG RNA labelling mix, transcription buffer, nuclease-free water, RNA
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polymerase (SP6/T7/T3), and RNase inhibitor was incubated at 37°C for two hours.
A further 15 minute incubation at 37°C was then required for DNase treatment of
the samples. Following purification via lithium chloride precipitation probes were

re-suspended in 20 ul of nuclease-free water.

To examine the integrity of the probe a 1 pl sample was electrophoresed on a
formaldehyde RNA gel with a single band indicating a non-degraded DIG-labelled in

situ probe.
Whole-mount In-situ Hybridisation

Embryos at the desired stage were fixed in 4% paraformaldehyde. Embryos to be
harvested post-24 hpf were incubated in phenyl-thiourea to prevent pigmentation.
Embryos were rinsed with PBST, dehydrated through a methanol series (25%, 50%,
75%, 100%) and stored at -20°C. Embryos were then re-hydrated through the
methanol series, rinsed with PBST and, if older than 24 hpf, treated with proteinase
K to facilitate penetration of the probes. Batches of 30 embryos were used for in
situ hybridisations according to Hauptmann & Gerster (1994). Embryos were pre-
hybridized in HY4 solution (50% formamide, 5X Sodium Chloride Sodium Citrate
(SSC) [0.15 M NaCl, 0.015M sodium citrate, pH 7], 50 pug/ml Heparin, 0.1% Tween
20, 0.5% Torula RNA) for 2-4 hours at 70°C. DIG-labelled RNA probe was thawed on
ice and 2 pl of probe was added to 100 pl of pre-hybridisation buffer. The probe
and pre-hybridisation buffer were heated at 100°C for five minutes and cooled on
ice before hybridising with embryos overnight at 70°C. Following incubation,
embryos were washed twice for 30 minutes with 50% formamide/50% 2 X SSC/0.1%
Tween 20, once for 15 minutes with 2 X SSC/0.1% Tween 20 and twice for 30
minutes with 0.2X SSC/0.1% Tween 20. Embryos were blocked for three hours at
room temperature with blocking solution (5% heat-inactivated sheep serum in PBS,
0.1% Tween [PBST]). Anti-digoxigenin-AP Fab fragments were diluted in blocking
solution (1:5000) and incubated with embryos overnight at 4°C. Embryos were
washed three times in PBST for five minutes each and then three times in PBST for
20 minutes each. Embryos were washed twice in staining buffer (100 mM NaCl, 50

mM MgCl,, 100 mM Tris HCI, 0.1 % Tween 20 pH 7.2) and transferred to four-well
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plates. BM-Purple AP-Substrate (1 ml) was added to each well and embryos were
incubated in the dark until colour developed. Staining was stopped by washing
three times in PBST. Embryos were fixed in 4 % paraformaldehyde overnight at 4°C,
and dehydrated through a methanol series. Embryos were photographed using a
DMX1200C camera mounted on a SMZ800 Nikon microscope with a Fibreoptic-
Heim LQ1100 transilluminator or cleared with benzyl benzoate/benzyl alcohol (2:1)
(BBA) and photographed using a Nikon DM1200F camera with an Eclipse E600

microscope.

2.2.8 Microscopy
Embryo imaging

Live embryos were photographed using a Nikon SMZ800 microscope and a
DMX1200C camera. Whole mount in-situ hybridisations were imaged using a Nikon

Camera DXM1200F mounted on an Eclipse E600 microscope.

Transmission Electron Microscopy (TEM)

Dechorionated embryos at the desired stage were fixed in 2.5% glutaraldehyde /
2.5% PFA and post fixed in osmium tetraoxide. The embryos were dehydrated in an
ethanol series and embedded in a low viscosity resin (Agar Scientific Ltd.). Embryos
were sectioned transversely using a Reichert Jung Ultracut instrument and semi-
thin sections (1 um) of interest stained with toluidine blue and selected using light
microscopy. A diamond knife was used to cut ultrathin sections which were stained
with uranyl acetate and lead citrate and examined under a Hitachi H7000 electron

microscope.

2.2.9 TAL-Effector Nuclease design and synthesis

TAL-effector nucleases were designed and assembled using a protocol for the
“Golden Gate” method, adapted from Cermak et al,. (2011). Sequences for all
oligonucleotides used in these experiments are shown in Table 2.2. The basic

workflow for TALEN experiments in shown in Figure 2.3.
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Step 1:
Select target site and
design TALEN Step 2
Assemnble TALEN RVDs
using Golden Gate
dﬁnhg method ]s:eE 3
Linearise vectorand |
transcribe TALEN RNA. 'Stepé:
Inject capped mRNA into |
1-cell embryos StepS:

Extract genomic DNA
from 24 hpf injected
[embyos  [sep:
Verify TALEN-
induced mutations
by HRMA

Figure 2.3 Workflow for TALEN targeting
Basic outline of TALEN targeting process, showing major steps required to achieve targeted
mutations in zebrafish.

Design preparation

Target sequences were initially screened to ensure TAL-effector nucleases were not
designed to target regions that contained SNPs. Twelve healthy wild-type AB fish (6
males and 6 females) were then isolated and tail-clippings were taken for
genotyping. Genomic DNA was isolated from the harvested tail material, and used
to sequence the region of interest to ensure good fidelity between the proposed
target region and the sequence available in the Ensembl zebrafish database

(www.ensembl.org/Danio_rerio/index.html). These sequenced fish were then used

as parent fish for all subsequent experiments.
Design Guidelines

The TALENs were designed using the TALEN targeter available online

(https://boglab.plp.iastate.edu/node/add/talen). In addition to the original targeter

guidelines a spacer length of 14-17 was used with a repeat array length of 16-21.
BLAST analysis was used to determine that chosen target sites were unique

(http://www.blast.ncbi.nlm.nih.gov/).
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Construct synthesis using the Golden Gate cloning method

Custom TALEN assembly involves a two-step process, (1) assembly of a series of
repeat modules (RVDs) into intermediary arrays of 1-10 repeats, and (2) the joining
of these repeats into a “backbone” destination vector to complete the final

construct.

RVD plasmids from the TALEN plasmid library (Addgene) for the selected TALEN
sequence were chosen and assembled using the Golden Gate cloning method as

follows:

e For TALENs 12-21 RVDs in length
- Plasmids for RVDs 1-10 (e.g. pHD1, pNG2, pNN3, etc.) and
destination vector pFUS_A were selected (set A)
- Plasmids for RVDs 11-(N-1) and destination vector pFUS_B#(N-1)
were selected (set B)
e For TALENs 22-31 RVDs in length
- Plasmids for RVDs 1-10 and destination vector pFUS_A30A (set Al),
and plasmids for RVDs 11-20 and destination vector pFUS_A30B (set
A2) were selected
- Plasmids for RVDs 22-(N-1) and destination vector pFUS_B#(N-1)

were selected (set B)

Golden Gate Reaction #1 (comprising of 150 ng of each module vector, 1 ul of
restriction enzyme Bsal, 1 pl of T4 DNA ligase, 2 pl of 10X T4 DNA ligase buffer and
nuclease-free water to a final volume of 20 ul) was mixed separately for each set of
vectors. These reactions were then run in a PCR machine for 10x (37°C/5min
+16°C/10min) + 50°C/5min+ 80°C/5min. 1 pl of 10 mM ATP and 1 pl of Plasmid-Safe
Nuclease was then added to each Golden Gate Reaction #1 and tubes were
incubated at 37 °C for 1 hour. A 5 pl aliquot of each reaction was transformed into
45 ul of chemically competent DH5-a cells. Cells were incubated at 37 °C for 1-2
hours following transformation to allow recovery after heat-shock. The recovered
cells were spread on spectinomyosin-resistant plates with IPTG and X-gal, and

plates were incubated overnight at 37 °C.
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Following overnight incubation 1-3 white colonies were selected from each plate
and checked by colony PCR using primers pCR8 F1 and pCR8 R1. Correct clones
were then cultured overnight at 37 °C in spectinomyocin-resistant LB broth. Plasmid
DNA was then extracted and purified, and sequenced using colony PCR primers as

above.

Clones confirmed by sequence analysis were then used for Golden Gate Reaction #2
(150 ng of vector set A + B / vector set Al + A2 + B, 150 ng of the respective pLR
vector containing the last RVD, 75 ng of destination vector pCSTAL3DD or
pCSTAL3RR, 1 ul of restriction enzyme Esp3l, 1 ul T4 DNA ligase, 2 pl 10X T4 DNA
ligase buffer and nuclease-free water to a final concentration of 20 ul). A PCR cycle
of 37°C/10min + 16°C/15min +37°C/15min+ 80°C/5min was used to provide suitable
reaction conditions. A 5 ul aliquot of this reaction was then transformed; recovered
cells were spread on ampicillin-resistant agar plates treated with X-Gal and IPTG,

and cultured overnight at 37 °C as before.

Following overnight incubation 1-3 white colonies were selected from each plate
and correct clones were identified by colony PCR using primers TAL_F1 and TAL_R2.
Correct clones were identified by a “smear-and-ladder” effect visible after gel
electrophoresis, and these clones were cultured overnight in ampicillin-resistant LB
broth. Overnight cultures were plasmid-extracted and purified, and these final

constructs were sent for sequencing.

Completed TALEN constructs were sequenced and analysed using the TAL plasmids
sequence assembly tool, available online courtesy of the Bao Ilab at

http://baolab.bme.gatech.edu/Research/BioinformaticTools/assembleTALSequenc

es.html. TALEN constructs confirmed by sequence analysis were then linearized
with restriction enzyme Not | and these linearized plasmids were used as template
for in vitro mRNA transcription using the SP6 mMessage Machine Kit. Following
mRNA transcription sample concentration was determined wusing a

spectrophotometer and samples were normalised to a standard concentration of
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100 ng /ul. Injection aliquots were prepared by mixing equal amounts of left and

right TALEN mRNA, and all mRNA was then stored at -80 °C.
Microinjection of TALEN constructs

An injection volume of 1 nl was used to deliver a 100 pg dose of the prepared
mixture of left and right TALEN constructs to the cytoplasm of zebrafish embryos at
the 1-cell stage. Un-injected WT sibling embryos from the same clutch were used as

controls.
Genomic DNA extraction protocol for genotyping

Embryos at 24 hpf were inserted into individual 500 ul tubes and incubated for six
hours at 55 °C in 50 ul of genomic DNA extraction buffer (500 ml 1M Tris pH 8, 2 ml
5M NacCl, 500 pl 1% Triton X-100, 47 ml distilled H,0) with 1/10 volume fresh
proteinase K. Following incubation samples were heat-shocked at 98 °C for 10
minutes to deactivate the enzyme. The resulting genomic DNA solution was stored

at -20 °C.
High Resolution Melt Analysis (HRMA) to verify TALEN-induced mutations

High-resolution melt analysis (HRMA) was used to verify TALEN-induced mutations
in a subset of injected embryos harvested for genomic DNA extraction. PCR
reactions with high-resolution melt-curves were performed using an lllumina Eco
PCR machine. PCR primers were designed to flank the region of interest and amplify
a product of less than 100 base-pairs. Primers were diluted to a concentration of
100 pmol and then forward and reverse primers were mixed in a 1:1 ratio. The final
reaction volume for each well was 15 pl, consisting of 0.75 ul of the genomic DNA
previously extracted from individual embryos, 7.5 ul of 2X SYBR Green Fast PCR
Mix, and 6.75 pl of a 1:140 dilution of the 1:1 primer mix. The PCR reaction utilised
the following conditions: 2 minute incubation at 50 °C, 10 minute polymerase
activation step at 95 °C, and 40 cycles of 95 °C for 10 seconds and 60 °C for 30
seconds. This PCR reaction preceded the high resolution melt curve which used the
following parameters: 95 °C for 15 seconds, 55 °C for 15 seconds and 95 °C for 15

seconds. A random selection of wild-type and TALEN-injected samples from each
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set of injections were assayed in parallel, and TALEN-injected samples showing a
diverging melt-curve in comparison to wild-type controls demonstrated successful

TALEN-induced mutations.

Identification of germline mutations

Injected fish from the same batch of somatically screened embryos were raised to
adulthood. These “donor” or Fy fish were outcrossed to wild-type AB fish and
embryos were screened for germline mutations. Embryos were assessed both
phenotypically and genotypically. For genotypic analysis ten randomly selected
embryos per clutch were harvested from individual Fy crosses and genomic DNA
was isolated from these individual embryos at 24 hpf as previously described. The
targeted exon was then amplified by PCR using Takara LA Taq and specific
oligonucleotides for the exon of interest. The resulting PCR products were purified
using a Qiagen PCR Purification Kit and sequenced. The CLUSTALW alignment

programme (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to identify

mutations in F; progeny samples by comparing sequence from the targeted region

of plakoglobin to the sequence available in the Ensembl zebrafish database.

2.2.10 Statistical analysis

All results are shown as mean + SD, n=3 biological replicates unless otherwise
stated. SPSS statistical software was used to perform statistical analyses.
Differences between groups were evaluated by t-test (if 2 groups) or one way
ANOVA and post-hoc test after testing for normality with Shapiro Wilkes test (if > 2

groups). P<0.05 was considered statistically significant.
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3 Effects of Plakoglobin and Plakophilin-2 Knockdown on Signalling
in Early-Stage Zebrafish Embryos
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3.1 Plakoglobin knockdown and Wnt signalling in zebrafish embryos

It has previously been established that plakoglobin knockdown induces an up-
regulation of Wnt target genes both pre-and post-mid-blastula transition (Table
3.1), and that co-injection of the Wnt inhibitor Dickkopf-1 (Dkk1) can rescue the
gross cardiac defects seen in plakoglobin morphant embryos; i.e. cardiac oedema,

decreased heart size, blood pooling and a twisted tail (Martin et al., 2009).

Table 3.1 Signalling effects on Wnt target genes in plakoglobin knockdown embryos.

Gene Previous names Stage Up-regulated in plakoglobin
knockdown
nodal-related-1 squint sphere v
(ndri1)
Dharma bozozok, sphere v
nieuwkoid
bone morphogenetic z-bmp4 shield v
protein 4 (bmp4)

Data collated from whole-mount in-situ hybridisation and semi-quantitative RT-PCR
experiments (Martin et al., 2009).

These data strongly support the theory that plakoglobin itself acts as an antagonist
to the Wnt signalling pathway; hence the signalling role of plakoglobin was further

investigated.

Though loss of plakoglobin has been previously shown to increase Wnt target gene
expression at early stages of development (during blastula), the duration of this up-
regulated Wnt signalling is unknown, hence expression of Wnt target genes was
examined in plakoglobin morphant embryos at developmental stages pre- and post
mid-blastula transition to supplement existing data that proposes a role for
plakoglobin as an antagonistic regulator of Wnt signalling in early zebrafish

development.

The ability of Dkkl to rescue the gross phenotype of plakoglobin morphant
embryos is also suggestive of an antagonistic role for plakoglobin in the Wnt
pathway, however the ultra-structural effects of this “rescue”, and the ability of
Dkkl to compensate for plakoglobin in the desmosomes, had not yet been

resolved. To examine the extent to which Dkkl can compensate for loss of
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plakoglobin, the ultra-structure of Dkk1 “rescue” embryos (plakoglobin morpholino

plus Dkk1 RNA) was examined.

3.1.1 Wnt signalling in early stage plakoglobin morphant embryos

Loss of plakoglobin has been previously shown to increase Wnt target gene
expression at selected early developmental stages (Martin et al., 2009), but it is
unknown if this increased activity is maintained pre- and post- mid-blastula
transition (MBT). Hence, the expression of a selection of representative Wnt target
genes was examined using gPCR at stages both pre- and post- mid-blastula
transition to supplement previously published data on increased Wnt signalling in
the absence of plakoglobin which has been summarised in Table 3.1 (Martin et al.,

2009).

Expression of bmp4 was significantly up-regulated in sphere stage plakoglobin
knockdown embryos, with a tendency towards increase at the post-MBT shield
stage. Expression levels of ndrl and dharma show a strong tendency towards
increase at the sphere stage of development, though this tendency is no longer
apparent post-MBT (Figure 3.1 Expression of Wnt target genes in plakoglobin

knockdown embryos at early stages of development.).
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Figure 3.1 Expression of Wnt target genes in plakoglobin knockdown embryos at early
stages of development.
MRNA expression of Wnt target genes bmp4, ndrl1 and dharma at sphere and shield stages

of development; n=4. Data shown are means + s.d. *P<0.05 vs control by paired t-test.

As bmp4 expression was observed to have some tendency towards increased
expression after zygotic transcription was initiated expression levels of bmp4 at 48
hpf were then investigated in plakoglobin knockdown embryos. Levels of bmp4

expression in morphants were similar to controls at this stage (Figure 3.2).
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Figure 3.2 Expression of bmp4 in 48 hpf plakoglobin morphant embryos.
MRNA expression of Wnt target gene bmp4 in plakoglobin morphant embryos. Levels of

bmp4 expression in morphant embryos are similar to those of controls; n=3. Data shown
are means + s.d. Data were analysed by paired t-test.

Examination of Wnt target gene expression pre-and post-MBT confirms and
augments existing knowledge on the effect of plakoglobin knockdown on Wnt
signalling. The tendency towards up-regulation of dharma and ndr1 correlates with
previously obtained data (Martin et al., 2009), with the supplementary information
that bmp4 expression is up-regulated significantly at the same stage. At the shield
stage expression of both ndrl and dharma were observed to return to normal
levels, indicating that loss of plakoglobin has only a transient effect on the
expression of these genes, which occurs prior to the mid-blastula transition.
Expression of bmp4 appears to be affected both maternally and zygotically,
however mRNA expression levels are normal at 48 hpf. As Martin et al., (2009)
demonstrated expanded expression of cardiac bmp4 at this stage of development it
seems that loss of plakoglobin alters localisation but not expression at 48 hpf.
Temporal gene expression is tightly regulated throughout development, hence it
may be that the expanded expression patterns of Wnt target genes are transient
and stage-dependent in the absence of plakoglobin, and discrete periods of over-
expression are sufficient to perpetuate the severe developmental defects seen in

the zebrafish plakoglobin knockdown phenotype.
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3.1.2 Functional effects of Dickkopf-1 co-injection with plakoglobin morpholino

Further evidence for the role of plakoglobin as a negative regulator of Wnt
signalling was provided by the ability of Wnt antagonist Dickkopf-1 (Dkk1) to rescue
the gross phenotype observed in the absence of plakoglobin (Martin et al., 2009). It
has not been shown to what extent this rescue can compensate for loss of
plakoglobin, though embryos co-injected with the plakoglobin morpholino and
Dkk1 appear phenotypically restored. However as plakoglobin morphant embryos
also display functional and ultra-structural defects a more detailed investigation of

these Dkk1 “rescue” embryos was conducted.

To test their functionality, heart rates of Dkk1l-rescue embryos (where Dkk1l RNA
was co-injected with plakoglobin morpholino) were compared to those of control
and plakoglobin morphant embryos, and to those of embryos in which Dkk1 was
over-expressed (i.e. Dkkl RNA was co-injected with the control morpholino).
Plakoglobin morphant embryos and those embryos over-expressing Dkkl had
significantly reduced heart-rates in comparison to wild type and control
morpholino-injected embryos. Embryos “rescued” with Dkkl RNA showed no
significant difference compared to wild type and control embryos, thus indicating
that this aspect of heart function is restored as a result of Dkk1 co-injection (Figure

3.3).
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Figure 3.3 Co-injection of Dkk1 RNA with plakoglobin morpholino restores heart rate.
Heart rates were measured at both 48 hpf (A) and 72 hpf (B) in wild type, control

morpholino, plakoglobin morpholino, control morpholino plus Dkkl RNA (Dkkl over-
expression) and plakoglobin morpholino plus Dkk1 RNA (Dkk1 rescue) injected embryos.
Plakoglobin knockdown embryos and Dkk1l over-expression embryos were found to have
significantly lower heart rates than controls at both developmental stages investigated,
whereas embryos injected with both the plakoglobin morpholino and Dkk1l RNA showed a
restored heart rate that did not significantly differ from control embryos; n=3 in all groups.
Data shown are means + s.d. *P<0.05, ***P<0.001 vs control morpholino group by one-way
ANOVA with Dunnett’s multiple comparison post-hoc test.

To investigate the effect of Dkk1l co-injection on patterning in the zebrafish heart
semi-thin (1 um) sections were examined by microscopy. The structure and
patterning of control hearts was observed to be normal, while plakoglobin
morphant hearts were smaller in size with pericardial oedema in keeping with the
phenotype previously obtained. Embryos in which Dkk1l was over-expressed were
also found to be abnormal, with a similar phenotype to plakoglobin morphants
featuring altered heart size, patterning defects and obvious oedema. Embryos
injected with a mixture of the plakoglobin morpholino and Dkk1 RNA (“rescue”) had
hearts of a normal size and pattern, indicating that Dkk1 can rescue the patterning

defects that occur following loss of plakoglobin (Figure 3.4).
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ventricle

Figure 3.4 Dkk1 restores the structure of plakoglobin morphant hearts.
1 um cross sections through 72 hpf embryos showing normal patterning of control (A) and

“rescue” (C) hearts. Plakoglobin morphants (B) and embryos in which Dickkopf-1 has been
over-expressed (D) had abnormal hearts with pericardial oedema and disrupted patterning;
n=3.

To further examine the extent of the Dkkl rescue on plakoglobin morphant
embryos, ultra-thin cross sections were examined using Transmission Electron
Microscopy (TEM). Both the pericardial epithelium and the intercalated disks were
examined, and cell-cell junctions were quantified by counting desmosomes and
adherens junctions at the cell-cell borders in ten randomly selected non-
overlapping images from each of three biological repeats per treatment. Cell gap

width was also measured in each of the images selected.
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At the intercalated disks, adhesion was normal in plakoglobin control morpholino-
injected samples with easily identifiable desmosomes often observed in series at
cell-cell borders. As expected, plakoglobin morphants had significantly enlarged
gaps between cells compared to their controls (Table 3.2) with desmosomes harder
to distinguish and fewer in evidence. The number of junctions that could not be
classified was also increased in these embryos. Surprisingly, Dkk1 “rescue” embryos
(plakoglobin morpholino plus Dkkl RNA) displayed a similar phenotype to the
plakoglobin morphants, and the Dkkl over-expression embryos (control
morpholino plus Dkk1 RNA) had both an increased number of unclassified junctions
and less desmosomes when compared to controls as well as significantly increased
cell-cell gaps (Figure 3.5). These data, presented numerically in Tables 3.2 and 3.3,
indicate that Dkkl cannot compensate for the loss of the adhesion protein

plakoglobin and does not restore full functionality to the morphant hearts.

The epithelium of the pericardial sac was also examined, and cell-cell junctions
were quantified as before. It is noteworthy that defects in cell-cell junctions were
observed in the pericardial epithelium of the plakoglobin morphant samples, as
previous examinations of the knockdown failed to detect any impairment to the
cell-cell junctions of the epithelium in the absence of plakoglobin. Overall,
desmosome numbers and cell gap width repeated the trend observed at the
intercalated disks (Figure 3.6), as can be seen from the quantitative data in Table

3.2 and Table 3.4.

Table 3.2 Cell gap width

Average Cell
Gap Width
(nm)
Control Plakoglobin | PG MO + Dkk1 Ctrl MO + Dkk1
morpholino | morpholino (“Rescue”) (Over-expression)

Intercalated
discs 30.69 38.16 33.97 36.58
P-value ok ns *
Pericardial
epithelium 31.43023 47.1046 45.65077 43.87433
P'Value %k %k %k *k k% %k %k

n=30 images per group. *p<0.05, **p<0.005, ***p<0.001 vs control morpholino
group by one-way ANOVA with Dunnett’s multiple comparison post-hoc test.
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Figure 3.5 Ultra-structure of intercalated disks in 72 hpf embryos.
Transmission Electron Microscopy (TEM) images of cell-cell borders in the intercalated disks

(magnification 40,000). Control (A) and Dkkl over-expression (D) samples with normal
adhesion, whereas plakoglobin morphants (B) and Dkkl co-injected embryos (C) have
enlarged cell-cell gaps and decreased numbers of desmosomes. Sample desmosomes are

indicated by arrows; n=3.

Table 3.3 Cell-cell junctions in intercalated disks at 72 hpf

Cell-cell Desmosomes | Adherens | Unclassified
borders Junctions
A- Control 33 55 1 2
B- Plakoglobin morphant 35 21 1 19
C- PG MO + Dkk1l RNA 34 18 0 21
(“rescue”)
D- Ctrl MO + Dkk1 RNA 34 15 0 14

(over-expression)

n=3 embryos per group
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Figure 3.6 Ultra-structure of pericardial epithelium in 72 hpf embryos.

Transmission electron microscopy (TEM) images of cell-cell borders in cardiac epithelium
(magnification 40,000). Control (A) and Dkkl over-expression (D) samples display normal
adhesion, whereas plakoglobin morphants (B) and Dkkl co-injected embryos (C) show
enlarged cell-cell gaps and decreased numbers of desmosomes. Arrows indicate sample

desmosomes; n=3

Table 3.4 Cell-cell junctions in pericardial epithelium at 72 hpf

Cell-cell | Desmosomes | Adherens | Unclassified
borders Junctions
A- Control 32 48 16 7
B- Plakoglobin morphant 32 17 11 18
C- PG MO + Dkk1 31 19 17 21
(“rescue”)
D- Ctrl MO + Dkk1 31 21 24 38
(over-expression)

n=3 embryos per group
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3.2 The effect of plakophilin-2 knockdown on gene expression

An established link between the desmosomal protein plakoglobin and the Wnt
signalling pathway led to the hypothesis that plakophilin-2 may be utilising the
same signalling mechanism. Both plakoglobin and plakophilin-2 are desmosomal
adhesion proteins of the armadillo family, and as both plakophilin-2 and
plakoglobin knockdown in zebrafish induce similar cardiac phenotypes it was
hypothesized that loss of plakophilin-2 could also result in disruption of the Wnt
signalling pathway; hence the expression of Wnt target genes in plakophilin-2

knockdown embryos was investigated.

3.2.1 The effect of plakophilin-2 knockdown on Wnt target gene expression

Early-stage plakophilin-2 morphant embryos were harvested at sphere (pre-MBT)
and shield (post-MBT) stages of development and in situ hybridisation experiments

were performed to examine localisation of the selected genes of interest.

The initial experiment examined the expression pattern of ndrl at sphere and
shield stages, and bmp4 at shield. Ndr1 expression was localised to the presumptive
shield in all controls and 97% of morphant embryos at sphere, and staining
appeared to be of equal intensity in both groups. At the shield stage all control
embryos displayed faint expression across the marginal blastoderm. Of the
morphant group, 96% exhibited an identical domain of expression, though intensity
of staining appeared stronger in these plakophilin-2 knockdown embryos. Bmp4
expression was present in the shield and extended approximately half-way across
the germ ring in 72% of control samples, however 94% of morphant embryos
appeared to have an increased domain and intensity of expression (Figure 3.7).
Subsequent repeats of the in situ experiments displayed contradictory or

indeterminate expression patterns (data not shown).
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Figure 3.7 Wnt target gene expression in early stage plakophilin-2 morphant embryos.
Expression of ndrl at sphere (A&B) and shield (E&F) and bmp4 at shield (C&D). Total

number of embryos with pattern shown were (A) 30/30, (B) 30/31, (C) 31/31, (D) 29/30, (E)
23/32 and (F) 30/32.

It had been hypothesized that plakophilin-2 plays a similar role to its desmosomal
counterpart plakoglobin; however the inconsistencies between repeats made it
impossible to glean any information on what effect, if any, the loss of plakophilin-2
was having on Wnt target genes. As expression domains and intensities varied
between repeats, it was plausible that no significant effect on Wnt signalling was
occurring, and the variation observed was due to the immense changes taking place

within the developing embryo at the crucial developmental stages when the zygotic
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genome activates. In order to confirm or reject this hypothesis a quantitative
method was required to identify any changes in the expression level of these Wnt

target genes, and so gPCR was used for further investigation.
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Figure 3.8 Expression of Wnt target genes in plakophilin-2 morphant embryos.
MRNA expression of Wnt target genes bmp4 (A), ndrl (B) and dharma (C) is unaffected
after loss of plakophilin-2; n=4. Data shown are means + s.d., analysed by paired t-test.
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gPCR was used to investigate the mRNA expression of Wnt pathway genes bmp4,
nodal-related-1 and dharma. Expression of all Wnt target genes in plakophilin-2
morphants was similar to controls both pre-and post-MBT (Figure 3.8). These data
indicate that plakophilin-2 knockdown does not affect the Wnt signalling pathway

at early stages of development.

As bmp4 plays an important role in later stages of development the mRNA
expression levels of this gene were examined at 48 hpf by gPCR. As in plakoglobin
morphants, bmp4 expression was found to be unaffected at this later stage of

development in the plakophilin-2 morphant samples (Figure 3.9).
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Figure 3.9 Expression of bmp4 in 48 hpf plakophilin-2 morphant embryos.
MRNA expression of Wnt target gene bmp4 in plakophilin-2 morphant embryos. Levels of

bmp4 expression are normal in morphant embryos when compared to controls; n=3. Data
shown are means + s.d., analysed by paired t-test.

3.2.2 The Effect of Plakophilin-2 Knockdown on the Nodal Signalling Pathway

In characterising the plakophilin-2 morphant phenotype previous work in our lab
discovered expanded expression of heart domain marker nkx2.5 at 24 hpf.
Incomplete looping of the heart was also observed, and this was confirmed by
examination of cmlc2 and vmhc using whole-mount in situ hybridisation (Moriarty
et al, 2012). These results indicated asymmetric patterning of the heart, as the
looping mechanism appeared incomplete and the atrium was expanded in a

number of plakophilin-2 morphants. A candidate for this defect in cardiac
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patterning was predicted to lie within the Nodal signalling cascade and so
cardiogenic markers from the Nodal pathway were examined both by gPCR and

whole-mount in situ hybridisation.

Plakophilin-2 morphant embryos were harvested at the 18-22 somite stage and
processed for whole-mount in situ hybridisation as previously described (Section
2.2.7). Nodal pathway genes leftyl, bmp4, spaw and oep demonstrated correct
localisation with increased intensity of expression in plakophilin-2 morphant
embryos when compared to control-injected embryos at equivalent stages. The
most notable result however was the complete abolition of /efty2 expression in the

left cardiac field of plakophilin-2 morphant embryos (Figure 3.10).

Figure 3.10 Loss of plakophilin-2 disrupts the spatial expression of Nodal signalling
components.
Expression of cardiogenic marker genes in plakophilin-2 morphant and control morpholino-

injected embryos. Whole-mount in-situ hybridisation lateral view of bmp4 at the 18 somite
stage, dorsal views of leftyl (Ift1), lefty2 (Ift2), southpaw (spaw) and one-eyed pinhead
(oep) at the 18 somite stage. Expression of lefty 1 (A, E) was unaffected in morpholino
injected embryos while the expression domain of oep (I,J) was expanded and intensity of
bmp4 (C, G) and spaw (D, H) was increased. Lefty2 (B, F) expression was absent in
plakophilin 2 morphant embryos compared to controls. Embryos with the displayed
phenotype were as follows: 26/39 (Ift1 control), 44/54 (Ift1 morphant), 47/63 (Ift2 control),
28/34 (Ift2 morphant), 29/35 (bmp4 control), 34/36 (bmp4 morphant), 25/32 (spaw
control), 50/57 (spaw morphant), 39/47 (oep control) and 42/48 (oep morphant).
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Each of the genes examined by whole-mount in situ hybridisation was also
examined by gPCR, as were ndrl and pitx2c. Embryos were harvested at the 18
somite stage and RNA was extracted and gene expression quantified by qPCR as
previously described in Section 2.2.5. The mRNA expression levels of all genes were
increased with the notable exception of lefty2, confirming the results obtained by
qualitative analysis. qPCR examination of lefty2 mRNA demonstrated an almost

complete absence of expression in plakophilin-2 morphants (Figure 3.11).
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Figure 3.11 Loss of plakophilin-2 disrupts Nodal gene expression.
mMRNA levels of Nodal target genes leftyl, bmp4, spaw, oep and ndrl were significantly up-

regulated in plakophilin-2 knockdown embryos at the 18 somite stage. Pitx2c displayed a
tendency towards increase, whereas lefty2 expression was almost completely abolished in
the morphant embryos. n=3. Data shown are means + s.d. *P<0.05, **P<0.005,
***P<0.0001 vs controls analysed by paired t-test.

3.2.3 The effect of plakophilin-2 knockdown on organ laterality

The disruption to important markers of cardiac asymmetry in plakophilin-2
morphant embryos led to the examination of neural structures to determine if the
observed patterning defects extended outside the cardiac field. Otx5 was chosen as
a neural marker, to examine if symmetry of neural structures was affected in

embryos lacking plakophilin-2.
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Figure 3.12 Laterality of neural structures is unaffected by loss of plakophilin-2.
Expression of neural marker otx5 in the epiphysis is unaffected in plakophilin-2 morphants

at 48 hpf. 98% of controls (59/60) and 93% of morphant embryos (53/57) displayed the
expression phenotypes shown.

Whole-mount in-situ hybridisation showed symmetrical expression of otx5 in the
epiphysis of both control and plakophilin-2 morphant embryos (Figure 3.12)
indicating that loss of plakophilin-2 does not affect the positioning of the neural
structures and the patterning disruption seen in these morphant embryos does not
extend beyond the cardiac field. Positioning of the gut could potentially be affected
in plakophilin-2 knockdown embryos however gut laterality was not examined in

this study.

3.3 Summary

Wnt antagonist Dkk1 is capable of rescuing the gross developmental defects caused
by loss of plakoglobin (Martin et al., 2009). As plakoglobin is antagonistic to Wnt
signalling, it follows that the defects resulting from loss of plakoglobin can be
ameliorated by ectopic Dkk1 expression. Data presented in Section 3.1.2 indicates
that Dkk1l cannot compensate for loss of plakoglobin in cell-cell junctions as the
ultra-structure of Dkk1l “rescue” hearts is comparable to that of plakoglobin
morphants, and so the phenotypic rescue achieved is probably due to the ability of
Dkk1 to repress the up-regulation of Wnt signalling that occurs in the absence of

plakoglobin.
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Loss of either plakoglobin or plakophilin-2 disrupts cardiac development in the
zebrafish (Martin et al., 2009; Moriarty et al., 2012). Loss of plakoglobin results in
up-regulation of Wnt pathway target genes both at early and late stages of
embryogenesis. Despite the similarities between plakoglobin and plakophilin-2, loss
of plakophilin-2 did not affect Wnt signalling at any of the developmental stages
examined, but resulted in significant disruption the Nodal signalling pathway during
early cardiogenesis, with significant up-regulation of Nodal target genes leftyl,

bmp4, spaw, oep, and ndr1, and complete ablation of /efty2 expression.
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3.4 Discussion

The process of vertebrate heart development is an extremely complex one,
requiring the coordination of many molecular, temporal and spatial factors. The
loss of one component can have far-reaching downstream effects resulting in
cardiac disruption, as has been shown in zebrafish in vivo experiments i.e. loss of
desmosomal proteins plakoglobin and plakophilin-2 (Martin et al., 2009; Moriarty
et al., 2012). The signalling networks affected by the loss of these desmosomal
proteins were examined, and results discussed below demonstrate the intricate
nature of cardiac development as the divergent signalling effects of two structurally

similar armadillo proteins are revealed.

Loss of either plakoglobin or plakophilin-2 disrupts cardiac development in the
zebrafish (Martin et al., 2009; Moriarty et al., 2012). These proteins are important
components of cell-cell junctions and as such are required for correct cell-cell
adhesion in the skin and heart (reviewed by Garrod et al., 1996), however the
requirement for these armadillo proteins extends beyond their structural role in
cell-cell adhesion. Despite their similarities in structure and mechanical function,
plakoglobin and plakophilin-2 have disparate effects on signalling. In this study, loss
of plakoglobin results in up-regulation of Wnt pathway target genes both at early
and late stages of embryogenesis, consistent with the postulated “waves” of Wnt
signalling that occur throughout development, whereas loss of plakophilin-2
disrupts the Nodal signalling pathway during early cardiogenesis. Though Wnt
inhibitor Dkk1l can restore the patterning defects that occur following loss of
plakoglobin, it cannot structurally compensate for the loss of this protein at the
desmosomes, and hence does not fully restore cardiac function in the absence of

plakoglobin.

3.4.1 Plakoglobin and Wnt signalling

Loss of plakoglobin in the zebrafish embryo has already been shown to up-regulate

Whnt signalling at selected early stages of development (Martin et al., 2009). Here it
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is shown that of the Wnt target genes selected for investigation only bmp4
demonstrates significant up-regulation pre-mid-blastula transition, with levels of
zygotic transcripts still appearing aberrantly high at the shield stage, although the
difference observed at this stage was not statistically significant. Both ndrl and
dharma appeared transiently increased in plakoglobin morphant samples when
compared to controls. Though the observed increase was not statistically
significant, expression levels were more comparable between control and
morphant samples at shield, indicating that a biologically significant change in
expression may be occurring at the sphere stage in all the Wnt target genes
examined. The requirement of dharma and ndrl for the formation of the zebrafish
organiser (i.e. the shield) has previously been identified and this role may explain
the early but transient disruption to expression of these genes. The dorsal organiser
is first visible as a thickening of the germ ring, hence the “shield” nomenclature of
this stage of gastrulation, which occurs at 6 hpf. Dharma mutants do not form this
embryonic shield region, and have a wide variety of anterior deformities at later
stages of development (Fekany et al., 1999). Expression of dharma and ndr1 at late
blastula and early gastrula stages is dependent on their own zygotic expression and
subsequent expression of organiser genes goosecoid and chordin depends on
correct expression of dharma and ndrl. Of even greater consequence is the
severely ventralised phenotype of dharma:ndrl double-mutants, which is not seen
in single mutants of the same gene, indicating that dharma and ndrl regulate the
formation of the zebrafish dorsal organiser in a cooperative manner (Shimizu et al.,
2000). Expression of goosecoid (gsc) and chordin is dependent on dharma and ndrl,
and bmp4 expression appears to inversely proportional to that of gsc and chordin
(Sasai et al., 1994; Neave et al., 1997). Hence it is likely that the elevated transcript
levels of dharma and ndrl are indirectly responsible for the increase in bmp4
expression visible at both sphere and shield stages in plakoglobin morphant

embryos.

The requirement of plakoglobin expression for normal Wnt signalling in the
developing embryo has been substantiated by the ability of Wnt-inhibitor Dkk-1 to

rescue the gross morphological defects that result from plakoglobin knockdown
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(Martin et al., 2009). Here an extension of this study has provided more detailed
information about the importance of plakoglobin and the relationship between this
armadillo protein and Wnt signalling. Dkk1 was able to rescue not only the gross
morphological defects but also normalised the cardiac patterning defects seen in
plakoglobin morphant embryos, as semi-thin cross-sections through the heart were
normal in both the control and “rescue” samples, and embryos co-injected with
Dkk1 and the plakoglobin morpholino had comparable heart rates. Though Dkk1l
“rescued” embryos appeared to be restored both functionally and at a gross
anatomical level, ultra-structural analysis revealed that amelioration of the
signalling defects induced by loss of plakoglobin cannot compensate for loss of the
protein at the desmosomes, and hence the heart ultra-structure is not fully
restored despite the ability of Dkkl to correct gross patterning defects. These
results highlight the importance of plakoglobin at cell-cell junctions. The
transmission electron microscopy images also reveal for the first time a loss of
desmosomes in the cardiac epithelium of plakoglobin morphant embryos. In the
intercalated disks, plakoglobin morphants, Dkk-1 co-injected samples, and Dkk-1
over-expression samples had comparable numbers of desmosomes and unclassified
junctions, with desmosome numbers overall greatly reduced when compared to
control samples and a much greater number of unclassified junctions visible in all
the treated samples. In all probability these ultra-structural defects are caused by
the inability of desmosomes to form properly in the absence of plakoglobin or the
presence of ectopic Dkk-1 expression. Despite the ability of Dkk-1 to rescue the
gross morphological defects it seems that it cannot compensate for the loss of
plakoglobin at the desmosomes, and the over-expression of Dkk-1 may be inhibiting

adhesion via repression of Wnt signalling.

Similar defects in adhesion were observed in the pericardial epithelium, with
desmosome numbers decreased and numbers of unclassified junctions increased in
all samples compared to control embryos. Interestingly, the total number of
junctions in the pericardial epithelium was not decreased in Dkk-1 over-expression
samples, though the majority of junctions could not be classified. As these over-

expression samples appeared to have enlarged cell-cell gaps and a dramatic
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reduction in identifiable desmosome numbers it is evident that adhesion in the
epithelium is also affected. As samples over-expressing Dkk-1 have disrupted
adhesion with an increased number of unidentified junctions, it must be
remembered that plakoglobin is present in these samples, and so the disruption to
adhesion is caused not by the loss of this protein, but by the Wnt pathway
inhibition mediated by ectopic Dkk-1 expression which likely prevents proper
desmosome formation. Canonical Wnt signalling has been shown to have a direct
role in the modulation of cell-cell adhesion, with Wntl expression resulting in
accumulation of B-catenin and plakoglobin, and stabilisation of B-catenin-cadherin
binding. This interaction between Wnt-1 and the armadillo proteins B-catenin and
plakoglobin results in enhanced cell-cell adhesion (Hinck et al., 1994). As decreased
Wnt signalling resulted in disrupted adhesion in this study it is possible that a
decrease in canonical Wnt has the opposite effect, perhaps due to the destruction

of B-catenin following inactivation of the Wnt pathway by Dkk1.

As the pericardial epithelium appears to have a greater number of total junctions
than the myocardium in samples with surplus Dkk-1, the differences between
epithelial and cardiac tissue must be considered. Additional desmosomal proteins
plakophilin-1 and plakophilin-3 are not found in the cardiac tissue, but function in
the epithelia (reviewed by Neuber et al., 2010). Little is known about the signalling
functions of the plakophilin family, however it is possible that these proteins are
unaffected by the signalling disruption caused by Dkk-1 over-expression (a theory
strengthened by the data presented here as Wnt target genes appear unaffected in
the plakophilin-2 knockdown). The presence of plakophilins 1 and 3 may be capable
of alleviating the adhesion defects found in the skin to some extent, hence the
increased number of “unclassified” junctions observed in the epithelium may be
desmosomes that did not form correctly in the absence of plakoglobin. In the
cardiac tissue these “attempted” desmosomes were not observed in the same

numbers, likely due to the absence of plakophilins 1 and 3 in this tissue.
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3.4.2 Plakophilin-2 and Wnt signalling

As a previous loss-of-function study on plakoglobin demonstrated up-regulation of
Wnt target genes at early developmental stages (Martin et al., 2009) it was
hypothesized that a loss of plakophilin-2 may result in similar signalling disruptions.
As both desmosomal proteins share similarities in structure and function it seemed
plausible that comparable signalling defects would exist in both loss-of-function
models. Surprisingly, both quantitative and qualitative methods used to investigate
Wnt target genes failed to expose any appreciable difference in gene expression
between control and plakophilin-2 knockdown embryos. This lack of disruption to
the Wnt pathway, combined with previously observed defects in cardiac left-right
patterning in plakophilin-2 morphant embryos, led to the examination of another

major signalling pathway, the Nodal cascade.

3.4.3 Plakophilin-2 and Nodal signalling

The expression levels and patterns of several cardiac marker genes were examined
in plakophilin-2 morphant embryos at an early stage of cardiogenesis (the 18
somite stage) to elucidate what effect, if any, plakophilin-2 knockdown has on
genes of the Nodal pathway. Expression of lefty2 was completely ablated from the
left cardiac field of plakophilin-2 morphant embryos, with expression of bmp4,
spaw, oep and leftyl increased at this stage. qPCR also revealed a concomitant
increase in expression of ndrl. As cardiac positioning and looping are affected in
plakophilin-2 morphant embryos it is likely that these phenotypic defects are linked

to these disturbances of the Nodal pathway.

The observed disruption of Nodal target genes at the 18 somite stage occurs at a
key time-point for patterning events in the cardiac field (approximately 18 hpf), as
the bilateral myocardial primordia begin merging to form the heart tube at 19 hpf
(Stainier et al., 1993). Expression of bmp4 is normal at early stages of development
in plakophilin-2 morphants (Section 3.2.1), however up-regulation of bmp4
thereafter is likely the cause of the increased expression of the other affected
cardiogenic genes leftyl and spaw. The chirality of bmp4 expression in the

developing zebrafish heart has been directly linked to the subsequent direction of
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cardiac jogging and looping and bmp4 signalling has been shown to regulate cardiac
laterality by controlling expression of cyclops, spaw, leftyl and lefty2 during
segmentation (Chen et al., 1997; Chocron et al., 2007). As later bmp4 expression
returns to normal levels it seems the critical time point occurs during late
segmentation (approximately 18 hpf). Further evidence comes from mice
homozygous for a mutation in Smad5, a component of BMP signalling. These mice
have defects in heart development, particularly in cardiac looping. Smad5 mutant
mice also have bilateral expression of Nodal, Lefty2 and Pitx2 with concomitant
reduced or absent Leftyl expression (Chang et al., 2000). Additionally, a study on
pitx2 has revealed two zebrafish isoforms, pitx2a and pitx2c. Several differences
exist between these isoforms, including variation in initiation of expression, with
pitx2c detectable at the dome stage whereas pitx2a expression appears not to
initiate until bud stage. Pitx2c expression is lost in zebrafish oep mutants, indicating
oep regulation of pitx2c, but not pitx2a (Essner et al., 2000), hence increased
expression of oep seen in the plakophilin-2 knockdown may be responsible for the
observed trend towards pitx2c up-regulation. Due to sequence similarities between
the two isoforms it was not possible to design specific qPCR probes targeting
pitx2a, however according to the Essner et al. study ectopic expression of pitx2c can
induce pitx2a expression, and embryos with ectopic expression of pitx2a displayed
decreased lefty2. Pitx2a is also strongly expressed in the anterior region of the
cardiac field, a domain which includes the future atrium (Stainier and Fishman,
1992; Essner et al.,, 2000). As plakophilin-2 morphant embryos display enlarged
atria in addition to cardiac looping defects it is plausible that an increase in the

expression of pitx2a occurs and is linked to these defects.

Murine studies have suggested a role for Lefty2 as a feedback inhibitor of Nodal
signalling. In the absence of Lefty2, Nodal (the murine equivalent of zebrafish
southpaw) has been seen to diffuse over a large distance into the anterior LPM, and
these Lefty2 mutant mice displayed gut and heart abnormalities. The striking loss of
lefty2 expression in our zebrafish plakophilin-2 knockdown model tallies with these
data, particularly as Lefty2-deficient mice also displayed increased expression of

Leftyl and Pitx2 (Meno et al., 1999; Meno et al., 2001). Zebrafish data has also
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demonstrated the ability of the lefty paralogs to negatively regulate each other

(Bisgrove et al., 1999; Meno et al., 2001).

Of particular interest in this study is the up-regulation of the Nodal gene southpaw.
In mice, Nodal is thought to directly induce expression of Pitx2 (Shiratori et al.,
2001). In zebrafish southpaw is first expressed in the left lateral plate at the 10-12
somite stage, preceding asymmetric expression of lefty2 and pitx2 at the 17-22
somite stage. Loss of southpaw expression has also been shown to correlate with
down-regulation of lefty 1 and pitx2, and southpaw-deficient embryos exhibit
severe disruption to L-R asymmetry of cardiac jogging and looping (Bisgrove et al.,
1999; Essner et al., 2000; Long et al., 2003). Expression of southpaw coincides both
temporally and proximally with one-eyed pinhead in the developing embryo from
the 10-17 somite stage (Long et al., 2003). Interestingly, Lenhart et al. have recently
described a novel role for lefty2, proposing a molecular model whereby lefty2
expression functions as an “anterior barrier” in the left cardiac field, preventing the

propagation of southpaw into the right LPM (Lenhart et al., 2011).

Collectively these data strongly support the signalling results obtained in this study
for embryos lacking plakophilin-2, as the plakophilin-2 morphant phenotype
exhibits incomplete cardiac looping and also displays increased expression of Nodal
genes lefty 1, one-eyed pinhead, pitx2c and southpaw, with ablation of lefty2. These
spatial and chronological relationships indicate that disruption to any of the Nodal
genes may have a cascade effect, disrupting expression of other targets and co-

factors through the pathway.

As signalling is tightly regulated in normal embryonic development it would be
interesting to further investigate the extent of Nodal pathway disruption at
different stages of development in plakophilin-2 morphants, and to examine Nodal
target genes in early cardiogenesis in plakoglobin morphant embryos. As
phenotypic similarities exist between these loss-of-function models it would be

interesting to investigate what similarities in signalling, if any, exist between them.

As expression of many genes in the Nodal cascade was disrupted following loss of

plakophilin-2, otx5 was chosen as a marker to determine if the patterning
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disruption occurring in the heart extended to the neural structures. Localisation of
otx5 was found to be normal in morphant embryos indicating that a selective
disruption of patterning, localised to the cardiac field, is occurring in embryos
lacking plakophilin-2 expression. A more thorough examination of internal organs,
and in particular laterality of the gut, would be required to confirm the heart-

specific nature of the patterning disruption occurring.
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4 Molecular Analysis of Plakoglobin and Plakophilin-2 Morphant
Embryos as Models for ARVC
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4.1 Assessing the zebrafish knockdown models for ARVC-related defects

Genes implicated in the human congenital heart condition ARVC were examined in
both the plakoglobin and plakophilin-2 knockdown models to determine if
complete loss of these proteins rather than mutation was sufficient to replicate
specific clinical features of the disease. The aim of these experiments was to
investigate to what extent a complete knockdown could model diagnostic and

molecular features associated with human desmosomal protein mutations.

Mutations in genes that encode cell-cell adhesion proteins cause ARVC, including
mutations in plakoglobin, plakophilin-2, desmoplakin, desmocollin-2 and
desmoglein-2 (Protonotarios et al., 1986; McKoy et al., 2000; Rampazzo et al., 2002;
Gerull et al., 2004; Pilichou et al., 2006). Despite the number of causative genes,
ARVC variants share some common pathological and molecular features. Confocal
immunofluorescence microscopy has shown that in all cases of ARVC the
immunoreactive signal for plakoglobin is decreased at the intercalated disks, and
connexin 43 is frequently reduced. Changes in localisation of other desmosomal
proteins such as plakophilin-2 and desmocollin vary from patient to patient
depending on the causative mutation; however N-cadherin levels are consistently
unaffected (Kaplan et al., 2004a; Kaplan et al., 2004b; Asimaki et al., 2007; Tandri et
al., 2008; Asimaki et al., 2009; Gehmlich et al., 2011). These findings dictated the
genes and proteins selected for investigation in this study, and provided criteria by
which to assess our plakoglobin and plakophilin-2 knockdowns as zebrafish models

for ARVC.

The resulting changes in expression of genes linked to ARVC (e.g. desmoplakin-a
and connexin 43) following loss of plakoglobin or plakophilin-2 will be presented in
this chapter. Additionally, expression of selected genes in APC mutant embryos will
be compared to their expression in plakoglobin morphant embryos. As fibro-fatty
replacement of the ventricle is a key diagnostic feature of ARVC, the resulting
changes in adipogenic genes will also be presented. Assessment of both plakoglobin
and plakophilin-2 morphant embryos as zebrafish models for ARVC will be based

upon this cumulative data.
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4.1.1 mRNA expression levels of ARVC-related genes in plakoglobin knockdown
embryos

Plakoglobin morpholino-injected embryos were harvested at 48 and 72 hpf and
processed for qPCR as previously described in Section 2.2.5. mRNA levels of

desmoplakin-a, connexin 43 and B8-catenin were then examined.

MRNA expression of gap-junction protein connexin 43 was significantly down-
regulated at both 48 and 72 hpf. mRNA expression of desmosomal plaque protein,
desmoplakin, was also significantly decreased in plakoglobin knockdown embryos,
with a tendency towards decrease evident at 48 hpf becoming statistically

significant by 72 hpf (Figure 4.1).

B-catenin, an armadillo protein and integral component of the Wnt signalling
pathway, was found to have a similar mRNA expression profile to desmoplakin-a in
plakoglobin knockdown embryos with a significant decrease evident at 72 hpf

(Figure 4.1).
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Figure 4.1 mRNA expression of ARVC-related genes in plakoglobin knockdown embryos.
Expression of ARVC-related genes 8-catenin, desmoplakin-a (dsp-a) and connexin 43 (cx43)

at 48 hpf (A) and 72 hpf (B) in plakoglobin knockdown samples. By 72 hpf all genes show
significant down-regulation in plakoglobin morphant samples compared to controls; n=3.
Data are means +s.d. *P<0.05, **P<0.005 vs controls by paired t-test.

Wntl has previously been implicated in cell culture experiments as a positive
regulator of connexin 43 (van der Heyden et al., 1998; Ai et al., 2000) and as levels
of connexin 43 mRNA expression were found to be decreased in the plakoglobin
morphant embryos, expression of Wntl was investigated. Embryos lacking
plakoglobin protein have decreased levels of Wntl mRNA (Figure 4.2), further

corroborating the data obtained for connexin 43 expression.
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Figure 4.2 Wnt1l mRNA expression in plakoglobin morphant embryos at 48 and 72 hpf.
Expression of Wntl was unaffected at 48 hpf and decreased significantly in plakoglobin

knockdown samples at 72 hpf when compared to control morpholino samples; n=3. Data
are means + s.d.* P<0.05 vs control by paired t-test.

4.1.2 mRNA expression levels of ARVC-related genes in APC mutant embryos

The plakoglobin knockdown phenotype is similar to the cardiac phenotype
observed in APC mutant embryos, hence gene expression in this transgenic line was
examined to determine if comparable signalling defects existed. The disruption to
Wnt/B-catenin signalling that characterises the APC mutant line results in
pericardial oedema, cardiac malformation and blood pooling, along with a host of
other developmental defects (Hurlstone et al., 2003). Thus, this line presented an
ideal opportunity to compare signalling defects in embryos with similar cardiac

defects stemming from different causative genes.

Before the APC embryos were harvested for gene expression studies, heart rates
were recorded and compared with those of wild-type AB embryos at the same
developmental stage. APC mutants (as expected) had significantly reduced heart
rates (Figure 4.3) and obvious looping defects when compared to those of wild-type

controls (phenotype not shown, see Hurlstone et al.,(2003)).
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Figure 4.3 APC mutant heart rates measured at 72 hpf.
APC mutant embryos had deceased heart rates compared to wild-type embryos at the

same developmental stage. Data shown are means + s.d. ***P<0.001 vs wild-type by un-
paired t-test; n=10.

Expression levels of plakoglobin, connexin 43 and Wnt1 were examined in both 48
and 72 hpf apc mutant samples, with same stage wild-type AB embryos used for
controls. Expression levels of plakoglobin were of particular interest as mutation of
APC constitutively activates the Wnt pathway and loss of plakoglobin is thought to
up-regulate Wnt target genes (Martin et al., 2009). Plakoglobin morphant embryos
have significantly down-regulated expression of connexin 43 and Wnt1 (Section
4.1.1) hence their expression in APC mutant embryos was examined. Additionally,
Wntl has recently been linked to premature myocardial infarction (Goliasch et al.,
2012), so it would be most interesting to see if embryos with similar cardiac defects
stemming from different molecular causes have the common feature of decreased

Wntl expression.

At 48 hpf all three genes of interest were significantly down-regulated, whereas at
72 hpf only connexin 43 and Wnt1 mRNA levels were significantly decreased (Figure
4.4). Plakoglobin expression was also examined in sphere stage APC mutants;
however mRNA expression was unaffected at this stage (data not shown),
indicating that a cascade of events in early embryogenesis is required to induce a

change in plakoglobin mRNA expression at later stages of development.
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Figure 4.4 mRNA expression in APC mutant embryos.
Expression levels of plakoglobin (plakoglobin), Wnt1 and connexin 43 (cx43) levels at 48 hpf

(A) and 72 hpf (B) in apc mutant embryos compared to those of wild-type AB fish at the
same developmental stages. Data shown are means + s.d.*P<0.05, **P<0.005 vs wild-type
controls by paired t-test; n=3.

4.1.3 mRNA expression levels of ARVC-related genes in plakophilin-2
knockdown embryos

Relative transcript levels of connexin 43, desmoplakin-a, 8-catenin and plakoglobin

were then examined in plakophilin-2 morphant embryos at 72 hpf. mRNA

expression was found to be unaffected in each case (Figure 4.5), indicating that

none of the genes examined interact directly with plakophilin-2.
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Figure 4.5 Loss of plakophilin-2 does not affect mRNA expression of ARVC-related genes.
Expression of ARVC-related genes 8-catenin, desmoplakin-a (dsp-a), connexin 43 (cx43) and

plakoglobin (pg) at 48 hpf (A) and 72 hpf (B) in plakophilin-2 knockdown samples. There
was no significant effect on mRNA expression of any of the genes examined in the
plakophilin-2 knockdown in comparison to control levels by paired t-test; n=3. Data shown
are mean + s.d.

4.1.4 Expression levels of ARVC-related proteins in plakoglobin and plakophilin-
2 knockdown embryos

Altered localisation of both gap-junction protein connexin 43 and plakoglobin at the

intercalated disks of ARVC patients is reported to be a hallmark of ARVC, regardless

of the causative gene mutated (Asimaki et al., 2007; Asimaki et al., 2009). An initial

examination of connexin 43 localisation in zebrafish at 72 hpf showed that

comparative immunofluorescence would not be possible due to the extremely low

level of detectable connexin 43 in the zebrafish heart at this embryonic stage (data
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not shown). Hence, total protein levels of connexin 43 and plakoglobin were

examined by SDS-PAGE and Western blotting.

Expression of connexin 43 protein was examined in plakoglobin morphant embryos
at 72 hpf. Though densitometric analysis of three independent biological repeats
showed a slight decrease in all plakoglobin morphant samples, the level of decrease

was not consistent enough to be of statistical significance (Figure 4.6).
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Figure 4.6 Expression of connexin 43 protein in plakoglobin knockdown embryos at 72
hpf.

(A) Western blot analysis of connexin 43 protein expression in control and plakoglobin (PG)
knockdown embryos. Connexin 43 was detected at 43 kDa. a-tubulin was used as a loading
control. (B) Densitometric analysis of connexin 43 expression in plakoglobin morphant
embryos compared to control morpholino embryos at the same developmental stage. Data
are means + s.d. , analysed by paired t-test; n=3.
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Expression of plakoglobin and connexin 43 total protein was examined in
plakophilin-2 knockdown samples harvested at 72 hpf. Expression levels were
comparable between control and plakophilin-2 morphant samples, with no

significant change in either of the proteins of interest (Figure 4.7).
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Figure 4.7 ARVC-related protein expression in 72 hpf plakophilin-2 knockdown embryos.
(A) Western blot analysis of connexin 43 and plakoglobin protein expression in control and

plakophilin-2 (PKP2) knockdown embryos. Connexin 43 was detected at approximately 43
kDa and plakoglobin was detected at approximately 83 kDa. a-tubulin was used as a
loading control. (B & C) Densitometric analysis showed no appreciable difference in
expression of either connexin 43 (B) or plakoglobin (C) in plakophilin-2 knockdown embryos
when protein levels were compared to those of control morpholino-injected embryos at
the same stage. Data shown are means + s.d., analysed by paired t-test; n=3.
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4.1.5 The effect of plakoglobin and plakophilin-2 knockdown on adipogenic gene
expression
One of the most distinct symptoms of ARVC is the fibro-fatty replacement of

cardiomyocytes. To investigate if loss of plakoglobin or plakophilin-2 in the
morphant embryos may have disruptive effects on the signalling components of

adipogenesis, expression of two representative adipogenic genes was examined.

Adipogenic transcription factor Wnt5b and adipogenic marker PPAR-y were
selected as representative adipogenic genes, and mRNA expression of these genes
was examined by gPCR. Interestingly, both Wnt5b and PPAR-y were significantly
down-regulated in plakoglobin morphant samples harvested at 72 hpf. However in
plakophilin-2 knockdown samples there was no appreciable difference between

morphant and control samples (Figure 4.8).
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Figure 4.8 Adipogenic gene expression in plakoglobin and plakophilin-2 knockdown
embryos.
Expression of adipogenic genes Wnt5b and PPAR-y is decreased in 72 hpf plakoglobin

morphant embryos (A), but unaffected in plakophilin-2 morphant embryos at the same
developmental stage (B). Data shown are means + s.d. ¥*P<0.05, **P<0.005 vs control by
paired t-test; n=3.

4.2 Summary

An examination of some of the molecular aspects of ARVC in plakoglobin and

plakophilin-2 morphant embryos has yielded novel information that is of use when
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evaluating these morphant embryos as models for the signalling defects associated

with the human congenital heart condition.

Plakoglobin morphant embryos have decreased expression of all relevant genes
examined. Genes strongly associated with ARVC, such as desmoplakin-a and
connexin 43, as well as several genes that participate in Wnt signalling (8-catenin,
Wntl1) and genes required for adipogenesis (Wnt5b, PPAR-y) are all significantly
down-regulated in plakoglobin morphant embryos. Total connexin 43 protein is
however unaffected. Decreased levels of desmoplakin-a and connexin 43 mRNA are
favourable aspects of the plakoglobin knockdown as a model for ARVC. However
the down-regulation of adipogenic genes, and the consistency of connexin 43 total
protein levels between control and morphant embryos are not representative of
the human condition and do not satisfy the requirements of a good animal model

for this disease.

Results from the APC mutant line are similar to those achieved with plakoglobin
morphant embryos. All genes examined were down-regulated in comparison to
control samples, and at similar levels to those observed in plakoglobin morphant
embryos. Additionally, expression of plakoglobin was also decreased in apc mutant

embryos.

Expression of ARVC-related and adipogenic genes was also examined in plakophilin-
2 morphant embryos, as was expression of plakoglobin. None of the genes
examined were significantly affected, nor was the total protein expression of

connexin 43 or plakoglobin.
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4.3 Discussion

Experiments in this chapter aimed to evaluate zebrafish embryos lacking
plakoglobin and plakophilin-2 as models for ARVC by examining characteristic
signalling elements of the human condition in the zebrafish knockdown models.
Overall, neither morphant provides an authentic model for the congenital heart
defect, however loss of plakoglobin appears to have some more desirable
consequences for a signalling model than loss of plakophilin-2. In addition to their
notable cardiac defects, plakoglobin morphant embryos show significantly
decreased expression of ARVC-related genes connexin 43 and desmoplakin-a, and
disruption to adipogenic genes Wnt5b and PPAR-y. Plakophilin-2 however does not
appear to have any of the posited effects of a true model for ARVC. This is not
entirely unexpected, as already demonstrated in Chapter 3, loss of plakophilin-2

appears to operate via an entirely separate signalling pathway to plakoglobin.

4.3.1 Molecular features of ARVC

Patients with the N-terminal mutation form of plakoglobin-related ARVC have less
plakoglobin, desmoplakin and connexin 43 proteins at the intercalated disks in
cardiomyocytes, whereas distribution of plakophilin-2 and N-cadherin is unaffected
(Asimaki et al., 2007). Similarly, samples from Naxos Disease patients display
decreased levels of connexin 43 at the intercellular junctions of both ventricles, and
abnormal localisation of the mutant plakoglobin at the intercalated disks, yet
plakophilin-2, desmoplakin and other desmosomal proteins are unaffected (Kaplan

et al., 2004b).

In excess of 200 pathogenic plakophilin-2 mutations have been identified to date
with associated structural and cardiac abnormalities, and 131 of these are linked to
ARVC (van der Zwaag et al., 2009; Roberts et al., 2012), yet little is known of the
molecular role played by this armadillo protein. A decrease in junctional
plakoglobin is thought to be a consistent feature in all diagnosed cases of ARVC,
including those caused by mutations in the plakophilin-2 gene (Asimaki et al., 2009).
A mouse model lacking plakophilin-2 has been reported as embryonic lethal due to

distortions in cardiac development (altered cardiac morphogenesis, blood leakage
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and cardiac rupture), with molecular defects distinct from those of a murine
plakoglobin mutant, particularly with regard to desmoplakin localisation which is
unaffected in plakoglobin-deficient murine hearts but strikingly absent from
adherens junctions in plakophilin-null embryos. Desmoplakin is also seen to co-
localise extensively with other desmosomal proteins (including plakoglobin, N-
cadherin, B-catenin, plakophilin-2 and desmoglein-2) in wild-type embryos, yet this
co-localisation fails to occur in plakophilin-2 knock-out embryos (Ruiz et al., 1996;

Grossmann et al., 2004).

4.3.2 Molecular aspects of the plakoglobin knockdown model

Given the existence of these common molecular features across various
desmosomal cardiomyopathies the expression levels of desmoplakin-a, connexin
43, and plakoglobin were selected as criteria by which to assess the signalling
compatibility of the plakoglobin and plakophilin-2 loss-of-function models with
human ARVC. Plakoglobin knockdown samples displayed decreased expression of
connexin 43 and desmoplakin mRNA at 72 hpf, indicating that loss of plakoglobin in
zebrafish affects expression of those genes identified as disrupted in human
patients. Studies using human tissue samples have failed to detect any appreciable
difference in connexin 43 total protein, or have reported only mild decreases
(Kaplan et al., 2004a; Tandri et al., 2008; Gehmlich et al., 2011). These data are
supportive of the results shown in this study, where Western blot analysis of
connexin 43 total protein in plakoglobin morphant embryos showed no significant
difference in comparison to control embryo samples, as it is quite likely that the
decreased localisation reported in many studies is not due to a lack of protein, but a
failure of the components to assemble correctly at cell-cell junctions, resulting in a

change in localisation patterns and ultimately a failure in adhesion.

Increased levels of B-catenin protein have previously been associated with loss of
plakoglobin (Martin et al., 2009; Li et al., 2011a), however data presented in Section
4.1.1 shows a small but significant decrease in B-catenin mRNA expression in

plakoglobin morphant embryos. Examination of murine data may help clarify these
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apparently conflicting results. Using a tissue-specific knock-out of plakoglobin,
mMRNA expression of B-catenin appeared unaffected when examined by gqPCR, yet
protein samples exhibited an unequivocal increase in B-catenin protein expression
(Li et al.,, 2011a). These data, together with our own, indicate that a post-
transcriptional increase in [-catenin expression occurs in the absence of

plakoglobin.

Interestingly, the effect of ectopic desmoplakin expression on desmosomal
components has recently been investigated in human lung cancer cell lines, where
expression of desmoglein 1-3, desmocollin 1-3, plakophilin 1-3 and plakoglobin was
examined. Expression of plakoglobin mRNA and protein was found to be up-
regulated in the wake of desmoplakin over-expression, with a coincident decrease
in levels of B-catenin and down-regulation of Wnt/B-catenin target genes Axin2 and
MMP14. Conversely, desmoplakin knockdown resulted in decreased plakoglobin,
increased B-catenin and an increase in MMP14 expression, whereas expression of
plakophilins 1-3 was unaffected (Yang et al.,, 2012). In this study levels of
desmoplakin-a mRNA were decreased in plakoglobin morphant samples, correlating

with the results discussed above.

4.3.3 Further evidence for the role of plakoglobin in Wnt signalling gleaned from
the APC mutant line

The results obtained with material extracted from APC mutant embryos are of great
relevance to this study. Adenomatous polyposis coli (APC) is an integral component
of the axin destruction complex required for the phosphorylation and subsequent
ubiquitination and degradation of B-catenin, and truncation of APC activates the
Wnt/B-catenin pathway (Fodde et al., 2001). In zebrafish, truncation of APC results
in a myriad of gross developmental defects, of which cardiac malformation is the
earliest detectable. Mutant hearts have normal morphology, positioning and
chamber specification at 36 hpf, but by 80 hpf the heart has ceased to beat and
blood circulation is absent. Similarly, plakoglobin knockdown causes increased Wnt
signalling, but also a cardiac malformation phenotype (Martin et al., 2009). It is

quite interesting to see that in APC mutant embryos with up-regulated Wnt
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signalling mRNA expression of plakoglobin is reduced. This evidence further clarifies
the role of plakoglobin as a constituent of the Wnt pathway, where it can regulate

or be regulated by canonical Wnt signalling, and acts downstream of APC.

Similarly, in plakoglobin morphant embryos expression of connexin 43 and Wntl
are found to be reduced, an effect mirrored in the APC mutant embryos. The
consistency of these data gives further credence to previous studies that propose a

relationship between plakoglobin and the Wnt/B-catenin pathway.

4.3.4 Molecular aspects of the plakophilin-2 knockdown model

Mutations in plakophilin-2 have been reported with attendant effects on
plakoglobin, desmoplakin and connexin 43 localisation at the intercalated disks
(Grossmann et al., 2004; Asimaki et al., 2009); hence these were selected as
candidates likely to be affected by loss of plakophilin-2 in zebrafish. mRNA and
protein levels of plakoglobin and connexin 43 were unaffected in the plakophilin-2
morphant samples, as were desmoplakin mRNA levels. These data are consistent
with findings presented earlier in this study, where loss of plakophilin-2 had no
effect on target genes of the Wnt pathway at early stages of development. It seems
that ablation of plakophilin-2 protein in zebrafish embryos has completely different
molecular consequences to those occurring in the absence of fellow armadillo

protein plakoglobin, or as a result of mutated plakophilin-2 as in ARVC.

4.3.5 Connexin 43 and the Wnt signalling pathway

Connexin 43 is the major gap junction protein in the heart (Verheule et al., 1997)
and has a previously identified relationship with the Wnt signalling pathway. /n vitro
studies have demonstrated that increased levels of Wntl can specifically up-
regulate connexin 43 mRNA and protein expression, cause increased cell-cell
adhesion and increase levels of plakoglobin protein. Increased levels of Wntl
(coupled with the resulting increase in connexin 43) also induced increased
contraction in cultured cardiomyocytes (Bradley et al., 1993; van der Heyden et al.,
1998). In vivo a murine cardiomyopathy model has demonstrated concordant

dysregulation of B-catenin and connexin 43 (Swope et al., 2012a). These data
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further substantiate the results obtained in the zebrafish plakoglobin knockdown
model where loss of plakoglobin results in decreased levels of canonical Wnt
MRNAs, decreased connexin 43 and B-catenin mRNA expression and a decreased

heart rate.

Though the majority of publications point to a proportional relationship between
connexin 43 and Wnt signalling, an opposing role has also been reported in an in
vitro study on human colon cancer cells. Transient transfection of connexin 43 into
human colon carcinoma cells reduced TCF-mediated gene transcription by 10% (as
measured by luciferase assay) with an associated increase in apoptotic cell death
(Sirnes et al., 2012). This observation is not unique, as a recent publication on
malignant glioma stem cells (GSCs) has provided further insight into the underlying
mechanism for this apparent discrepancy in signalling roles for connexin 43.
Treatment with connexin 43 inhibited self-renewal, proliferation, invasiveness and
tumorigenicity of the GSCs, via a Cx43/E-cadherin complex that formed following
the up-regulation of the E-cadherin protein. As expression of Wnt/B-catenin
downstream target genes was inhibited in the treated samples it is likely the E-
cadherin/Cx43 protein complex interferes with expression of Wnt/B-catenin target
genes and thus decreases the malignancy of the GSCs. These data indicate a unique
signalling role for connexin 43 in the presence of malignant cell types, with the
authors hypothesizing that over-expression of Cx43 may specifically affect the so-
called “stemness” genes that are direct targets of the Wnt/B-catenin pathway (Yu
et al., 2012). These results are of particular interest as previous experimental work
on plakoglobin morphant embryos combined with data presented here shows
increased localisation of E-cadherin and B-catenin, with decreased mRNA
expression of connexin 43, and an increase in expression of Wnt target genes (such
as bmp4, dharma and ndrl) at early stages, yet a member of the canonical Wnt
pathway, Wnt1l, is decreased in later stage embryos. The discrepancies between
this study and previously published results may be attributed to the fact that work
presented here focuses on an in vivo model, and other data is based on in vitro
assays which utilise refined cell populations. Connexin 43 may have distinct roles

depending on the tissue type in which it is expressed, and hence changes in
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signalling detected in cell culture experiments may not match those from whole

tissue models such as ours.

Interestingly, a recent publication has identified a link between Wnt-1 and
myocardial infarction. Serum levels of Wnt-1 and Dkk-1 were examined in young
patients who had survived myocardial infarction. Wnt-1 levels were found to be
significantly lower in these patients compared to control subjects, and levels of Dkk-
1 were increased (Goliasch et al., 2012). These data further substantiate results
presented in Sections 4.1.1 and 4.1.2. Plakoglobin morphant embryos and APC
mutant embryos have obvious cardiac defects (Hurlstone et al., 2003; Martin et al.,

2009) and significantly decreased expression levels of Wnt1 mRNA.

4.3.6 Desmosomal protein knockdown and adipogenic gene expression

An in vitro assay following the differentiation of pre-adipocytes has examined the
relationship between PPAR-y and B-catenin, and demonstrates that post-
transcriptional suppression of B-catenin correlates with increased expression of
PPAR-y protein (Moldes et al., 2003). Similarly, Wnt5b has previously been shown
in vitro to inhibit the canonical Wnt/B-catenin signalling pathway with associated
promotion of adipogenesis (Kanazawa et al., 2005). As it has previously been shown
that loss of plakoglobin results in increased expression of B-catenin, (Martin et al.,
2009) and qPCR results discussed here (Section 4.1.1) indicate this increase occurs
post-transcriptionally, this may explain why plakoglobin knockdown embryos

display decreased expression of PPAR-y and Wnt5b mRNA.

An ideal model for ARVC would demonstrate the fibrous/fatty replacement of
cardiac tissue that is associated with the disease, yet examination of such
progressive defects is beyond the scope of morpholino-based studies, as the effects
of the morpholino knockdown are transient. Even without the limitations of the
morpholino it must be remembered that ARVC is primarily an adult-onset disease,
and clinical features are often undetectable until final stages, hence our embryonic
zebrafish model did not provide a good candidate for a pathological model in this

respect. An up-regulation of adipogenic genes might still be expected at early
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stages if excessive adipogenesis were to occur, however our data indicates the
contrary hence there is no indication that complete loss of plakoglobin results in

adipogenic replacement of cardiac tissue.

Prior studies have also failed to recapitulate the adipogenic characteristic of ARVC
in animal models other than zebrafish. A previous murine study closely related to
our research overcame the problematic embryonic lethality associated with murine
plakoglobin knock-out by adopting a cardiac-specific knock-out (CKO) approach.
CKO mice displayed loss of myocytes with ancillary fibrotic replacement, thinning of
the myocardial wall and decreased expression of desmosomal proteins desmoglein,
plakophilin-2 and desmoplakin. However adipocytes were not seen in the
myocardium and lipid accumulation was not increased in the plakoglobin CKO mice
(Li et al., 2011a). A recent publication presents a murine double knock-out (DKO)
model lacking plakoglobin and B-catenin specifically in the heart, and replicates
many of the diagnostic features desirable for an animal model of cardiac disease.
These DKO mice exhibit cardiomyopathy, fibrosis throughout the myocardium,
enlarged ventricles and conductional defects that result in sudden cardiac death in
100% of DKO animals between 3 and 5 months, but no increase in adipocytes
(Swope et al.,, 2012a). This double knock-out model represents the most
comprehensive physiological animal model for ARVC that has been generated to
date and further demonstrates the functional overlap of B-catenin and plakoglobin.
Though it recapitulates the disease features successfully, this DKO is limited as it
does not model the underlying cause of the human condition and hence does not

contribute to a better understanding of the mechanism of disease.

There is a potential explanation for this inability to replicate the adipogenic aspect
of ARVC in current models. Lombardi et al., (2009) propose that nuclear plakoglobin
may function in the capacity of a transcriptional regulator, suppressing canonical
Whnt signalling, and as such is required for the trans-differentiation of a cardiac
progenitor into an adipocyte (Lombardi et al., 2009). If so, the complete ablation of

plakoglobin currently used to model ARVC may not allow the generation of a model
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that is fully faithful to the human condition, and hence the answer may lie in more
recent advances in targeted mutation techniques, such as zinc-finger nucleases or

transcription activator-like effector nucleases.

4.3.7 Plakoglobin and plakophilin-2 knockdowns as zebrafish models for ARVC

As a zebrafish model for ARVC, the plakoglobin knockdown has several desirable
features, including defects in heart morphogenesis and changes in the mRNA
expression of genes reported to be affected in samples from human ARVC patients,
such as connexin 43 and desmoplakin. It is surprising that no significant change in
connexin 43 protein was detectable, given the significant reduction in expression of
connexin 43 mRNA seen in the plakoglobin morphant samples. Changes in
phosphorylation status of the protein have been reported in some studies
(Gehmlich et al., 2011; Gehmlich et al., 2012), though not examined here. Defects in
skin, such as blistering, have been reported in a study of plakoglobin-deficient mice,
which tallies well with the palmoplantar keratoderma that is a defining feature of
Naxos disease. No such defects were visible in the zebrafish knockdown, however
for the first time this study reports defects in adhesion in the cardiac epithelium of

zebrafish plakoglobin morphants (Chapter Three, Section 3.1.2).

A clinical feature of ARVC is the replacement of the right ventricle with fibrotic and
fatty tissue. PPAR-y and Wnt5b are adipogenic genes and we would have expected
an increase in expression of these genes if fibro-fatty replacement was occurring in
plakoglobin knockdown embryos. Adipogenic genes investigated were found to be
significantly down-regulated in plakoglobin knockdown samples, thus failing to
match the human symptom of increased adipogenesis in the heart. The fact that
fibro-fatty replacement is a late-stage feature of a progressive, generally adult-
onset disease, and the short-term knockdown incurred by morpholino injection
may simply be too short a time-frame in which to achieve a model with such an
advanced element of ARVC. It is more likely, however, that the loss of plakoglobin
does not provide a good model for ARVC, as it fails to replicate the majority of the
signalling aspects of the disease, and does not recapitulate the important feature of

increased adipogenesis. The relationship between plakoglobin and the Wnt/B-
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catenin pathway connects the various signalling defects seen in plakoglobin
morphant embryos throughout development in this study, from early stage
embryos where Wnt target gene expression has previously been shown to be
altered (Martin et al., 2009) to the later stage effects on ARVC-related and
adipogenic genes, highlighting the importance of plakoglobin as a modulator of Wnt
signalling in zebrafish development, and also clarifying that complete loss of
plakoglobin protein cannot be used to generate an accurate zebrafish model for

ARVC.

The plakophilin-2 knockdown overall seems even less representative of the human
condition than the plakoglobin knockdown. Heart defects are present but with no
detectable change in ARVC-related protein or gene expression the complete loss of
plakophilin-2 does not seem to mirror the effects of plakophilin-2 mutations as
reported in human patients (Asimaki et al., 2009). Though loss of plakophilin-2
results in heart defects in zebrafish it is disappointing that no molecular aspects of
ARVC have been detectable in the plakophilin-2 morphant zebrafish as vyet,
particularly when the high incidence of documented plakophilin-2 mutations in
ARVC is considered. As in the previous chapter, it seems that although loss of
plakoglobin or plakophilin-2 causes similar cardiac phenotypes these desmosomal
proteins are operating by entirely divergent mechanisms and neither knockdown

provides a comprehensive model for ARVC.
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5 Heritable targeting of zebrafish plakoglobin using customised TAL-
effector nucleases
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5.1 Heritable gene targeting using customized TAL-effector nucleases

The use of TAL-effector nucleases (TALENs) for customizable gene targeting is a new
technique. Transcription activator-like effectors isolated from the plant pathogenic
bacterium Xanthomonas have been shown to be readily manipulable to bind almost
any DNA sequence (Boch et al., 2009; Christian et al., 2010; Morbitzer et al., 2010).
Recent developments in the technology that fuse these proteins to the cleavage
domain of Fokl have been used to successfully engineer mutations in a variety of
organisms including yeast, Drosophila, zebrafish and human cell lines (Huang et al.,

2011; Li et al., 2011c; Miller et al., 2011; Sander et al., 2011; Liu et al., 2012).

The transient nature of morpholino knockdown is the major limiting factor of the
technique, and off-target effects are a continual concern in the characterisation of
morphant phenotypes. Hence, it was decided to develop a plakoglobin mutant

using TALEN targeting to generate an alternative zebrafish model of ARVC.

5.1.1 Design and synthesis of TALEN constructs targeting plakoglobin

Arrythmogenic right ventricular cardiomyopathy has several pathogenic
plakoglobin-induced variants (discussed in Section 1.6.2), however two specific
variants are of particular interest due to their distinctive phenotypes caused by
mutations at opposing ends of the protein; an N-terminal mutation resulting in the
insertion of an additional serine at position 39, causing the classical form of ARVC
(Asimaki et al., 2007) and a two base-pair deletion at the C-terminal which causes
truncation of the protein and manifests as Naxos disease, which has associated
cardiac and cutaneous defects (McKoy et al., 2000). TALEN pairs were designed to
target similar regions in the zebrafish genome and hence create the most faithful
replication of the causative mutations possible. The plakoglobin protein sequence is
highly conserved between zebrafish and humans, with over 79% similarity between
the central arm domain of human and zebrafish plakoglobin, though similarity at
the tail domains is considerably lower (42% at the N-terminal and a mere 9% at the
C-terminal) (Cerda et al., 1999). Conserved loci between the human and zebrafish

sequences enabled the identification of sites within the N- and C- termini of
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zebrafish plakoglobin that were comparable to those mutations identified in ARVC

(Figure 5.1).

The TALEN Targeter (available at https://boglab.plp.iastate.edu/node/add/talen-

old) was used to design arrays for the TAL-effector nucleases targeting these
regions of interest in the plakoglobin gene. Although zebrafish plakoglobin has a
high degree of similarity to the human protein, the exact locations of the human
mutation were unsuitable for TALEN-targeting due to limitations such as exon
length and base composition in those regions. Cermak et al. (2011) have published
a comprehensive analysis of naturally occurring TAL-effectors and binding sites, and
have refined these data to provide a set of design criteria for successful and
efficient TALEN targeting. TALEN binding sites should be preceded by a 5’ T, with no
T at position 1, no A at position 2 and binding sites should end with a T. In addition
to this, the base composition of the target sites should be within two standard
deviations of the following: 31£16% A, 37£13% C, 9+8% G and 22+10% T. Though it
was hoped to target the exact sites of the plakoglobin ARVC mutations described
above, these regions did not conform to the criteria for TALEN biding sites. Proximal
locations adhering to these criteria were chosen for targeting using the Targeter
program and are shown relative to the sites in zebrafish plakoglobin that

correspond to human ARVC mutations in Figure 5.1.
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zebrafish LDNVRRVAAGVLCELALDRQSAEIIDAEGASAPLMELLESSNEGIATYARAVLYRTAEDK 644
human VENIQRVAAGVLCELAQDREAADAIDAEGASAPLMELLESRNEGTATYAAAVLFRISEDK 656
- J,: : R R e \Inl:: : J:: B T T T T T o o o o : w : R
zebrafish NPDYRRRVSVELTHSLFRKHDPEAWEMAENTV-MDPVLGDEELDGYGPAGYGGYADG---M 700
human NPDYRRKRVSVELTNSLFRHDPAAWEARAQSMIPINEPYGDDMDATYRPMYSSDVPLDPLEM 716
wwww wwwwwwww R J: a : 1 \bv): - W e & i -
zebrafish HMDPLDPEMODDYRGGM--PYNSMARVYHDY 729
human HMDMDGDYPIDTYSDGLRPPYPTADHMLA-— 745
Wb W 5 W i W : Wb :
Exon 4
211 TCCATTCAGGAGCCACTACTGTTCGCTCAGATGATGATGGAACAGAGTACAGCTCT —----------~, AAGAAA

TTCACCTACACCACCACATTCACAGAGAACCCTGCAGAGGTGGAGTCTCAGTTAAACATGACTCGTGCTC
AGCGTGT GAGGGCGGCCATGTTTCCTGAGACTGT GATGGAGGGATCGGTCATTCATTCTACACAGATCG

ATCCATCCCAGCAGACCAATGTACAAAAGCTGGCCGAACCATCTCAGCAGCT CAAAGCTGCCATCGTTCA

CCTCATCAACTACCAGGACGACGCTGAACTCGCCACACGCGCCATCCCAGAGCT CACCAAACTCCTCAAC
GATGAAGACCAGTTGGTTGTGAACAAAGCCGCTATGATCGTGAACCAACTGACCCGCAAGGAGGCATCC
677 CGCAGGGCTCTTATGCAGTCCCOGCAGATGGTGGCCGCTGTAGT GAGAGCCATGCAGAACACGACCGAC

Exon 15

2101 GCTGTTCTCTACAGAACTGCTGAGGACAAAAACCCAGACTATAAGAAAAGAGTTTCAGTAGAACTCACAC
ACTCACTCTTCAAACACGACCCTGAGGCTTGGGAAATGGCACACAACACTGTGATGGATCCCGTCCTTGG
CGATGAAGAGCTTGATGGCTACGGTCCTGCAGGATACGGTGGATATGCTGATGGCATGCATATGGATCCT
CTAGATCCAGAAATGCAAGACGATTATAGGGGCGGCATGCCCTACAACTCCATGGCCAGAGTCTACCATG

ATTACTAACAGCCTGACGGTCAACTGACCTCCACTGGAAGAGGATTATCAAAAACACAAGAGACCTAATC
TTCTGGCAAAGTGTTTTGTITTGTTTTCCATTGCTGGGTGCCTGTGGTCCATTTCTCAGTAAACACACACAC
6304 ACACACACACTGACACTGTTGTAATATATGCAATTCTCACTTCTGGGGGAGGCAGAAGCCTTGAGCGC

Figure 5.1 Proximity of TALEN sites to ARVC mutations

TALEN and ARVC mutation regions shown in both plakoglobin protein and DNA sequences.
(A) and (B) show alignment of human and zebrafish plakoglobin protein, with the N-
terminal mutation site shown in green (A) and the C-terminal site in yellow (B). In the DNA
sequence (C) exon regions are underlined, and the locations corresponding to the predicted
serine insertion (exon 4) and 2-base-pair deletion (exon 15) are shown in red. The spacer
region (where non-specific Fokl cleavage will occur) for each TALEN is shown in blue in all

panels.
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The final TALEN constructs selected for assembly are shown within the sequence of
their respective exons in Figure 5.2, with the full TALEN pairs shown on either side
of the spacer region where Fokl is predicted to cleave. The natural DNA repair
process resulting from this non-specific cleavage is likely to result in small insertions
or deletions due to its imperfect nature; hence mutations that occur as a result of

TALEN targeting will occur in the spacer region.

A plakoglobin exon 4

| Left target sequence | Spacer | Right target sequence |
I T T 1
5-TGTTTCCTGAGACTGTGATGGAGGGATCGGTCATTCATTCTACACAGATCGATCCA -3’

PG Exon 4

5- AGGTGGAGTCTCAGTTAAACATGACTCGTGCTCAGCGTGTGAGGGCGGCCATGTTTCC
TGAGACTGTGATGGAGGGATCGGTCATTCATTCTACACAGATCGATCCATCCCAGCAGAC
CAATGTACAGAAGCTGGCCGAACCATCTCAGCAGCTCAAAGCTGCCATCGTTCACCTCATC
AACTACCAGGACGACGCTGAACTCGCCACACGCGCCATCCCAGAGCTCACCAAACTCCTC
AACGATGAAGACCAG -3

B plakoglobin exon 15

[ Left target sequence | Spacer | Right target sequence |
r 1 I 1

5- TGGCATGCATATGGATCCTCTAGATCCAGAAATGCAAGACGATTATAGGGGCGGCA -3’

PG Exon 15

5- AGCTTGATGGCTACGGTCCTGCAGGATACGGTGGATATGCTGATGGCATGCATATGGA
TCCTCTAGATCCAGAAATGCAAGACGATTATAGGGGCGGCATGCCCTACAACTCCATGG
CCAGAGTCTACCATGATTACTAACAG -3

Figure 5.2 Targeted genome editing of plakoglobin using TAL-effector nucleases

TALEN target sites for exon 4 (A) and exon 15 (B) of the zebrafish plakoglobin sequence.
Target sequences for TALEN pairs are shown in boldface type with left TALEN shown in red,
spacer region in blue, and right TALEN in black.

TALEN pairs were then synthesized using the previously described protocol (Section
2.2.9) adapted from Cermak et al., (2001). Colony PCR was used to check final
constructs, with correct clones showing the characteristic “smear-and-ladder”
effect when examined under UV light on an agarose gel (Figure 5.3). As several
clones showed the correct pattern when examined by agarose gel electrophoresis,
one clone for each TALEN (i.e. PG exon4 TAL1(a), PG exon4 TAL2(a), PG exonl15
TAL1(a) and PG exon15 TAL2(a)) were selected and cultured, and sequencing of the

plasmid DNA was used to confirm the final constructs. This plasmid DNA was then
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linearised and transcribed to generate 5 capped mRNA for microinjection. The
forward and reverse TALEN pairs for each gene were mixed in a 1:1 ratio and a 100
pg dose of this mixture was delivered by micro-injection to wild-type zebrafish

embryos at the 1-cell stage, hereafter referred to as Foor founder fish.
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Figure 5.3 Final TALEN constructs
Colony PCR samples of TALEN constructs targeting plakoglobin exon 4 (A) and exon 15 (B),
with a-c for each TALEN representing multiple clones. TAL1 and TAL2 refer to left- and
right- binding TALENs respectively.

5.1.2 Genotyping of TALEN-induced somatic mutations

Following micro-injection of 100 pg of each TALEN at the 1-cell stage, 24 hpf
zebrafish embryos were harvested and genomic DNA was extracted. Wild-type
sibling embryos were used as controls in all cases, and injected embryos were

grouped into normal or deformed embryos (Table 5.1).

Table 5.1 Classification of TALEN-injected embryos®

Exon 4 TALEN Exon 15 TALEN

Unfertilised 5 Unfertilised 3
Dead 9 Dead 4
Deformed 4 Deformed 3
Normal 12 | Normal 20

TALEN-injected embryos were classified at 24 hpf
n=30 for each TALEN construct injected.
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Deformities observed included anopthalmia, shortened anterior-posterior body
axis, enlarged vyolk, developmental retardation and fragility of the chorion.
Embryos in the deformed group were sacrificed after 24 hpf as they were unlikely
to survive due to toxicity. Those injected embryos not showing defects were
selected for genomic DNA extraction and harvested at 24 hpf. The genomic DNA
extracted was then used as template for high-resolution melt analysis (HRMA) to
determine if mutations had been induced. Primers were designed on either side of
the targeted region to produce a small amplicon of less than 150 base-pairs.
Differences in the melting temperature of this amplicon would indicate the
presence of a mutation in the region. Genotyping of the injected embryos using
HRMA showed that the TALEN pair targeting exon 15 did not induce any detectable
mutations, however 75% of embryos (8/12) injected with the TALEN pair targeting
exon 4 had an irregular melt curve compared to wild-type control siblings (Figure
5.4). The TALEN pair targeting exon 4 successfully induced mutations with a high

level of efficiency (75%).

A small number of very low peaks were observed in HRMA of both the exon 4 and
exon 15 TALEN injected embryos. The melting curve for exon 15 displayed four of
these peaks (three of which were wild type embryos, and one a TALEN-injected
embryo) and the melting curve for exon 4 displayed three (all TALEN-injected
embryos). These diminutive peaks (visible in Figure 5.4) are assumed to have
occurred as a result of very low concentration or poor quality of the template
genomic DNA as they were observed in both wild-type and TALEN-injected samples
with almost equal frequency. If there was an absence of template DNA in these
wells it is likely that a by-product of primer-dimer may have occurred if the primers
used self-annealed. As the desired amplicon was of such a short length
(approximately 100 base-pairs) and the primers were themselves approximately 20
base-pairs in length each these peaks seem to be in the appropriate range one
might expect if hybridisation of the primers was occurring, hence this is the most

likely explanation.
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Figure 5.4 HRMA of genomic DNA samples extracted from 24 hpf TALEN-injected embryos
(A) TALEN targeting exon 4 of plakoglobin. WT samples (n=16) are shown in blue, and

TALEN injected samples (n=12) are shown in green. (B) TALEN targeting exon 15 of
plakoglobin. WT samples (n=8) are shown in blue, and TALEN injected samples (n=10) are
shown in red. Yellow bars indicate fluorescence thresholds.

5.1.3 Germline transmission of a plakoglobin mutation
Embryos injected with the TALEN constructs targeting plakoglobin exon 4 were
cultivated to maturity and then out-crossed with wild-type AB fish. The adult

founder fish, and their resulting F; progeny were then screened for indels in the

targeted region of plakoglobin. Adult founder fish were screened for somatic
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mutations in the targeted region of plakoglobin exon 4, and F1 progeny were also
screened to determine if germline transmission of the mutation had occurred. The
TALEN-targeted region of plakoglobin exon 4 was amplified by PCR and sequenced.
Sequence analysis revealed mutations in both the TALEN-injected founder adults
and their progeny. Mutations were detected in 80% of founders (4/5) and all F;

embryos from successful founders (20/20) (Figure 5.5).

5’ ACTGTGATGGAGGGATCGGTCATTCATICTAC 3’ (WT)
Somatic mutations

5’ ACTGTGATGGAGGAGGACGGTCATTCATTCTAC 3' <=3

5’ ACTGTGATGGGAG—-GA-CGGTCATTCATICTAC 3' <32, 42
5’ ACTGTGATGGGAGGAGGGTCGGTATTCATTCTAC 2’ €= 4,+1
5’ ACTGTGAAGGAGGGACGGT—CATTCATICTAC 3' <22,42

Germline mutations

5’ BCTGTGATACASAAGCTGGCCGAACATICTAC 30 € 13,41
s . ———— —TCTTTCATICTAC 3’ 31,412
5’ ACTGTGATGAAGTAATCAAG-~—-CA——=AC 3' €315,43
5’ ACTGTGATACASAAGCTGGCCGA--ACCATAC 3°  €315,43

5’ ACTGTGATGG ————TCATTCATICTAC 3’ 410
5’ ACTGTGATGG-———TCGGTCATTCATTCTAC 3’ A6
5’ ACTGTGATG G- —~—-GTCATTCATTCTAC 3’ 49
5’ ACTGTGATG-———~TCGGTCATTCATTCTAC 3* = A7
5’ ACTGTGATGG ————TCATTCATICTAC 3’ 410

5’ ACTGTGATGGAAGGAT-GGTCATTCATICTAC 3’ &1, A2
5’ ACTGTGAAGTAGGGAT-GGTCATTTATTCTAC 3’ 33,42

5’ ACTGTGATCAAGGAGGACGGTCATTCATICTAC 37 <35
5’ ACTGTGATGGAGGA—CGGTCATTCATICTAC 3' <21,43
5’ ACTGTGAGAGGAGGA—CGGTCATTCATICTAC 3* <2442
5’ ACTGTGATGGATGGGGACGGTCATTCATTCTAC 3' <=3
5’ ACTGTGAAGGGATGA—CGGTCATTCATICTAC 3' <34, 42

5’ ACTGTGATGAGGAGAACGGTCATTCATICTAC 3¥ >4

5’ ACTGTGATGTAATGA-CGGTCATTCATICTAC 2’ 33,42
5’ ACTGTGATGGAGGA—CGGTCATTC-TICTAC 2’ 1,43
5’ ACTGTGAT-AGGGA—CGGTCATTCATICTAC 3’ A4

5’ ACTGTGA-GGAAGGA-CGGTCATTCATTICTAC 2’ A3

Figure 5.5 Somatic and germline mutations in plakoglobin exon 4 TALEN mutant embryos.
Wild-type sequence with spacer region (flanked by blue and green shading) and sequences
showing somatic and germline mutations (insertions, deletions and exchanges shown in
red). <> indicates base-pair exchange followed by the number of bases exchanged, A
deletions and + insertions.
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Sequence analysis of mutated founder fish revealed that all mutations were
predicted to cause altered protein composition and induce a premature stop
codon, which could result in a truncated form of the protein. The mutated
sequences were predicted to encode truncated proteins ranging from 126 to 148
amino acids (compared to wild type plakoglobin, 728 amino acids), depending on

the founder fish (Figure 5.6)

WT MEMEMGEAPGSVRVTEWDQSYY GTDSGIHSGATTVRSDDDGTEY SSKRFTYTTTFTENPA 60
FO-1 MEMHMGEAPGSVRVIEWQOSYY GTDSGIHSGATTVRSDDDGTEYSSKKFIYTITFTENPA 60
FO-2 MEMHMGEAPGSVRVIENQQSYYGIDSGIHSGATIVRSDDDGTEYSSKKFIYTITFTENPA 60
FO-3 MEMEMGEAPGSVKVIEWQQOSYYGTDSGIHSGATTVRSDDDGTEYSSKKFTYTTTFTENPA 60
F0-4 MEMHMGEAPGSVKVIEWNQQSYY GTDSGIHSGATIVRSDDDGTEYSSKKFTYTITFTENPA 60
WT EVESQLNMTRAQRVRAAMF PETVMEGSVIHS TQIDPSQQTNVORLAEPSQOLRAATVHLT 120
FO-1 EVESQLNMTRAQRVRAAMFPETVMEEDG-———————————————————————————————— g8
FO0-2 EVESQLNMTRAQRVRAAMFPET VMGGRS - ———--————-—————————————————————— 88
FO-3 EVESQLNMTREQRVRAMMFPET VMGGGSV——-——————————————————————————— 89
FO-4 EVESQLNMTRAQRVRAMMFPETVRKEGRS ————-———————————————————————————— 88
R KRR R KR KRR R KRR R KKK K
WT NYQDDAELATRAI PELTRLLND EDQLVVNRAAMIVNQL TRREASRRALM)SPOMVAAVWR 180
FO-1 =~ e HSFYTDR-———m—mm—mm— = SIPADQCTKAG 106
FO-2 = ——————————————————— FILHRSIHPSRPMYKSWPNHLSSSKLESFISSTIR 123
FO-3 = e = FILHRSTIHPSRPMYKSWPNHLSSSKLPSFISSTIR 124
L I o e e e o e FILHRSIHPSRPMYKSWPNHLSSSKLESFISSTIR 123
WT AMONTTDMETTRATASILHENLS HOREGLLATFRSGGIPALVRMLSSPMDSVLFYATTTLH 240
FO-1 RTISAAQS-CHRSPHQLPGRR - — === === = = = = = = e e e 126
FO-2 TTLNSPHAPSQSSPNSSTMKT SWL- === = = = = e m e e e e 147
FO-3 TTLNSPHAPSQSSPNSSTMET SHL- === = = —m — e m e e 148

F0-4 TTLESPHAPSQSSPNSSTMKT SWL- = === === == === = = e e e 147

Figure 5.6 Predicted sequences of plakoglobin mutant proteins

Predicted protein sequences for plakoglobin TALEN mutant founder fish (F;). Regions of
alignment are indicated in blue shading and with an asterisk (*). Groups with strongly
similar properties are indicated with a colon (:) and groups with weakly similar properties
are indicated with a full stop (.).

5.1.4 Phenotypic analysis of TALEN mutant embryos

The four TALEN-injected adult fish (Fo) with confirmed mutations in plakoglobin
were out-crossed with wild-type adults and the F; progeny were screened for
phenotypic defects. Embryos were classified depending on their phenotype as
normal, mild, intermediate or severely affected, based on the criteria previously
published for plakoglobin morphant phenotypes (Martin et al., 2009). No embryos
with a phenotype corresponding to the “mild” classification were observed.

Embryos with pericardial oedema, a decreased heart rate, abnormalities in yolk sac
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extension, and abnormal body curvature were classified as “intermediate”.
Embryos in the “severe” category had more extreme cardiac defects (including
enlarged atria and looping defects, blood pooling, and a decreased heart rate),
developmental delay, enlarged yolks and more closely recapitulated the phenotype
of plakoglobin morphant embryos as they also had kinked tails. A small proportion
of embryos had very extreme developmental and cardiac defects that did not
correspond to the previous criteria used for plakoglobin morphant embryos, and
classification was expanded to include an additional “very severe” classification for
these plakoglobin TALEN mutants. “Very severe” embryos had kinked tails,
abnormal body curvature, extreme pericardial oedema, blood pooling, and an
absence of blood in a heart that failed to form chambers or loop (i.e. heart string)
and had a very slow and arrhythmic heart beat. These “very severe” embryos also
had abnormal pericardial epithelium, with small sac or blister-like structures
present in this area. The distribution of phenotypes was observed to be the same at
both 48 and 72 hpf. The percentage of embryos with each phenotype at is shown in

Figure 5.7, and the number of embryos in each group is shown in Table 5.2.
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Figure 5.7 Phenotype distribution (%) in plakoglobin TALEN mutants
Embryos were examined for developmental and cardiac defects and classified accordingly.

Phenotype distribution was identical at 48 and 72 hpf.

121



Table 5.2 Phenotype distribution in plakoglobin TALEN mutants
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48 hpf

Total viable embryos Unaffected Intermediate | Severe | Very Severe | Dead
108 11 71 22 3 1

72 hpf

Total viable embryos Unaffected Intermediate | Severe | Very Severe | Dead
107 11 71 21 3 1

At 48 hpf the majority of TALEN mutant embryos had cardiac defects, with only

11.875% of embryos unaffected. Intermediately affected embryos accounted for

65% of embryos screened. 20% of embryos were classified as “severe” and 3.125%

of embryos had a “very severe” developmental and cardiac phenotype (Figure 5.8).
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WT
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pg TALEN
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Figure 5.8 Plakoglobin TALEN mutant phenotypes at 48 hpf

Lateral views of WT (A) and TALEN mutant phenotypes (B-G) at 48 hpf. Embryos were
classified as intermediate (B&C), severe (D) or very severe (E). Defects in the pericardial
epithelium were observed in very severely affected embryos (F&G, arrows).

At 72 hpf the majority of embryos in the intermediate category appeared to recover
from the abnormalities in body curvature that were observed at 48 hpf, however

those embryos with kinked tails in the severe group did not. Very severely affected
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embryos did not recover, and pericardial oedema was, in general, observed to

worsen over time in this small population. Epithelial defects were still evident at 72

hpf (Figure 5.9).

WT

pg TALEN
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intermediate

intermediate

severe

very severe

F

Figure 5.9 TALEN phenotypes at 72 hpf

Lateral views of WT (A) and TALEN mutant phenotypes (B-F) at 72 hpf. Embryos were
classified as intermediate (B&C), severe (D) or very severe (E). Defects in the pericardial
epithelium were still evident in very severely affected embryos at this stage (E&F, arrows).
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At 72 hpf intermediate and severely affected embryos had cardiac defects as at 48
hpf, with failure of the heart to loop correctly now evident in over 60% of all
embryos. The ventricle appeared enlarged in all affected embryos apart from those
in the very severe category (Figure 5.10). Very severely affected embryos (3.125%)
typically did not form distinct chambers, nor did the heart loop, and no blood was
observed to move through the heart. Necrosis was observed in the yolk tissue of
these very severe embryos at 72 hpf, though the heart was still beating and some
motility was detectable. Fo TALEN fish were outcrossed with Tg (cmlc2:eGFP) adults

to enable visualisation of the very severely affected hearts (Figure 5.10).

Figure 5.10 Cardiac phenotypes of plakoglobin TALEN mutant embryos at 72 hpf

WT (A) and plakoglobin TALEN mutant hearts (B-F). TALEN hearts failed to loop correctly (B-
F) and had enlarged ventricles. Very severely affected embryos typically did not form
chambers (E), most clearly visible in (F) where the Tg cmlc2:egfp line was used to visualise
the heart. No blood was observed circulating through the heart in very severely affected
embryos (E).

Heart rates of TALEN mutants were measured and recorded at 48 and 72 hpf, and
were significantly lower than those of wild-type siblings at both developmental

stages examined (Figure 5.11).
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Figure 5.11 Plakoglobin TALEN mutant heart rates

Plakoglobin TALEN mutants (pg TALEN) have significantly decreased heart rates compared
to wild-type sibling controls (WT) at both 48 and 72 hpf; n=10. Data are means + s.d..
***P<0.0001 vs wild-type controls by unpaired t-test.

TALEN Fy mutant embryos and wild-type siblings were monitored between days 1
and 7 post-fertilisation to assess the death rate in the respective groups. TALEN
mutants had a much lower survival rate than their wild-type controls, which
increased in a proportional manner with age, indicating that mutations in the

plakoglobin gene decrease the viability of zebrafish embryos (Figure 5.12).
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Figure 5.12 Viability of plakoglobin TALEN mutants
Survival rates (%) of wild type (WT) and plakoglobin TALEN mutants (pg TALEN) from 1 dpf
to 7 dpf (WT n=86, pg TALEN n=118).
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5.1.5 Gene expression in plakoglobin mutant embryos

gPCR as described previously (Section 2.2.5) was used to investigate gene
expression in TALEN mutant embryos (F;). As 90% of plakoglobin TALEN mutant
embryos had cardiac and developmental defects, it was expected that genes
affected in plakoglobin morphant embryos (Sections 4.1.1 and 4.1.5) would also

show altered expression levels in the plakoglobin mutant embryos (F).

Expression levels of B-catenin, connexin 43 and Wntl were significantly down-
regulated in 72 hpf plakoglobin TALEN mutants (F;) (Figure 5.13). Desmoplakin-a
expression was reduced in all samples, although the variation between repeats did
not allow for statistical significance there was a discernible trend, with a P-value of
0.0932. Adipogenic transcription factor Wnt5b was significantly down-regulated in
the mutant embryos, but interestingly, PPAR-y showed a high level of variation
between samples, with the three replicates showing increased, decreased and

unaffected expression respectively.
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Figure 5.13 Gene expression in plakoglobin TALEN mutant embryos
Relative mRNA expression levels of 8-catenin, desmoplakin-a (dsp-a), connexin 43 (cx43),
Whnt1, PPAR-y and Wnt5b at 72 hpf. WT siblings were used as controls. Data are means +
s.d.* P<0.05, ***P<0.001 vs wild-type controls by paired t-test; n=3.

In plakoglobin knockdown embryos mRNA expression levels of B8-catenin and

connexin 43 were down-regulated at comparable levels to those seen in the
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plakoglobin TALEN mutants (Section 4.1.1). Plakoglobin morphant embryos also
showed concordant down-regulation of adipogenic genes Wnt5b and PPAR-y
(Section 4.1.5), though this was not observed in the plakoglobin TALEN mutants. It
is most interesting to note the continued association between connexin 43 and
Wntl. Expression of these genes has been shown to be concomitantly down-
regulated in plakoglobin morphant embryos (Section 4.1.1), APC mutant embryos

(Section 4.1.2), and now in plakoglobin mutant embryos (Figure 5.13).
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5.2 Discussion

As an emerging technique there are varying reports regarding the efficiency of
TALENs and several different methods have already been developed for the
synthesis of custom TALENs. Here the Golden Gate cloning method of TALEN
assembly as reported by Cermak et al.,(2011) has been used to target two regions
of plakoglobin, exons 4 and 15, in an attempt to mimic mutations reported to cause

the congenital heart defect ARVC in humans.

5.2.1 Targeted genome editing can be achieved with high efficiency using TALEN
constructs
TALEN constructs were designed and synthesised to target opposing ends of the
plakoglobin sequence, and high-resolution melt analysis (HRMA) determined
successful genome editing had occurred in 75% of those embryos injected with the
TALEN construct targeting exon 4. HRMA is a sensitive PCR-based method suitable
for detecting any newly-introduced polymorphisms, as the presence of TALEN-
induced polymorphisms results in the presence of heteroduplex molecules in
addition to homoduplex molecules, which can be detected due to differences in
thermostability of the products (Dahlem et al., 2012). There has been much
variation in the reported efficiency of TALENs in zebrafish. Efficiency of achieved
mutations in injected founder fish (Fo) has been reported from 16% to 100% (Bedell
et al., 2012; Cade et al., 2012; Dahlem et al., 2012; Moore et al., 2012). Though two
TALEN pairs were designed to target the zebrafish plakoglobin gene, mutations
were only successfully detected with the TALEN designed to target exon 4. As yet
there is only anecdotal evidence as to why some TALEN constructs are not
successful, with increased methylation towards the 3’ end of the gene suggested to
interfere with TALENs that target this region. There is however no published data to

support this theory.

5.2.2 High rates of germline transmission can be achieved using TALEN
technology

Genotypic analysis of F; embryos from TALEN-injected founder fish revealed a

mutation in all samples sequenced. Phenotypic analysis of siblings to these F;
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progeny confirmed a high rate of germline transmission, with over 60% of embryos
observed to have cardiac defects. These values are in keeping with published
results. Dahlem et al., report that 77 — 100% of F; embryos carried mutations
(depending on the gene mutated), while Cade et al., report more modest success
rates of 25 — 75%. Both publications note that though almost all (90-100%) of the
founder fish with confirmed mutations transmit these to the next generation, the
efficiency with which polymorphisms are transmitted can vary. The variation
between detected mutations in the F1 progeny (i.e. germline mosaicism) indicates
numerous independent repair events are occurring due to inherited TALEN
targeting through the germline, resulting in slight differences in the achieved

mutation.

5.2.3 Targeted mutation of plakoglobin exon 4 causes cardiac defects

Loss of plakoglobin has previously been shown to disrupt cardiac development and
Whnt signalling in zebrafish embryos (Martin et al., 2009), and Asimaki et al., (2007)
have identified a mutation in the N-terminal of human plakoglobin that causes
ARVC. Though this exact mutation could not be replicated in this study, mutations
were induced in a proximal region, 36 amino acids down-stream of the
corresponding region in the zebrafish protein (Section 5.1.1). The resulting mutant

embryos had a range of cardiac and signalling defects.

Though the region chosen for targeting was based upon a human mutation known
to cause heart defects, no functional domains could be identified in this exact
region of the protein in human or zebrafish sequences. The human plakoglobin
protein consists of 13 armadillo repeats (beginning at residue 109) and in vitro
studies using human cell lines have identified functional domains within these
repeats that are required for the interaction of plakoglobin with a-catenin and the
desmosomal cadherins. The first three armadillo repeats are required for
interaction with desmosomal cadherins (Troyanovsky et al., 1996), and repeats 6, 7
and 8 are required for plakoglobin to associate with N-cadherin and a-catenin
(Sacco et al., 1995), and repeat 1 is also thought to be important for plakoglobin/a-

catenin interaction (Witcher et al.,, 1996). Though plakoglobin interacts with
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numerous adhesion proteins via these armadillo repeat domains, they all occur
downstream of both the human mutation identified in ARVC and the targeted

zebrafish mutation induced in this study.

Sequence analysis of the mutated founder fish predicted that the mutations
identified in the F; generation could all potentially introduce premature stop
codons, resulting in truncation of the plakoglobin protein after the first ARM
repeat. If these theoretical truncations did occur then the requisite binding sites for
a-catenin and N-cadherin would all be absent as they occur downstream of the
predicted truncations. This analysis is presumptive, yet it provides the most likely
explanation for the defects observed in the TALEN mutant embryos. The germline
mosaicism that features in the TALEN mutants may foster such a wide variety of
mutations that the possibility of some mutations not resulting in protein truncation

must also be considered.

The serine insertion detected by Asimaki et al. (2007) occurs between residues 39
and 40 of the plakoglobin protein. The destruction box phosphorylated by GSK is
located proximally (residues 23-36), and so this adjacency may provide an
alternative explanation for the observed cardiac defects in that study as the serine
addition could give rise to increased GSK phosphorylation. Asimaki et al. utilised
additional data from a yeast-two-hybrid screen to provide an alternative
explanation of the observed defects in human ARVC patients carrying the
plakoglobin mutation. Mutant plakoglobin was observed to bind two additional
proteins, Histidine-Rich Ca®* Binding Protein (HRC-BP) and TT virus-derived

apoptosis-inducing protein (TAIP-2) (Asimaki et al., 2007).

HRC-BP is found in the sarcoplasmic reticulum (SR) of heart and skeletal muscle
cells, and has been implicated in the regulation of Ca®" release into the SR. In the
presence of these elevated Ca?* levels in the SR, the density and binding kinetics of
the ryanodine receptor (RYR)/Ca’' release channel were slightly reduced (Kim et al.,
2003). RYR2, the gene that encodes the cardiac ryanodine receptor, was one of the
initial genes to be implicated in ARVC, and mutations in the RYR2 gene are thought

to trigger arrhythmias by allowing the leakage of Ca?" into the cytoplasm (Laitinen
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et al.,, 2001; Tiso et al., 2001). The observed interaction between mutant
plakoglobin and the sarcoplasmic reticulum protein HRC-BP may simply result from
the altered distribution of plakoglobin and have no direct relationship to ARVC.
However, the results obtained by Asimaki et al., may also indicate a role for this
interaction in the regulation of Ca’* homeostasis and hence promote myocyte injury
or contribute to electrical instability. Transfection of the mutated protein into a
human cell line revealed ubiquitination of the mutant protein and increased
cytoplasmic localisation, suggesting that the increased association between mutant
plakoglobin and the degradation machinery forces the protein away from the cell

junctions and into the cytoplasm (Asimaki et al., 2007).

5.2.4 TALEN mutants recapitulate many aspects of the plakoglobin morphant
phenotype

TALEN mutants typically had a range of cardiac and developmental defects, with

incomplete cardiac looping, decreased heart rate, enlarged ventricles and

pericardial oedema most commonly observed. Blood pooling and kinked tails were

also observed in a smaller proportion of embryos.

It has previously been established that loss of plakoglobin (via morpholino
knockdown) during development results in cardiac defects (including reduced heart
size, decreased heart rate, cardiac oedema, looping defects and reflux of blood

between the atrium and ventricle), and a kinked tail (Martin et al., 2009).

This study presents evidence that use of TALEN targeting to generate heritable
mutations in plakoglobin can recapitulate many of the defects characteristic of
morpholino knockdown. Plakoglobin TALEN mutants also had a number of the
cardiac defects seen in plakoglobin morphants (i.e. failure of the heart to loop
correctly, decreased heart rate, oedema) and “severely” affected TALEN mutants

also had kinked tails, though this was less common (20% of all mutant embryos).

Classification of plakoglobin morphant phenotypes identified a high percentage

(19.65%) of “severe” defects at 72 hpf (Martin, 2008). Morphant embryos classified
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as “severe” had extreme oedema, an absence of blood in the heart and a reduced
heart rate, in addition to tail defects. In this study, a similar population of severely
affected embryos was observed (20%), but an additional group of embryos (3%)
had such extreme cardiac defects that they transcended those published for
severely affected morpholino-injected embryos and had to be classified

independently as “very severely” affected.

There was no obvious reduction in heart size in the majority of TALEN mutant
embryos compared to wild-type controls (with the exception of very severe
embryos displaying “heart string” phenotypes), nor was blood reflux between the
chambers observed. Martin et al., previously identified defects in valvulogenesis as
the cause of blood reflux in plakoglobin morphant embryos, with valve-specific
genes bmp4 and notch1b failing to restrict to the valve forming regions in embryos
lacking plakoglobin. Examination of the valvulogenic genes was beyond the scope of
this study, yet theoretically it is possible that a complete loss of plakoglobin has a
more disruptive effect on the Wnt signalling pathway than a mutation does. If so,
expression of bmp4 and notchlb may not be affected to the same extent in the
mutant embryos and so defects in valvulogenesis, if any, may not be sufficient to
allow blood reflux. The achieved mutations in plakoglobin are predicted to severely
truncate the protein, preventing translation of the central arm repeat domains and
the C-terminal. As the C-terminal of plakoglobin is thought to be essential for
interaction with TCF/LEF (Maeda et al., 2004) it seems logical that complete
ablation of plakoglobin and truncation should have similar effects on Wnt signalling,
but further analysis (both of the cardiac ultra-structure, the mutated protein and
Wnt target gene expression) would be required to confirm the exact mechanism by

which the phenotype of the TALEN mutant embryos is occurring.

5.2.5 Plakoglobin mutants as a model for ARVC

As a model for ARVC, the TALEN mutants have many desirable features, most

importantly the cardiac defects discussed in Section 5.1.3.

In addition to the cardiac defects, the plakoglobin TALEN mutant line shows some

other promising characteristics as a model. The observed significant decreases in
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expression of connexin 43, B8-catenin and Wntl1 indicate potential for the TALEN
mutant embryos as a molecular model for ARVC. Expression of desmoplakin-a was
decreased in all samples tested, unfortunately the variation in magnitude did not
allow for statistical significance yet it is worth noting that the observed decrease in
expression ranged from 5-47% between three samples tested. PPAR-y expression
also varied between replicates, however expression of another adipogenic gene,
Wnt5b, was consistently and significantly decreased. Germline mosaicism may hold
the key to elucidating the variation between these samples, as discussed before the
incidence of different mutations may have a range of signalling consequences as

well as phenotypes.

Defects in the pericardial epithelium were observed in a small number of embryos,
presenting as what appeared to be blistering on the epithelial surface, which may
be representative of the dermal abnormalities associated with ARVC. Bierkamp et
al., have reported skin blistering in a murine model that occurs due to acantholysis,
and concurrent epithelial detachment, though this defect is more discernible and
consistent within their plakoglobin knockout model than the rare incidences
reported here for plakoglobin mutant zebrafish. Viability of embryos was observed
to decrease with age, with death rates increasing over time from 24 hpf to 7 dpf.
Though some embryos survived past this stage, the proportional relationship
between age and viability may be reflective of the progressive nature of ARVC. As
the effects of gene knockdown with morpholino are transient and so can only be
assessed to about 72 hpf it is not possible to compare the viability of these TALEN

mutant embryos with the plakoglobin knockdown.

It was hoped that the induced mutations would provide an improved model for
ARVC, however limitations within the plakoglobin sequence prevented TALEN
targeting of the conserved locations where human mutations occur. As a result, it
seems that though TALEN mutant embryos have a number of cardiac defects they
do not present any significant improvement on the existing plakoglobin knock-
down as a model for ARVC. The convenience of a heritable mutation that eliminates

the need for morpholino micro-injection, and can be studied beyond three days
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post-fertilisation is an important advance however, and will greatly facilitate further

study.

5.2.6 Advantages and disadvantages of plakoglobin TALEN mutants and
plakoglobin morphants

Both morpholino oligonucleotides and TALEN targeting are powerful tools for
genetic manipulation, but there are advantages and disadvantages to both with

respect to the study of plakoglobin in zebrafish development.

As discussed (Section 5.2.3) plakoglobin TALEN mutants phenocopy plakoglobin
morphant embryos, though the distribution of phenotypes observed is different. In
particular, Martin et al., (2009) reported a “mild” phenotype, consisting of embryos
that had oedema, kinked tails and reduced heart rate, yet no such classification was
observed in this study. Interestingly, though plakoglobin TALEN mutant embryos
with mild phenotypic defects were not observed, an extremely severe cardiac
phenotype with defects far in excess of those observed previously in the
plakoglobin morphant embryos was seen in a small percentage of the plakoglobin
TALEN mutant embryos, and required separate classification as “very severe”. As
yet, no off-target effects have been reported with TALEN-targeting; hence it may be
that the small minority observed to be very severely affected are harbouring more
disruptive mutations than sibling mutant embryos. The occurrence of germline
mosaicism in TALEN mutant lines supports this theory, and also identifies a
significant limiting factor of the TALEN technology. Though the exact location of
the TALEN target site can be selected, the exact nature of the resulting mutation
cannot, nor can the mutation be predicted in resulting progeny. The possibility of a
wide range of mutations presents a wide range of consequences, ranging from
point mutations which may have no effect to larger insertions or deletions that

could result in frame-shifts or premature truncations.

Morpholino knockdown of plakoglobin also results in a range of phenotypes, yet
the method is consistent for all of them, complete loss of the plakoglobin protein in
each embryo. A more general comparison of TALEN targeting versus morpholino

knockdown is continued in Section 5.2.7, however with regard to this particular
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study it appears that TALEN targeting has potential to provide an excellent

substitute for morpholino-based knockdown of plakoglobin.

5.2.7 TALEN targeting as a strategy for genome editing in the zebrafish

Targeted genome editing using TALEN technology has now been reported in a
variety of model species, with several publications confirming its success in
targeting the zebrafish genome (Bedell et al., 2012; Cade et al., 2012; Dahlem et al.,
2012; Joung and Sander, 2012; Moore et al., 2012).

Generation of TALEN constructs is both quick and straightforward, and they can be
tested for efficacy as early as the 256-cell stage, less than three hours after initial
delivery (Bedell et al., 2012). Reagents and plasmids required for TALEN targeting
are readily available and cost-effective, and can be used to generate an almost
limitless number of constructs that are easily customisable. Once a successful
TALEN has been confirmed in the Fq fish the waiting period for these fish to mature
to breeding age is certainly comparable to the time required for the design, testing
and dose-response studies needed for morpholino-based knockdown. Specificity of
the TALEN can be easily confirmed by sequence analysis and no toxicity has been
reported for TALEN in any model system to date. For research purposes, the
heritable quality of the mutation induced by TALEN-targeting is an extremely useful
feature. Morpholino knockdown is comparatively very labour-intensive and time-
consuming, as both embryos and controls must be injected individually. This is
particularly relevant in the case of gene or protein expression studies where
relatively large numbers of embryos are required. These advantages, combined
with the recapitulation of knockdown phenotypes observed in this study and others
(Bedell et al., 2012), recommend TALEN above morpholino knockdown for future

work.

The negative aspects of TALEN must also be considered. Not all TALENs are
effective, as presented in Section 5.1.3. A success rate of 50% was observed here
with the TALEN constructs tested; however the small sample size of two is not
sufficient to give a valid overview of the general efficacy of TALENs. Though

existing publications report efficiency rates of successful TALEN constructs it is not

136



Chapter Five

possible to discern the overall success rate as only those TALENs seen to accomplish

induction of mutations are discussed.

Synthesis of TALEN constructs is quick and straightforward, but after verification of
a successful TALEN the original injected fish (Fg) must be carefully maintained and
cultured to adulthood before the benefits of heritability can be realised. This can
take between six and ten weeks before the fish are of an age to breed, which is in
excess of the length of time required to design, test and determine a dose for a

morpholino.

Additionally, as it is not possible to exactly predict the final indels that will occur
after TALEN targeting and design guidelines can limit the exact location of target
sites. This inability to predict the exact final mutation represents a significant
disadvantage and may render TALEN targeting unsuitable for studies where precise
replication of an existing mutation is desirable. For applications such as these
morpholinos in conjunction with techniques such as site-directed mutagenesis, or

TILLING may still have precedence.

Morpholino oligonucleotides have the advantage of being extremely well
established. They are simple to design, and on a small scale (e.g. if only one gene is
to be targeted) they are comparable in cost to the reagents required for TALEN
targeting. Unlike TALEN targeting, with morpholino knockdown a dose-response is
required, and this can be time-consuming and require a large number of embryos
to confirm effective knockdown with no off-target effects, as unlike TALENSs toxicity
is a constant source of concern with morpholinos. The resulting inhibition of

translation achieved with morpholino knockdown is consistent, but transient.

In conclusion it seems the utility of TALEN targeting, like any method, is entirely
dependent on the needs of the researcher. The use of TALENs can certainly
alleviate the limitations associated with morpholino knockdown, but has limitations
of its own. The advent of TALENs does not automatically replace existing strategies
for genome editing, and as always, the question to be answered will dictate the

method to be used.
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6 Discussion
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It has been well-established that desmosomal proteins are required structurally for
correct formation of the desmosomes and subsequent cell-cell adhesion. This study
aimed to further investigate the signalling roles of two of these proteins,
plakoglobin and plakophilin-2.  Though these proteins have a high degree of
structural similarity, here data is presented that indicates highly divergent signalling
roles and temporal requirements for these armadillo proteins during heart
development. Loss-of-function morpholino knockdown models were used to study
the signalling activity of plakoglobin and plakophilin-2, and the value of these
morphant embryos as models for the human congenital heart defect ARVC was also
assessed. Finally, an alternative to the plakoglobin morpholino knockdown model

was developed using TALEN targeted genome editing.

There is conflicting evidence regarding the role of plakoglobin in the Wnt signalling
pathway, which seems to implicate a requirement for multi-phasic activity by Wnt
signalling during development. In zebrafish, the effect of loss of plakoglobin on
Whnt signalling in early stage embryos and the ability of Wnt-inhibitor Dkk-1 to
rescue the plakoglobin morphant phenotype has identified a role for plakoglobin as
a negative regulator of the canonical Wnt pathway (Martin et al., 2009).
Plakoglobin has also been shown to have an antagonistic effect on the Wnt

pathway in vitro (Miravet et al., 2002).

However, Maeda et al., (2004) report increased transcriptional activity in a B-
catenin deficient cell line following co-transfection of plakoglobin with TCF4 or LEF,
and decreased transcriptional activity after knockdown of endogenous plakoglobin
(Maeda et al., 2004). These results are strongly indicative of an agonistic role for
plakoglobin in Wnt/B-catenin signalling. Overall however, the role of plakoglobin as
a regulator of Wnt signalling appears to be variable and dependent on several

factors, including cell and tissue type, and developmental stage.

The use of atrial myocytes to generate an in vitro model for ARVC has had most
interesting results. Suppression of desmoplakin using siRNA led to nuclear

localization of plakoglobin, and a resulting 2-fold decrease in canonical Wnt/B-
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catenin signalling (Garcia-Gras et al., 2006), hence their data also supports a role for

plakoglobin as a Wnt pathway antagonist.

Conversely, plakoglobin morphant embryos and plakoglobin TALEN mutants had
decreased expression of Wnt1, Wnt5b and B-catenin mRNAs at 72 hpf (Sections
4.1.1, 4.1.5 and 5.1.6). Additionally expression of plakoglobin was decreased in APC
mutant embryos, as was Wntl expression (Section 4.1.2). It remains difficult to
delineate the specific interactions that are occurring between plakoglobin and B-
catenin to suppress Wnt signalling, yet results obtained in this study are consistent
between several signalling models investigated (plakoglobin morphant embryos,
TALEN mutants and apc mutant embryos), suggesting a potential role for
plakoglobin as a positive regulator of Wnt signalling in late stage zebrafish embryos.
Ueno et al.,, (2007) propose that Wnt/B-catenin expression prior to gastrulation
promotes cardiac differentiation, whereas expression during gastrulation is
inhibitory, with this bi-phasic process regulated by a feedback loop involving B-
catenin and other canonical Wnt pathway members (Ueno et al., 2007). Such a
system within the Wnt pathway may explain the apparent discrepancy between the
role of plakoglobin as a Wnt inhibitor at early developmental stages and a Wnt

agonist later in development.

Overall however it seems there is more evidence for an antagonistic role for
plakoglobin in the regulation of the Wnt pathway. Dkk-1 is capable of restoring the
patterning defects caused by loss of plakoglobin, up-regulation of Wnt target genes
occurs following plakoglobin knockdown, and plakoglobin mRNA expression is

decreased in APC mutant embryos.

Despite being the most widely distributed member of the plakophilin family
(Mertens et al., 1996; Mertens et al., 1999; Borrmann et al., 2000; Akat et al., 2003;
Borrmann et al., 2006; Franke et al., 2006; Akat et al., 2008) little is known about
the signalling roles of plakophilin-2. Loss of plakophilin-2 has been linked to sodium
current deficits (Sato et al., 2009; Deo et al., 2011; Sato et al., 2011; Cerrone et al.,
2012) and one study in colon carcinoma cells has shown an ability for plakophilin-2

to associate with B-catenin and up-regulate Wnt signalling (Chen et al., 2002). As
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information regarding the molecular function of this armadillo protein remains

scarce the signalling events that link plakophilin-2 to ARVC remain to be elucidated.

Plakoglobin and plakophilin-2 are similar in protein structure and function, and
knockdown results in similar cardiac phenotypes in zebrafish embryos (Martin et
al., 2009; Moriarty et al., 2012). With this in mind it seemed likely that they may
also have a similar mechanism of action, and so initial experiments focused on
expression of Wnt target genes in plakophilin-2 embryos. Surprisingly, Wnt
signalling was unaffected at all stages examined, however examination of Nodal
pathway genes proved more fruitful. Loss of plakophilin-2 causes substantial
disruption to several signalling components of the Nodal pathway at an important
stage in cardiogenesis, including a striking loss of Lefty2 expression at the 18 somite
stage. These results indicate divergent signalling activities for plakoglobin and
plakophilin-2, and are the first report of any interaction between plakophilin-2 and

the Nodal signalling pathway.

As morpholino knockdown of plakoglobin and plakophilin-2 results in serious
cardiac malformation and ultra-structural defects reminiscent of the human
congenital heart condition it was hoped that molecular aspects would also be

recapitulated, providing greater insights into the processes responsible for ARVC.

Plakoglobin morphant embryos overall had a more promising molecular profile,
however it seems the complete loss of plakoglobin is not sufficient to replicate the
most distinctive diagnostic feature of adipogenic and fibrogenic replacement of the
myocardial tissue. This is potentially due to the short span of the morpholino-
based experiment, limited by the transient nature of the knockdown and hence
incapable of recapitulating such a progressive disease feature. A more likely reason
may be that a complete blockade of plakoglobin protein translation does not
accurately mirror the initial molecular events required for the disease phenotype.
Garcia-Gras et al., (2006) have shown that translocation of the plakoglobin protein
to the nucleus is required for the subsequent up-regulation of adipogenic and
fibrogenic genes, hence a model based upon complete loss of plakoglobin may be

incapable of mimicking this particular aspect of the disease.
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Plakophilin-2, as before, appears to operate via a completely different mechanism
to plakoglobin, with no desirable qualities for a molecular model of ARVC identified
in the plakophilin-2 knockdown. Mutations in plakophilin-2 are the most common
cause of ARVC, and have been reported at all regions of the protein, yet complete
loss of the protein fails to recapitulate many elements of the disease. Though a
poor model for ARVC, loss of plakophilin-2 has provided some exciting new insights

into its function and signalling interactions.

As molecular models for ARVC it seems that neither knockdown provides an ideal
system, however plakoglobin morphant embryos have several signalling defects of
interest. Importantly, these models have provided a wealth of information about
the molecular functions and interactions of the proteins. The conserved decrease
in Wntl expression across the various models (plakoglobin knockdown, TALEN
mutants and apc mutants) may even propose Wntl as a novel candidate for a
molecular marker of cardiac defects. Collectively the data obtained regarding
plakoglobin and plakophilin-2 are of great benefit as they demonstrate that

structural similarity does not always imply functional parity.

The successful generation of a plakoglobin mutant line using TALEN targeting has
provided an exciting avenue by which to pursue the study of cardiac development
in the zebrafish. Further analysis of the TALEN mutant fish will provide greater
insight into the role plakoglobin plays in development. If analysis of plakoglobin
protein in TALEN mutants confirms the truncation predicted by analysis of the
mutated sequences, there is potential to further explore what functional domains

lie in the upstream portion of the sequence.

TALEN mutants generally demonstrated both phenotypic and molecular similarities
to plakoglobin morphant embryos, thus confirming the specificity of both the
TALEN mutant and the morpholino knockdown. Preliminary results indicate
potential for plakoglobin TALEN mutants to provide a somewhat improved model
for ARVC in comparison to the plakoglobin morphant model. A small proportion of
TALEN mutant embryos were observed to have epithelial defects which have not

been observed in the existing plakoglobin knockdown model. Examination of the
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ultra-structure of mutant hearts and protein localisation within these embryos, in
addition to the ability to observe adult hearts in later developmental stages present
exciting projects for the future and may reveal a refined zebrafish model for ARVC

that models the progressive aspects of the disease.
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As plakophilin-2 morphant embryos show such significant disruption to selected
genes from the Nodal signalling pathway, it would be interesting to examine the
expression profile of these genes during early cardiogenesis in plakoglobin
morphants, and plakoglobin TALEN mutants to determine if these signalling defects
are the product of a unique interaction between plakophilin-2 and the Nodal
pathway, or occur commonly in embryos with cardiac defects irrespective of the

pathogenesis.

Further analysis of the TALEN plakoglobin mutants is required to determine the full
extent of the cardiac defects, including confocal microscopy to examine localisation
of the mutant plakoglobin in TALEN embryos, and TEM to see if desmosome

structure is altered.

Cermak et al., (2011) have provided design guidelines for successful and efficient
TALEN targeting, however more recent publications suggest that not all of these
must be applied. With this in mind, design of a new TALEN to target the exact
regions of human ARVC mutations in the zebrafish plakoglobin sequence could
provide a better animal model for ARVC. Current research projects in our group are
focused on developing a refined ARVC-model using co-injection of a mutant
plakoglobin mRNA with plakoglobin morpholino. An alternative would be to
attempt TALEN-targeting in a more 5 location to generate a plakoglobin-null
mutant line, thus reducing the need for co-injection. If generation of a plakoglobin-
null mutant using TALEN targeting was successful, injection of mutated plakoglobin
mRNA into these TALEN embryos has the potential to create a more refined and

accurate zebrafish model for ARVC.
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