Dissecting the Role of ZAKf In
Skeletal Muscle Using Zebrafish
as a Model Organism

Alexander John Russell

PhD

University of York

Biology

January 2023



Abstract

Congenital myopathies are a group of inherited, heterogenous, rare muscle
diseases, associated with progressive muscle wasting, chronic disability and a
reduced quality of life. Inheritance of mutations in ZAK, a gene encoding a MAP
triple kinase, has been identified as a novel cause of congenital myopathy in
humans. This thesis utilises zebrafish to model the impacts of absence of ZAK
on skeletal muscle, with investigations ranging from development studies to the
analysis of the aging process of muscle in adult zebrafish. In contrast to other
vertebrates, where the two isoforms are achieved through differential splicing of
a single gene (to produce ZAKa and ZAKp), in zebrafish the two isoforms exist
as different genes on separate chromosomes, simplifying efforts to target each

isoform.

ZAKg is shown to be the isoform expressed in zebrafish skeletal muscle, and
CRISPR-Cas9 gene editing was used to create mutations in each ZAK isoform
and raise lines of zebrafish lacking either individual or both isoforms. Sequencing
of the mRNA transcript and gRT-PCR confirmed mutations to each isoform result
in a premature stop codon, and that there was a significant reduction in transcript

levels.

Breeding the ZAKB” line into transgenic reporter lines allowed the assessment
of the structure of developing skeletal muscle, and the immune response of
neutrophils following wounding in larval zebrafish, using confocal imaging.
Individual muscle fibre area was significantly reduced in ZAKB” embryos at two
and five days of development, compared to wild type, potentially indicating growth

defects in the skeletal muscle.

Aged ZAKB7 zebrafish (35-months-old) show significantly decreased swimming
capabilities, as well as abnormalities in the ultrastructure absent in age-matched
wild type controls, suggesting a potential accelerated aging process in skeletal
muscle with loss of ZAKB. Thus, ZAK signalling may represent a promising

target for developing novel therapies for the treatment of sarcopenia.
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1.1. Overview

Skeletal muscle is the most abundant tissue in the human body comprising
between 40-50% of the body mass of adults (Karagounis and Hawley, 2010).
Skeletal muscle is connected to bones through tendons, allowing the voluntary
movements essential for everyday life. Different types of skeletal muscle serve
different purposes, ranging from general posture and support against gravity, to
muscles that produce the more ‘explosive’ force required to lift heavy items or
escape danger (Paillard, 2017; Serrano et al., 2019). Another feature of skeletal
muscle is its ability to regenerate following damage or injury. A dedicated
population of resident stem cells (satellite cells) are the basis of the muscle’s
remarkable capacity for tissue repair. Furthermore, skeletal muscle can exhibit
lifelong plasticity to respond to stimuli, such as endurance exercise or weight
lifting, where skeletal muscle can respond, remodel and grow (Flick and
Hoppeler, 2003). The importance of skeletal muscle can be highlighted by the
severity of certain neuromuscular diseases associated with mutations in key
genes. This thesis is concerned with mutations in the MAP triple kinase, ZAK,
which has been identified as a novel cause of a congenital myopathy; typically
presenting with a slow, progressive muscle weakness and decreased vital
capacity (Vasli et al., 2017). There is a need for greater understanding into the
molecular pathogenesis of these skeletal muscle diseases, so that better support
and treatments can potentially be identified in order to improve the quality of life

of patients with these diseases (Wang et al., 2012).

This chapter will commence by describing the three different types of muscle
before detailing how skeletal muscle is formed as well as its ultrastructure. The
process of skeletal muscle contraction at a molecular level will then be discussed,
before outlining the different types of skeletal muscle, and how they differ to each
other. There will then be a transition into current knowledge of complications that
can arise with mutations to genes coding for key proteins, namely with respect to
congenital myopathies. This thesis documents the use of zebrafish to model the
impacts that absence of ZAK may have on skeletal muscle. There is, therefore,
a discussion into the current knowledge of both ZAK isoforms, as well as the use

of animal models, namely zebrafish, in researching neuromuscular diseases.
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1.1.1 Different Types of Muscle

There are three main types of muscle:

Smooth muscle is non-striated muscle that lines blood vessels, airways,
urogenital tract, and digestive tract. Smooth muscle is part of the
autonomic nervous system (ANS) and contraction is involuntary. Example
roles of smooth muscle include peristalsis of food during digestion;
vasodilation and vasoconstriction in response to temperature; and airway
contraction/relaxation depending on rest or exercise status.

Cardiac muscle is striated muscle — the contraction of which, is required
for the circulation of blood throughout the body. Cardiac muscle is rather
unique in its ability to rhythmically control the rate of contraction and
relaxation by electrical impulses that arise from the sinoatrial node. Heart
rate can be further modified by the ANS when needed, for example, when
exercising.

Skeletal muscle is striated muscle that is connected to bones (the
skeleton) by tendons, hence, its name. It is under voluntary control and

underpins all movement and fine motor control.

This thesis is predominantly concerned with skeletal muscle. Figure 1.1.

represents the overarching organisation of muscle, with each muscle being

comprised of many bundles (fascicles) of muscle fibres (Wilson, 2014). Each

individual muscle fibre within a fasciculus is comprised of many myofibrils.

Myofibrils are composed of a repeating individual contractile unit, called the

sarcomere (Wilson, 2014), which is represented in figure 1.2.
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Figure 1.1. Organisation of Skeletal muscle.

Skeletal muscle is attached to bone through tendons. Within the skeletal muscle, there
are many bundles of muscle fibres are called fascicles. Each individual muscle fibre is
comprised of many myofibrils, which contain the repeating contractile unit, called the
sarcomere. The organisation of the connective tissue is also shown, with epimysium
encasing the entire muscle; perimysium surrounding the fascicle, and endomysium
surrounding and connecting individual muscle fibres within a fascicle. Figure made using
Microsoft PowerPoint.

1.1.2. Organisation of Skeletal Muscle Fibres

As seen in figure 1.1, there are three layers of connective tissue in skeletal

muscle:

1. Endomysium is a proteoglycan matrix located between individual muscle
fibres within a fascicle and form a 3D structure that links the individual
muscle fibres (Purslow, 2020; Schleip et al., 2021). The endomysium is
mainly composed of collagen fibres and acts as a continuum between the
basement membranes of individual muscle fibres (Purslow, 2020;
Schmalbruch, 1974).

2. Perimysium is a highly organised chiasmic lattice of proteoglycan matrix
that surrounds and connects fascicles within the muscle (Purslow, 2020;
Schleip et al., 2021).

3. Epimysium is the connective tissue composed of coarse collagen fibres in
a proteoglycan matrix that surrounds and encases the entire muscle
(Purslow, 2020; Velleman and McFarland, 2015). The arrangement of the

collagen can vary between different muscles (Purslow, 2020).
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Prefixing ‘sarco’ before the name of the organelle is common in muscle
nomenclature, for example, sarcoplasm is the cytoplasm and sarcoplasmic
reticulum is the endoplasmic reticulum in muscle cells. The sarcolemma is the
plasma membrane of individual skeletal muscle fibres and acts as the interface

between the muscle and the extracellular matrix.

1.2. Myogenesis

Myogenesis is the name given to the process of muscle formation. Skeletal
muscles originate from somites, which are derived from the paraxial mesoderm
(Christ and Ordahl, 1995). Initially in mice, embryonic myoblasts fuse to form the
early multinucleated myotubes, in a process known as primary myogenesis,
(Kahane et al., 1998). These primary myotubes act as a scaffold on which
myoblasts can proliferate and fuse in a process known as secondary, or foetal
myogenesis (Kahane et al., 1998; Matsakas et al., 2010). A further wave of
differentiation produces paired box 7 (PAX7)* and, sometimes PAX7*PAX3*
satellite cells, which are required for the hypertrophic muscle growth of newborns
(White et al., 2010). A subset of PAX7* satellite cells enter quiescence and
remain located between the basal lamina and sarcolemma to form the stem cells
that allow skeletal muscle plasticity throughout life (Schultz et al., 1978;
Hernandez-Hernandez et al., 2017). Adult myogenesis and the role of satellite

cells are discussed in greater detail in section 1.2.2.

Simplistically the stages of myogenesis can be broken into three distinct sections:
i) there is an initial cell commitment to a myogenic lineage. ii) Precursor cells
become activated and proliferate before terminal differentiation into post-mitotic
myocytes. iii) Differentiated myocytes can then fuse to become multinucleated
myotubes, that are capable of contraction (Sabourin and Rudnicki, 2000). PAX3
is the first myogenic transcription factor to be expressed in paraxial mesoderm,
and is important in specifying the cell towards a myogenic lineage (Williams and
Ordahl, 1994). PAX7 is important for the postnatal myogenesis achieved through
satellite cells and does not appear to be essential for embryonic or foetal

myogenesis in mice (Seale et al., 2000; Kuang et al., 2006).
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The myogenic regulatory factors (MRF) are a family of basic helix loop helix
(bHLH) transcription factors that are critical for myogenesis (Mary Elizabeth
Pownall et al., 2002; Asfour et al., 2018). There are four members of the MRF
family that all regulate different stages of myogenesis: myogenic factor 5 (Myf5),
Myogenic differentiation factor (MyoD), myogenin and myogenic regulatory factor
4 (Mrf4) (Braun et al., 1989; Davis et al., 1987; Wright et al., 1989; Rhodes and
Konieczny, 1989). In mice, Myf5 is the first MRF to be expressed and along with
MyoD and Mrf4 is important in specification (Ott et al., 1991; Kassar-Duchossoy
et al.,, 2004). MyoD and Myf5 can compensate for the absence of the other
protein, resulting in normal formation of skeletal muscle in mice lacking either
MyoD or Myf5 (Rudnicki et al., 1992; Braun et al., 1994); however, genetic
depletion of both genes in mice resulted in complete absence of skeletal muscle
and postnatal lethality (Rudnicki et al., 1993), albeit there was some
compensation when mrf4 was still present in the double MyoD, myf5 mutant
(Kassar-Duchossoy et al., 2004). MyoD is also required for terminal differentiation
of the proliferating myoblasts and muscle regeneration is compromised in MyoD~
" 'mice (Rawls et al., 1998; Yablonka-Reuveni et al., 1999).

Absence of myogenin in mice results in death shortly after birth as a result of
severely disrupted muscle formation, with myoblasts formed, but they are unable
to undergo terminal differentiation and fusion (Hasty et al., 1993; Nabeshima et
al.,, 1993). Zebrafish lacking myogenin are viable, however, there is almost
complete absence of fusion in embryos suggesting an essential role for myogenin
for fusion (Ganassi et al., 2018). Isolated muscle progenitor cells (MPC) from the
myogenin null zebrafish also showed defective fusion, however, the mutants
strikingly showed no defects in terminal differentiation, compared to siblings
(Ganassi et al., 2018). The role of myogenin in zebrafish fusion is discussed in
greater detail in section 1.2.1. As well as a reduced body and myofibre size, adult
zebrafish lacking myogenin show a 10-fold increase in satellite cell numbers, that

are abnormally located and fail to enter full quiescence (Ganassi et al., 2020).
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Mrf4 is the least well understood MRF, with expression early in embryonic
commitment, alongside myf5, as well as appearing later post-differentiation
(Hinterberger et al., 1991; Kassar-Duchossoy et al., 2004). Mrf4 has been shown
to be a regulator of muscle growth in adult muscle with miRNA inhibition
promoting hypertrophy in mice, likely by preventing Mrf4 from repressing MEF2
(Moretti etal., 2016). Mrf4 has also been suggested as having a role in preventing

the premature differentiation of satellite cells (Lazure et al., 2020).
1.2.1. Myoblast Fusion

Myoblast fusion is a process whereby differentiated cells migrate until finding the
respective fusing partner, where there is then adherence and alignment of
membrane proteins, such as integrins and cadherins (Kaufmann et al., 1999;
Schwander et al., 2003). Once adhered, there is hemifusion (merging of the
membranes and lipid mixing), followed by pore formation allowing the contents of
the two cells to mix (Leikina et al., 2018). Lastly, the pores expand, resulting in
the breakdown of the membrane and integration of the intracellular components
(Rochlin et al., 2010).

In zebrafish, myogenin is essential for the vast majority of fusion, through
increasing the expression of fusogenic proteins, such as myomaker and
myomerger (also known as myomixer) (Ganassi et al., 2018). Mice lacking
myogenin die shortly after birth, as a consequence of severe muscle disruption
(Hasty et al., 1993). Myomaker and myomerger are membrane proteins and are
both essential for fusion (Millay et al., 2013; Bi et al., 2017). Myomaker is required
for hemifusion, whereas myomerger is required for the pore formation and drives
completion of myoblast fusion (Leikina et al., 2018). Inhibition of actin
polymerisation resulted in failure of cells to fuse, despite the presence of
myomaker and myomerger in the cell membrane (Millay et al., 2013; Zhang et
al.,, 2017). Actin cytoskeletal remodelling has been proposed as producing
invasive membrane protrusions that are essential in myoblast fusion (Shilagardi
et al., 2013). Myomaker and myomerger have been proposed as regulating the
actin cytoskeletal reorganisation, however, the extracellular location of the c-

terminus of myomerger weakens this theory (Leikina et al., 2018).
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Transforming growth factor (TGF)-B signalling has recently been identified as a
molecular brake in muscle fusion, where the process of myoblast fusion allows
TGFBR1-TGFBR2 dimerisation and activation of the downstream signalling
pathway (Melendez et al.,, 2021; Girardi et al., 2021). The induced SMAD
signalling temporarily inhibits further fusion until RAB-dependent receptor
internalisation and degradation occurs and fusion is again possible (Melendez et
al., 2021; Girardi et al., 2021). The process is proposed to fine-tune growth and
prevent hyperfusion.

1.2.2. Adult Myogenesis and the Role of Satellite Cells

Myogenesis occurs throughout life, allowing for muscle repair and maintenance,
and the process of adult myogenesis is similar to embryonic myogenesis (Wang
and Conboy, 2010). In muscle regeneration or response to increasing load,
satellite cells are responsible for adaptation. Satellite cells are PAX7 expressing,
muscle-resident small quiescent stem cells, that ordinarily lie in between the
basement membrane and the sarcolemma (Mauro, 1961; Seale et al., 2000).
They respond to a change in homeostasis, such as, growth factors or muscle
damage, becoming activated and undergo the processes of myogenesis
discussed above (Charge and Rudnicki, 2004). The majority of satellite cells
either bind to each other to form new muscle fibres during regeneration, or they
can fuse to existing muscle fibres, increasing the size (Schmalbruch, 1976;
Snijders et al., 2015). Satellite cells can also self-renew, producing further
guiescent cells that could respond to future damage (Schmalbruch, 1976; Collins
et al., 2005).
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The importance of satellite cells is emphasised by failure of skeletal muscle to
regenerate following injury, when satellite cells are genetically ablated in mice
(Murphy et al., 2011; Sambasivan et al., 2011). Whilst undoubtably essential for
regeneration, the importance of satellite cells for hypertrophy has been the
subject of debate. y-irradiation treatment to remove satellite cells in mice resulted
in failure of muscle growth (Rosenblatt and Parry, 1992); however, the lack of
specificity of the irradiation has been levelled as a criticism and mice with PAX7
ablation have demonstrated a comparable adaptation to load compared to wild
type, following two weeks of exercise (McCarthy et al., 2011). More recent
research in mice has demonstrated satellite cells to be essential for hypertrophy
and adaptations to long-term/sustained physical activity (Englund et al., 2020).
The term ‘satellite cell-opathy’ has recently been coined for neuromuscular
diseases where the mutated gene directly affects the function of satellite cells, for
example, PAX7 and myomaker in humans (Ganassi et al., 2022). Moreover, there
is a decline in satellite cells with aging, that is correlated with an increase in
atrophy, particularly in fast-twitch fibres, in a process known as sarcopenia
(Verdijk et al., 2007).
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1.3. Organisation of the sarcomere

Cardiac and skeletal muscle are both striated muscles and these striations can
be visualised using electron microscopy (see figure 1.2 (a)) and are known as the
sarcomere. The sarcomere is the individual contractile unit of striated muscle and
is comprised of thin and thick filaments. The thin filaments are composed of
mainly filamentous (F)-actin, tropomyosin and troponin. The thick filament is the
myosin filament. The sarcomere can be subdivided into zones depending on the
composition of F-actin and/or myosin (figure 1.2(b)). The anisotropic (A)-band
encompasses the length of myosin, and the isotropic (I)-band encompasses the
length where there is no myosin, between adjacent sarcomeres. The H-zone is
the region in the centre of the sarcomere where there is only myosin present (no

thin filaments). The M-band is located in the centre of the H-zone. The Z-discs

represent the boundaries of the sarcomere, located centrally in the I-band.

(a) ;

Figure 1.2. Ultrastructure of skeletal muscle.

(a) TEM image of an individual sarcomere showing the distinct regions/zones of striated
muscle. Black scale bar = 500 nm (b) Cartoon depicting the individual components of the
sarcomere as well as the distinct zones, based on the presence of actin and myosin. The
distinct zones of the sarcomere line up with the TEM image above. The | bands are
lighter, and the A band is darker in appearance. Image was modified from (Luther, 2009).
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Being the contractile unit of skeletal muscle, the sarcomere is subject to a great

deal of regulation to ensure it forms correctly and muscle can contract effectively.

Titin, also known as connectin, is the largest known protein in humans (~4.2
MDa), spanning half of the sarcomere, from the Z-disc to the M-line, and
regulates the assembly and length of the thick filament (First et al., 1988; Labeit
et al.,, 1992; Tonino et al.,, 2017). Titin is often, therefore referred to as a
‘molecular ruler’ (Bennett et al., 2020). Titin is important for elasticity and ‘passive
force’, with immunoglobulin (Ig) domains capable of unfolding and refolding,
aiding the stretching and shortening of the sarcomere upon muscle relaxation
and contraction (Rief et al., 1997; Tskhovrebova et al., 1997; Kellermayer et al.,
1997; Rivas-Pardo et al., 2016). Titin also has important roles in cell signalling
(Kravchenko et al., 2015), and mechanotransduction (sensing a physical change
and converting it into a discernible biochemical signal) (van der Pijl et al., 2018;
Ibata and Terentjev, 2021). The importance of Titin is emphasised by mutations
in the gene (TTN) encoding Titin resulting in human myopathy and muscular
dystrophy (Ceyhan-Birsoy et al., 2013; Hackman et al., 2008; Oates et al., 2018).

Nebulin is another giant protein (>700 kDa), thought to also play an important role
in regulating the length and integrity of the sarcomere (Yuen and Ottenheijm,
2020). Nebulin is anchored at the Z-disc and is proposed to bind to the full length
of the thin filament (Wang and Williamson, 1980; Wang and Wright, 1988; Wang
et al., 2022). Two nebulin proteins bind to one thin flament and are essential for
mediating the length and the integrity of the thin filaments (Wang et al., 2022).
Nebulin has also been proposed as important in Z-disc structure and regulation
of width, binding to proteins such as a-actinin, as well as aberrant Z-disc widths
occurring in the absence of nebulin in humans and mice (Nave et al., 1990;
Ottenheijm et al., 2009; Tonino et al., 2010; Yuen and Ottenheijm, 2020). The
elasticity of nebulin may provide resistance to force/stress placed upon thin
filaments (Yadavalli et al., 2009). Mutations in the gene coding for nebulin (NEB)
are associated with human myopathy, with at least 50% of cases of nemaline
myopathy arising from mutations to NEB (Telfer et al., 2012; Scoto et al., 2013;
Laitila et al., 2020).
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Z-discs form the boundaries of each individual sarcomere and serve three main
functions: to stabilise the F-actin thin filaments, transmit force and for signalling
(mechanotransduction) (Geach et al., 2015). The Z-disc is made up of layers of
cross-linked actin filaments from adjacent sarcomeres (Luther et al., 2002). a-
actinin is involved in crosslinking the antiparallel actin thin filaments, forming the
characteristic zigzag pattern associated with the Z-disc (Takahashi and Hattori,
1989; Luther et al., 2002). In addition to the structural role of providing stability to
the sarcomere, proteins of the Z-disc are involved in signalling and
mechanosensation (Frank et al., 2006; Knoéll et al., 2011). Further to force being
transmitted longitudinally, which is discussed in greater detail in section 1.1.3,
force can also be transferred laterally to the ECM through costameres (Street,
1983; Ramaswamy et al., 2011). Costameres are protein complexes that link Z-
discs to the sarcolemma/extra-cellular matrix (ECM) (Peter et al., 2011; Andresen
et al., 2022). The two major protein complexes of the costamere are the integrin-
vinculin-talin complex and the dystrophin-glycoprotein complex (DCG) (Peter et
al., 2011). Proteins that form part of the costameres are also important for
signalling and mechanotransduction (Mathes et al., 2019). Mutations in genes
encoding for many of the proteins found at the Z-disc and/or costameres are
associated with human myopathies/muscular dystrophies, emphasising the
importance of the Z-disc for normal muscle structure/function (Monaco et al.,
1986; Knoll et al., 2011; Jaka et al., 2015).

The M-band is located in the centre of the sarcomere and is important for the
structural integrity of the thick filaments, as well as for cross linking of the myosin
(Agarkova et al., 2003; Lange et al., 2005). The M-band is composed mainly of
myomesin proteins, of which there are three forms, differentially expressed
depending on the muscle-type (Grove et al., 1984; Obermann et al., 1996;
Schoenauer et al., 2008). The elasticity of the myomesin domains allows it to
function like a ‘molecular spring’ upon muscle contraction, in a similar way to titin
(Schoenauer et al., 2005). Obscurin and titin also form part of the complex at the
M-band (Obermann et al., 1996; Young et al., 2001).
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1.4. Mechanism of Contraction

Skeletal muscle is innervated by motor neurones, responsible for voluntary (and
involuntary) control of movement. Simplistically, there are two types of motor
neurone: upper motor neurones that originate from the cerebral cortex and
descend down the spinal column; and lower motor neurones, that originate from
the spinal column and are responsible for transmitting signal from the upper motor
neurones, sensory neurones and interneurons (Zayia and Tadi, 2022). These
motor neurones differ with the excitatory neurotransmitter used, with upper motor
neurones using glutamate and lower motor neurones using acetylcholine in
mammals (Zayia and Tadi, 2022; Stifani, 2014a). Lower motor neurones can be
further subdivided into three categories, depending on target: branchial for
skeletal muscle of the face (Chandrasekhar, 2004); visceral for the control of
smooth muscle as part of the ANS (Stifani, 2014b); and somatic motor neurones
for innervation of skeletal muscles required for movement (Rexed, 1954; Stifani,
2014b). Movement can be thought of as a complex process requiring the co-
ordinated control (either inhibition or contraction) of multiple different muscle
groups (Granzow and Kristan, 1986; Zayia and Tadi, 2022). A motor unit
encompasses all the muscle fibres innervated by the branches of a single motor

neurone.

The synapse between the motor neurone and the effector muscles is termed the
neuromuscular junction. An action potential travelling down the motor neurone
terminates at the presynaptic terminal, where the depolarisation results in the
activation of the voltage-gated calcium channels to open (Sam and Bordoni,
2022). The presence of calcium in the cytosol results in the soluble N-
ethylmaleimide-sensitive fusion protein attachment protein receptor (SNARE)-
dependent exocytosis of vesicles containing acetylcholine (Sdéllner et al., 1993;
Schiavo et al.,, 2000; Nishimune and Shigemoto, 2018). The acetylcholine
diffuses across the synapse and binds to the nicotinic acetylcholine receptors
(nAChRs) on the sarcolemma of the muscle fibre. Acetylcholine remains in the
synaptic cleft, until removal through passive diffusion, or degradation by the

enzyme acetylcholinesterase.
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The sarcolemma of the post synaptic muscle fibre is a complex structure, with
folding at the neuromuscular junction to increase the surface area for
acetylcholine to bind to the nAChR (Salpeter and Harris, 1983; Slater, 2017). The
sarcolemma has deep invaginations known as transverse tubules (t-tubules)
(Porter and Palade, 1957). T-tubules are surrounded by two terminal cisternae of
the sarcoplasmic reticulum to form the triad (Al-Qusairi and Laporte, 2011). The
sarcoplasmic reticulum stores the majority of the calcium in the muscle fibre. The
binding of acetylcholine to the nAChRs results in the opening of sodium channels
and an influx of sodium. The resulting depolarisation travels down t-tubules,
resulting in a conformational change in the dihydropyridine receptor (DHPR)
(Rios and Brum, 1987). The DHPR interacts with the ryanodine calcium receptors
(RyR1 in skeletal muscle) on the sarcoplasmic reticulum, and the conformational
change opens the RyR1 receptor, causing calcium ions to flood into the cytosol
and the muscle contraction to occur (Schneider and Chandler, 1973; Anthony Lai
et al., 1988; Dayal et al., 2017). This mechanism is commonly referred to as

excitation-contraction (e-c) coupling.

The release of calcium ions results in the sliding filament theory of muscle
contraction, which was first described in 1954 by (Huxley and Niedergerke, 1954)
and (Huxley and Hanson, 1954) and still remains the best mechanism to describe
muscle contractions to date. The mechanics of myosin binding to actin and
excitation-coupled contraction that are about to be discussed as part of the sliding
filament theory of muscle contraction, mainly come from (Hynes et al., 1987) and
reviewed (Spudich, 2001). Following depolarisation, the influx of calcium ions in
the sarcoplasm will bind to troponin C, which is a part of the complex on the thin
filament, causing a conformational change leading to the movement of
tropomyosin and freeing the myosin binding site (Lehman et al.,, 1994). The
subfragment 1 (S1) domain on globular head of myosin can then bind to the
nearest myosin binding site on the actin filament (Toyoshima et al., 1987). Prior
to binding actin, the ATPase on the myosin hydrolyses ATP into ADP and Pi
leaving it in a ‘primed’ high-energy state, where it is ‘cocked’. Myosin binding and
forming a cross-bridge with actin results in the release of the inorganic phosphate,
the energy of which causes the myosin to contract (known as the power stroke)
and pull the actin flament across myosin towards the M-band, shortening the
sarcomere. The myosin, now in a low-energy state, (Spudich, 2001) releases the
ADP and binds ATP, breaking the cross-bridge. The myosin hydrolyses the ATP
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into ADP and Pi re-positioning the myosin S1 domain further along the actin
filament, ready for the next power stroke, to contract the sarcomere further. This
occurs as a cycle and will continue until there is no longer calcium present in the
sarcoplasm, at which point tropomyosin will block the myosin binding site and

myosin will remain in the ‘primed’ position, ready for the next action potential.

1.5. Types of Skeletal Muscle

Two major forms of skeletal muscle exist: slow-twitch (type 1) and fast-twitch
(type 2) fibres. Fast-twitch fibres can be further subdivided into type 2A (fast-
twitch oxidative glycolytic), and 2X (fast-twitch glycolytic) in humans (Pette and
Staron, 2000; Talbot and Maves, 2016). All of these fibres differ in the isoform of
myosin heavy chain expressed (Ennion et al., 1995).

The myosin heavy chain in slow-twitch fibres is typically slow to contract, hence,
the name (Larsson and Moss, 1993). These fibres are fatigue-resistant, and
abundant in mitochondria and vascularisation for oxidative metabolism
(Andersen, 1975; Mishra et al., 2015). The slow myosin heavy chain has the
lowest levels of ATPase activity (Taylor. et al., 1974; Scott et al., 2001). Type 2A
fibres are also referred to as intermediate fibres as they predominantly use
oxidative phosphorylation but can still use glycolytic metabolism (Talbot and
Maves, 2016). The speed of contraction is in-between that of type 1 and type 2X
fibres (Larsson and Moss, 1993). Type 2X fibres are the fastest to contract with
the greatest ATPase activity, chiefly using glycolytic metabolism, and fatigue
quickly (Peter et al., 1972; Larsson et al., 1991; Larsson and Moss, 1993). Both
forms of fast-twitch fibres contain higher levels of glycolytic enzymes and reduced
numbers of mitochondria than slow-twitch fibres (Peter et al., 1972; Mishra et al.,
2015).

The properties of slow-twitch fibres make them important for low levels of
sustained contraction, for example, the postural muscles that keep an organism
upright (Paillard, 2017). Fast-twitch muscles are suited for short periods of strong

contraction, for example lifting heavy items (Serrano et al., 2019).
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1.6. Congenital Myopathies: Prevalence, Aetiology and

Current Understanding

‘Myopathy’ is the collective term that describes all forms of muscle diseases,
including muscular dystrophies. There are many causes of myopathies including:
autoimmune conditions (McGrath et al., 2018); nutritional deficiency in vitamins,
such as Vitamin D (Rasheed et al.,, 2013); mitochondrial and metabolic
myopathies (Cohen, 2019); infection with a pathogen that attacks or causes
sustained inflammation in muscle fibres, e.g. HIV and Toxoplasma gondii
(Attarian and Azulay, 2001); and myotoxic drugs, that can cause damage to the
muscle fibres or muscle organelles, e.g. statins and corticosteroids (Dalakas,
2009; Valiyil and Christopher-Stine, 2010).

This thesis is interested in congenital myopathies. Congenital myopathies are the
collective term for a heterogeneous group of rare muscle diseases with a genetic
basis, associated with (of varying severity) muscle wasting and reduced quality
of life (Nance et al., 2012). Congenital myopathies are often distinguished from
the muscular dystrophies by genetic defects that affect the contractile apparatus
of muscle fibres (Cardamone et al., 2008). Muscular dystrophies, however, are
the result of genetic defects in the muscle membranes or associated proteins
(Cardamone et al., 2008). Muscular dystrophies can be distinguished by the
presence of necrosis of muscle fibres not usually seen in congenital myopathies
(Cornelio and Dones, 1984).

The rarity of congenital myopathies, coupled with the varying severity of
phenotypes, make it difficult to accurately estimate the prevalence of congenital
myopathies. Meta-analysis from 11 studies investigating prevalence across
European, Asian, Oceanian and North American populations estimated a
prevalence of 1.62 cases per 100,000 across all age groups (Huang et al., 2021).
The prevalence of congenital myopathies is greater in children (2.62 per 100,000)
and the incidence in men and women is typically similar (excluding X-linked
myotubular myopathy) (Huang et al., 2021; Theadom et al., 2019). Despite the
term “congenital” in congenital myopathies, often diagnosis and/or phenotype
may not become apparent until late adolescence or adulthood - termed late-onset
(Papadimas et al., 2020).
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Congenital myopathies can be sub-divided into five main classifications:
nemaline myopathy, centronuclear myopathy, congenital fibre type disproportion

(CFTD), core myopathy and myosin storage deficiency.
1.6.1. Nemaline Myopathy:

First identified as a classification of congenital myopathy by (Shy et al., 1963).
Nemaline myopathy is also called rod myopathy, due to the presence of rod-like
structures in myofibrils named ‘nemaline bodies’ that are easily visualised
following Gomori trichrome staining (Shy et al., 1963; Laitila and Wallgren-
Pettersson, 2021). The prevalence of nemaline myopathies is estimated to be
1:500,000 for all age groups (Huang et al., 2021).

The severity of nemaline myopathies is highly variable, ranging from premature
death in infancy, to a more mild muscle weakness, which becomes identifiable
during early childhood (Laitila and Wallgren-Pettersson, 2021). A severe
phenotype is rare and can manifest with respiratory issues (often the cause of
mortality in infancy) and dilated cardiomyopathy (Wallgren-Pettersson and Laing,
2000; Ryan et al., 2001). The ‘typical’ presentation includes neonatal hypotonia,
progressive weakness and difficulties feeding (Ryan et al., 2001; Shimomura and
Nonaka, 1989; Sanoudou and Beggs, 2001).

12 genes have been implicated as the cause of nemaline myopathies, with
mutations in nebulin (Scoto et al., 2013) and skeletal muscle a-actin (Nowak et
al., 1999) being the most common causes. All the genes implicated have either
a structural or regulatory role of the thin filaments of the sarcomere (Laitila and
Wallgren-Pettersson, 2021). Nemaline bodies are thought to derive from z-discs
because they appear to overlap between them; contain several proteins also
found in z-discs, such as a-actinin, and have a similar lattice structure when
visualised with electron microscopy (EM) (North et al., 1997; Sewry et al., 2019).
It is still not clear how nemaline bodies form, however, it is thought that they can
be a secondary aspect of metabolic stress (Sewry et al., 2019). Nemaline bodies
are located throughout the myofiber, especially around the sarcolemma and the

nuclei or, rarely, intranuclearly (North et al., 1997; Sanoudou and Beggs, 2001).

Haematoxylin and eosin (H&E) staining on patients’ biopsies sometimes can
appear normal, however, there is typically a predominance of type 1 fibres and

fibre size can be smaller (Sanoudou and Beggs, 2001). Looking at biopsies under
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EM showed a deficiency in contractile material and an excess formation of thin
filaments (North et al., 1997). Widened z-discs or z-disc streaming, which is a
sign of myofibrillar disruptions, can also be seen in some patients with nemaline
myopathy (Sanoudou and Beggs, 2001). Fatty infiltration in muscle fibres can be
seen in more progressed cases, however, signs of regeneration and necrosis are

highly uncommon (North et al., 1997).

The difficulty in diagnosing the phenotype nemaline myopathy comes from
overlapping features associated with other congenital myopathies, in some

patients, for example fibre-type disproportion and cores (Sewry et al., 2019).
1.6.2. Centronuclear Myopathy:

Centronuclear myopathies, are named after the presence of the nuclei in the
centre of the muscle fibre, rather than the normal location of the periphery, which
gives them the appearance of an myotube (Jungbluth et al., 2008). Centronuclear
myopathy was first identified as a classification of congenital myopathy by (Spiro
et al., 1966) who termed it “myotubular myopathy”. Centronuclear myopathies
have a low prevalence of 0.08 cases per 100,000 in all age groups (Huang et al.,
2021). The prevalence is considerably greater in the paediatric population with
0.44 cases per 100,000 (Huang et al., 2021). This is because of infant mortality
in the severe cases — for example, the overall median life expectancy in 2001 of
boys with X-linked myotubular myopathy (XMTM) was 29 months (McEntagart et
al., 2002). A more recent, but smaller, study does, however show 67% of patients
(mean age of 10) to be alive at the end of the study, and a median age of death

to be just under 7 years for those deceased (Amburgey et al., 2017).

At least eight genes with mutations have been identified as causes of
centronuclear myopathy, with the most common variants being in dynamin 2
(DNM2) in 50% of patients; (Catteruccia et al., 2013); Myotubularin (MTM1) in
XMTM (Laporte et al., 1996); Amphiphysin 2 (BIN1) (Nicot et al., 2007);
Ryanodine receptor 1 (RYRL1) (Abath Neto et al., 2017); and TTN (Ceyhan-Birsoy
etal., 2013). There are at least three other less common gene variants that cause

centronuclear myopathy (Reumers et al., 2021).
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The severity of centronuclear myopathy partly depends on the affected gene. For
example, mutations in the autosomal dominant DNM2 are generally milder and
have later-onset than MTM1 and BIN1 mutations, but can still follow a severe
course (Catteruccia et al., 2013). The more severe cases tend to be with XMTM,
with up to 85% of cases requiring ventilation from birth (McEntagart et al., 2002);
along with severe hypotonia and weakness (Barth and Dubowitz, 1998). The
severity has been shown to extend to the ability to recognise the condition
prenatally, by reduced foetal movement (Tanner et al., 1998). There are
moderate and mild forms of XMTM and other centronuclear myopathy variants,
however, with patients that can live to adulthood and present with a milder
phenotype that can include hypotonia, general weakness and possible minor
respiratory insufficiency (Barth and Dubowitz, 1998). EM on muscle biopsies has
also revealed a decrease in acetylcholine receptors (Bergen et al., 1980;
Jungbluth et al., 2008).

It is not believed that the severity of the histopathology equates to the severity of
the centronuclear myopathy, for example, there is no link between the number of
centralised nuclei and clinical outcome (Lawlor et al., 2016). The mean
percentage of fibres with centralised nuclei can range between 5% (Pierson et
al., 2007) to > 50% (Shichiji et al., 2013) in a patient. A correlation has been
observed of poorer prognosis for patients with smaller myofiber size (Pierson et
al., 2007). Further to the centralised nuclei, the histology of the milder forms show
fibre size variability (from hypotrophic and hypertrophic fibres) and fatty and/or
connective tissue infiltration of muscle (De Angelis et al., 1991; Reumers et al.,
2021). Atrophy and a predominance of type 1 fibres has been noted in patients
(Bohm et al., 2012).

As the name suggests, the presence of the nuclei at the centre of the fibre, rather
than the periphery of fibres, in histopathology, is used for the diagnosis of
centronuclear myopathy (Jungbluth et al., 2008). In addition to sequencing for the
implicated genes discussed above, an elongated head circumference and
neonatal hypotonia are further signs of centronuclear myopathy (Joseph et al.,
1995). Muscle MRI can also be used to aid differential diagnosis of centronuclear
myopathy (Schessl et al., 2007; Klein et al., 2011; Bugiardini et al., 2018).
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1.6.3. Congenital Fibre-type Disproportion (CFTD):

The classification of congenital fibre-type disproportion (CFTD) is named after the
histopathological abnormality with a predominance of type 1 fibres, that are small
and hypotrophic in comparison to type 2 fibres, which are normal sized or
hypertrophic (Claeys, 2020), by Brooke and Engel in 1969 (Brooke and Engel,
1969). To be classified as small, type 1 fibres must be at least 12% smaller than
type 2 fibres (Na et al., 2006). The estimated prevalence of CFTD is estimated to
be just under 1:400,000 (Huang et al., 2021).

Multiple genes are implicated as a cause of CFTD, with the majority of cases
arising from mutations in tropomyosin 3 (TPM3) (Clarke et al., 2008) (Lawlor et
al., 2010); RYR1 (Clarke et al., 2010); skeletal alpha actin 1 (ACTA1) (Laing et
al., 2004), and Selenoprotein N (SEPN1) (Clarke et al., 2006). There has also
been one identified CFTD case with a mutation in myosin light chain 2 (MYL2),
however the gene panel also revealed a heterozygous mutation in NEB also
predicted as potentially pathogenic, complicating the association of just MYL2
(Marttila et al., 2019). Patients with mutations in the MYH7 gene, encoding
slow/B-cardiac myosin heavy chain, (MyHC1) present with a CFTD phenotype in
early stages, however, in later stages, the phenotype can resemble more of a

myosin storage myopathy (Ortolano et al., 2011).

Mutations in SEPN1 (Clarke et al., 2006) and RYR1 (Clarke et al., 2010) are
associated with autosomal recessive inheritance. Most ACTA1 mutations are
autosomal dominant (Laing et al., 2004), and the inheritance pattern of TPM3 is
varied between autosomal recessive, autosomal dominant and de novo
(dominant) (Lawlor et al., 2010). There has been one case of an X-linked mode
of inheritance of CFTD (Clarke et al., 2005).

The severity of CFTD can range from mild to severe, with more severe cases
typically presenting with a greater percentage decrease in the size of type 1 fibres
relative to type 2 fibres (Clarke and North, 2003; Lawlor et al., 2010). Further to
the common symptom of smaller and more numerous type 1 fibres, the clinical
presentations are highly variable with elongated face and a high arched palate,
common, and the more severe presentation involving severe limb weakness and
respiratory insufficiency (Clarke and North, 2003). Mutations in the rod region of
MYH?7 can result in a ‘Laing distal myopathy’ phenotype with a distal weakness

affecting ankle dorsiflexors and finger extensors (Ortolano et al., 2011; Ruggiero
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et al., 2015; Yu et al., 2020). Heart complications are sometimes also present
with mutations in MYH7 gene site of the distal rod of the protein, with some
patients presenting with non-compaction cardiomyopathy (Ruggiero et al., 2015);

and with MYL2, with infantile-onset cardiomyopathy (Marttila et al., 2019).

Using CFTD as a classification for diagnosis of myopathy is made more complex
by fibre type disproportions being a feature of other classifications of myopathy.
There is also the further complication of fibre type disproportions also being
present in non-congenital myopathies, such as metabolic or neurological
disorders (Dehkharghani et al., 1981; lannaccone et al., 1987). CFTD is typically
a diagnosis when there is the fibre-type disproportions, without any of the other
histopathological hallmarks of other myopathies, and where other classifications
have been ruled out first (Clarke and North, 2003; Clarke, 2011). The 12%
threshold decrease is also controversial, with debate around raising the threshold

to 25% to reduce non-specific diagnosis (Clarke and North, 2003).
1.6.4. Core Myopathy:

Core myopathies are the most prevalent myopathy class and include central core
disease (CCD) and multi-minicore disease (MmD). The prevalence of core
myopathies has been estimated at just under 1:300,000 for all age groups (Huang
etal., 2021). Core myopathies were first described by (Magee and Shy, 1956), in
what was the first paper to distinguish congenital myopathies as we now know
them, based on the histopathology or structural abnormalities of skeletal muscle
(Topaloglu, 2020). The name ‘central core disease’ first coined in 1958
(Greenfield et al., 1958) and a family with multiple small cores in a muscle biopsy,
lead to the classification of MmD in 1971 (Engel et al., 1971). These ‘cores’ are
regions of myofibrillar disruption, visualised by absence of oxidative enzyme
activity, resulting from depletion of mitochondria (Jungbluth et al., 2011; Claeys,
2020).
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The most common cause of CCD are mutations in the RYR1 gene (Huang et al.,
2021). Mutations in the N-terminus or central region of the of RYR1 typically result
in an increase in susceptibility to malignant hyperthermia (Sei et al., 2004);
whereas mutations in the C-terminus typically result in CCD (Tilgen et al., 2001;
Davis et al., 2003). A study in Japan estimates that as many as 90% of CCD are
the result of a mutation in the RYR1 gene (Wu et al., 2006). At least nine genes
have been identified with mutations that result in MmD, including RYR1, SEPN1,
TTN and ACTAL (Zhou et al., 2007; Ferreiro et al., 2002b; Ge et al., 2019; Kaind|
et al., 2004). The inheritance pattern is typically dominant missense mutation in
RYR1 for CCD (Wu et al., 2006). The inheritance pattern for MmD is more
variable, with autosomal recessive mutations in SEPN1 and RYR1 common
(Ferreiro et al., 2002b; Ferreiro et al., 2002a; Jungbluth et al., 2005).

The severity of the condition is variable, ranging from mild to severe, with
presentation typically occurring during early infancy (Quinlivan et al., 2003;
Ferreiro et al., 2000). CCD can range from no observable symptoms to a lack of
independent ambulation however, the phenotype of CCD is ordinarily mild and
non-progressive/slowly progressive, with mild hypotonia, weakness in proximal
muscles and facial muscle and motor developmental delays (Quinlivan et al.,
2003). There have been rare cases of severe CCD cases, for example foetal
akinesia during pregnancy and severe hypotonia and respiratory insufficiency at
birth (Romero et al., 2003). Interestingly, 5 out of the 6 unrelated families in this
study had a pattern of inheritance that strongly suggested autosomal recessive,
which is unusual for CCD, and has been previously associated with a more
aggressive phenotype (Manzur et al., 1998). MmD typically presents with a
‘classic’ phenotype that is non-progressive or slow-progressive, with mild
proximal weakness, hypotonia, motor developmental delays and scoliosis
(Ferreiro et al., 2000; Jungbluth et al., 2000). There are rare cases where MmD
can present with ophthalmoplegia, affecting the extra-ocular muscles (Jungbluth
et al., 2005).
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The main diagnostic criteria is the presence of these white core regions, or
multiple cores, with no enzymatic activity, following nicotinamide adenine
dinucleotide tetrazolium reductase (NADH-TR) oxidative enzymatic staining of
muscle biopsy samples (Dubowitz and Pearse, 1960; Wu et al., 2006).
Myofibrillar disruption can be seen when a patients muscle is visualised using EM
(Claeys, 2020). The cores are almost exclusively seen in type 1 fibres (Wu et al.,
2006), as well as a predominance and hypotrophy of type 1 fibres (Ferreiro et al.,
2000). Centralised nuclei was sometimes present in histological samples in MmD,
as was a mild fatty infiltration and Z-disc streaming (Jungbluth et al., 2000). Fatty
infiltration and z-disc streaming has also seen for CCD (Quinlivan et al., 2003;

Isaacs et al., 1975).

The complexity of the histology and unusual core myopathies has led to the
classification of dusty core disease (DuCD), characterised by irregular areas of
myofibrillar disorganisation, with reddish/green material deposition and uneven
oxidative stain (Garibaldi et al., 2019). There is also the presence of centralised
nuclei, type 1 fibres and is typically more severe than other forms of core
myopathy and can be thought of as the hallmark of the recessive RYRL1 recessive
form of core myopathy (Garibaldi et al., 2019). There are also a small subset of
patients that have both cores and rods, seen in nemaline myopathy, further
complicating the distinct classification of core-rod myopathy (Romero et al., 2009;
Garibaldi et al., 2018; Scacheri et al., 2000).

1.6.5. Myosin Storage:

Myosin storage myopathy, or hyaline body myopathy, like the name suggests is
a disease with hyaline-like protein aggregates of myosin in the muscle (Yuceyar
et al., 2015). The first case can be seen in 1971 by (Cancilla et al., 1971) in a
family with ‘finely granular material’ that disrupts myofibrillar organisation. The
term ‘myosin storage myopathy’ was not coined until 2003 by (Tajsharghi et al.,
2003) following identification of heterozygous missense mutations in the MYH7
gene. The prevalence of myosin storage myopathy is harder to estimate than
other myopathy classifications, with only (Pagola-Lorz et al., 2019) estimating the

prevalence to be just over 1:200,000 in children, in Northern Spain.
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The mutation implicated is in the gene MYH7, with mutations in this gene also
resulting in Laing distal myopathy (Meredith et al., 2004), CFTD (Muelas et al.,
2010) and MmD (Cullup et al., 2012), as well as dilated and hypertrophic
cardiomyopathies (Fiorillo et al., 2016). There are over 500 identified disease-
causing mutations in this gene (Colegrave and Peckham, 2014). The pattern of
inheritance is usually autosomal dominant (Tajsharghi et al., 2003; Bohlega et
al., 2004; Masuzugawa et al., 1997), but three recessive cases have been
recorded to date (Tajsharghi et al., 2007; Ylceyar et al., 2015; Beecroft et al.,
2019). The MYH7 gene codes for the B-cardiac and slow-twitch muscle specific
myosin heavy chain (MyHC), with mutations in the rod region of MyHC typically
resulting in skeletal myopathies and/or cardiomyopathies (Tajsharghi et al., 2003;
Fiorillo et al., 2016). Mutations in the very distal (C-terminus) of the rod region
(exons 37-40) result in myosin storage myopathy (Fiorillo et al., 2016). Mutations
in the head region ordinarily result in cardiomyopathies without skeletal muscle
myopathies (Tanjore et al., 2010), however that has been one reported case of a
mutation in the head region resulting in myosin storage myopathy (Beecroft et al.,
2019).

Diagnosis typically occurs in infancy (Tajsharghi et al., 2003; Cancilla et al.,
1971), however, there are cases of adult diagnosis (Tajsharghi et al., 2003; Rafay
et al., 2005). The severity and phenotype are heterogenous, with hypotonia
occurring; a severe course can include diffuse weakness and muscle wasting,
respiratory insufficiency and progressive scoliosis (Fiorillo et al., 2016). Cardiac
manifestations typically occur sometime after diagnosis of skeletal muscle
myopathy phenotype, usually in adulthood (Fiorillo et al., 2016).

The main histologic abnormality is the presence of the sub-sarcolemmal hyaline
bodies in slow-twitch muscle fibres that disrupt the myofibrillar organisation and
have ATPase activity (Shingde et al., 2006; Viswanathan et al., 2017). Hyaline

bodies have a “glassy” or translucent appearance (Shingde et al., 2006). A
predominance of type 1 fibres in some patients with myosin storage myopathy
has been noted (Barohn et al., 1994; Tajsharghi et al., 2003; Ylceyar et al.,

2015).
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1.6.6. Potential for Future Therapies for congenital myopathies

Congenital myopathies are complex to research for various reasons. Firstly,
congenital myopathies are rare, with a limited number of cases to compare and
analyse (Huang et al., 2021). Secondly, the clinical phenotype can overlap
between classifications, so it can be difficult to decide on the most appropriate
classification. Lastly, mutations in the same gene can result in a differing
presentation (genetic heterogeneity), even within families with the same mutation
(Lawlor et al., 2010; Attali et al., 2013; Liewluck et al., 2017). An example of the
genetic heterogeneity is demonstrated by mutations in the RYR1 gene, which is
implicated in several different classifications of congenital myopathy (Abath Neto
et al.,, 2017; Lawal et al., 2018). Simply using sequencing techniques is not

sufficient to provide full diagnosis (North et al., 2014).

Despite advancements in genetic screening of patients, there is still a subset of
patients with an undiagnosed genetic/molecular basis for disease. For example,
one study in Denmark estimates that the causative gene remains to be identified
in approximately 43% of children over the age of 5 with a congenital myopathy
(Witting et al., 2017). Approximately 20 — 40% of centronuclear myopathy genes
remain to be discovered (Agrawal et al., 2014; Ravenscroft et al., 2018).

Genetic counselling is offered to patients diagnosed with these conditions, but
with limited knowledge of the causative gene which can indicate the molecular
basis of their disease, and with no effective treatments, there are limitations in
the effectiveness of the support provided (Wang et al.,, 2012). Nevertheless,
regular appointments can help monitor disease progression, and physiotherapy
can help maintain strength and joint flexibility (Vry et al., 2016). Whilst there are
treatments in clinical trials, there are currently no approved treatments for
congenital myopathies (Gineste and Laporte, 2023). Gene editing/therapy
presents an exciting potential therapeutic option, with promising results in human
cell lines and animal models of neuromuscular disease. Examples of this include:
MTM1 in myotubular myopathy (Childers et al., 2014) and DNM2 in centronuclear

myopathy in cells from human patients (Rabai et al., 2019).
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1.7. Sterile Alpha Motif and Leucine zipper Containing
Kinase ZAK

The ZAK kinase, MAP triple kinase 20, is known by names including MAP3K20,
MLTK, MLK7 and MRK due to its discovery by four independent groups (Liu et
al., 2000; Bloem et al., 2001; Gotoh et al., 2001; Gross et al., 2002). The gene
coding for ZAK is alternatively spliced to give rise to two distinct isoforms in
humans (Vasli et al., 2017), mice (Gotoh et al., 2001) and Xenopus (Suzuki et al.,
2012). The alternative splicing after exon 11 can result in either the longer
isoform, ZAKa, consisting of 20 exons, coding for 800 amino acids or the shorter
isoform, ZAKp, consisting of 12 exons, coding for 455 amino acids (Gross et al.,
2002). Note, that the first 331 amino acids, which contain the serine-threonine
kinase domain and the leucine zipper, are identical in both isoforms. The leucine
zipper has been shown to be important in the dimeristation of ZAK (Huang et al.,
2004a). The unique C-terminus of ZAKa contains a sterile alpha motif (SAM)
domain, along with two partially redundant ribosome binding domains (Liu et al.,
2000; Vind et al., 2020). The unique C-terminus of ZAKf contains a stress fibre
binding domain (SFBD), discussed in greater detail further in section 1.7.2
(Nordgaard et al., 2022). Activation of ZAK is through autophosphorylation at key
residues Thrl61, Thrl62, and Serl65, following dimerisation (Tosti et al., 2004;
Huang et al., 2004a).

ZAK is a mitogen-activated protein (MAP) triple kinase (MAP3K) and is, thus, a
component of the MAP kinase pathway (Gross et al., 2002), often initiated
through activation of a receptor tyrosine kinase (RTK) in the presence of a signal,
such as a growth factor (e.g. FGF, IGF and EGF), cytokine or stress (Katz et al.,
2007; Kim and Choi, 2010). Figure 1.3 is a demonstrates the traditional MAPK
signalling pathway, simplistically: The MAP3K (or MAPKKK) is activated by a
stimulus, phosphorylating and activating a MAP double kinase (MAP2K or
MAPKK), that in turn phosphorylates and activates the MAP kinase (MAPK), of
which there are more than a dozen, but the most characterised include: ERK (1
and 2); P38 (a, B, y and d); c-Jun N-terminal kinase (JNK) and ERKS5 (Cargnello
and Roux, 2011). MAPK can phosphorylate a variety of proteins, modulating their
activities and influencing cell differentiation, apoptosis and stress-induced

responses (Cargnello and Roux, 2011; Pearson et al.,, 2001). ZAK has been
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shown to preferentially activate P38 (especially P38y) and JNK via MKK3/6 and
MKK4/7, respectively (Liu et al., 2000; Gross et al., 2002).
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Figure 1.3. MAPK Signalling Pathway

MAPK signalling pathways can be activated by multiple stimuli, for example, cytokines,
growth factors and various types of external stress. The common consequence will be
activation of a signalling cascade, which includes the phosphorylation and activation of
a MAP3K, which can then phosphorylate and activate a MAP2K, which in turn can then
phosphorylate and activate a MAPK. The activated MAPK will then interact with and
phosphorylate substrates, resulting in a range of downstream physiological effects.
Dotted lines indicate further signalling proteins that have been omitted for simplicity.
Figure was inspired by (Vind et al., 2020). Figure created using BioRender
(biorender.com).

1.7.1. Existing Knowledge of ZAKa.

A potential role for ZAKa as a MAP3K involved in the ribosomal stress response
was first described by (Wang et al., 2005b), where inhibition of ZAKa prevented
anisomycin-induced P38 and JNK activation. There are two main pathways of
ribosomal surveillance for ensuring ribosomal function is correct: the ribosome-
associated quality control (RQC) and the lesser-researched ribosomal stress
response (RSR) (Brandman and Hegde, 2016; lordanov et al., 1997). More
recently, ZAKa has been shown to contain two partially redundant ribosomal
sensing domains in the in the unique C-terminal region (named S and CTD

domain) (Vind et al., 2020). A proposed mechanism was put forward, whereby
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ZAKa uses these domains to bind and surveil ribosomes (Vind et al., 2020). Upon
ribotoxic stress and stalled ribosomes, ZAKa autophosphorylates, becoming
active, where it dissociates from the ribosome, resulting in P38 and JNK signalling
as well as inflammation (Vind et al., 2020). ZAKa has also been proposed as a
sensor for excessive levels of colliding ribosomes, that exceed the capacity for
the RQC components (Wu et al., 2020). Activated ZAKa. results in RSR signalling
with P38 and JNK as well as in blocking translation initiation through general
control nonderepressible 2 (GCN2) signalling (Wu et al., 2020). Moreover, upon
UVB treatment and the consequential ribosomal stalling ribonucleic acid (RNA)
photo-lesions, ZAKa has been shown to phosphorylate and activate P38, which
along with ZAKa, phosphorylates the linker region of the inflammasome protein
NOD-like receptor family pyrin domain-containing 1 (NLRP1) (Robinson et al.,
2022). The activated NLRP1 can then activate caspase-1 leading to pyroptosis
and release of the pro-inflammatory cytokine interleukin (IL)-1p, which can then
mediate a wound-response (Hu et al., 2010; Robinson et al., 2022). ZAKa and
the ribosomal stress response have also shown to be activated by amino acid

starvation, resulting in activation of AMPK (Snieckute et al., 2022).

In 2016, two families with split-foot malformation and polydactyl were found to
have mutations in the ZAK gene, specifically within the SAM domain, which is
unique to ZAK«a (Spielmann et al., 2016). Deleting the SAM domain in mice led
to a similar phenotype. (Spielmann et al., 2016) attempted to knockout both ZAK
isoforms using CRISPR/Cas9 with a guide strand designed against exon 2 of
ZAK. Surprisingly, the mutation resulted in embryonic lethality at E9.5, with
severe growth abnormalities and cardiac oedema. This contradicts other
research as other ZAK knockout mice do not result in embryonic lethality and lack
such developmental defects (Jandhyala et al., 2016; Nordgaard et al., 2022).
Embryonic lethality and severe developmental disruption also contradict the
human pathology of ZAK absence (Vasli et al., 2017). (Vind et al., 2020) found
by rescuing a ZAK knockout CRISPR cell line with ZAKa containing the mutated
SAM domain (F368C), resulted in constitutive activation of ZAKa activity. The
activity of ZAKa could not be further increased with anisomycin (inducer of RSR
signalling) and there was a decreased affinity for ZAKa for the ribosomes,

suggesting the potential pathogenicity of the mutation.
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1.7.2. Existing Knowledge of ZAKB and its Role in Skeletal

Muscle

Recent research by (Lin et al., 2022) has shown a role for ZAKB in reducing
apoptosis caused by oxidised low-density lipoproteins (oxLDL). LDLs are a form
of cholesterol, prone to oxidation, which can result in increased apoptosis and
inflammation, and is a risk factor for atherosclerosis (Poznyak et al., 2020). ZAKPB
also reduced the expression of B-type natriuretic peptide (BNP), which reduces
blood pressure and is a biomarker for congestive heart failure (Okamoto et al.,
2019; Lin et al., 2022). The protective effects of ZAKB are through inhibition of
apoptosis-inducing caspase-3 activity, as well as increasing activated
phosphatidyl isolsitol-3 kinase (PI13K), B cell ymphoma-extra-large (Bcl-xL) and
super oxide dismutase-2 (SOD2) (Lin et al., 2022).

In humans and mice, ZAK is the predominant isoform with expression levels
approximately 10-fold greater than ZAKa (Gross et al., 2002; Nordgaard et al.,
2022). ZAKB is the isoform exclusively expressed in the skeletal muscle of
humans and mice (Gross et al., 2002; Vasli et al., 2017; Nordgaard et al., 2022).
ZAKpB has been shown to interact as part of a protein complex at the Z-disc of
skeletal muscle, along with proteins such as Kyphoscoliosis peptidase (KY) and
filamin C (FLNC), mutations in which are implicated in human myopathy
(Beatham et al., 2004; Shatunov et al., 2009; Baker et al., 2010; Ehsani et al.,
2022). The role of ZAKp in skeletal muscle has been, until recently, poorly
described. Research by (Nordgaard et al., 2022) has demonstrated a potential
role for ZAKB as a protein that recognises muscle contraction and mechanical
load, transducing this into a discernible biochemical signal. These stresses
activate ZAKB, localised to the Z-disc in skeletal muscle using the stress fibre
binding domain (SFBD) in the unique c-terminus of the shorter isoform.
(Nordgaard et al., 2022) therefore propose a model whereby Z-disc-localised

ZAKB is activated by muscle contraction and can resultin P38 and JNK activation.
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There are still areas of ZAKB knowledge that need further investigation. The
ubiquitous expression of ZAK[ across many tissues (GTEx Portal), as well as the
ability for ZAK to recognise other stresses, such as osmotic shock, suggests a
role as a compression or osmotic cell sensor for cell types (Nordgaard et al.,
2022). Further research will be required into the exact process in other tissues.
With regards to the muscle-specific role of ZAK, the protein that ZAK binds to
at the Z-disc using the SFBD, remains to be discovered (Nordgaard et al., 2022).

1.7.3. ZAK in Myopathy

Exome sequencing on patients with congenital myopathies (Vasli et al., 2017)
first identified mutations in ZAK as a novel cause of congenital myopathy in 6
individuals from 3 families of different ethnic backgrounds. Transcript analysis
suggest the pathogenesis is absence of ZAK, through nonsense-mediated
messenger RNA (mRNA decay) (Vasli et al., 2017). Patients commonly
presented with a slow, progressive muscle degeneration and decreased vital
capacity. In addition, haematoxylin and eosin (H&E) staining of skeletal muscle
biopsies in ZAK”- mice showed fibre size variation along with centralised nuclei
and predominance of type 1 (slow-twitch) muscle fibres (Nordgaard et al., 2022),
reminiscent of the muscle degeneration seen in humans lacking ZAK. Due to the
ZAKp isoform being exclusively expressed in skeletal muscle, it is absence of this
isoform that is implicated as driving myopathy (GTEx portal) (Vasli et al., 2017).
Myopathy-causing mutations in ZAK are called centronuclear myopathy-6 with a
fibre type disproportion. A novel frameshift mutation in a further 7 individuals from
a family in Pakistan was identified in 2022 (Ahmad et al., 2022). These patients
presented with a large degree of phenotypic overlap as in (Vasli et al., 2017),
such as calf hypertrophy, winged scapula and scoliosis. On the other hand, there
was an additional, uniqgue phenotype of a quadrupedal locomotion. Moreover,
four of the patients died in early infancy, however, the exact cause of death is not
determined (Ahmad et al., 2022).

ZAK'” mice demonstrate that slow-twitch muscles are more prone to the
deleterious effects caused by absence of ZAKB, likely coming from the
constitutive contraction of slow-twitch fibres to provide support against gravity
(Nordgaard et al., 2022).
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1.8. Animal Models of Myopathy

Human congenital myopathies are rare diseases, estimated to affect 1.62 out of
100,000 people, across all age groups in European, Asian, Oceanian and North
American populations (Huang et al., 2021). Animal models of neuromuscular
diseases are, therefore, immensely useful for understanding these conditions in

greater detail.

The most widely used model organism to study muscle diseases is the murine
model. Mice have the advantage of being small and relatively cheap to maintain
in comparison to larger model organisms; mice can be easily genetically
manipulated and they have a short gestational period/lifespan (van Putten et al.,
2020). Most human congenital muscular dystrophies and myopathies have a
genetic mouse model to further understand the function of the mutated gene
(Sztretye et al., 2020). The best known murine neuromuscular disease model is
the mdx model for Duchenne muscular dystrophy. Duchenne muscular dystrophy
is a severe X-linked condition, arising from mutations in the gene coding
dystrophin (DMD), presenting with a severe progressive wasting of muscle and
death between the ages of 20-40, usually as a result of respiratory or cardiac
failure (Mercuri et al., 2019; Duan et al., 2021). The mdx mice have a nonsense
mutation in exon 23 of the dystrophin gene, producing a truncated dystrophin
protein and presenting with several similar phenotypic changes to humans with
DMD, such as: centralised nuclei, infiltration of immunological cells, some
disintegration of myofibrils and loss of Z-discs, as well as increased creatine
kinase levels (Bulfield et al., 1984; Sicinski et al., 1989). Use of mdx mice is
limited by the milder phenotype exhibited as well as the fairly normal lifespan
(Bulfield et al., 1984; DiMario et al.,, 1991; Yucel et al., 2018). Indeed, as
discussed in section 1.7.3, there is a mouse model for absence of ZAK that
presents in a similar way to humans lacking ZAK (Vasli et al., 2017; Nordgaard
et al., 2022; Ahmad et al., 2022). The shared pathological features include a
progressive muscle deterioration, presence of centralised nuclei, predominance
of slow-twitch muscle fibres and evidence of slow-twitch and fast-twitch fibre
atrophy (Vasli etal., 2017; Nordgaard et al., 2022). Whilst the small size and short
lifespan are advantageous with respect to the cost and time studying the animals,
these features often limit the consistency between humans and mice (Collins and
Morgan, 2003).
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The canine model of human muscle diseases is another useful animal model.
Dogs are closer than mice to humans in size, weight, and complexity of organ
systems and, therefore, are used to further understand neuromuscular diseases
(Story et al., 2020). As of 2019, there were 21 mutations in dogs presenting with
neuromuscular diseases also seen in humans (Barthélémy et al., 2019). The
most researched and best characterised example is the DMD model in golden
retrievers (Sharp et al., 1992; Kornegay, 2017). The mutation results in a
phenotype that more closely resembles the human pathology than mice (Sharp
et al., 1992; Collins and Morgan, 2003). Recently, the same R465W missense
mutation in the DNM2 gene (encoding dynamin 2) present in humans with
centronuclear myopathy was identified in a Border Collie, resulting in a similar
phenotype to that observed in humans (Kim et al., 2022). Reducing dynamin 2
levels through antisense oligonucleotides in mice was shown to improve the
phenotype, as evidenced by the ultrastructure of the mutant muscle looking
similar to wild type (Buono et al., 2018). Confirming this finding in another model
organism would strengthen the case for testing potential therapeutics targeting
DNM?2 to treat this form of centronuclear myopathy. However, this is harder to do
in dogs, given their larger size; in addition, their longer lifespan makes them more
expensive to maintain, which in turn means there will be fewer biological repeats

in an experiment, limiting statistical power of results obtained.

Pigs are a useful model organism for research, on account of the similar size,
anatomy, metabolism and pathology to humans (Aigner et al., 2010). Duchenne
muscular dystrophy (DMD) has been successfully modelled in pigs, with targeted
deletion of exon 52 using modified bacterial artificial chromosomes (BAC) where
exon 52 has been replaced with neomycin, causing a frameshift mutation
(Klymiuk et al., 2013). These pigs are deficient in the protein dystrophin, following
a frameshift mutation in exon 52 of DMD and display a similar phenotype to
humans, with progressive muscle weakness and elevated creatine kinase (CK)
levels (Klymiuk et al., 2013). Further similarities in the porcine model were signs
of inflammation and fibrosis, cycles of degeneration and regeneration as well as
a marked locomotion impairment (Klymiuk et al., 2013). Gene therapy was
successful in ameliorating the phenotype, through restoring a truncated, but
functional, form of dystrophin (Moretti et al., 2020). There was an improvement in

the muscle structure and function, a reduction in fatal heart arrhythmias and an
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increase in the expected lifespan (Moretti et al., 2020). The large size and cost of

maintenance is a limitation for using pigs for research (Aigner et al., 2010).
1.8.1. Zebrafish as models of human muscle disease

This thesis presents a study using the model organism, zebrafish (Danio rerio) to
model how absence of ZAK might affect the development and maintenance of

skeletal muscle.

Danio rerio are small fish belong to the Teleostei infraclass and are considerably
distanced from humans, from an evolutionary perspective, compared to mice, for
example (Woods et al., 2000; Adamson et al., 2018). Nevertheless there are
many aspects of zebrafish that make them an attractive model organism, for
instance: their small size, high fecundity of transparent embryos that develop
externally and can be easily genetically manipulated as well as having a relatively
short lifespan (Zang et al., 2022). The transparency of the zebrafish embryos
allows for live imaging of transgenic, fluorescently tagged proteins within certain
cell types or tissues (Kaveh et al., 2020). Approximately 70% of all human genes
and 82% of disease-causing genes have an orthologue in zebrafish (Howe et al.,
2013).

As a result of these advantages, zebrafish have been used to model multiple
human pathologies, such as: neurological conditions (Hughes et al., 2020),
inflammation and immunity (Levraud et al., 2022), cancer (Miao et al., 2021),
behaviour (James et al., 2021), and neuromuscular diseases (Bassett and Currie,
2003; Lieschke and Currie, 2007). A further benefit of establishing a zebrafish
model organism is that zebrafish can go through high-throughput screening for
therapeutics that might help. The sapje mutant for DMD has had over 1000
potential therapeutics assessed, as of 2016 (Kawahara et al., 2011; Widrick et
al., 2016).

The most abundant tissue in zebrafish is skeletal muscle (Roy et al., 2001), which
is highly similar to humans on a cell and molecular, as well as a structural level
(Daya et al., 2020). Like mammals, zebrafish have both slow and fast-twitch

muscle fibres (Jackson and Ingham, 2013).
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Zebrafish myogenesis occurs as follows: Presomitic/paraxial mesoderm cells are
located next to the notochord and express the bHLH transcription factors,
committing them to a myogenic lineage (Weinberg et al., 1996; Keenan and
Currie, 2019). The notochord secretes sonic hedgehog (shh), the signalling of
which in paraxial mesoderm cells results in expression of BLIMP1 (also known
as PRDM1) (Blagden et al., 1997; Baxendale et al., 2004) (Keenan and Currie,
2019). BLIMP1 is a potent inhibitor of the fast-twitch lineage, resulting in the
paraxial mesoderm cells becoming committed to being slow-twitch progenitors
(Blagden et al., 1997; Baxendale et al.,, 2004). Following segmentation into
somites, the majority of these cells, known as adaxial cells migrate laterally to the
surface of the embryo, forming the superficial slow fibres (SSF), which remain
mononucleated through early development (Jackson and Ingham, 2013; Keenan
and Currie, 2019).

Fast-twitch fibres arise from non-adaxial cells in the paraxial mesoderm (Keenan
and Currie, 2019). The majority of these fast-twitch fibres (lateral fast-twitch
fibres) are specified by retinoic acid through fgf8 signalling, rather than shh
(Hamade et al., 2006). This results in the expression of the myogenic bHLH
genes, a mechanism used to specify the muscle lineage in all vertebrates (Mary
Elizabeth Pownall et al., 2002), as well as fast myosin heavy chains, resulting in
the formation of the lateral fast-twitch muscle fibres (Groves et al., 2005; Hamade
et al., 2006; Keenan and Currie, 2019). Fast-twitch fibres can also form from a
subset of cells named medial fast fibres (MFF) that are located and encompass
the notochord in embryos and adults (Wolff et al., 2003; Keenan and Currie,
2019). The lateral fast-twitch fibres are the predominant fast-twitch fibres
(Keenan and Currie, 2019). Myogenin is essential in zebrafish for the fusion of
fast-twitch fibres, with absence of myogenin resulting in failure of most fibres to
fuse (Ganassi et al., 2018). There small amount of residual fusion occurred as a
result of shh signalling, confirming a second fusion pathway (Ganassi et al.,
2018). The bulk of the musculature in zebrafish is comprised of fast-twitch muscle

fibres (van Raamsdonk et al., 1982).

The distinct separation of muscle fibres that begins in embryogenesis and
remains in adulthood is novel for fish (Keenan and Currie, 2019). Typically

mammalian muscles contain a mixture of slow and fast-twitch fibres, therefore,
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zebrafish are a useful tool for studying these fibre-types separately (Jackson and
Ingham, 2013).

Somites begin to form after around just 10.5 hours post fertilisation (hpf), with
further somites forming in an anterior to posterior direction (Stickney et al., 2000).
A characteristic of fish musculature is the chevron that separates individual
somites, appearing as early as 1 dpf (Bassett and Currie, 2003). This is better
known as the vertical myoseptum; is composed of dense collagen and can be
thought of as the fish equivalent of a tendon (Kudo et al., 2004; Hall et al., 2007hb).
This connective tissue remains in adult fish, separating the individual myomeres
(Kudo et al., 2004).

Table 1.1. outlines the wide range of genes with skeletal muscle disease-causing
mutations in zebrafish that also are associated with human congenital
myopathies or muscular dystrophies. The mutations arise from either
spontaneous mutations or have been generated using N-ethyl-N-nitrosourea
(ENU) mutagenesis, transcriptional activator-like effector nucleases (TALEN),
Zinc Finger Nucleases (ZFN) or clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9. The phenotypes range from mild (sometimes due to the
upregulation of compensatory genes), to severe, resulting in embryonic lethality

and/or immobility. Further review of genetic-targeting methods is 3.1.3.
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Gene Human Disease Features of mutation Reference
BAG3 Dilated Genetic compensation through upregulation of BAG2 in absence of BAG3. Inhibition of NMD process | (Diofano et al., 2020)
Cardiomyopathy and | and, thus, genetic compensation led to an increase in skeletal muscle ultrastructure disruption and
myofibrillar myopathy | reduced cardiac function. Morpholino knock downs of BAG2 led to a disruption to skeletal muscle and
cardiac function
cdipt Centronuclear Reduced area of T-tubule, terminal cisternae and gap-width distance. Decreased locomotor performance | (Smith et al., 2020)
myopathy
COL6A1 Bethlem Reduced embryo length. detached myofibers upon methylcellulose stress. Impaired locomotion. Slow- | (Radev et al., 2015)
Myopathy/UllIrich twitch muscles greater affected than fast-twitch fibres. Reduced motor axon extension. Impaired | (Tonelotto et al.,
Congenital Muscular | autophagy. Disordered sarcomeres, abnormal mitochondria, and fibrotic signs. Phenotype persisted | 2022)
Dystrophy from embryos to adulthood, worsening with age. Phenotype improved with salbutamol treatment.
DAG1 Dystroglycanopathy Muscle degeneration (reduced birefringence). Slower swimming and reduced distance. Destabilises toe | (Gupta et al., 2011)
dystroglycanopathy complex (DGC). Thickened myosepta and detached fibres from the myoseptum.
Abnormal triad formation and ocular defects.
DMD (sapje | Duchenne or Becker | Fibre detachment from the basement membrane, from muscle contraction. Sarcolemmas are damaged | (Bassett et al., 2003)
or Sapje-like) | Muscular Dystrophy from the detachment. Fibre detachment is accompanied by cell death. Ultrastructurally, sarcomeres are | (Guyon et al., 2009)
absent or collapsed. Atrophy of myofibers. Infiltration of immunological cells, such as neutrophils. Similar | (Berger et al., 2010)
regeneration pattern to mammals.
fkrp Congenital Muscular | Defective basement membrane and fibre detachment. Failure to effectively form the fibronectin-collagen | (Wood et al., 2021)
Dystrophy connection. Reduced maximum force of contraction
FLNC (sot) Myofibrillar myopathy | FLNC is duplicated in zebrafish: only FLNCB is mutated, producing a temporary disruption to the slow- | (Ruparelia et al.,
twitch fibres that resolves with age. Targeting FLNCA with morpholino led to a similar mild phenotype, | 2012)
however, targeting both led to a severe phenotype of severe slow and fast-twitch muscle fibre disruption
and aggregates containing myosin and desmin. These aggregates resemble myofibrillar myopathy.
GNE GNE Myopathy Embryonic lethal by 10 days post fertilisation (dpf). Reduced movement, severe myofibre | (Livne et al., 2022)
disorganisation, reduced heart rate and increased body axis formation
KY Kyphoscoliosis Upregulation of Chaperone Assisted Selected Autophagy (CASA) Components (Jokl et al., 2018a)
LAMA2 Congenital Muscular | Detachment of both slow-twitch and fast-twitch muscle fibres from the vertical myoseptum from as early | (Hall et al.,, 2007a)
(candyfloss) | Dystrophy as 36 hpf, brought about by movement and muscle contraction. The detachment of fibres is not | (Gupta et al., 2012)

associated with a loss of sarcolemmal integrity. Signs of fibrosis in the myoseptum. Most embryos die
by 16 dpf. Can be rescued with injection of wild type LAMA2 mRNA. Reduced muscle, brain and eye
size.
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lamb2 (softy)

Congenital Muscular

Dystrophy

High levels of muscle disruption occurring from fibres detaching from the basement membrane, from as
early as 3 dpf. Sarcolemma damage. Abnormal ultrastructural appearance of the myotendinous junction
(MTJ). Surprisingly not embryonic lethal.

(Jacoby et al., 2009)

Cardiomyopathy and
skeletal myopathy

LMNA Striated laminopathies | Damage to slow-twitch muscle fibres. Impaired larval locomotion. Abnormal expression of MAPK | (Nicolas et al., 2022)
members, including upregulation of phosphorylated ERK. Also a downregulation of Nfkb2 expression.
Mild cardiac phenotype of decreased fractional shortening at 3 and 4 dpf.

mbnl1 Myotonic dystrophy Reduced adult body length. Impaired locomotion. Aberrant alternative splicing of genes, such as RyR1, | (Hinman et al., 2021)

implicated in disease.

MTM1 Myotubular Myopathy | Abnormal pectoral fin development. Embryonic lethal by 9 dpf. Substantially impaired locomotion and | (Sabha et al., 2016)

abnormal triad formation, lacking SR and fragmented t-tubules. Improvement of phenotype with PI3K
inhibitors.

MYMK Carey-Fineman-Zeiter | Fast-twitch muscle fibres failed to fuse. Reduced size and weight of adult zebrafish and craniofacial | (Di Gioia et al., 2017)
Syndrome Cartlidge deformities. Fast twitch fibres showed hypotrophy and fatty infiltration

MYO18B Nemaline myopathy Complete immobilisation of embryo. Disruption of myofibrillogenesis and fast-twitch fibre sarcomeric | (Berger et al., 2017)

(fro) organisation. Loss of force generation in fast-twitch fibres and reduced force in slow-twitch fibres. | (Gurung et al., 2017)

Cardiac phenotype was mild with some sarcomeric organisation present, although cardiac oedemas did
occur. Phalangeal Cartlidge was abnormal

neb Nemaline myopathy Reduced embryo length and thinner, bent tails. Severe locomotion defects at 48 hpf including reduced | (Telfer et al., 2012)

force. Muscle structure was highly disrupted (birefringence). Cardiac abnormalities, such as cardiac
oedema. Ultrastructural abnormalities, such as reduced length of thin filament. Presence of nemaline
bodies, demonstrating nemaline myopathy.

RyR1 MmD; centronuclear | Impaired swimming response at 2 dpf. RyR1a and RyRb have fibre-type specific roles. No defects in the | (Hirata et al., 2007a)
myopathy; core | central nervous system or neuromuscular junction. Decreased calcium transients in fast-twitch fibres | (Dowling et al., 2012)
myopathy and CFTD | and DHPRs at t-tubule/SR junctions. Small cores and defects to the SR were also observed. (Cha?ovetz et al,

2019

SPEG Centronuclear Embryonic lethal by 11 dpf. Disrupted triad formation and reduced triad numbers. Impaired swimming | (Espinosa et al,
myopathy ability and upregulation of dynamin 2 (DNM2) and desmin 2022)

TTN (ruz) Dilated Phenotype was more severe when mutations were in the C-terminal region of TTN. Impaired cardiac | (Steffen et al., 2007)

contractility and sarcomere disorganisation. Sarcomeric proteins were aberrantly localised.

(Zou et al., 2015)

Table 1.1. Genetic zebrafish models of human skeletal muscle disease-causing gene mutations. Column 1 is the gene implicated and in brackets is the name given
to the zebrafish mutant for this gene. Column 2 details the human muscle disease/s associated with mutations to the gene. Column 3 is the phenotype of the
zebrafish with mutations in the gene and column 4 is the reference. Only genetically targeted zebrafish have been included, not morpholino knockdowns.
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1.9. Thesis Aims

The aims of my thesis can be broken down into two distinct parts. Firstly, to

characterise the expression of ZAK isoforms in embryonic and adult zebrafish

and use CRISPR-Cas9 gene-targeting to mutate both isoforms. Secondly, to

investigate any impact that the loss of ZAK has to the phenotype of zebrafish

embryos and adults, including aged zebrafish.

Characterise expression of both ZAK isoforms in zebrafish and compare
to the expression profile in humans and mice.

Genetically target ZAKa and ZAKg, and breed to create mutant lines
lacking each isoform and both.

Validate ZAK mutants, by measuring levels of each respective transcript
using quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR)

Investigate changes in the activation of prospective downstream MAPK
proteins in the absence of ZAK, using western blots. Also investigate
changes in the expression of other signalling pathways at the transcript
level using qRT-PCR.

Investigate muscle function by measuring key swimming attributes in
ZAKp mutant zebrafish at a variety of different ages, through
computational video analysis. The strength of muscle contractions in early
zebrafish embryos will also be assessed using a tactile strength assay
Assess the heart rate for any variability in the ZAKB”- mutant.

Analyse any changes to the fibre size or ability to repair wounds using
confocal imaging of reporter lines. To do this ZAKB” mutants will be
crossed into transgenic lines, allowing for high resolution imaging of
skeletal muscle and macrophages.

Assess for any abnormalities in the ultrastructure of old-aged ZAKB”
skeletal muscle, compared to age-matched wild type, using transmission

electron microscopy (TEM).
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2. Materials and Methodology
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2.1. Ethics

The experimental procedures performed as part of this thesis are carried out in
accordance with the United Kingdom Home office Animals (Scientific
Procedures) Act (ASPA) 1986 under project licence PPL POF245295 held by
Professor Betsy Pownall and Personal Licence PIL I0EE85C59 held by

Alexander Russell

2.2. Zebrafish Husbandry

Zebrafish are kept in 14-hour day and 10-hour night cycles as adults on an
Aquatics Habitats Z-Hab system. Larval zebrafish (up to 5 days post fertilisation
(dpf)) are kept in 28°C incubators in E3 media (5mM NaCl, 0.17mM KCI, 0.33mM
CaClz, 0.33mM MgSO04, 0.1% methylene blue), except for when they are removed
for use in experiments or cleaned. Zebrafish are fed twice a day: Morning feed is
brine shrimp artemia cysts (ZMsystems). Afternoon feed is a dry formulation
(Zeigler adult 1 mm pellet, 500-800 micron golden pearl, 300-500 micron golden
pearl, freeze dried rotifers and spirulina flakes) The zebrafish tank water is
automatically heated to 28°C and buffered by the control system to ensure a pH

range of 7.20-7.60 and a conductivity range of 750-850s.

Anaesthesia was performed by transferring zebrafish into 250ml buffered-tank
water containing 0.1% w/v MS-222 (tricaine) (Sigma; A5040-25G). Schedule 1
euthanasia was performed by overdose in benzocaine and confirmation of death
by destruction of the brain, in accordance with UK ASPA Act 1986. Surplus
zebrafish embryos are humanely discarded by euthanasia in 1% sodium

hypochlorite.
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2.3. CRISPR Genome Editing

2.3.1. ZAKa CRISPR Guide Strand Design

Single guide (sg)RNA against ZAKa was designed using the software
‘CHOPCHOP’. This software identified regions within exon 2 of ZAKa with
appropriate protospacer adjacent motif (PAM) against which complementary
sequences CRISPR RNA (crRNA) can be designed to guide the Cas9
endonuclease to the correct region of deoxyribonucleic acid (DNA), for effective
cleavage. In addition to the target sequence, which will be used to synthesise the
guide strand RNA, a T7 promoter region (GCAGCTAATACGACTCACTATAGG)
was also incorporated at the 5" end of the primer allowing for transcription of the
guide strand using T7 RNA polymerase (Nakayama et al., 2014). To the 3’ end
of the primer, part of the conserved transactivating CRISPR RNA (tracrRNA)
motif was added (GTTTTAGAGCTAGAAATA), to bind to the Cas9
endonuclease, allowing the crRNA region to guide the complex to the target
region of DNA, where Cas9 cause the double stranded DNA (dsDNA) breaks and
the error prone repair to occur (Santos et al., 2016b; Liao and Beisel, 2021). The
reverse primer was used for both guide strands and is the remainder of the
conserved tracrRNA motif sequence in reverse complement (Nakayama et al.,

2014; Santos et al., 2016b). See table 2.1 for primer sequences.

Primer Sequence

ZAKa CRISPR Guide | GCAGCTAATACGACTCACTATAGGTTCTGGAAGC
Strand 1 GCCCAATTATGTTTTAGAGCTAGAAATA

ZAKa CRISPR Guide | GCAGCTAATACGACTCACTATAGGTTTTGAGCGT
Strand 2 TCTCAGTCATGTTTTAGAGCTAGAAATA

CRISPR Reverse Primer | AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTG
ATAACGGACTAGCCTTATTTTAACTTGCTATTTCT
AGCTCTAAAAC

Table 2.1. Sequence of primers used to produce sgRNA.
The sequence of primers used to synthesise ZAKa guide strands 1 and 2, as well as the
universal reverse strand. Highlighted in yellow is the crRNA target sequence.
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2.3.2. Guide RNA Transcription

Initially polymerase chain reaction (PCR) was performed to amplify the sgRNA.
1 uM forward primer (respective ZAKa CRISPR guide strand) and 1 uM reverse
primer was combined with 27 ul of nuclease free water, 0.1 puM mixed
deoxyribonucleotide triphosphates (dNTPs) (ThermoFisher; RO181) and 1X HF
buffer. The PCR was set up for an initial hold at 98°C for 30 seconds before
adding 2 units Phusion polymerase (New England Biolabs; M0530). The PCR
settings were as follows for 35 cycles: 98°C for 10 seconds; 60°C for 30 seconds;
72°C for 15 seconds. There was a 10-minute final extension at 72°C.
Confirmation of successful amplification was confirmed through presence of the
correct sized amplicon on a 2% Tris-acetate-EDTA (TAE)-agarose gel run at
160V for 15 min.

Using the amplicon from the previous PCR reaction, a transcription reaction was
set up using the MEGAshortscript™ T7 transcription kit (Invitrogen; AM1354M).
A reaction was set up for each of the guide strands (3 pl) containing: 2 pl
adenosine triphosphate (ATP), 2 ul cytidine triphosphate (CTP), 2 pl uridine
triphosphate (UTP), 2 pl guanosine triphosphate (GTP), 5 pl water, 4 pl of DNA
template and 4 pl 10X enzyme mix. The transcription reaction was incubated at
37°C overnight. The synthesised gRNA was analysed on a 2% TAE-agarose gel
to ensure transcription had taken place effectively. 1 ul of Turbo DNase (Part of
MEGAshortscript™ T7 transcription kit) was added to each sample and incubated
at 37°C for 15 minutes, in order to remove residual DNA, leaving just guide RNA.
To purify the gRNA, 40 pul 5 M ammonium acetate stop solution was added to
each sample along with 340 pl of nuclease free water and then 400 ul phenol
chloroform. Following a thorough vortex and a five-minute centrifugation at
13,000 rpm, 300 ul agueous phase was transferred to a clean tube and 300 pl
chloroform:isoamyl alcohol was added. A further, thorough vortex was followed
by centrifugation at 13,000 rpm for five minutes. The aqueous phase was
transferred to 800 ul 100% ethanol and left to precipitate at -20°C overnight. The
samples were centrifuged at 13,000 rpm for 15 minutes, the supernatant
discarded, and the pellet washed with 120 pl ice-cold 70% ethanol. The samples
were centrifuged at 13,000 rpm for 5 minutes. The pellet was then dried by
vacuum desiccation for 20 minutes and resuspended in 20 pl nuclease free water.

The purified sgRNAs were validated by running on a 2% TAE-agarose gel at
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150V for 15 minutes. Using the nanodrop ND1000, the absorbance at 260nm was

also used to determine the concentration of guide RNA.
2.3.3. Microinjections

Male and female zebrafish were set up to mate during the afternoon/early evening
in specialised breeding tanks (Aquatics Habitats), containing dividers to separate
the male and female. The dividers were removed the following morning, shortly
after the lights automatically turn on, and the zebrafish were allowed to mate
undisturbed for 30 minutes. The embryos were then collected and stored in E3
media until injected. 1 nl containing 300 pg of each ZAK guide strands (co-
injected both sgRNAS), 1 ng Cas9 endonuclease (in a buffer consisting of 20 mM
tris, 200 mM KCI, 10 mM MgClz, pH 7.5) and 83 mM KCI was injected into the
yolk of zebrafish embryos at the 1 - 4 cell stage, close to the cell body. Embryos
were then grown as normal in fresh E3 media at 28°C up until 5 dpf. Embryos
that died during the procedure were removed and fresh E3 was provided daily. A
microinjector (PM1000 Cell Microinjector, MDI) and foot pedestal were used for
microinjections and all injections performed used borosilicate glass capillaries

(Narishige; G-1). Injections were performed using a micromanipulator (Prion).
2.3.4. Heteroduplex Assay

The heteroduplex assay for screening mutants/genotyping is adapted from (Zhu
et al.,, 2014). Different sequences in a PCR product can bind to each other.
Mismatches of bases, insertions or deletions can result in structural abnormalities

in the DNA and slower migration during polyacrylamide gel electrophoresis.

2.3.4.1. DNA Extraction

ZAKa FO zebrafish were raised to sexual maturity and then outcrossed with wild-
type zebrafish to generate F1 heterozygotes. The potentially heterozygote
embryos are collected and have their DNA extracted: Individual embryos are
added to 50 pl lysis buffer (10 mM Tris; 10 mM ethylenediaminetetraacetic acid
(EDTA); 200 mM NaCl; 0.5% sodium dodecyl sulphate (SDS); 200 pg/ml
proteinase K) and heated at 55°C for 3 hours with a vortex after 90 minutes and
150 minutes. The DNA is precipitated in 200 pl 100% ethanol for 30 minutes at
4°C, before centrifuging at 13,000 rpm for 10 minutes. The pellet is washed with
200 pl 70% ethanol and centrifuged at 13,000 rpm for 2 minutes. The pellet is

dried by vacuum desiccation before resuspending in 20 ul nuclease free water.

58



DNA can also be extracted from dissected adult zebrafish fin clips, allowing adults
from a mixed tank to be genotyped. The same protocol is followed, however, 200
ul lysis buffer is used for the heating stage, the DNA is precipitated in 1 ml 100%
ethanol and the final DNA pellet is resuspended in a greater volume of nuclease

free water (typically 50 pl).

2.3.4.2. PCR Amplification

Primers were designed using sequences in flanking introns that were around 250
base pairs upstream (forward) and downstream (reverse) of the target sequence,
and a PCR reaction was performed to amplify this region. 12.5 ul 2X Taq PCR
mastermix (Promega; M7502); 1 ul forward primer (0.4 uM); 1ul reverse primer
(0.4 uM); 1pul DNA and 9.5ul nuclease free water is added for each reaction. PCR
reactions were typically run for 30 cycles, unless otherwise specified, with an
initial denaturing step of 98°C for 90 seconds. Denaturing and annealing times
were always 30 seconds for genotyping PCR reactions. The annealing
temperature and extension time can be seen in table 2.2. The extension
temperature was 72°C and the final extension time was always 10 minutes. Table

2.2 shows genotyping primer pair sequences.

2.3.4.3. Heteroduplex Mobility Assay

Heteroduplex mobility assays are used as a pre-sequencing screening tool to
identify changes to the DNA sequence. The amplicon is run on a 12% resolving
gel (12% acrylamide, 10 pg/ml ammonium persulphate (APS), 1.2 pug/ul
tetramethylethylenediamine (TEMED), 1X Tris-Borate-EDTA buffer (TBE) buffer
(0.1 M Tris base, 0.1 M Boric acid, 2 uM EDTA)) for 3 hours at 150V. The running
buffer is 1X TBE. The gel is then stained using 1 pg/ml ethidium bromide in 1X

TBE for 30 minutes and then de-stained for 2 hours in deionised water.

Heteroduplexes (2 different DNA strands that have annealed during PCR)
migrate at a different rate to homoduplexes (2 identical DNA strands - wildtype or
homozygous mutant DNA), allowing heterozygotes to be detected (Zhu et al.,
2014). Also, large insertions and deletions (INDELS) will be identified by bands
running at different heights. PCR products that migrate abnormally or show

additional bands are sequenced to identify the nature of the mutation.
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2.3.5. Sequencing

Amplified DNA was purified using monarch DNA Extraction kit (New England
Biolabs; T1020S) as per the protocol, prior to sequencing. The purified amplicon
was either diluted to an appropriate concentration (dependent on Eurofins
optimum specification for the amplicon size, subject to change) along with 5 pl of
5 pg/ul forward primer or was ligated into pGEM-T Easy plasmids (Promega;
A1360) to sequence individual PCR fragments.

For the specific sequencing of suspected heterozygotes, ligating into pGEM-T
Easy plasmids and transforming competent E. coli cells (New England Biolabs;
C2925L) is the most beneficial method, as both alleles can be detected in
different fragments. To do this 3 pl amplicon is added to 1 pl DNA Ligase; 1 pl
pPGEM-T easy vector and 5 pl 2X ligation buffer. A control with 3 pl nuclease free
water insert of PCR product was set up. The ligations are stored at 4°C overnight.
25 ul Competent E. coli cells were transformed by addition of 5 pl ligated plasmid
and leaving on ice for 30 min. The cells were then subject to heat shock at 40°C
for 90 seconds before leaving on ice for a 5 min recovery. 1 ml lysogeny broth
(LB) broth (10g/L Sodium Chloride; 10g/L Tryptone; 5g/L Yeast Extract) was then
added and the cells were incubated with agitation at 37°C for 1 hour. The cells
were then plated on LB agar (10 g/L Sodium Chloride; 10 g/L Tryptone; 5 g/L
Yeast Extract; 15 g/L Agar - supplemented with 100 pug/ml ampicillin (Scientific
Laboratory Supplies; A9518)) and left at 37°C overnight. Individual colonies were
first screened using PCR: 2 ul of nuclease free water was added to a single
colony, which was then mixed by pipetting. The 2 ul colony was then added to a
clean PCR tube containing 10 pl Promega PCR master mix; 1 pl SP6 primer, 1
ul T7 primer and 6 pl nuclease free water. See table 2.2 for details of the
parameters and primers. Primers were designed using the sequences for the SP6
and T7 sites on the p-GEM-T Easy plasmid, as these flank either side of the insert
site, allowing for the potential insert to be checked. The presence of amplicon
was checked on a 1.3% TAE agarose gel. The respective pipette tip used to mix
and transfer the colonies to the PCR tubes was placed in a tube containing 3 ml
LB broth (containing 300 pug ampicillin). Any colonies identified as having the
amplicon inserted are then cultured overnight at 37°C with agitation. The
plasmids are extracted and purified using the QIAprep spin miniprep (Qiagen;
27104) clean up kit protocol.
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The purified plasmids are then diluted to 80-100 pg/ul and sent for analysis by

Sanger sequencing (Eurofins) using a 1 ug/pl SP6 primer.

Target | Forward Reverse Annealing Extension time
primer Primer temperature
ZAKa | TGGTGCTCT | TAAACAGAC |59°C 40 Seconds
GTCAAAAAT | CCTGTGGAC
AAATAA
ZAKp | TCATGGCCT | TGCAGCTTT |62°C 40 Seconds
CAGACAGCA | TGGGTGACG
AA TA
KY AGCCACCAA | GTGTTAGCA
TCAGAAGAA | CAGAGTGCA | 62°C
GCA CAA 40 Seconds
SP6 AGGTGACAC | N/A. Used Dependent on size
TATAGAATAC | alongside 50°C of amplicon ligated
TCAAG T7 primer into pGEM plasmid
(35 seconds per
500 base pair
insert).
T7 GTAATACGA | N/A. Used Dependent on size
CTCACTATA | alongside 50°C of amplicon ligated
GGCG SP6 primer into pGEM plasmid
(35 seconds per
500 base pair
insert).

Table 2.2. Primers and PCR conditions for genotyping zebrafish.

The Annealing temperature and extension time are detailed as well as the sequence of
the forward and reverse ZAKea, ZAKS and KY genotyping primers. pGEM SP6 and T7
sequences are also included for amplifying the insertin pGEM plasmids following ligation
and also for sequencing plasmids.
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2.4. Quantitative Reverse Transcriptase (QRT) — PCR

2.4.1. RNA Extraction

The RNA extraction protocol was the same regardless of whether the samples
were embryos or adult tissue. For embryos, a minimum of 5 embryos from a
single mating were removed from the chorion (if younger than 3 dpf) and flash
frozen using liquid nitrogen. Adult tissues were dissected from culled zebrafish
(overdosed in benzocaine) and rinsed in 1X phosphate buffered saline (PBS (140
mM NaCl; 2.7 mM KCI; 10 mM NazHPO4; 1.8 mM KH2POas;) before being
immediately flash frozen in liquid nitrogen.

The flash frozen embryos/tissues were defrosted and immediately homogenised
in 1 ml TRI reagent (Sigma; T9424) before centrifuging at 12,0009 for 10 minutes
at 4°C. The supernatant was transferred to a fresh Eppendorf and left to settle at
room temperature for 5 minutes. 200 pl chloroform was added and the samples
shaken thoroughly for 15 seconds and left to settle at room temperature for 10
minutes. The samples were centrifuged at 12,000 g for 15 minutes at 4°C and the
aqueous layer transferred to a fresh tube; 500 pl isopropanol was added and
incubated at room temperature for 10 minutes. The samples were centrifuged at
12,000 g for 10 minutes. The pellet was washed three times with 1 ml 70%
ethanol and spun down at 12,000 g for 5 minutes at 4°C, after each addition of
70% ethanol. The pellet was dried by vacuum desiccation and resuspended in 40
ul molecular grade water. The pellet of RNA extracted from embryos or the heart
was resuspended in 20 pl nuclease free water because of the low RNA

concentration recovered.

The RNA is run on a 1.3% TAE agarose gel and the concentration is measured
by spectrophotometry on the Nanodrop ND1000 (Thermo Scientific) to check for
good quality. The RNA on the gel should have two major bands (28S:18S
ribosomal (rRNA)) with roughly a 2:1 ratio and minimal degradation. The 260/280
and the 260/230 ratio also should be ~2.0 for the RNA to be used in gPCR.

ZYMO RNA Clean and Concentrator -5 (ZYMO Research; Cat #R1013 & R1014)
protocol was used to purify and concentrate the RNA. 5ul DNAse and 5ul
digestion buffer was transferred to the RNA and left for 15 min at room

temperature. The Zymo clean and concentrator-5 protocol was then followed.
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2.4.2. cDNA Synthesis

500 ng RNA was mixed with 0.7 uM dNTP (ThermoFisher; RO181), 3.6 uM
random hexamer primers (ThermoFisher; SO142) and nuclease-free water to a
final volume of 18 pl. The RNA was then incubated at 65°C for 5 minutes, followed
by a brief cooling on ice. 1X SSIV buffer; 17mM Dithiothreitol (DTT) and SSIV
reverse transcriptase (RT) (200U) (all components part of SSIV Reverse
Transcriptase kit (ThermoFisher; 18090010) was added to the RNA to a total
volume of 25 pl. The RNA was then incubated at 23°C for 10 min, 55°C for 10

min before a final 80°C heating stage for 10 min to inactivate the RT.
2.4.3. qRT-PCR

The NCBI primer basic local alignment search tool (BLAST) software was used
to design gRT-PCR primers with minimal off-target regions
(https:/iwww.ncbi.nlm.nih.gov/tools/primer-blast/). There were set parameters
(discussed below) used, so that all primers had similar conditions and could be
used on the same qRT-PCR plate, with the same conditions. Primers with low
levels of self-complementarity and no predicted off-target effects were selected.
Primers that produced an amplicon of 75 — 200 base pairs were designed. A
primer test was always performed to check the that the primer efficiency was
between 90-110% following a set of known dilutions of complementary DNA
(cDNA). The absence of primer dimers or abnormalities on the melt curve were
also assessed. The primer test ensures that the primer is efficient at the
concentrations of RNA that will be used in the relative expression experiments.

See table 2.3 for the sequence of all primer pairs to be used in qRT-PCR.

For RNA that will also be used in gRT-PCR, the cDNA was diluted with 50 pl
nuclease free water to allow for enough cDNA for the entire plate. 3 pl of cDNA
is added to the respective well along with 10 pl SYBR Green Fast master mix
(ThermoFisher; 4385612). 0.5 ul forward primer (10 uM); 0.5 pl (10 uM) reverse
primer and 6 pl nuclease free water and mixed thoroughly. The PCR was

immediately run to avoid the loss of the fluorescent signal intensity.
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All primers were designed to have a melting temperature of between 57-63°C,
with an optimal temperature of 60°C and a maximum 2°C difference in the primer
pair. All primers were designed to be between 75-200 base pairs. Consequently,

all gPCR programmes were run with the same parameters:

e Initial 1X 95°C: 30 Seconds
o 95°C: 1 Second
o 60°C: 20 Seconds
o Following the initial 95°C for 30 Seconds, the next 2 steps were

repeated for 40 cycles

Technical triplicates of the same sample were performed to minimise pipetting
error or anomalies from skewing data. At least biological triplicates were
performed to increase the statistical power and avoid biological anomalies from
skewing data. qPCR was performed using the QuantStudio 3 (Admiral; A28567)
and the Livak method (Livak and Schmittgen, 2001) of 2-22CT was used for
analysis. ACT was calculated by subtracting the cycle threshold (CT) value of
EFla (housekeeping gene) from the CT value of a target gene. The ACT of a
reference gene is then subtracted from the average ACT of a target gene, from
which the relative fold change difference for (AACT) (for example the ACT for wild
type would be subtracted from the ACT of the mutant). 22T was then used to
calculate the fold change in expression. All statistical tests are performed on the

untransformed ACT values.
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Gene Forward Primer Reverse Primer

ZAK GGCACAGGACAAAAGGACTG | ATGTACGCTATCGCCACCTC

ZAKpS CCGATCCTGCACTCCTCTGT | CCTCAGAGCTGTTGCTCTCC

Efla TTGAGAAGAAAATCGGTGGT | GGAACGGTGTGATTGAGGGA
GCTG AATTC

Myl1 CCCACCGCTGATGATATG CGAATACACGCAGACCCTCA
GTA

SMyHC CAGGCTCCCAGAATG AGCTTCATTCCTGCTGCGAG
AGATTGAAG

Myogenin | ACTCAACCAGCAGGAGCA GTCGTCGTTCAGCAGATCCTC
TGA GT

Myomaker | GTCACGCTACTGGCGCTTG CCCAGTCGGTCCTGGTAAATC

RUNX1 CGTCTTCACAAACCCTCCTCA | TAACGCGCCTGGCTTTACTG

KY TGACCCTCATACATCCCAAGC | GAGCTCCTGTCTGGGGATCA

FLNCA CCTTCGTGGGTCAGAAGAAC | GGAGTTCTAGGACCGTGGAC

FLNCB GGCCCTACAAAGTGGACATC | CTTCAAACCAGGCCCATAAG

Bag3 TGCCCATTCAGATTCAACAG GGCTGCTGTGTAGGTTGTTG

Table 2.3. gRT-PCR Primer sequences.

2.5. In Situ Hybridisation

In situ hybridisation (ISH) allows for tissue-specific expression of genes to be

identified. Anti-sense RNA probes are generated, which incorporate Digoxigenin

(DIG-UTP). These are hybridised to zebrafish embryos and the presence of DIG

is detected using anti-DIG antibodies coupled with the enzyme alkaline

phosphatase (AP). The AP is then provided with the substrate BM purple, where

it catalyses the production of a permanent dark purple band allowing the mRNA

location to be visualised.
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2.5.1. Probe Synthesis

Primers used to make ISH probes were designed using NCBI Primer BLAST to
ensure primer specificity (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The
probes were designed to be between 300 — 700 base pairs and the amplicon
sequence was subject to nucleotide blast (NCBI; Blastn) to avoid regions that
could potentially bind to non-specific mMRNA transcript in the embryo. See table
2.4 for details of the primers used to make the probes and the PCR conditions

required.

cDNA was made from RNA extracted from 3 dpf wild type zebrafish embryos as
per section 2.4.2. The PCR parameters in table 2.4 were followed generate the
amplicon against which the probe is synthesised. The denaturing step was 98°C
for all PCR reactions and the final extension was for 10 minutes at 72°C. The
PCR was set up with 10 ul Promega 2X Taq mastermix; 1 ul forward primer (10
uM); 1 ul forward primer (10 uM); 7 ul nuclease-free water and 1 ul cDNA. All
PCR reactions were run for 30 cycles. The presence of taq polymerase ensures
a 3’ adenine overhang, allowing the amplicon to be ligated into pGEM t-easy
Vectors. 3 pl amplicon, 1 pl DNA Ligase; 1 ul PGEM t-easy vector and 5 pl 2X
ligation buffer were gently mixed by pipetting and stored at 4°C overnight. The
same protocol for transformation of E. coli and miniprep seen in section ‘2.3.5
sequencing’, and the orientation of the amplicon insert was checked by

sequencing with the SP6 primer (table 2.2).

The plasmids were linearized with an appropriate restriction enzyme (see table
2.4). 3 ug of plasmid was added to 10 pl 10X restriction buffer (Buffer H (Roche;
11417991001)) for Ndel and rCutSmart buffer (New England biolabs; B6004S)
for Ncol), 1 ul respective restriction enzyme and nuclease free water to a final

volume of 100pl. The digestion time was 2 hours at 37°C.
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The linearized plasmid was made to 400 pl with addition of 310 pl nuclease free
water. The diluted, linearised plasmid was purified using phenol chloroform
extraction: an equal volume of phenol chloroform was added followed by
centrifugation at 13,000 rpm for 5 minutes. The aqueous phase was transferred
to an equal volume of chloroform, followed by centrifugation at 13,000 rpm. The
aqueous phase was again transferred to a solution of 10% sodium acetate, 2.5X
the existing volumes worth ethanol and precipitated at -20°C overnight. The
sample was spun at 13,000 rpm for 20 minutes before washing discarding the
supernatant and washing the pellet with 200 ul 70% ethanol. The plasmid was
spun again at 13,000 rpm for 5 minutes before discarding the supernatant and
drying the pellet by vacuum desiccation. The pellet was resuspended in 25 pl

molecular grade, nuclease free water.

The probes were synthesised using 1 ug clean linearised plasmid, 2 pl 10X
transcription buffer (buffer H — unless the restriction enzyme is Ncol, where it is
buffer tango), 10 mM Dithiothreitol (DTT), 1 ul correct RNA polymerase, DIG RNA
labelling mix (Roche; 11277073910) and nuclease free water to a final volume of
20 pl. The transcription reaction was overnight at 37°C. Following the
transcription, the probes were precipitated by adding 300 pl 100% ethanol, 50 ul
ammonium acetate and 50 pl nuclease free water and incubating overnight at -
20°C. The sample was then centrifuged at 13,000rpm for 30 minutes, followed by
addition of 100 pl 70% ethanol, and centrifuging at 13,000rpm for 15 minutes.
The probe was then vacuum desiccated to dry and remove residual ethanol

before re-suspending in 50 pl deionised water ready for use in the ISH procedure.
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Probe Forward Reverse | PCR Restriction | RNA
Primer Primer parameters. Enzyme Polymerase
ZAKa GAGACC | GTCTTG | 60°C annealing | Ndel T7 (Thermo
TGCGAC | CTCCAG | temperature. (NEB; Fisher;
ACCTTC |TCCTCG |40 second | RO111S) | EP0112)
TC TC extension
ZAKp TTTGCA |CTTCTT |60°C annealing | Ndel T7
GACCTG | GGCTTG |temperature. 1 | (NEB;
ATGAGA | CATGTT | minute 93193S)
CG GA extension
sMyHC CAGGCT | AGCTTC | 60°C annealing | Ncol SP6
CCCAGA | ATTCCT | temperature. (Thermo
ATGAGA | GCTGCG |40 second Fisher;
TTGAAG | AG extension EP0131)
Myogenin | GCTTTT | GGACGA | 59°C annealing | Ndel T7
CGAGAC | CACCCC |temperature.
CAACCC | AGTATG |40 second
CT TG extension
Myomaker | CCGAC | CATCAT | 56°C annealing | Ndel T7
TGGGCT | ACACAG | temperature.
30 second
ACGGCA | CAGCAG .
extension
TTTACTC | AGGGT
SOX6 TACCTC | CATGGT | 55°C annealing | Ndel SP6
GACCCC GGAGAG | temperature.
TGATGG TTGTCG |30 second
AG CT extension

Table 2.4. Forward and reverse primers, and PCR conditions used to generate probes

for ISH.

Also detailed are the PCR parameters used to produce the amplicon, the restriction
enzyme to linearise the plasmid and the RNA polymerase used to synthesise the probe.
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2.5.2. ISH Procedure

Embryos from a lay were grown in zebrafish E3 media (5mM NacCl; 0.17 mM KCI;
0.33 mM CacClz; 0.33 mM MgSO4 and 0.0001% Methylene Blue), supplemented
with 0.6 g/L PTU, which is known to inhibit the melanisation of embryos post 24
hpf (Karlsson et al., 2001), making the imaging considerably easier further
downstream. Embryos were transferred to a dish containing fresh media and PTU
daily. Atthe appropriate day of development, up to 60 embryos were placed in a
glass vial containing 15 ml MEMFA (0.1 M MOPS, 2 mM EGTA, 1 mM
magnesium sulphate, 10% formaldehyde) to fix through rolling for one hour,
before removal of the liquid and replacement with 15 ml methanol. The embryos
were rolled for 15 minutes before replacement with fresh methanol and storing at

-20°C until used in the protocol.

The embryos were gradually re-hydrated in PBST (140 mM NacCl; 2.7 mM KClI,
10 mM Na2HPOg4; 1.8 mM KH2POg4; 0.01% Tween20), using initially 25% PBST
in methanol and rolling the embryos for 10 minutes. 15 ml of 50% PBST in
methanol replaced the previous solution and the embryos were again rolled for
10 minutes. The embryos were then subject to 3X 5 minute washes in PBST to
remove excess methanol. Proteinase K was used to make the membrane of the
embryo more permeable allowing the probe to pass more readily into the embryo.
Proteinase K was added to 10 ml PBST to produce a final concentration of 10
ng/ml followed by gentle agitation for up to 10 minutes per day post fertilisation
(dpf). The embryos were acetylated by subsequent washes of 5 ml 0.1 M
triethylamine, followed by 2.5% acetic anhydride in 5 ml 0.1 M triethylamine and
finally 5% acetic anhydride in 5 ml 0.1 M triethylamine. A buffer exchange into
PBST (2 washes) was performed prior to re-fixing in 10% formaldehyde in PBST
and leaving to fix for 20 minutes on a roller at room temperature. A further buffer
exchange back into PBST was performed (5 washes). Embryos were heated at
60°C for 2 hours in 1 ml Hybridisation buffer (100 pg/ml heparin; 10 mM EDTA;
0.1 CHAPS; 0.1% Tween20; 50% Formamide; 5X SSC buffer; 1X denharts)
supplemented with 2% yeast RNA (pre-boiled at 80°C) in a 1.5 ml eppendorf.
Hybridisation buffer containing 4% v/v of pre-heated probe (probe was heated at
80°C for 3 minutes before use in hybridisation buffer) replaced the existing buffer

and the embryos were left to incubate overnight at 60°C at a gentle agitation.
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Excess probe was washed off by 2X 10-minute washes in 1 ml hybridisation
buffer at 60°C before 3X 20-minute washes in 1 ml 2X saline sodium citrate (SSC)
buffer (Sigma; S6639 - supplemented with 0.1% tween) at 60°C. 3X 30-minute
washes in 1 ml 0.2X SSC (0.1% Tween) at 60°C before washing twice with 1 ml
MABT buffer (0.05 M maleic acid; 0.07 M sodium chloride; 0.1% v/v Tween 20)
at room temperature with gentle agitation. A pre-incubation solution containing
2.5% BMB; 20% heat-treated lamb serum; 1X MAB was made and the embryos
were incubated in 1 ml of pre-incubation solution for 2 hours. 0.5 ul anti-
digoxigenin-AP fragmented antibodies (Roche; 11093274910) was added to 1 ml
of fresh pre-incubation buffer (forming incubation solution) and was added to the
embryos following 2 hours of pre-incubation. The embryos were incubated with
the incubation solution overnight at 4°C with gentle rolling to keep the embryos

from clumping together and the pre-incubation solution mixed.

The incubation solution was removed from the embryos by 3X 5-minute washes
in MABT before transferring to a 6 well plate. The embryos were then subject to
3X 1-hour washes in MABT with gentle agitation. The embryos were then washed
in 10 ml alkaline phosphatase (AP) buffer (100 mM tris base; 100mM NaCl; 50
mM MgClz; 0.1% Tween 20) for 3 minutes and then a further 15 minutes with
fresh AP buffer. AP buffer was removed by aspiration and fresh 1 ml BM purple
substrate (Roche; 11442074001) was then added and the embryos were left to
develop. Once regions of high mRNA expression have been identified by
comparatively deeper colour change, the colorimetric reaction is terminated by
2X 10-minute washes in 10 ml PBST before re-fixing the embryos by rolling in 10
ml MEMFA in a fresh glass vial for 1 hour and then storing in fresh MEMFA until
imaged.

Images were captured using Spot Insight Firewire camera (Diagnostic
Instruments inc., 239037), which was magnified using a microscope (Leica;
MZ75).
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2.6. Western Blot

2.6.1. Protein Extraction

The samples were prepared differently depending on the size of the tissues. All
samples (embryos and adult tissue) were homogenised on ice with glass
borosilicate homogenisers (Fisherscientific; 11522443), using Phosphosafe
extraction buffer (Novagen; 71296-3) until homogenous and there was minimal
debris present. It should be noted that skeletal muscle and heart require
substantial homogenisation for effective protein extraction. The following volumes

of Phosphosafe were added to each sample:

e Zebrafish embryos (5 embryos per sample): 100 ul Phosphosafe
e Adult Heart: 100 ul Phosphosafe
e Adult skeletal muscle: 200 ul Phosphosafe

The lysates were centrifuged at 13,000 rpm for 7 minutes before transferring
supernatant to a fresh tube. An equal volume of 2X sample buffer (150 mM tris;
20% Glycerol; 4% SDS; 10% B-mercaptoethanol) was added to each sample,
followed by heating at 95°C for 5 minutes.

2.6.2. SDS Polyacrylamide Gel Electrophoresis (PAGE)

The samples were briefly centrifuged at 13,000 rpm for 1 minute before loading
onto the SDS Polyacrylamide gel (PAGE). An appropriate amount of sample was
added following an initial test and ponceau (Sigma; P7170) stain of the
membrane prior to performing the experiment. 10 ul of Pageruler Plus Protein
ladder (Thermofisher; 26619) was added per gel to allow for an estimation of the
molecular weight of the protein. The gel was comprised of two layers: a 12%
resolving gel (0.5 M tris (pH 8.8); 0.1% SDS; 5 mg/ml APS; 0.3 mg/ml TEMED;
12% acrylamide) and a 4% stacking gel above (125 mM tris; 0.1% SDS; 5 mg/ml
APS; 0.3 mg/ml TEMED; 4% acrylamide). When making the resolving gel, water
saturated butanol was added on top of the gel, to ensure no bubbles and that the
gel is flat at the top. The water saturated butanol was removed prior to addition

of the stacking layer.

Running buffer (3g/L Tris base; 14.4g/L glycine and 0.1% v/v SDS) was added to
the tank and the SDS PAGE was run at 180V for one hour (or until sufficient
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ladder had run off, if resolution/separation of 2 proteins of similar-size molecular

weight is required).
2.6.3. Protein Transfer

Polyvinylidene difluoride (PVDF) membrane (Millipore; IPVHO00010) was
activated in methanol for 15 seconds before rinsing with water and transferring to
the transfer buffer (3g/L Tris base; 14.4g/L glycine; 10% v/v methanol) for 5-15
minutes. Foam pads and filter paper (Whatman; 10426981) were also pre-soaked
in transfer buffer prior to transfer. Once the ladder on the SDS PAGE gel had run
to a sufficient level, the electrophoresis was terminated, and the gel was soaked
in transfer buffer for at least 10 minutes. The transfer was set up with filter paper
on the outside of the gel and membrane, and foam squares flanking the filter

paper.

A wet protein transfer was performed to transfer the migrated proteins from the
SDS gel to a membrane: The protein from the SDS PAGE gel was transferred to
the membrane using a current of 85V of current for two hours in transfer buffer.
Ice packs were used to keep the transfer buffer cool and were routinely changed

every 30 minutes.
2.6.4. Probing Membrane

Following the transfer of proteins from the membrane, it was blocked in 5% w/v
milk powder (Marvel) in PBST (0.137 M NaCl; 0.0027 M KCI; 0.01 M NazHPOg;
0.0018 M KH2POs4; 0.1% Tween20) for one hour at room temperature. The
primary antibody was diluted appropriately in 5/10 ml fresh blocking solution (see
table 2.5), the membrane added and left rolling overnight at 4°C. The membrane
was washed in 200 ml PBST 6 times, with fresh PBST added after each 15
minutes. The membrane was blocked for 45 minutes at room temperature before
adding appropriately diluted secondary antibody (see table 2.5) in fresh blocking
solution and leaving for one hour, rolling, at room temperature. The membrane
was then subject to 6X 15 min washes with PBST before adding
chemiluminescence substrate (Merck; WBKL50100) and exposing on
photography film (Insight Biotechnology; sc-201696) using the XOgraph (Konica
Minolta Medical and Graphical, inc.; SRX-101A) to develop the photography film.
Figures were made by cropping scanned photography film using Adobe
Photoshop CS3.
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HRP-conjugated

(secondary)

Antibody and type | Species Raised | Dilution Manufacturer
Details

Dp-ERK 1 and 2 | Mouse 1:4,000 Sigma (M9692)

(primary)

Total ERK | Rabbit 1:100,000 Sigma (M5670)

(primary)

p-P38 (primary) Rabbit 1:2,000 Cell Signalling
Technologies
(9211)

p-AKT (primary) Rabbit 1:2,000 Cell Signalling
Technologies
(9271S)

Anti-mouse Goat 1:10,000 Jackson

horseradish laboratories (115-

peroxidase 035-174)

(HRP)-conjugated

(secondary)

Anti-rabbit Donkey 1:2,000 Cell Signalling

Technologies
(7074)

Table 2.5. Antibodies used in western blot experiments.
Also detailed are the species they were raised in, the dilution of antibody and
manufacturer details. There is also mention of whether the antibody is a primary or a

secondary antibody.
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2.7. Methylcellulose Stress Treatment of Zebrafish

Embryos

Zebrafish are raised, as normal, in E3 media until 5 dpf, when zebrafish larvae
are transferred to 0.6% or 1% methylcellulose supplemented E3 media. The
larvae are collected at 8 dpf, as per the optimised protocol to damage defective
muscle (Hall et al., 2007b; Ganassi et al., 2018). A maximum of 30 embryos per
methylcellulose dish allows sufficient space for larval zebrafish to swim. At 8 dpf
the larval zebrafish are either immediately fixed in 4% Paraformaldehyde (PFA)
for analysis on confocal microscopy (see section 2.9) or flash frozen in liquid
nitrogen and stored at -80°C for use in gRT-PCR and western blot for analysis of

transcription and protein expression changes, respectively.

2.8. cDNA Sequencing

Zebrafish are known to have nonsense-mediated decay (NMD)-evasion
mechanisms including exon skipping, cryptic splice sites and intron inclusion
(Anderson et al., 2017). This is discussed in greater detail in chapter three.
Consequently, whilst there is a premature stop codon at the genomic level, it is
important to assess that the mRNA is transcribed as predicted and it does not
evade NMD by one of the mechanisms discussed. To do this, primers in exon 1
(prior to the CRISPR target region in exon 2) and exon 12 for both ZAKa and
ZAKP were designed. See table 2.6 for primer sequences. The cDNA was
amplified using these primers with a large extension time, to ensure that any small

introns included could be detected.

RNA was extracted from 3 and 6 dpf embryos from the respective single mutant
line and cDNA was synthesised. Using the respective primers and PCR
conditions in table 2.6, the cDNA was amplified. The PCR product was then
ligated into pGEM t-easy plasmid (see 2.3.5. for further details) and E. coli was
transformed. Individual colonies were selected for overnight culture and the
plasmids were extracted and purified using the Qiagen DNA miniprep kit as per
manufacturers protocol (Qiagen). The plasmids were then sent for sequencing
using SP6 primer (table 2.2) and the sequence was analysed against the

predicted mutant genomic sequence.
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Gene Forward Primer | Reverse Primer PCR Conditions
ZAK ATGGCATCTC | CTTCAAAGATCT | Denaturing temp: 95°C
TGGGCAGCTC | GCTCCATCCAG Annealing temp: 53°C
Extension time: 90 seconds
Cycles: 30
ZAKp ATGACTGGGA | CTAATCGCTGT | Denaturing temp: 95°C
TTGTTCATAG | CGTCGTCAGAC

Annealing temp: 56°C

Extension time: 110 seconds

Cycles: 30

Table 2.6. Forward and reverse primers used for amplification of ZAKa and ZAKB cDNA.
The PCR conditions for each primer pair is also included.
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2.9. Confocal microscopy and Image Acquisition

ZAKB' zebrafish were successfully crossed into a range of transgenic lines (see

table 2.7).

Transgenic Line

Phenotype

Reference

Tg (Actal:Lifeact-
GFP;
mCherry(CAAX))

Lifeact-GFP is a 17 amino acid
actin-binding peptide fused with
a green fluorescent protein
(GFP) tag, that allows the
location of actin to be visualised
(Riedl et al., 2008).
mCherry(CAAX) allows
visualisation of the sarcolemma
through the CAAX tag. Both
fluorescent tags are under the

Actal promoter.

(Berger et al., 2014)

Tg (mpx:GFP)

Myeloperoxidase (also known
as MPO or MPX) is an enzyme
primarily expressed in
neutrophils (polynuclear
granulocytes that form part of
the innate immune response).
Expression of the MPX gene is
restricted to neutrophil and
neutrophil precursors (Bennett
et al., 2001). The mpx:GFP
transgenic line express GFP

under this promoter.

(Renshaw et al., 2006)

Table 2.7. Transgenic lines crossed with ZAKB”- zebrafish.
Details of the accompanying phenotype of the transgenic line has also been included,
along with details of the Lab who created the Transgenic zebrafish line.
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The transgenic zebrafish embryos following the appropriate condition or dpf are
fixed for one hour by rolling in 4% PFA. The embryos are then transferred to a
fresh glass vial containing 10ml PBST and 10 ug/ml Hoechst H33258 (Sigma,;
B2883) and incubated, whilst rolling, at 4°C overnight to allow sufficient time for
penetration of the nuclei stain. The fixed and stained embryos are placed on a
glass coverslip and mounted in 0.8% low melting temperature agarose (LMA)
(Promega; V2111), positioned on the side, with the dorsal side facing north and
the anterior end facing west, ready for imaging. The coverslip is added to a glass
slide along with two layers of 0.36mm double sided secure seal adhesive sheets
(Sigma; GBL620003), to avoid the coverslip and glass side crushing the embryo.
Details of the imaging analysis, for each respective transgenic line can be seen
in sections 2.9.1 and 2.9.2.

The Zeiss laser scanning confocal microscope (LSM880) was used to image
fluorescence across the Z-plane. A 25X lens (LD LCI Plan Apochromat 25x/0.8
1mm Corr DIC M27) set to a water immersion was used. 8X averaging was used
for the Tg (Actal:lifeact-GFP; mCherry(CAAX)) zebrafish line to provide
resolution capable of distinguishing ultrastructure and Z-discs/M- bands, allowing
for analysis of sarcomere length spacing. Graphics detailing how to calculate
these parameters are seen in section 6.2.2. GFP-labelled neutrophils were easily

identified, so only 1X averaging was required.

Optimisation of the protocol and parameters for confocal analysis was done
alongside Grant Calder; Department of Imaging and Cytometry; Technology

Facility; University of York.
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2.9.1. Imaging Tg: (Actal:lifeact-GFP; mCherry(CAAX)) ZAKB"
Zebrafish

Much of the analysis was inspired from research by (Ganassi et al., 2018), where
fusion of muscle fibres in a myogenin (Myog~’) mutant zebrafish was assessed,
using the same transgenic line. Wild type and ZAKB”- zebrafish embryos at the
correct dpf were fixed, and prepared for imaging, as described in section 2.9. The
anal vent was used as a reference to ensure that somites 17/18 were always

used for analysis.

The number of nuclei across each fibre in the somite was counted to assess any

differences in the fusion capabilities of ZAKB”- embryos versus wild type.

A cross section of the Z planes, across three separate equally spaced distances
across the somite were reconstructed. From this the myotome volume can be
calculated. The myotome volume is the average cross-sectional area of the
myotome multiplied by the length of the somite. The individual fibre bundle area
can also be calculated with in the cross-sectional reconstruction, using the

midline of the somite.

The sarcomeric spacing or sarcomere length was calculated by calculating the
distance between the troughs of fluorescence in intensity of GFP signal, which
correlates to the M band. This is to assess any changes to the ultrastructure of

the muscle fibres.
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2.9.2. Wound Assay using Tg: (MPX:GFP) ZAKB"' Zebrafish

This wounding assay is based on a wounding protocol developed by (Gurevich
et al., 2016; Montandon et al., 2021).

4 dpf embryos were anaesthetised (0.0016% v/v MS-222 in E3 medium) and a
single puncture wound at a 75° angle was performed to the epaxial muscle, above
the cloaca, using a 30-gauge hypodermic needle. The embryos were returned to
fresh E3 media and left to recover. Figure 2.1 demonstrates all the stages in the

procedure.

Mate and
collect
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the embryos at
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Figure 2.1. Stages of the wounding assay.

Wild type and ZAKB” embryos are raised in E3 media until four days post fertilisation
(dpf), at which they are wounded with a single puncture wound with a 30-gauge
hypodermic needle. At time-points of 1 hour post injury (hpi), 8 hpi, 24 hpi and 72 hpi,
the embryos were collected, fixed and imaged. Figure made using the software
Biorender.

Embryos were fixed and imaged, at the following timepoints: 1 hour post injury
(hpi), 8 hpi, 24 hpi and 3 days post injury (dpi), using the protocol from earlier in
section 2.9. The number of nuclei at the wound site was recorded as well as the

number of nuclei on the same somite in un-injured embryos as a control.

The wounding procedure is performed blind to avoid potential bias in the severity

of the wounding.
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2.9.3. Analysis

All images, from both transgenic lines, were processed using FIJI (Fiji is Just
Image J 2 — a modified version of image J with additional plug ins). All graphs
and figures, as well as statistical analysis was performed using GraphPad Prism
9.0.

2.10. Measurements of Zebrafish

Sibling zebrafish (ZAKB*- and ZAKB”) were raised in the same tank until 15
weeks post fertilisation. Individual fish were assigned a number for identity and
were anaesthetised in MS-222. The mass of each zebrafish was measured by
briefly drying the zebrafish before adding to a beaker containing zebrafish system
water and measuring on scales. The size of the zebrafish was calculated by
taking images of the anaesthetised zebrafish alongside a ruler (mm) for scale. A
fin clipping was taken from each zebrafish so that the genotype could be
determined. DNA was extracted from the fins prior to PCR amplification and
heteroduplex assay, as per section 2.3.4, using the ZAKp primer pair in table 2.1.
The respective mass and length of the zebrafish was matched to the genotype

allowing sibling and mutant to be compared.

The height was always measured anterior to the anal fin (HAA) as per (Parichy
et al., 2009) and (Jokl et al., 2018b). The zebrafish length was always measured
from the tip on the jaw/snout to the base of the tail, anterior to the caudal fin
(Parichy et al., 2009). The tail area is calculated by multiplying the length of the
tail (the length extending from the HAA line to the base of the tail) by the HAA.

To standardise the weight against the length, Fulton’s conditioning factor (K) was
used (Fulton, 1904; Froese, 2006). K = mass (g) X length (cm)2 X 100. As
reviewed in (Jones et al.,, 1999), the equation assumes isometric growth for
effective normalisation to length. Nevertheless, it remains an important and
widely used formula for assessing changes to the weight of fish, independent of
length. Body mass index (BMI) was estimated by the following formula: BMI =

mass (g) X length (cm)2 (Ganassi et al., 2018; Latha Ramalingam, 2021).
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2.11. Tactile Strength Assay

The protocol is modified from (Hirata et al., 2007b; Hirata et al., 2012). An embryo
was placed on glass slide, with minimal E3 media. A droplet of 2% LMA in E3
media, melted and cooled to 40°C, was transferred onto the embryo. The embryo
was quickly orientated with forceps with the dorsal side facing the camera, ventral
side facing the glass slide and the anterior end facing north. LMA surrounding the
tail up to the yolk sac was carefully removed and replaced with E3 media, leaving
the tail free to move but the head still embedded. Using a micromanipulator for
stability, the embryos were gently provided with tactile stimulation from a 30-

gauge hypodermic needle. Figure 2.2 is a cartoon demonstrating all steps.

Low Tm
Agarose
w V. o
30-gauge o,
hypodermic
needle
Embryo
Zebrafish media
embryo
Place Remove all Using a Video record
embryos into low Tm needle, lightly the movement
37°C low agarose, touch the and work out
melting —» exceptfor ———— embryoonthe — th? TaxiITa
temperature around the tail and there tail bend angle
(Tm) agarose head and should be a
and leave to provide touch-evoked
cool embryo media coiling/tail
for the tails movement

Figure 2.2. Schematic of the steps in the tactile strength assay.

Embryos are embedded in low Tm (melting temperature) agarose. The low Tm agarose
is removed from the tail region and replaced with embryo media. The head region
remains embedded in low Tm agarose. Using a 30-gauge hypodermic needle, the tails
are gently stimulated and will evoke an escape movement. The touch-evoked movement
is recorded, and the maximum tail bend angle is determined using FI1JI. Image created
using Biorender.

A video recording of the movement following tactile stimulation was processed,
with individual frames captured using VirtualDub (Available:

http://www.virtualdub.org/) and superimposed using FIJI. The maximum angle of

the tail bend (caudal trunk angle) was also calculated by using Image J. Bar

charts were created using Graphpad Prism 9.0.

81


http://www.virtualdub.org/

2.12. Investigation into Adult Zebrafish Mobility and

Locomotion

The protocol was devised and used by Gideon Hughes, 2020, to discern a
movement phenotype in adult zebrafish lacking the Parkinson associated gene,
DJ-1 (Hughes et al., 2020). Zebrafish are placed in breeding tank, modified with
a non-reflective plastic insert covering the base and a hollow cone on top to
reduce reflections/shadows on the side of the breeding tank, keep zebrafish in
frame and ensure an equal distribution of light. A GoPro Hero 3 Black Edition
(GoPro, San Mateo, CA, USA) camera was placed on modified lid, with a hole
cut for the lens, enabling the camera to record form above, through the top
opening of the hollow cone. The modified breeding tank is kept on a shelf for the
duration of filming to prevent disturbances during filming. The tank contains 200
ml of normal fish tank water. Using a net, individual zebrafish are placed into the
tank and left to acclimatise for 10 minutes before filming for 5 minutes. A 30
second clip from the initial 2 minutes, 30 seconds and a 30 second clip from the
last 2 minutes, 30 seconds was processed. Each fish recording generates 2
different movement data, increasing the amount of data available for comparison.
A recording of the tank without a zebrafish present was used as a background for

subtraction. Figure 2.3 (a) shows the set-up of the recording tank and figure 2.3

(b) shows the representative birds-eye view recording of the zebrafish.

(a) (b)

Setup of

Figure 2.3. Setup of the recording tank for adult zebrafish swimming analysis.

(a) Shows the configuration of the modified recording tank. The GoPro is on a raised
platform, where it can record the zebrafish from a birds eye perspective. The zebrafish
is contained within the cone, which contains an opening, ensuring equal light
displacement and the fish to be in frame at all times. Zebrafish are kept in 200ml
zebrafish water. (b) A representative individual tracked frame of the zebrafish recording
following the processing of a 30 second clip using shadowfish. Note, the accurate
recognition of the zebrafish and the plotting of seven equal X,Y co-ordinates across the
spine of the zebrafish.
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The movement of the zebrafish is processed by a tracking software, called
‘ShadowFish’, developed by Matthew Bedder, a former student in the Pownall
Lab. The ShadowFish software extracts, at each frame, the X and Y co-ordinates
of seven equally spaced points along the spine, from tip of head to base of talil,
allowing a bending angle across all points to be determined. Figure 2.3. (b) shows
the accurate location of the spine being tracked. The software automatically
determines the lateral orientation of zebrafish by the movement direction. It is
important to inspect each 30 second recording, to ensure the fish remain in frame
and no unexpected shadows are present, that the software could mistake as the
co-ordinates of the fish. The extracted raw data output is saved as a comma

separated values (CSV) file.

A MATLAB (MathWorks; Natick; MA; USA) code is used to process the tracked
data. The code was initially produced by Gideon Hughes, however, | modified it
to accommodate the 120 frames per second (fps) of the GoPro, rather than the
previous 100 fps. The modified code can be seen in Appendix A. A range of

features are studied from the extracted and processed raw data:

e Distance travelled

Percentage of Time Spent Moving

e Swimming Episode Duration

e Mean Velocity

e Tail Beat Frequency (low, medium and high)

e Tail Bend Amplitude (low, medium and high)

Pythagoras theorem (a? + b? = ¢?) was used on the co-ordinates after every 120
frames, to estimate the distance of movement that had taken place within one
second. Only movement of greater than 5 mm per second was classified as
movement — anything less than 5 mm per second was classed as stationary. The
swimming episode duration is the number of seconds that the fish spend moving
before a stationary period. The mean velocity was determined from the total
distance that the zebrafish made during the 30 second clip by the number of
seconds that the fish were actively moving. The total number of tail beats
identified per second is the tail beat frequency. The sum of the angles from the
seven equally-spaced points, during the peak of the tail bend, was used to
determine the tail bend amplitude. Further to the total mean tail beat frequency
and amplitude, both tail beat frequency and amplitude of fish swimming at
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different speeds were studied: low speed (0.5X<2 cm/s), medium speed (2<X<4

cm/s) or high speed (=4 cm/s).

All video recordings taken with the GoPro were at 1280 X 720 pixels with 120
frames per second (fps) on the ‘narrow’ lens option. The 120 fps differs from the
100 fps written on the MATLAB script so | had to modify the script to take this into
account. When multiple genotypes were in the same tank, all recordings were
done blind. The recordings of the zebrafish moving were done prior to fin clipping
and genotyping. Fin clipping prior to recording could result in the fish swimming

aberrantly.

2.13. Heart Analysis using Video Analysis

Zebrafish were set up to mate and the embryos were collected, with a maximum
of 80 per dish, and were grown in E3, as normal (See section 2.2. Zebrafish
Husbandry). Across 1 — 6 dpf, a sample of embryos were placed into a dish
containing 0.0016% v/v MS-222 in E3 media. Administration of MS-222 was
essential in order to record the larvae for 1 minute, without swimming away or
moving. It is important to note that the administration of MS-222 anaesthetic has
been shown to reduce heart rate. To mitigate any differences in heart rate across
mutant lines being the result of anaesthetic, all zebrafish embryos were given the
same concentration (0.0016% v/v) of MS-222. All embryos were immediately
recorded for 1 minute following immobilisation and all embryos of differing
genotypes were processed in the same anaesthetic dish on the same day,
increasing the likelihood that changes in the heart rate across the different lines
are the result of the genotype and nothing in the environment. Ensuring the
developing heart was clearly in view, the heart rate was measured across the full

minute of recording for each zebrafish.
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2.14. Transmission Electron Microscopy Sample

Preparation and Analysis.

3X aged adult ZAKB”- zebrafish (37 months) and age matched AB wild type (36
months) controls were euthanised in benzocaine. Small muscle dissections were
carefully and immediately taken from the adult and added to fixative (2%
glutaraldehyde, 2% paraformaldehyde on 0.1 M sodium phosphate buffer (pH
7.4)). The muscle dissections were approximately 1 mm X 2 mm allowing ease

of identifying orientation. The samples were fixed for one hour.

Once samples were fixed, the remaining sample preparation, sectioning and
imaging was performed by Dr Clare Steele-King, technology facility, Imaging and
Cytometry Department, University of York. Following fixing for one hour, the
dissected muscle was washed (2X 10 minutes) in 0.1 M sodium phosphate buffer
before a secondary fixing for one hour in 1% osmium tetroxide on ice. The
dissected muscle was washed (2X 10 minutes) in 0.1 M sodium phosphate buffer
before dehydrating in a graded ethanol series before infiltration and embedding

on Spurr’s resin. The resin was polymerised by heating for 8 hours at 65°C.

70nm ultrathin resin sections (pale gold) were cut using the Leica UC7
Ultramicrotome and then collected on copper grids. The resin sections were then

stained with 2% uranyl acetate in ethanol and Reynold’s Lead Citrate.

The samples were viewed with a FEI Tecnai 12 BioTWIN G2 TEM operating at
120kV, and a SIS CCD camera. Images were performed by Dr Clare Steele-King,

with support and guidance from myself.

2.15. Statistical Software

Graphs were produced using Graphpad Prism 9. Statistical analysis was
performed using either SPSS or Graphpad Prism 9. Confocal analysis of embryo
length, myotome volume and muscle fibre cross sectional area were performed
using FIJI. FIJI was also used to calculate the maximum tail bend angle with the

tactile strength assay.
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3. Generating a Line of Zebrafish
that Lack ZAKa,

86



3.1. Introduction

Model organisms, including zebrafish, can be useful in the study of human
disease. Creating a disease model by disrupting a gene orthologous to a known
disease-causing gene in humans, has recently been simplified with the advent of
CRISPR-Cas9 technology. Using a model organism allows for an investigation
into the molecular basis and pathogenicity of the disease. Furthermore, in
zebrafish particularly, there is also the downstream application of high throughput
drug screening to identify novel targets to treat disease. In the case of ZAK, the
two splice isoforms (ZAKa and ZAKp) in humans, derive from separate genes on
different chromosomes in zebrafish, making zebrafish a useful model organism

to better understand the role of each isoform individually.
3.1.1. Teleost Whole Genome Duplication Event

In humans, as many as 95% of genes with multiple exons can be alternatively
spliced (Pan et al., 2008). A whole genome duplication event (WGD) in the teleost
ancestor occurred around 350 million years ago, which consequently means that
it is not uncommon to find two non-allelic genes in zebrafish, that have only one
copy in terrestrial vertebrates (Amores et al., 1998; Taylor et al., 2003; Hoegg et
al., 2004). Although up to 80% of duplicated genes are lost to non-
functionalisation (Nadeau and Sankoff, 1997; Postlethwait et al., 2000), many
undergo neofunctionalization or sub-functionalisation to increase protein diversity
(Force et al., 1999). Sub-functionalisation describes the process through which
different gene functions under the control of different DNA regulatory elements
become subdivided between the two genes (Force et al., 1999). Neo-
functionalisation describes the process whereby mutations in one copy of the
gene results in beneficial, additional functions and a novel role, while its
paralogue maintains the original function (Force et al., 1999; Sidow, 1996;
Soukup, 1974).
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3.1.2. ZAK Expression in Adult Tissues

In humans and mice, ZAKB is the predominant isoform with expression levels
approximately 10-fold greater than ZAKa (Gross et al., 2002; Nordgaard et al.,
2022). ZAKRB is the ZAK isoform exclusively expressed in skeletal muscle (Vasli
et al., 2017) and ZAKB is also expressed in hearts of adult humans (Gross et al.,
2002). ZAKa. is enriched in the liver of humans and mice (Gross et al., 2002;
Nordgaard et al., 2022).

3.1.3. Different Forms of Gene Targeting

Antisense morpholino oligonucleotides have been widely used in zebrafish to
investigate gene function by post-transcriptionally disrupting the mRNA transcript
by interfering with the translation or splicing (Bassett and Currie, 2003). The
modified antisense oligonucleotides are injected into zebrafish embryos at the 1-
8 cell stage, where they bind to and knock down the target RNA. (Nasevicius and
Ekker, 2000). The use of morpholinos, however, are not heritable, can result in
off-target disruption, and only produce transient effects — typically only the first
few days of development can be studied (Bill et al., 2009; Bedell et al., 2011).
Morpholinos also often fail to completely prevent protein production, with low
levels still being detected. This is problematic as the low protein levels might still
be able to function efficiently, preventing the full phenotype (Bill et al., 2009; Eisen
and Smith, 2008). By using gene editing, ZAK genes can be disrupted in a
permanent and heritable way. Different forms of gene editing exist, namely zinc
finger nucleases (ZFN’s), transcription activator-like effector nucleases
(TALENS) and cluster regulatory interspaced short palindromic repeats
(CRISPR)-Cas9.

ZFNs are enzymes with a Fok1l endonuclease domain, customised to cut DNA at
a specific location; the DNA repair mechanism is error prone and
insertions/deletions (INDELs) can be identified by genotyping (Ekker, 2008;
Porteus and Carroll, 2005). The INDELs can cause frameshift mutations,
premature stop codons and absence of the protein through nonsense-mediated
decay (Rodgers and McVey, 2016). A pair of ZFN’s are required to generate the
dsDNA breaks, decreasing the likelihood of off target effects (Cathomen and
Keith Joung, 2008). Efficiencies of mutations of up to 33% using ZFNs have been
reported (Meng et al., 2008).

88



TALENSs consist of a Fok1 restriction enzyme site (like ZFNs) and a site-specific
DNA binding domain, consisting of repeats of 33-35 amino acids, which each
recognise a specific nucleotide at the target gene using TAL effector repeat
domains from Xanthomonas (Moore et al., 2012; Hwang et al., 2014). Like ZFN'’s,
a pair of customised TALENs are required to produce the dsDNA breaks,
necessary for the error prone NHEJ and potential INDEL mutations to form
(Joung and Sander, 2013). TALENs have been shown to be effective with high
efficiencies of creating INDELSs in zebrafish of up to 76% (Cade et al., 2012).

CRISPR-Cas9 technology, however, offers a more straightforward and cheaper
approach to TALENs and ZFNs (Hwang et al., 2013; Gupta and Musunuru, 2014).
Designed RNA (called guide RNA (gRNA)) guides bacterial Cas9 endonuclease
to the DNA site, where it can form double stranded DNA breaks; the non-
homologous end joining is error prone and can introduce INDELs (Ran et al.,
2013). The major limitation of using CRISPR are that it can have high off-target
effects by not having two parts (unlike TALENs and ZFNs), and the
complementary sequence is typically under 25 base pairs in length, increasing
the likelihood of binding to non-specific regions (Gupta and Musunuru, 2014; Liu
et al.,, 2019). The ease of the process, and the ability to outcross CRISPR-
generated mutants with wild type zebrafish make this less of an issue and is why
| chose CRISPR-Cas9 as my method to produce ZAK null zebrafish. Prior to
starting, the ZAKg gene in zebrafish had been targeted using CRISPR-Cas9. The
result was a net 33 base insertion containing a premature stop codon. This thesis

characterises this line.
3.1.4. Zebrafish NMD Evasion Strategies

Zebrafish also have the ability to detect deleterious mutations and through
molecular mechanisms of mMRNA processing, evade nonsense-mediated decay.
(Anderson et al., 2017) demonstrated in five out of seven mutant lines, various
mechanisms of evading nonsense-mediated decay, including: exon skipping;
cryptic splice sites; inclusion of pseudo exons, within introns; and intron inclusion
for smaller introns. Provided the mRNA processing results in retaining frame, then

a slightly altered, but potentially still functional protein may be produced.
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3.1.5. Aims

The aims of this chapter are to:

e Characterise the expression profile of both ZAK genes in embryos and
adults, using in situ hybridisation and qRT-PCR respectively.

e Genetically target and disrupt the ZAK« gene using CRISPR Cas9.

e Confirm nonsense-mediated decay of the ZAK« transcript in the CRISPR-
Cas9-targeted zebrafish (also, to confirm nonsense-mediated decay of
ZAKg transcript in a ZAKpB targeted CRISPR-Cas9 zebrafish line,
previously generated).

e Check for nonsense-mediated decay evasion mechanisms, using cDNA
sequencing of transcripts for both ZAK CRISPR lines

e Assess genetic compensation of the paralogue isoform in the ZAKa- and
the ZAKB™ lines.

e Breed a line of zebrafish lacking both ZAKa and ZAK}p.
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3.2. Results

3.2.1. Identifying orthologous ZAK genes in Zebrafish

The orthologous ZAK genes in zebrafish were identified through an NCBI BLAST
search using the human sequence of each splice isoform against the zebrafish
reference sequence. Two separate genes, one on chromosome six and one on
chromosome nine, were identified, suggesting sub-functionalisation following the

teleost genome duplication.

The gene for the ZAK« orthologue is on chromosome 9 and is comprised of 20
exons, which code for a 789 amino acid protein (ENSDARTO00000183452.1), with
61.35% amino acid sequence similarity to human ZAK . Most of the conservation
is found in the kinase domain, the leucine zipper and the SAM domain. The gene
for the ZAK g orthologue is on chromosome 6 and comprises 12 exons which code
for a 477 amino acid protein (ENSDART00000151393.3) with a 71.43% amino
acid sequence similarity. Again, most conservation can be found in the kinase

domain and the leucine zipper.

The presence of two genes, rather than a single alternatively spliced gene, has
the experimental advantage of making it considerably easier to genetically target
each isoform individually in zebrafish. Zebrafish, therefore, provide an excellent
model organism for investigating the role of each individual ZAK isoform

separately, from a molecular and pathogenic perspective.
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3.2.2 Characterising the Expression of Both ZAK Isoforms in
Embryo and Adult Zebrafish Tissues

3.2.2.1 Embryonic ZAK Expression

In situ hybridisation (ISH) was used to determine the expression pattern of both
ZAK isoforms in developing zebrafish embryos. The antisense digoxigenin (DIG)-
labelled probes will bind to the mRNA of interest allowing an anti-DIG antibody
fused with an alkaline phosphatase (AP) tag to bind to the probe, and in the
presence of the substrate BM Purple, can produce a colour change. This reveals

regions of the zebrafish embryo containing the highest levels of a specific mMRNA.

Figure 3.1 shows expression of ZAKa to be fairly ubiquitous, with potential
regions of greater expression in the developing brain and gut at both 1- and 4-
days post fertilisation (dpf). 1 — 4 dpf was chosen to represent both the earlier
and later stages of embryonic development for analysis of ZAK isoform

expression. ZAKS expression is greatest in the developing heart and skeletal

muscle (somites) at both 1 and 4 dpf.

Figure 3.1. Developmental expression profile of ZAKa and ZAKB using in situ
hybridisation.

At 1 dpf and 4 dpf zebrafish embryos show ZAKa to be expressed in the brain and gut.
ZAKB expression is in the heart and somites (developing skeletal muscle) at 1 and 4 dpf.
ZAKa and ZAKB RNA probes antisense to the respective mRNA were designed. These
probes contain digoxigenin (DIG) and will bind to anti-DIG antibodies, which are fused
with Alkaline phosphatase (AP), allowing for colour changes to be detected in regions of
high target mMRNA, when substrate BM purple is added. The top left panel shows ZAKa
expression 1dpf and the top right shows ZAKa expression 4dpf. The bottom left panel
shows ZAKQ expression 1 dpf and the bottom right panel shows ZAKB expression at
4dpf. Tissues with enriched colour change are highlighted with a black arrow.
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3.2.2.2. Characterising ZAK Expression in Adult Zebrafish

Tissues

To investigate the transcription profiles of the two different isoforms in adult
zebrafish tissues, RNA was extracted from dissected skeletal muscle, heart,
brain, intestines, and liver. This RNA was used to synthesise cDNA for use in
gRT-PCR, to investigate transcript levels, relative to the normalisation gene Eflq,
and build an expression profile. Figure 3.2 shows the expression profile of ZAK«
and ZAKB to be non-overlapping, across the tissues investigated. ZAK«
expression is greatest in the brain and intestines, whereas ZAKB expression is
greatest in the muscle and the heart. There was surprisingly no expression of
either ZAKa or ZAKB in the liver. The mean transcript level of ZAK/S is on average
8-fold and 11.3-fold greater than the mean transcript level of ZAK« in the skeletal
muscle and the heart, respectively. The error bars showing standard error of the
mean (SEM) in figure 3.2 demonstrate the variance in the data sets. The mean
transcript level of ZAK«a is on average 3.6-fold and 24.4-fold greater than the
mean transcript level of ZAKg in the brain and the intestines, respectively. The
expression profile of ZAKgis consistent with humans and mice, making zebrafish
a valid candidate to try and understand the role of ZAKp in skeletal muscle and

how it is driving human myopathy.
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Figure 3.2. ZAKa and ZAKS expression in different adult zebrafish tissues.

RNA was extracted the skeletal muscle, heart, brain, intestines, and liver. cDNA was
synthesised from the RNA and target genes amplified using qRT-PCR to quantify
expression of both isoforms across the various tissues. Mean fold change in expression
of both ZAK isoforms were normalised to the value of mean ZAKB expression in wild-
type muscle as a focal point, as it was the greatest value. ZAKa expression is significantly
greater in the brain and intestines, whereas ZAKg expression is greater in the heart and
skeletal muscle. Neither isoform was expressed in the liver. *** P<0.001. 3 technical
repeats were performed on 3 biological repeats (n=3). Two-way ANOVA with Sidak’s
Post Hoc multiple comparisons performed. The statistical tests were performed on the
ACT value prior to transforming to fold change (AACT) to plot the graph. Levene’s test
of equality of equal variances was used to confirm equal variance prior to statistical
analysis. Error bars represent standard error of the mean (SEM).

The larval expression profile is consistent with expression during adulthood, with
ZAKB highly expressed in the heart and somites at both 1 and 4 dpf. The
expression of ZAKa is a bit more ubiquitous, however, it does appear to be

expressed in the brain and abdomen between 1 and 4 dpf.
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3.2.3. Gene Targeting

3.2.3.1. Use of CRISPR-Cas9 on ZAK Isoforms and Validation of

33 Base Pair Insertion for ZAKS Gene

Two guide strand RNA (sgRNA) were designed using the software, CHOPCHOP.
Both guide stands are targeting a different region of exon 2 in ZAKa. The use of
two guide strands to target a gene has been shown to be more effective than a
single guide strand (Sunagawa et al., 2016; Hoshijima et al., 2019; Kroll et al.,
2021), and can potentially lead to large insertions or deletions (INDELS) of
nucleotides (Zhou et al., 2014), which are easier to genotype/identify mutations.
Guide strands contain the target sequence, which is upstream of the protospacer
adjacent motif (PAM domain — NGG) as well as a T7 promoter region at the 5’
end and part of the conserved tracrRNA (for guiding Cas9 to the target sequence)
at the 3’ end (Gagnon et al., 2014; Santos et al., 2016a). See methodology for
further details of the synthesis of sgRNA.

The Pownall Lab generated a genetically-targeted ZAKp zebrafish line with a net
33 base pair insertion (7 base pair deletion and 40 base pair insertion), containing
a premature stop codon in exon 2. The large insertion means that the mutants
can easily be identified on a heteroduplex gel (figure 3.3 (a)). Figure 3.3 (b) shows
the sequence of the 33 base pair insertion and figure 3.3 (c) illustrates the

insertion.

The sgRNA and Cas9 endonuclease are co-injected in embryos at the 1-4 cell
stage. Microinjections were performed in embryos from a ZAKB* X ZAKB™
mating, aiming for mutations in the ZAKa gene in zebrafish with either ZAKB*- or

ZAKB' genotype.
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ZAKPB
Genotype on
Heteroduplex
Gel

(b)

Wild type ZAKB sequence GGTCCCACAGGATAAAGAAGTGE TGTCAAAMAACTGC TGAAGATTGATGOCGAG
Guide strand GGTCCCACAGGATAAAGAAG

Indel GGTCCCACAGGATAAGSAASTGECT T TCAATACAAGGGATAGTGGCTGTCAAAAAACTGTCAAACTGTCAAAAAACTGCTGAAGAT TGATGCCGAG

( c) Site of editing

|

MTGIVHSATGORVSPDLSEHTTNSQRECQYEMSSLSASFVQIPFDDIRFYENCGGGSFGSVYRAHWYPQDKEVAVKKLLKIDAEAE

Wild-type ZAKB

40 294 311

: ] N, I

M VHSATGORVSPDLTEHTTNSQRECQYEMSSLSASFVQIPFDDIRFYENCGGGSFGSVYRAHWVPQDNFQYKG.

Mutant ZAKS

70 77 Site of editing

1DD *Premature Stop Codon

33 Base pair insertion

in exon 2. Contains

premature stop codon
Figure 3.3. Characterising the 33 base pair insertion in ZAKgS.
(a) Genotyping a ZAKB*" incross. DNA was extracted from 15 embryos and the CRISPR-
targeted region of exon 2 was amplified and the PCR product run on a heteroduplex gel.
The embryo was labelled with the appropriate genotype based on the band patterning:
The 33 base pair insert following in the ZAKB™ line runs slower and higher because of
the increased amplicon size compared to wild type (wt); The ZAKB*- samples have two
bands due to the two different sized products.
(b) Sanger sequencing shows the net 33 base pair insertion in the ZAKggene. The red
text with a line running through indicates bases that have been deleted and the red text
without the line running through is showing the additional bases.
(c) The 33 base pair insertion in the ZAK/ gene contains a premature stop codon with
predicted absence of ZAK/ through nonsense-mediated decay.

96



3.2.4. Identifying and Verifying a 71 Base Deletion for ZAKa

sgRNA and Cas9 endonuclease-injected embryos are termed founder (FO)
embryos. These embryos are genetically mosaic because the Cas9 requires time
before it is actively cleaving the target and, meanwhile, cells are dividing so
mutations might not be present in every cell. Furthermore, the Cas9
endonuclease remains active and can continue to cleave throughout the early
stages of embryonic development, producing mosaic zebrafish with different cells
containing different mutations in the target gene (Oliver et al., 2015; Mehravar et
al., 2019). Consequently, DNA extracted from founder (FO) embryos is mosaic at
the target locus and results in sequencing data that is difficult to interpret;
therefore, analysis is done on offspring from FO zebrafish outcrossed with
wildtype zebrafish (F1 generation). Looking for the mutation in F1 zebrafish is
much simpler: If successful and present in germ cells, a percentage of F1
embryos will be heterozygote containing both the un-altered allele and the allele
with an INDEL. It also demonstrates that the mutation is present in somatic cells
and heritable. Five F1 embryos from the same mating and one wild-type control
embryo were subject to a DNA extraction, followed by PCR amplification of the
targeted ZAKa region and then a heteroduplex assay on the amplicon. PCR
products from the five individual embryos are shown in Figure 3.4 (a), where
abnormal double banding in lane 1 (embryo 1) indicates a potential INDEL. The
presence of 2 bands indicates that the INDEL is likely large, based on the large
shift in mobility. The PCR product showing the potential INDEL was cloned into
pGEM t-easy vectors and transformed into E. coli. Individual colonies are
randomly selected to grow overnight before lysis and extraction of the plasmid.
The plasmids are then sent for sequencing to identify the sequence of the two
different bands. The difference in the size between the two bands was 71 base
pairs, which corresponded to a 71 base pair deletion in exon 2 of ZAKa (figure
3.4 (b)). This frameshift mutation results in a predicted premature stop codon in
Exon 3 and potential nonsense-mediated decay (figure 3.4 (c)). qRT-PCR will be
used to confirm the absence of ZAK and, thus, NMD.

97



+- +H+ A+ A+ A+ A+

(b) ZAKa 71 base pair deletion in exon 2
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Figure 3.4. Identifying a mutation in ZAKa following CRISPR-Cas9 genetic targeting.
(a) A proportion of F1 embryos contain an abnormal DNA sequence due to aberrant band
patterning on a heteroduplex assay. DNA was extracted from five F1 embryos and one
control (sibling) embryo. The region of DNA encompassing the CRISPR target site (exon
2) was amplified by PCR and analysed by heteroduplex assay to identify sequences with
abnormal band patterning, indicative of a mutation. Embryo 1 (lane 1) has a double band
patterning, indicating a potential mutation. This embryo was selected for subcloning of
individual PCR strands for sequencing. (+/- = heterozygote; +/+ = wildtype)

(b) Sanger sequencing revealed that a proportion of embryos were heterozygous for a
71 base pair deletion in the ZAKa gene. The 71 base pair deletion relative to the wild
type is also shown in the figure, along with exon 2 and the two guide strand sequences
(region 1 and region 2).

(c) The 71 base pair deletion in ZAKa causes a frameshift mutation resulting in a
premature stop codon in exon 3. This is within the kinase domain (exons 2-9). The
leucine zipper is exon 11 and the SAM domain is exons 12-15 Once at homozygosity it
is predicted that there will be an absence of ZAKa by nonsense-mediated mMRNA decay.
Exons 1 -3 are represented, and the green and black colour of text represents different
exons. The site of editing on the protein sequence is also shown and how that changes
the sequence by the frameshift change in DNA. The red asterisk shows the location of
the premature stop codon.
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3.2.5. Breeding to Homozygosity

Below is a simplified list of the stages involved in generating a homozygous

mutant:

S

o1

Inject sgRNA and Cas9 endonuclease into embryos.

Raise progeny to sexual maturity (FO generation).

Outcross with un-injected siblings.

Extract DNA from a sample of embryos (F1 generation) and assess
potential heterozygotes using heteroduplex assay.

Sequence DNA with suspected INDELSs to assess if mutation is frameshift.

6. Raise F1 embryos with identified frameshift mutation to maturity.

8.
9.

Outcross with different un-injected siblings to create a selection pressure
against off-target genes, as well as minimising inbreeding.
Raise F2 generation to maturity and genotype using heteroduplex assay.

Incross heterozygotes.

10.Genotype and separate accordingly. A subset of F3 generation should be

homozygous mutant.

Figure 3.5 is a cartoon depicting all of the stages required in the generation of a

homozygous ZAK mutant.
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Figure 3.5. The stages of generating homozygous mutants using CRISPR-Cas9.
sgRNA and Cas9 endonuclease is injected into embryos at the 1 — 8 cell stage. These
FO founder embryos are grown up to adulthood before outcrossing to produce offspring
(F1). F1 are grown to adulthood, genotyped, and the heterozygotes will be selected and
outcrossed with another zebrafish line again to form F2 zebrafish. These will be grown
up to adulthood. There will then be a further outcross, with a separate zebrafish line, to
increase the genetic diversity before incrossing two heterozygotes, whereby 25% of the
embryos will be ZAKa . Figure was created using BioRender.com

3.2.6. ZAKa’ ZAKB’ Double Zebrafish Mutants are not
Embryonic Lethal

ZAKpS CRISPR-Cas9 genetically-targeted zebrafish were generated by the
Pownall Lab prior to my arrival. Figure 3.3 (b) shows the net 33 base pair
insertion, containing a premature stop codon in exon 2. Due to the mutation being
towards the 5’ of the gene, there is predicted absence of ZAK through nonsense-
mediated decay (NMD) of the truncated mRNA.

A ZAKa*" ZAKB” incross resulted in adult zebrafish with a mixture of ZAKa*"*,
ZAKo*- and ZAKa~ genotypes, all in a ZAKB"- genotype (figure 3.6 (a)). The
mutation for ZAKa is a 71 base pair deletion so the lower band on the
heteroduplex gel represents the mutant. The mutation for ZAKg is a 33 base pair
insertion, so the higher band represents the ZAKB” mutant. Double mutant

zebrafish have been highlighted with a red circle for ease of identification.
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Figure 3.6 (b) shows the demonstrates the percentage of each genotype to be
very similar to the predicted percentage of each genotype according to Mendelian
genetics.

Cont
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Genotype

(b)

ZAKa+/+ % (25%)  7/25 (28%)

ZAKB-/-
ZAKa+/- % (50%)  12/25 (48%)
ZAKB-/-
ZAKa-/- % (25%)  6/25 (24%)
ZAKB-/-

Figure 3.6. Genotyping a ZAKa*" ZAKB™ incross and assessing Mendelian inheritance
of mutations.

(a) Creation of a ZAKa’”~ ZAKB” double mutant. Male and female ZAKa*" ZAKB"
zebrafish were in-crossed to produce offspring with variable ZAK« genotypes in ZAKB”
. These embryos were raised to sexual maturity, where the DNA was extracted from
individual dissected fins and PCR performed using primers on introns encompassing
either side of the CRISPR target region, for each ZAK isoform. The amplicon was run on
a 12% heteroduplex gel to determine the genotype of each zebrafish. Each number
followed by a letter, for example 1A, represents an individual zebrafish. An AB (Wild type)
and heterozygous (ZAKo'- and ZAKB*) fin clip was used as a control. The ZAK«
mutation is a 71 base pair deletion resulting in the amplicon migrating further due to the
smaller size. The ZAKS mutation is a net 33 base pair insertion, resulting in the bands
migrating slower. ZAKo.”" zebrafish have a red circle around the sample number for
easier identification.

(b) Table demonstrating the percentage of the genotypes from the ZAKa'" ZAKB™
incross to be very similar to the Mendelian predicted inheritance.
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3.2.7. Assessing for Nonsense-Mediated Decay

3.2.7.1 Nonsense-Mediated Decay of ZAKa in ZAKa~ Embryos
and Adult Zebrafish

The level of ZAK« transcripts was assessed in wild type, ZAKa”, ZAKB" and
ZAKo- ZAKB” 3 dpf embryos. The reduction of ZAK« transcripts in various
genotypes, presented by nonsense-mediated decay, is evidenced in figure 3.7
(a). There was a statistically significant reduction (P < 0.0001) of the mean ZAK«
transcript levels by 2.6-fold in the ZAKa- embryos and 2.4-fold in the ZAKa™"
ZAKB” embryos, relative to the mean wild type ZAKe« transcript levels. This
reduction is likely the result of nonsense-mediated decay. Surprisingly, there is
also a significant 1.9-fold decrease (P <0.001) in the mean ZAK« transcript levels
in ZAKB- embryos relative to the mean wild type ZAK « transcript levels. This is
unexpected, as the ZAK« gene is the same as wild type and is the opposite result

to that of genetic compensation, discussed later.

Figure 3.7 (b) shows that there was also a statistically significant mean reduction
in the level of ZAK« transcripts in the brain and liver of adult ZAKa” zebrafish
compared to wild type. These tissues were selected as they showed the highest
ZAKa RNA expression of tissues investigated. There was a significant average
2-fold reduction in the brain (P <0.01) and an average 6.3-fold reduction of ZAK«

transcript levels in the liver (P < 0.01).
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ZAKa Expression in Wild type, Single and Double ZAKa Adult Tissue Expression
ZAK CRISPR null 3 dpf Zebrafish Embryos
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Figure 3.7. Expression of ZAKa in ZAK mutant embryos and adult zebrafish tissues.

(@) ZAKa expression is significantly decreased in ZAKa", ZAKB” and double ZAKa™”
ZAKB' zebrafish embryos at 3 dpf. RNA was extracted from five embryos, from one
mating, to provide one sample. Six separate mating’s were carried out for each genotype
to provide a biologic n=6. gRT-PCR was performed to allow for analysis of the relative
changes of ZAK« transcript levels between wildtype and ZAKo”", ZAKB” and double
ZAKa- ZAKB' zebrafish embryos. There is a strong significant reduction in the mean
ZAK transcript levels in ZAKa” and double ZAKa™ ZAKB™". Unexpectedly, there was a
significant reduction of the mean ZAK« transcript levels in ZAKB” embryos. *** P < 0.001.
**** P <0.0001 Every sample was performed in triplicate (technical repeats). Fold change
in ZAKa was normalised to the mean ZAK« wild type transcript levels. ** P<0.01. Six
separate samples from separate mating’s were used (biological repeats). One way
ANOVA with Dunnett’s post hoc analysis was the statistical test. Bar graphs show mean
and error bars represent SEM.

(b) ZAK« transcript levels are significantly decreased in the ZAKa”- zebrafish line. RNA
was extracted from the intestine and brain of three wildtype and three ZAKa.”" zebrafish.
cDNA was synthesised from the RNA and gRT-PCR was performed to allow for analysis
of the relative changes of the mean ZAK¢ transcript levels between wildtype and ZAKo
I zebrafish line. 3 technical repeats were performed on 3 biological repeats (n=3). Fold
change in ZAKa was normalised to the mean ZAK« transcript levels in the respective
wild type tissue. ** P<0.01. An unpaired students t-test (two-tailed) was the statistical
test performed. Bar graphs show mean and error bars represent SEM.

AACT, or Livak method, of calculating fold-change, relative to the wild type ZAK«a
transcript levels was used, following normalisation to the expression of Efla in the
respective sample. All statistics were performed on the ACT value prior to transforming
to fold change to plot the graph. GraphPad Prism 9.0 was for statistical analysis and
graph-making.
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3.2.7.2 Nonsense-Mediated Decay of ZAKSA in ZAKB” Embryos
and Adult Zebrafish

The absence of ZAKg transcripts, presented by nonsense-mediated mRNA
decay is evidenced in figure 3.8 (a) and (b). gRT-PCR was used to analyse ZAKf3
transcript levels in RNA extracted from either: 3 dpf embryos in ZAKa”, ZAKB"
and ZAKo- ZAKB™ double mutants, relative to wild type (figure 3.8 (a)); or in adult
zebrafish tissue in ZAKB” relative to wild type (figure 3.8 (b)). There was a
statistically significant decrease in the mean ZAK3transcript level in ZAKB” and
ZAKo- ZAKB- 3 dpf embryos relative to the mean wild type ZAK Btranscript level
(3.2- and 3.1- fold, respectively - P < 0.0001). There were no significant
differences in the mean ZAK Btranscript level of ZAKa”- 3 dpf embryos compared
to mean wild type ZAKg transcript level. There was a significant reduction in the
mean ZAK Btranscript level of ZAKB”- zebrafish compared to wild type for skeletal
muscle (4-fold - P < 0.01) and heart (6.3-fold - P < 0.01). These are the tissues
with the greatest levels of ZAKS transcript. The low levels of transcript in the brain

are the likely reason for no significant differences in the expression.
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Figure 3.8. Expression of ZAKB in ZAK mutant embryos and adult zebrafish tissues.

() ZAKR transcript levels are significantly lower in ZAKB”- and double ZAKa” ZAKB” 3
dpf embryos compared to wild type. RNA was extracted from five embryos, from one
mating, to provide one sample. Six separate mating’s were carried out for each genotype
to provide a biologic n=6. gRT-PCR was performed to allow for analysis of the relative
changes to the mean ZAKg transcript levels between wildtype and ZAKa”~ ZAKB” and
double ZAKa ZAKB' zebrafish embryos. A strong significant reduction of ZAKp
transcripts in the ZAKB” and the ZAKa”- ZAKB™" line. No significant differences in ZAKB
transcript levels in ZAKa” zebrafish. **** P<0.0001. Every sample was performed in
triplicate (technical repeats). Six separate samples from separate matings were used
(biological repeats). Fold change in ZAKB was normalised to the mean ZAKS wild type
transcript levels. One way ANOVA with Dunnett’s post hoc analysis was the statistical
test. Bar graphs show mean and error bars represent SEM.

(b) ZAKR transcript levels are significantly reduced in the ZAKB”- zebrafish line. RNA was
extracted from the brain, heart, and skeletal muscle of 3 wildtype and 3 ZAKB" zebrafish.
cDNA was synthesised from the RNA and qRT-PCR was performed to allow for analysis
of the relative changes of expression of ZAKB between wildtype and ZAKB™- zebrafish
line. There was a significant reduction in the mean ZAKp transcript level for ZAKB™"
skeletal muscle and heart compared to wild type. 3 technical repeats were performed on
3 biological repeats (n=3). Fold change in the ZAKB transcript levels in ZAKB™ tissues
were normalised to the mean ZAKg transcript levels in the respective wild type tissue. **
P<0.01. Unpaired student’s t-test (two-tailed) was the statistical test performed. Bar
graphs show mean and error bars represent SEM.

AACT, or Livak method, of calculating fold-change, relative to the wild type ZAKf
transcript levels was used, following normalisation to the expression of Efla in the
respective sample. All statistics were performed on the ACT value prior to transforming
to fold change to plot the graph. GraphPad Prism 9.0 was for statistical analysis and
graph-making.
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3.2.8. Assessing Molecular Evasion Strategies in ZAK CRISPR
Zebrafish

The need to validate that the mutation does, in fact, result in the absence of the
transcript is important as (Anderson et al., 2017) has demonstrated that cryptic
splice sites, exon skipping and nonsense-associated alternative splicing can
circumvent the penetrance of the mutation. Using different primers in the 15t and
12t exon of both ZAKa and ZAK 3, | amplified cDNA from embryos of either ZAK o
l--and ZAKB” zebrafish. The amplicon was ligated into pGEM t-easy plasmids
individual colonies were selected for sequencing. This is to ensure that the
sequence of the mRNA is as expected and that no molecular evasion strategies

are being used to evade NMD.

Confirming absence of transcripts as well as the mMRNA sequence being correct,
provides increased confidence that you have successfully created knockouts of

the target gene, in lieu of having antibodies to prove knocking out of the protein.

The ZAK« transcript in the ZAKa”" line, is showing exon skipping (figure 3.9 (a)).
The entirety of exon 2 is being skipped (88 base pair deletion), rather than the
predicted 71 base pair deletion. This is still a frameshift mutation and there is still
a premature stop codon with predicted nonsense-mediated decay (figure 3.9 (c)).
There was exon skipping in five out of six embryos sequenced at 3 dpf and six
out of six embryos at 6 dpf. The ZAKSZ cDNA sequence is, as expected, based on

the genomic DNA, a net 33 base pair insertion (figure 3.9 (b)) in the ZAKB™ line.
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(a)

ZAKa/- Genomic Sequence GCT- ATGGGATTGTTACAG
ZAKa/- mRNA Sequence AAGAG AGTA
Wild type mRNA Sequence AAGAGGCTGAGATTTTGAGCGTTCTCAGTCATCGGAACATTATCAAGTTTTATGGAGCGATTCTGGAAGCGCCCAATTATGGGATTGTTACAGAGTA
Wild type Exon 2 Sequence GCTGAGATTTTGAGCGTTCTCAGTCATCGGAACATTATCAAGTTTTATGGAGCGATTCTGGAAGCGCCCAATTATGGGATTGTTACAG
Guide Strand 1 TTTGAGCGTTCTCAGTCATCGG
Guide Strand 2 TTCTGGAAGCGCCCAATTATGGG

(b)

ZAKP”/- Genomic Sequence GGTCCCACAGGATAAGGAAGTGGCTTTCAATACAAGGGATAGTGGCTETCAAMAMACTGTCAAACTGTCAAMAAACTGCTGAAGATTGATGCCGAG
ZAKB'/' MRNA Sequence GGTCCCACAGGATAAGGAAGTEGCTTTCAATACAAGGGATAGTGGCTGTCAAAMAACTGTCAAACTGTCAAAAAACTGCTGAAGATTGATGCCGAG
Wild type mRNA Sequence GGTCCCACAGGATAAAGAAGTGG CTGTCAAAAAACTGCTGAAGATTGATGCCGAG
Wild type Exon 2 Sequence GGTCCCACAGGATAAAGAAGTGG CTGTCAAAMAACTGCTGAAGATTGATGCCGAG
Guide Strand GGTCCCACAGGATAAAGAAG
(c)

Wild-type ZAKa

: e

Mutant ZAKa

71 Base pair deletion in exon 2.
Frameshift mutation. Premature
stop codon in exon 3

Mutant ZAKa with skipped exon 2

4{ | ‘ I *Premature Stop Codon

88 Base pair deletion (whole of
exon 2). Frameshift mutation.
Premature stop codon in exon 3

Figure 3.9. Sequencing of ZAK transcripts to investigate potential NMD-evasion
mechanisms.

(a) ZAKa cDNA sequencing reveals attempted NMD-evasion techniques used by the
zebrafish. RNA was extracted from embryos at 3 and 6 dpf. cDNA was synthesised and
amplified using primers in exon 1 and exon 12 for ZAKa. The PCR product was ligated
into a vector and individual colonies sent for sequencing. The sequencing reveals an 88
base pair deletion in exon 2, rather than the expected 71 base pair deletion in the DNA.
The 88 base pair deletion spans the entire exon 2 and demonstrated NMD evasion
strategy being used by zebrafish in an attempt to retain frame and functionality of the
protein.

(b) ZAK cDNA sequencing is as predicted, with a net increase of 33 base pairs, which
contains a premature stop codon. RNA was extracted and cDNA was synthesised and
amplified using a forward primer in exon 1 and a reverse primer in exon 12. The amplicon
was sequenced in the same way as (a). The black text is normal sequence, the red text
indicates additional bases and the red text with a line through indicates deleted bases.
(c) Figure to illustrate that even with the 88 base pair deletion, there is still a frameshift
mutation and predicted absence of ZAK«, with a premature stop codon in exon 3

107



3.2.9. Assessing Potential Genetic Compensation in ZAK
CRISPR Zebrafish

When a gene is knocked out at the genomic level, the consequence can be a less
severe or different phenotype, to one reported when a gene is targeted at the
transcript level (e.g. with morpholinos) (Peng, 2019). One potential explanation
is genetic compensation from paralogous or genes of similar function (El-Brolosy
et al., 2019). The principle of genetic compensation is discussed in greater detail
in section 3.3.2. Due to the conservation of the kinase domain across both
isoforms in zebrafish it was of interest to investigate if expression of the paralogue
isoform in zebrafish would be increased in the absence of either ZAK«a or ZAKp,

as a compensatory method.

Rather than an upregulation in ZAK« transcript levels, figure 3.7 (a) shows that,
surprisingly, when ZAK Bis absent (ZAKB7), there is a significant decrease in the
mean ZAK« transcript level to approximately the same value as when ZAK« is
absent in ZAKa’- 3 dpf embryos. Figure 3.10 (a) also shows a statistically
significant reduction in the mean ZAK« transcript level in the brain of adult ZAK-
I- zebrafish relative to wild type. This is unexpected and is the complete opposite

finding of an increase in ZAK« levels, which would indicate compensation.

There are no changes to the average expression of ZAKS when ZAK« is absent
in ZAKo- 3 dpf embryos or in the adult brain and liver (figure 3.8 (a) and 3.10
(b)). This indicates that ZAKf is not compensating for absence of ZAK .

The findings demonstrates that the absence of ZAKB does not trigger
compensation through upregulation of the ZAKa isoform. There is the striking and

surprising decrease of ZAK ¢ transcripts in ZAKB”- 3 dpf embryos and adult brain.
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Figure 3.10. Assessing potential genetic compensation with absence of either ZAKa or
ZAKB.

(a) ZAKa transcript levels do not increase in response to the absence of ZAKS as part of
functional redundancy. Brain, heart and muscle was dissected from 3 adult zebrafish and
RNA was then extracted. The fold changes to ZAKa levels were then quantified using
gRT-PCR. In the absence of ZAKB (ZAKB'), ZAKa transcript levels do not increase.
Surprisingly, there was a significant decrease in the mean transcript level of ZAKa in the
brain of ZAKB™ zebrafish relative to wild type (P<0.05). Unpaired student’s t-test (two-
tailed) was the statistical test. Data was initially normalised to the housekeeping gene
EFla before calculating the mean fold change relative to ZAKB in wild type skeletal
muscle (the greatest value, with a relative expression value of 1). Expression of both
genes in all tissue was normalised to wild type skeletal muscle ZAKS levels. Bar graphs
show mean and error bars represent SEM.

(b) ZAKB expression does not increase in response to the absence of ZAKa as part of
functional redundancy. RNA was extracted from the brain and intestines of adult
zebrafish. The fold changes to ZAKg transcript levels were quantified using gRT-PCR.
Unpaired student’s t-test (two-tailed) was the statistical test. Data was initially normalised
to the housekeeping gene EFla before calculating the mean fold change relative to
ZAKa expression in wild type intestines (the greatest value, with relative expression
value of 1). Bar graphs show mean and error bars represent SEM.
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3.3. Discussion

3.3.1 ZAK Characterisation in Zebrafish

It appears that in zebrafish, that there has been sub-functionalisation of the two
ZAK isoforms on different chromosomes, rather than being the result of
alternative splicing. The exon structure of each ZAK gene is identical to the
respective splice form in humans, and the amino acid length is similar. Splice
form sub-functionalisation is not uncommon, with (Lambert et al.,, 2015)
demonstrating with 100 exon divergent zebrafish paralogues, that 25% had an
exon structure identical, and code for proteins with a similar amino acid length to
co-orthologous splice forms in humans. A negative correlation between gene
duplications and the level of alternative splicing has been reported (Kopelman et
al., 2005; Su et al., 2006), but is subject to debate, with other studies disagreeing
with this correlation (Jin et al., 2008; Roux and Robinson-Rechavi, 2011).
Zebrafish have comparatively low levels of alternative splicing and large levels of
gene duplication, compared to other teleosts (Lu et al., 2010). In humans, mice
and zebrafish, exon divergent paralogues, following a duplication event, generally
show lower levels of alternative splicing and a reduced tissue expression than
single genes or duplicated genes with the same number of exons (Lambert et al.,
2015).

ZAK g expression in the hearts and skeletal muscle of adult zebrafish is a finding
which is supported by other researchers in both humans and mice (Vasli et al.,
2017; Gross et al., 2002). This supports the use of zebrafish as a model organism
to understand the role of ZAKp in skeletal muscle, which will be done by using
these CRISPR generated knockout zebrafish lines to look for evidence of
myopathy. ZAKa expression is greatest in the brain and intestine. Surprisingly,
there is no ZAK« expression in the liver, where it is ordinarily enriched in humans
and mice (Nordgaard et al., 2022; Gross et al., 2002). The lack of consistency of
ZAK a expression between zebrafish and humans/mice does not weaken the use
of zebrafish as a model organism, since ZAK« is not expressed in the skeletal
muscle. ZAKp is the isoform expressed in muscle and will be the isoform
potentially involved in driving the myopathy. In all investigated tissues, there is

only one ZAK isoform expressed, with low/no levels of the paralogue.
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The expression profile is similar in zebrafish embryos to adult tissues, with ZAKS
expressed in the somites and heart at 1 and 4 dpf; and ZAK« expression being

fairly ubiquitous, but especially expressed in the brain and gut at 1 and 4 dpf.
3.3.2 Genetic Compensation in ZAKa CRISPR Lines

| have confirmed nonsense-mediated decay and absence of ZAK« in ZAKo”" 3
dpf embryos as well as adult brain and intestine. | have also confirmed nonsense-
mediated decay and absence of ZAKS transcripts in ZAKB™ 3 dpf embryos as
well as adult hearts and skeletal muscle. There is not an existing ZAK antibody
that works in zebrafish, hence, the use of gPCR and mRNA sequencing to
confirm the lack of transcript and that the mutation is being transcribed as

expected.

The ZAKa- ZAKB”- zebrafish are able to survive to adulthood and successfully
reproduce, showing that absence of ZAK in zebrafish is not fatal or does not
create sterile zebrafish. The lack of embryonic lethality supports humans with
mutations in ZAK as well as mice models lacking ZAK (Jandhyala et al., 2016;
Nordgaard et al., 2022), and contradicts findings of embryonic lethality with
absence of ZAK by (Spielmann et al., 2016).

A single nucleotide polymorphism in the SAM domain of ZAK, has been
associated with developmental defects in humans, including split hand/split foot
malformation and polydactyly (Spielmann et al., 2016). Vind et al. recently
showed the mutation that causes the developmental defects in question (F368C)
to result in constitutive activation of ZAKa (Vind et al., 2020). Using a ZAKa
CRISPR knockout cell line, the developmental-disease causing version of ZAKa
was introduced and there was constitutive activation of ZAKa, which could not be
further increased by ZAKa activator anisomycin (Vind et al.,, 2020). The
researchers propose that the developmental defects are the result of constitutive
activation of ZAKa and, thus, the constitutive activation of the ribosomal stress

response (Vind et al., 2020).

111



As previously mentioned in section 3.2.9, using gene editing techniques, such as
CRISPR-Cas9, to target a gene at the genomic level can result in a less severe
phenotype than if morpholinos were used to knock down a gene at the RNA level
(Kok et al., 2015; Peng, 2019). The less severe phenotype could be explained by
genetic compensatory mechanisms, with frameshift mutations and premature
stop codons leading to genetic compensation, but not gene knockdowns (Rossi
et al., 2015). One potential mechanism for this was proposed by (El-Brolosy and
Stainier, 2017) and suggested the involvement of degraded mRNA. Following
CRISPR-Cas9 gene targeting of several genes in zebrafish, (El-Brolosy et al.,
2019) demonstrated a significant upregulation in either the paralogue gene or a
family-member gene (termed, adapting gene). Inhibition of the NMD pathway
through knockout of Upfl resulted in failure of the of these adapting genes to be
upregulated. Furthermore, transcriptome analysis of the upregulated genes
across multiple different gene knockout cells, revealed that most exhibit a similar
sequence to the mutated gene. This indicates that the sequence of the degraded
transcript likely plays a role in the genetic upregulation. Additionally, preventing
the expression of the transcript by genetically-targeting the promoter region using
CRISPR-Cas9 in zebrafish, led to a failure of the adapting gene to be
upregulated, highlighting the requirement for mMRNA degradation for this process.
(El-Brolosy et al., 2019) also demonstrated in multiple gene knock out cells,
enrichment of WDR5 and H3K4me3 at the transcriptional start site (TSS) of the
adapting genes, as well as the decreased transcription of adapting genes when
WDR5 was inhibited by siRNA. This indicates the importance of the role of
chromatin remodelling for the upregulation of the adapting gene in genetic
compensation. These robust findings demonstrate that it is the degraded mRNA
following NMD that is responsible for the genetic compensation, through
upregulation of the adapting gene. A mechanism was proposed, whereby
following NMD, these decay factors are guided into the nucleus where they can
bind to regions of the genome of high sequence similarity, where there is then
chromatin remodelling and increased gene expression in an attempt to

compensate for loss of the respective transcript (EI-Brolosy et al., 2019).
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Furthermore, (Schuermann et al., 2015) demonstrated milder phenotypes when

there was greater nonsense-mediated decay and less mt2 transcript in zebrafish.

There was not an increase in ZAKa expression in response to ZAKS absence in
either 3 dpf embryos or adult brains (figures 3.11(a) and (c)), demonstrating
absence of ZAKB does not trigger compensation through upregulation of the
ZAKa isoform. Surprisingly, there was a significant decrease in ZAK« transcript
levels in ZAKB" 3 dpf embryos to similar levels to the ZAKa - and ZAKo- ZAKpB-
" lines. This is the opposite result to genetic compensation, which would have
resulted in an increase in ZAK« transcript levels when ZAKS was absent. This
result could indicate a role for ZAKp in the expression of ZAK«, although further
investigation will be required to substantiate this claim. Indeed, overexpression
of ZAKpB has been shown to induce ZAKa expression in human osteosarcoma
cells (Fu et al., 2018).

There are no transcriptional adaptions and increases in ZAKfS expression in
response to ZAK«a absence, in either 3 dpf embryos or adult tissues (figure
3.11(b) and (c)). Whilst I can rule out genetic compensation through the
paralogue for both ZAKa and ZAK, | cannot rule out genetic compensation from

another similar protein.
3.3.3. Molecular Evasion Techniques

MRNA sequencing demonstrated the use of a molecular NMD evasion technique
in the ZAKa CRISPR line, with the entirety of exon 2 being skipped, rather than
just the predicted 71 base pair deletion within exon 2. The skipping of exon 2 still
results in a frameshift mutation and we have confirmed nonsense-mediated
decay in figure 3.8. No other NMD-evasion techniques were detected. The ZAKS
transcript is as you would expect, based on the genomic DNA, with a 33 base

pair insertion and no signs of molecular mechanisms of evading NMD.
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3.4. Conclusion

This chapter reports the creation of ZAKa- and double ZAKa- ZAKB- mutants
that have been raised to adulthood. The absence of ZAKa and ZAKS transcripts
in their respective CRISPR line, through presumed nonsense-mediated decay,
has been confirmed. Zebrafish, mutant for ZAKa’- were found to activate
nonsense-mediated decay evasion mechanisms, in this case exon skipping.
Nonetheless, even with skipping exon 2, there is still a frameshift mutation and
NMD. No nonsense-mediated decay evasion mechanisms were detected in the
ZAKB line. Furthermore, neither paralogue appear to compensate for absence
of the other isoform. Surprisingly, there was a decrease in ZAK« transcript levels
in the ZAKB™" line, potentially indicating a role for ZAKp in the expression of ZAK ¢,

however, more research is required to support this theory.

Due to lack of ZAK«a expression in the muscle of adult zebrafish, even in the
absence of ZAKS expression, | will not be investigating this mutant line any
further. Embryos from a ZAKa*- ZAKB*" double heterozygous incross were gifted
to our collaborator, Professor Simon Bekker-Jenssen at the University of
Copenhagen. The incross will allow wild type, single and double ZAKo- ZAKB"-

null zebrafish to be used in the investigation of both isoforms in his lab.

114



4. Investigating the Phenotype of

ZAKPB' Zebrafish Part I: Strength
of Muscle and Swimming
Capabilities
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4.1. Introduction

Following successful creation and validation of zebrafish lacking ZAKa, ZAKp,
and both ZAK isoforms, the next step is to investigate the effect that absence of
ZAK may have on skeletal muscle. This chapter will focus on the morphology of
zebrafish lacking ZAKp, the strength and swimming activity of ZAKB”- embryos
and adults, and any impact that absence of both ZAK isoforms has on the activity

of the heart.

4.1.1. Assessing Strength and Swimming Capabilities of ZAKB™
Zebrafish

A decrease in the strength of certain muscle groups is a common feature of all
myopathies. From as early as 17 hours post fertilisation (hpf) zebrafish embryos
use their muscles to move, starting with spontaneous coiling, followed by touch-
induced alternative coiling at 21 hpf, that transforms into a burst of swimming
contractions by 36 hpf (Saint-Amant and Drapeau, 1998). At 24 hpf, the touch-
induced alternative coiling is exclusively the result of slow-twitch fibres, whereas,
the touch-evoked swimming bursts seen at 48 hpf are predominantly the result of
fast-twitch fibres (Moore et al., 2007; Naganawa and Hirata, 2011).
Consequently, the early movement represents an opportunity to study the
strength of contraction of slow and fast-twitch muscle fibres in ZAKB" zebrafish

embryos.

Being able to study zebrafish locomotion is hugely advantageous and has
allowed a greater understanding of obesity (Seebacher and James, 2019),
ageing (Gilbert et al., 2014), neurology (Kokel et al., 2013; Hughes et al., 2020)
and pharmacological interventions (Laggner et al., 2012; Bruni et al., 2016).
Zebrafish swimming analysis also provides an opportunity to understand the role
of proteins or signalling pathways on skeletal muscle function. Chiefly, it is
zebrafish larvae that are used for this swimming analysis, rather than adults (Sztal
et al., 2015; Ruparelia et al., 2021; Lambert et al., 2021).
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Adult zebrafish trunk muscles drive propulsion, generating body waves through
undulations, powering movement in water (McHenry et al., 1995; Gabriel et al.,
2008; Berg et al., 2018).

A former student in the Pownall Lab (Matthew Bedder) created software for
tracking adult zebrafish swimming called ShadowFish. Another former student
(Gideon Hughes) created a protocol and a MATLAB code for automated
processing of the (X, Y) dimensions of seven equally spaced points across the
spine for each frame (Hughes et al., 2020). A modified version of the code can
be seen in (Appendix A). A multitude of different swimming characteristics are
automatically processed across a 30 second recording, using the MATLAB code:
mean velocity, average time spent moving, distanced travelled and mean
swimming duration. Also, the frequency of tailbeats at low, medium and high
speeds as well as the amplitude (degree of bending) at low, medium and high
speeds, are also assessed. These specific features were included in my analysis,
based on swimming assessments from other studies, using either larval or adult
zebrafish (Budick and O'Malley, 2000; Ingebretson and Masino, 2013; Keatinge
et al., 2015; Godoy et al., 2015). This protocol was used by Gideon Hughes,
2020, to discern a movement phenotype in adult zebrafish lacking the Parkinson

associated gene, DJ-1 (Hughes et al., 2020).

Kyphoscoliosis peptidase (KY) is a transglutaminase-like peptidase expressed in
skeletal muscle, and like ZAK, KY protein localises to the Z-disc as part of the
same protein complex as ZAK and mutations in KY have been associated with
human congenital myopathy (Beatham et al., 2004; Baker et al., 2010; Ehsani et
al., 2022). Consequently, it was of interest to investigate the potential impact that
dual absence of KY and ZAKp had on the strength of slow and fast-twitch skeletal
muscle in one and two dpf embryos, as assessed by the tactile strength assay.
The role of KY in skeletal muscle is discussed in greater detail in section 5.1.2.
Furthermore, with many myopathies following an age-related degeneration in
muscle strength, the ability to investigate swimming of adults, as well as larvae,

is highly advantageous.
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4.1.2. Cardiac Involvement of ZAK

There is evidence to suggest ZAKa forms part of the TGF-B signalling pathway,
which stimulates cardiac hypertrophy (Huang et al., 2004b; Nyati et al., 2016).
There is a ZAKa-dependent increase in the expression of atrial natriuretic factor
(ANF), a marker of hypertrophy, following TGF-B treatment (Huang et al., 2004b).
Another marker of hypertrophy, brain natriuretic peptide (BNP), was also
increased in the rat myoblast cell line (H9C2) following ZAKa overexpression, as
well as increased cell size (Hsieh et al., 2015). Increased nuclear translocation of
key hypertrophy transcription factors p-c-JUN and p-GATA-4, are likely causing
the upregulation of ANP and BNP (Hsieh et al., 2015). Overexpression of ZAKa
in HIC2 cells resulted in increased matrix metalloproteinase (MMP)-2 activity
through P38 and JNK signalling, as well as decreased MMP-9 activity through
increased tissue inhibitor of metalloproteinases (TIMP)-1/2 expression (Cheng et
al., 2009). Overexpression of ZAKa, therefore, also appears to lead to myocardial
ECM remodelling and fibrosis, associated with chronic heart diseases (Cheng et
al., 2009).

Whilst ZAKp is the isoform normally expressed in the hearts of humans (GTEXx
Portal)(Fuller et al., 2015), ZAKa expression has been identified in the human
hearts that have had a myocardial infarction (Fu et al., 2016). In the H9C2 cell
line, transfection of ZAKB has been shown to reduce the hypertrophic effects of
ZAKa (Fu et al., 2016). Recent research in H9C2 cells has shown upregulated
ZAKp to reduce BNP levels as well as have a protective role against apoptosis
and cardiac hypertrophy caused by oxidised low-density lipoproteins (ox-LDLS)
(Lin et al., 2022). On the other hand, cardiac-specific ZAKB over-expression in a
transgenic mouse led to myocardial fibrosis, increased cardiac weight as well as
a foetal gene expression profile and increased protein synthesis (Christe et al.,
2004).

It should be noted, however, that no observable abnormalities in the heart of
humans are reported when ZAK is absent, with normal ECG traces and cardiac
ultrasound results (Vasli et al.,, 2017; Ahmad et al., 2022). There is also no

observable cardiac phenotype in ZAK”- mice (Nordgaard et al., 2022).

| have previously demonstrated ZAK g expression in the developing heart, through

ISH (figure 3.1), as well as ZAK g expression in adult heart using qRT-PCR (figure
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3.2). It is, consequently, of interest to investigate any cardiac abnormalities in

zebrafish lacking both ZAK isoforms.

4.1.3. Aims

Measure the size, mass and tail area of ZAKB” zebrafish, relative to wild

type, to determine any morphological phenotype.

e Measure the touch-induced alternative coiling in one and two dpf ZAKB"
and KY” ZAKB” embryos, to determine if there are any differences in the
strength of muscle contractions in the absence of ZAKp or KY and ZAKp.

e Assess swimming capability in ZAKB”- adult zebrafish, at a range of ages,
relative to wild type.

e Investigate a potential role for ZAK heart function by measuring the heart

rate embryos lacking ZAKa, ZAKB and both ZAK isoforms.

4.2. Results

4.2.1. No Morphological Differences were Found in ZAKB”
Zebrafish Compared to Siblings

4.2.1.1. Morphology of Three-Month-old ZAKB" Zebrafish

For the analyses reported in this chapter, crosses of ZAKB*- X ZAKB”- zebrafish
were set up to produce tanks of fish where 50% of the progeny are homozygous
mutant (ZAKB-) and 50% of the progeny are heterozygous siblings that could
serve as controls. Both were reared together, with exposure to the same
environmental conditions and access to food. This minimises unintended
variables, and any investigator bias has been minimised by carrying out the
measurements blind, only genotyping after the analyses were completed. The
one exception to this method is reported in section 4.2.3.3. where age-matched

old wild type controls are compared to ZAKB”- zebrafish.
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The size and weight were measured at three months of age, prior to fin clipping
and genotyping. The height of the zebrafish was always measured immediately
anterior to the anal fin (HAA) (Parichy et al., 2009). The length of the zebrafish
was measured from the tip of the jaw (snout) to the base of the tail, anterior to
the dorsal fin (most posterior region of the caudal peduncle). There were no
significant differences in either the height or the length of ZAKB”- zebrafish and
siblings (figure 4.1 (a) and 4.1 (b)). There was also no difference in the mass
(figure 4.1 (c)).

Figure 4.1 (d) demonstrates how the tail area was calculated. This was done by
multiplying the height of the zebrafish by the length of the tail. The tail length
extends from the HAA line to the base of the tail. There was no difference in the

tail area between ZAKB”- zebrafish and siblings (figure 4.1 (e))

There is sizeable variation in the length and weight for both genotypes. Fulton’s
conditioning factor (K) is an equation devised to allow for an accurate comparison
in mass between fish, in spite of variations in length (Jones et al., 1999; Froese,
2006). Body mass index (BMI) was also calculated by mass (g) X Length (cm)?
(Ganassi et al., 2018; Latha Ramalingam, 2021). Even when taking the length
into consideration, there were still no statistically significant differences in the
standardised weight (K) or BMI for ZAKB”- zebrafish compared to siblings (figure
4.1 (f) and figure 4.1 (9)).

There were no differences in any of the observable morphological phenotypes

between three-month-old ZAKB”- zebrafish and siblings.
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Figure 4.1. Measurements of various morphological differences in three-month-old
ZAKB™ zebrafish and siblings.

Zebrafish from a ZAKB*" X ZAKB™ lay were raised before weighing and measuring the
length. Zebrafish were fin clipped and genotyped following the measurements. (a) Height
(b) Full length. (c) Mass (d) A cartoon detailing how the height at anterior to anal fin
(HAA), zebrafish length and tail length were measured. (e) Tail area is calculated by
multiplying the HAA by the tail length. (f) Standard weight is calculated by mass(g)/length
of fish®. (g) Body mass index (BMI) is calculated by mass (g)/length?. Each data point is
an individual recording, the bar chart and error bars are mean +/- standard error of the
mean. An F-test was used to assess equal variation. An unpaired, two tailed t-test was
the statistical test performed. No significant differences between ZAKB’ and sibling
zebrafish for all body parameters investigated.
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4.2.1.2. Morphology of 23-Month-Old ZAKB" Zebrafish
Siblings from a ZAKB*- X ZAKB” lay were raised in the same tank until 23-

months-old. Measurements were taken and the fish were then fin-clipped and
genotyped. The same measurements as in the 3-month-old zebrafish were
assessed: the height, length, mass, tail area, standardised weight and BMI were
measured, and there were no differences between ZAKB”- zebrafish and siblings

(figure 4.2 (a-f)).
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Figure 4.2. Measurements of various morphological differences in 23-month-old ZAKB™"
zebrafish and siblings.

Zebrafish from a ZAKB* X ZAB™ lay were raised before weighing and measuring the
length. Zebrafish were fin-clipped and genotyped following the measurements. (a) Full
length (b) Mass. (c) Height (d) Tail area is calculated by multiplying the HAA by the tail
length. (e) Standard weight is calculated by mass(g)/length of fish®. (f) Body mass index
(BMI) is calculated by mass (g)/length?. Each data point is an individual recording, the
bar chart and error bars are mean +/- standard error of the mean. An F test was used to
assess equal variation. An unpaired, two-tailed t-test was the statistical test performed.
No significant differences between ZAKB” and sibling zebrafish for all body parameters
investigated.
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4.2.2. No Differences in the Strength of Contraction in ZAKB"
Zebrafish

The heads of 1 and 2 dpf wild type and ZAKB”’ zebrafish embryos were
embedded in low melting temperature agarose, with the tails free to move in E3
media, in order to assess potential abnormalities in locomotion or strength of
contraction, occurring with absence of ZAKp. Further details of the protocol,
including a diagram, can be found in section 2.11 (figure 2.2), and are based on
research by (Hirata et al., 2012). As an additional variable, zebrafish embryos
lacking both KY and ZAKp were also assessed to see if combined absence of
two proteins, where mutations are associated with human congenital myopathy,

result in locomotion defects.

Once the heads were embedded, the tails were provided with gentle tactile
stimulation and a video recording of the respective movement was recorded. The
individual frames across 0.33 second intervals in wild type, ZAKB” and KY-
ZAKP'- zebrafish embryos can be seen in figures 4.3 (a-c). The individual frames
were processed and superimposed, with the maximum angle of tail-bend
indicating the strength of the muscle contraction (as demonstrated in figure 4.3
(d)).

The average maximum tail-bend angle at 1 dpf was 79° for wild type, 80° for
ZAKB'-and 75° for KY* ZAKB (figure 4.3 (e)). The average maximum tail-bend
angle at 2 dpf was 32° for wild type, 31° for ZAKB"-and 29° for KY--ZAKB" (figure
4.3 (f)). There were no statistically significant differences in the maximum angle
of tail-bend at either 1 dpf or 2 dpf, indicating no differences in the strength of

muscle contraction, at least up to 2 dpf, when ZAK or KY and ZAKp are absent.
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Figure 4.3. Angle of tail bend contraction following tactile stimulation in wild type, ZAKB"
~and KY”- ZAKB” embryos.

The heads of embryos were embedded in low melting temperature agarose and the tails
free in E3 media. wt = Wild type. B = ZAKB™. (a-c) Timelapse of individual frames across
multiple time-points for wild type, ZAKB” and KY” ZAKB”. White dashed lines are to
make it easier to identify tails. (d) Superimposed image of the individual frames of a wild
type embryo at 1 dpf, demonstrating how the maximum angle of tail bend was calculated
(e) No difference in the angle of tail bend at 1 dpf (f) No differences in the angle of tail
bend at 2 dpf between wild type, ZAKB” and KY’ ZAKB’ zebrafish. Frames were
superimposed and the maximum tail bend angle was determined using Image J. One
way ANOVA with Tukey’s post hoc analysis was the statistical test. Each data point is

an individual recording, the bar chart and error bars are mean +/- standard error of the
mean. No asterisk = no significance.
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4.2.3. Investigating the Swimming Capabilities of Adult Zebrafish
Lacking ZAKB

Given no differences in the strength of contraction in ZAKB” larvae, it was of
interest to investigate differences in the strength/swimming ability of adults. It is
arguably more pertinent, given myopathies often follow a progressive

degeneration of muscle strength.

Adult zebrafish were transferred to a recording tank and left to acclimatise for 10
minutes, before a five-minute recording of zebrafish swimming is taken. 30
seconds of the first half of the recording, and 30 seconds of the second half of
the recording were processed using ShadowFish tracking software, to determine
the (X, Y) co-ordinates of seven equal points across the spine of the zebrafish for
each frame. The co-ordinates for each frame were processed using MATLAB to
investigate a range of parameters: Mean velocity, distanced travelled, average
time spent moving, mean swimming duration, the frequency of tailbeats at low,
medium and high speeds as well as the amplitude (degree of bending) at low,
medium and high speed. See section 2.12 for full details of the procedure,
including an image of the setup. Fin clips were taken and zebrafish were
genotyped following the recording, allowing the experiment to be performed blind,
as well as preventing the dissections from affecting zebrafish swimming

behaviour.

Typically laboratory-raised zebrafish have a lifespan of 3-5 years with ‘old
zebrafish’ being described as greater than 25 — 30 months (Gilbert et al., 2014;
Dilan et al., 2018). | have raised my lines of Zebrafish to 6 months of age (young),
18 months of age (medium-aged) and 35 months of age (old) for a progressive
assessments of swimming capabilities of ZAKB”- zebrafish as they age. Young
and medium-aged zebrafish are siblings, progeny from a ZAKB"- X ZAKB*" cross,
raised in the same tank, analysed blind and genotyped post-recording. Age-
matched wild type and ZAKB”’ zebrafish are compared for the old-age

assessment at 35-months of age.
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4.2.3.1 Swimming Parameters in Young (6-months) Adult
Zebrafish

Despite a general downward trend in ZAKB”- zebrafish at 6-months of age, there
are no significant differences in the average distance travelled, velocity,
percentage of time spent moving and swimming episode compared to wild type
zebrafish (figures 4.4 (a-d)). In contrast, figures 4.4 (e-l) demonstrate a general
trend for increases in the mean tail-beat frequency and amplitude at all speeds
for ZAKB” zebrafish, and a significant increase in the mean low speed tail-bend
amplitude. An increase in the tail-bend amplitude for lower speeds, might indicate
that the ZAKB”- zebrafish have to work harder by bending the tail more to create

the propulsions required to travel, even at slightly lower speeds and distances.
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Figure 4.4. Comparison of key swimming attributes between young (6-months-old), adult
ZAKB™' and siblings.

A ZAKB*" X ZAKB™ lay were raised in the same tank, together. The zebrafish were
transferred to a recording tank, left to acclimatise for 10-minutes, before a 5-minute video
recording. A 30-second recording from the first half and a 30-second recording from the
second half were processed using ShadowFish and the tracked frames co-ordinates
were processed for key swimming attributes using MATLAB: (a) Distance travelled (cm).
(b) Velocity (cm/s). (c) Percentage of time moving. (d) Mean length of time for each
swimming episode (s). (e) Mean tail beat frequency (hertz). (f-h) Mean tail beat frequency
at low, medium and high speeds, respectively. (i) Mean tail bend amplitude. (j-I) The
mean tail bend amplitude at low, medium and high speeds, respectively. Each data point
is an individual recording, the bar chart and error bars are mean +/- standard error of the
mean. An unpaired, two tailed t-test was the statistical test performed. Ns = not
significant. * P £ 0.05. Twelve Wild type and eight ZAKB”zebrafish had recordings taken,
providing 24 data points for wild type and 16 data points for ZAKB™,
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4.2.3.2 Swimming Parameters in Medium-Aged (18-months)
Zebrafish

The video capture software, ShadowFish, cannot accurately and consistently
track the (X,Y) co-ordinates in older zebrafish. The longer pectoral and tail fins in
the older zebrafish can temporarily confuse the tracking software, with the
software mistaking a fin for the head. Consequently, the angle of the tail-bend
and frequency of the tail-beat are not reliable in fish older than 6 months. The
distance travelled, mean velocity, average time spent moving and mean

percentage of time spent moving can still be reliably measured.

Measurements of 18-month-old heterozygous sibling zebrafish showed a mean
distance travelled per 30 seconds of 100 cm, whereas the mean distance
travelled for the ZAKB" zebrafish was 93 cm (figure 4.5 (a)). The mean velocity
for siblings was 3.4 cm/s versus 3.1 cm/s for ZAKB" zebrafish (figure 4.5 (b)). All
heterozygous sibling zebrafish spent 100% of the time moving, with a mean
active swimming episode duration of 30 seconds (figure 4.5 (c-d)), while the
mutant ZAKB”- zebrafish were moving less, only 95% of the time, with a mean

active swimming episode of 22 seconds (figure 4.5 (c-d)).

The trend of decreased distance and velocity in ZAKB”- zebrafish compared to
siblings is not statistically significant, however, there is a significant decrease in
the percentage of time spent moving and the mean duration of swimming episode

for ZAKB- zebrafish, compared to heterozygous siblings.
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Figure 4.5. Comparison of key swimming attributes between medium-aged (18-months-
old), adult ZAKB”- and siblings.

Age-matched ZAKB™ and siblings were placed in recording tank. Following a 10-minute
acclimatisation, a 5-minute recording was taken of the fish swimming. A 30-second clip
from the first half and a 30-second clip from the second half was processed with
ShadowFish tracking software and the co-ordinates automatically processed using
MATLAB. Sibling and ZAKB” zebrafish were compared for a range of swimming
categories: (a) The mean distanced travelled. (b) The mean velocity. (¢c)The percentage
of time the zebrafish spends moving. (d) The mean length of time for each swimming
episode. Each data point is an individual recording, the bar chart and error bars are mean
+/- standard error of the mean. A ROUT test was performed to eliminate anomalies. An
unpaired, two-tailed t-test was the statistical test performed. * P < 0.05. Six Wild type and
eight ZAKB”zebrafish recordings were taken, providing twelve data points for wild type
and sixteen data points for ZAKB™ zebrafish. ROUT test for anomalies eliminated two
data points for wildtype for distance travelled and two data points for mean velocity.
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4.2.3.3. Swimming Parameters in Old-Aged (35-month) Zebrafish
Raising a tank of zebrafish to 35 months is challenging as this is very old for
laboratory-reared zebrafish (Gilbert et al.,, 2014; Dilan et al., 2018).
Consequently, there is considerable death over time, which can result in an
uneven distribution of mutants and control siblings in a mixed-genotype tank.
Therefore, for the old-age group, age-matched wild type controls were instead
used as a comparison. The age-matched wild type controls were from the same
genetic background (AB), but raised in a separate tank from the ZAKB" zebrafish
to maximise the number of controls and mutants reared. The distance travelled,
mean velocity, average time spent moving and mean percentage of time spent

moving were measured and shown in figure 4.6.

Wild type zebrafish had a mean distance travelled per 30 seconds of 80 cm,
whereas the mean distance travelled for the ZAKB”- zebrafish was 33 cm (figure
4.6 (a)). The speed of swimming was also greatly reduced, with the mean wild
type velocity being 2.71 cm/s against the 0.88 cm/s for ZAKB"- zebrafish (figure
4.6 (b)). Wild type zebrafish spent 97% of the time moving with a mean active
swimming episode duration of 21 seconds. ZAKB" zebrafish, however, spent only
54% of the time moving, with a mean active swimming episode of 7 seconds
(figure 4.6 (c-d)). ZAKB™ zebrafish are swimming less than aged-matched wild

type controls and when they do swim, it is for considerably shorter bursts.

Older zebrafish are slower and spend less time moving than young (6-months;
figure 4.4) and medium-aged (18-months; figure 4.5) zebrafish. The mean
distance travelled for siblings was 94 cm for young zebrafish, 100 cm for medium-
aged zebrafish and 80 cm for old wild type zebrafish, however the mean distance
travelled was 33 cm for old ZAKB” zebrafish. The mean velocity of sibling
zebrafish was 3.2 cm/s for young, 3.4 cm/s for medium-aged and 2.71 cm/s for
old-age wild type zebrafish, however, the mean velocity of old-age ZAKB™
zebrafish was 0.88 cm/s. The mean active swimming episode was also reduced
in old age wild type zebrafish, compared to young and medium-aged sibling
zebrafish, however, this was also greater reduced in ZAKB" zebrafish. These
findings could suggest that natural muscle degeneration that occurs during aging

is enhanced in the absence of ZAK.
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Figure 4.6. Comparison of key swimming attributes between old (35-months-old), adult
ZAKB™" and age-matched wild type controls.

Old ZAKB' zebrafish swim less than age matched wild type control zebrafish. Age-
matched ZAKB” and wild type zebrafish were placed in recording tank. Following a 10-
minute acclimatisation, a 5-minute recording was taken of the fish swimming. A 30-
second clip from the first half and a 30 second-clip from the second half was processed
with ShadowFish tracking software and the co-ordinates automatically processed using
MATLAB. Wild type and ZAKB”- were compared for a range of key swimming attributes:
(a) The mean distanced travelled. (b) The mean velocity. (c)The percentage of time the
zebrafish spends moving. (d) The mean length of time for each swimming episode. Each
data point is an individual recording, the bar chart and error bars are mean +/- standard
error of the mean. An unpaired, two-tailed t-test was the statistical test performed. ** P <
0.01. Four Wild type and five ZAKB"zebrafish recordings were taken, providing eight
data points for wild type and ten data points for ZAKB™ zebrafish.

131



4.2.4 Alterations to the Heart Rate in Zebrafish Embryos when
ZAKa, ZAKPB or Both Isoforms are Absent

There are no reported cardiac abnormalities in humans and mice with mutated
ZAK (Vasli et al., 2017; Ahmad et al.,, 2022; Nordgaard et al., 2022).
Nevertheless, given the expression of ZAKgin the embryonic and adult hearts of
zebrafish, it was still of interest to investigate the possibility of heart abnormalities
in the absence of ZAK. Wild type, ZAKB"-, ZAKa"- and ZAKa - ZAKB” embryos
at either 1, 2, 3 or 6 dpf were anaesthetised to prevent movement, and recorded
for one-minute to assess any differences in the heart rate. See section 2.13. for

further detail on the protocol.

Video analysis of beating hearts in embryos at 1 dpf revealed no differences in
the heart rate at 1 dpf between any of the genotypes (figure 4.7 (a)). At 2 dpf, the
mean heart rate is 100 bpm for wild type, 89 bpm for ZAKB-, 85 bpm for ZAKa
and 89 bpm for ZAKa- ZAKB™ (figure 4.7 (b)). The differences in the mean are

not statistically significant, however.

At 3 dpf, embryos, there was a significant reduction in the heart rate when ZAK§},
ZAKa and both isoforms were absent (figure 4.7 (c)). The mean heart rate was
126 bpm for wild type, 103 bpm for ZAKB-, 96 bpm for ZAKa”- and 101 bpm for
ZAKo"- ZAKB",

The same trend of decreases in the heart rate when ZAKa, ZAKB and both
isoforms are absent exists at 6 dpf, however, the reductions are not significant,
and appear improved (closer to the wild type heart rate than at 3 dpf) (figure 4.7
(d)). The mean heart rate was 143 bpm for wild type, 124 bpm for ZAKB”, 130
bpm for ZAKa - and 139 bpm for ZAKa - ZAKB™.
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Figure 4.7. The impact of absence of ZAK isoforms on heart rate in zebrafish embryos.
There is a significant decrease in the heart rate at 3 dpf when either ZAKa,, ZAKp or both
isoforms are absent. Zebrafish were anaesthetised and the heart rate was immediately
measured. Wild type, ZAKa™, ZAKB" or ZAKa” ZAKB™ heart rates were measured at
(a) 1 dpf. (b) 2 dpf. (c) 3 dpf. (d) 6 dpf. There was a general trend for decreased heart
rates when ZAKa, ZAK or both isoforms are absent. The decreased trend was only
significant at 3 dpf. Each data point is an individual recording, the bar chart and error
bars are mean +/- standard error of the mean. Kruskal Wallace test with Dunn’s multiple
comparison post hoc analysis was the statistical test for analysis. No asterisk = not
significant * P £ 0.05. *** P £ 0.001.
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4.3. Discussion

4.3.1. No Morphological Differences in the Absence of ZAK

The data presented in this chapter show that there are no overt morphological
differences between ZAKB” and siblings in either 3-month-old or 23-month-old
zebrafish. The length, height, tail area, mass, standardised mass and BMI were
all measured. The lack of differences in the measurements are consistent with
the finding that ZAK” mice do not have any observable differences in terms of
weight compared to their sibling littermates (Nordgaard et al., 2022). The height
and weight of humans with a ZAK mutation is not reported and cannot be used
for comparison, however, atrophy of thigh muscle was a common phenotype, as
were smaller slow-twitch fibres (Vasli et al., 2017; Ahmad et al., 2022).

4.3.2. No changes in the Strength of Muscle Contractions in
Zebrafish Larvae in the Absence of ZAKB or KY and ZAKp

In zebrafish, slow-twitch fibres are exclusively used for muscle contractions at 24
hpf, with morpholino knockdown of sMyHC1 and sMyHC2 resulting in loss of all
movement/muscle contraction at 24 hpf but no differences at 48 hpf (Naganawa
and Hirata, 2011). Morpholino knockdown in the fast-twitch-specific ryanodine
receptor 1 (ryrlb) and flightless I homolog (flii) did not affect the muscle
contractions at 24 hpf, however there was a significant reduction at 48 hpf
(Naganawa and Hirata, 2011). This indicates that fast-twitch fibres are required
for effective muscle contraction at 48 hpf, but not before. A complete loss of
movement at 48 hpf only occurs when sMyHC1 and sMyHC2 are both knocked
down, suggesting that whilst fast-twitch muscles are primarily responsible for
burst swimming at 48 hpf, slow-twitch fibres can still contribute (Hirata et al.,
2007b; Naganawa and Hirata, 2011). In the ZAKB” or KY7- ZAKB”’- embryos, no
differences in the strength of contraction was found at 24 or 48 hpf relative to wild
type, indicating that at this early point of development, the absence of ZAKp, or
KY and ZAKB does not result in any changes to the strength of muscle
contractions in either slow-twitch or fast-twitch muscle fibres. In mice, the
association of ZAKB and KY being together as part of a protein complex at the Z-
disc (Beatham et al., 2004; Baker et al., 2010), led to the hypothesis that
combined absence might result in a more severe phenotype. At this early stage

of development, however, combined absence of ZAKB and KY does not appear
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to result in any changes to the strength of muscle contractions in either slow-
twitch or fast-twitch muscle fibres. Ideally, single KY”- zebrafish should be used
as an additional variable for the experiment, however, insufficient tank space as
well as time to conduct the experiments, prevented the use of KY” zebrafish.
Thus, single KY mutants should be generated for future work, to facilitate more

robust analysis.
4.3.3. Locomotion in ZAKB”' Zebrafish at Various Ages

ZAK” mice are indistinguishable from their sibling littermates in terms of
locomotor activity and exploratory behaviour (Nordgaard et al., 2022). A subset
of human patients with mutated ZAK typically shows some delays in motor
development, as well as a waddling gait (Vasli et al., 2017). A Pakistani family
with a recently identified, novel ZAK mutation reported difficulties in movement,
with quadrupedal locomotion preferred for this limited movement (Ahmad et al.,
2022). This was a much more severe phenotype than reported for any other of
the patients, including a separate Pakistani family characterised by (Vasli et al.,

2017), and likely due to a confounding genetic background.

The tracking software, ShadowFish, is highly effective and accurate at tracking
young adult zebrafish swimming. Fish become larger as they age, as does the fin
length. The larger size and fin length appears to cause issues with the tracking
software, leading to inaccuracies in locating the spine dimensions, therefore
invalidating the accuracy of some of the parameters measured (tail-beat
frequency and amplitude). If ShadowFish tracking software is to be used for
tracking zebrafish movement parameters, there will need to be further
development for processing data in older zebrafish, to avoid the inaccuracies of

the tracking co-ordinates.

In young adult zebrafish (6-months old), there was a slight trend for decreased
swimming distance, velocity, percentage of time swimming and average duration
of swimming burst in young fish lacking ZAK, compared to siblings. A small
increase in tail-bend amplitude and frequency was also observed in young
zebrafish lacking ZAKB, compared to siblings. None of these measurements
showed statistical significance. However, the tail-bend amplitude at low speeds
was significantly greater in young zebrafish lacking ZAK3 compared to controls.

An increase in the angle of the tail-bend could indicate that ZAKB~- zebrafish are
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working harder and having to bend their tail more, in order to achieve movement
(McHenry and Lauder, 2005; Keatinge et al., 2015).

The same trend for reduced swimming distance, velocity, percentage of time
swimming and average duration of swimming episode in fish lacking ZAKf, was
observed in medium-aged zebrafish (18 months). The percentage of time spent
moving and the duration of swimming episode were significantly reduced, where
ZAKB'- zebrafish stop more often, resulting in shorter swimming episodes than
their sibling counterparts. This could tie in with the increased tail-bend amplitude
in younger ZAKB”; with zebrafish lacking ZAK, working harder to move and not
getting the same coasting momentum that wild type zebrafish achieve, resulting
in more frequent stops (similar to a hypothesis by (McHenry and Lauder, 2005)).
My hypothesis is that the shorter bursts and greater number of stops require a
greater tail-bend amplitude to re-commence movement again, versus general
cruising. As this protocol cannot accurately measure the tail-bend amplitude and
tail-beat frequency in medium/old-aged zebrafish, it remains unknown as to
whether the increased tail-bend identified in young ZAKB’ is also seen, or

potentially more pronounced, in older zebrafish lacking ZAKp.

There was a significant reduction in all four swimming parameters assessed in
old-age ZAKB" zebrafish (35 months). The aged ZAKB" zebrafish were found to
be swimming shorter distances, at slower speeds, with reduced percentage of
time spent moving and shorter durations in each burst of swimming-episode.
These findings suggest that the myopathic phenotype is progressive and the
deterioration in strength and swimming capabilities manifests in older ZAKB"
zebrafish. It should be noted that for the old-age condition, the wild type and
ZAKPB' zebrafish were raised in different tanks and will have had slight
differences in the amount of food or fresh system water flow per day and,
therefore, the role of a slightly different environment cannot be ruled out. Efforts
were made to standardise the environment of the two separate tanks: The two
populations are age-matched, with the same population size, same tank size and
the same feeding regime. The age-matched wild type zebrafish were of the same
genetic background (AB) as the ZAKB” zebrafish, minimising the likelihood of
differences in the swimming parameters arising from differences in the swimming

capabilities of different strains (Wakamatsu et al., 2019).
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This data shows a reduction in swimming speed, distance and time spent moving
in old-age zebrafish, compared to young and medium-aged zebrafish. This
decline was accelerated when ZAKp is absent, indicating that absence of ZAKf3
may result in an accelerated skeletal muscle ageing process and decline in
locomotion. Future studies into the mechanism of ZAK activity should also be

investigated using older zebrafish.

4.3.4. There is a Significant Reduction in the Heart Rate of 3 dpf
Zebrafish Embryos in the Absence of ZAK

There is a significantly decreased heart rate in embryos lacking ZAKa and ZAKpB
that is apparent at 3 dpf, while at other developmental stages, any apparent
decreases were not statistically significant. It is difficult to rationalise the changes
in heart rate in ZAK mutants that are evident at 3 dpf, while not at 6 dpf; perhaps
a progressive deterioration in ZAK mutant embryos is compensated for by other
mechanisms at this later larval stage. Alternatively, the progressive decline could
also indicate a delay in the development of the heart, in the absence of either
ZAK isoform, that is overcome by 6 dpf. Indeed, lamin A (Imna) mutant zebrafish
show cardiac abnormalities at 3 dpf that have largely subsided by 7 dpf (Nicolas
et al., 2022). The decreases in heart rate when only ZAKa is absent is difficult to
interpret, given that the expression analysis (ISH and qRT-PCR, chapter 3)
shows ZAK/S to be the predominant gene expressed in the embryonic and adult
heart, and no compensatory upregulation of ZAK« is apparent in the absence of
ZAKB.

Bradycardia (slower-than-normal heart rate) can indicate abnormalities in the
heart, including myocarditis (inflammation of the heart) (Sagar et al., 2012),
congenital heart defects (Fahed et al., 2014) and cardiomyopathy (Huttner et al.,
2013; Sidhu and Marine, 2020). Indeed, there are several cases of
neuromuscular diseases resulting in both a skeletal and cardiac muscle
myopathy in humans (Finsterer and Stéllberger, 2016; Feingold et al., 2017).
Targeting certain genes, such as BAG3 and NEB in zebrafish leads to impaired
heart and skeletal muscle function (Norton et al., 2011; Ding et al., 2019; Telfer
et al., 2012). All genotypes were raised in the same density, using the same

media, thus, ruling out the possibility of bradycardia arising from environmental
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differences, such as the composition of the media or stress from the number of

embryos.

The expression of ZAKg in the embryonic and adult heart, coupled with the
apparent decrease in heart rate when ZAKp is absent, is encouraging and should
lead to further investigation. Homozygous ZAKp null zebrafish were bred into the
Tg (flil:GFP) transgenic zebrafish line, for image analysis of the vasculature and
heart of zebrafish lacking ZAK( (Lawson and Weinstein, 2002). Unfortunately,
due to COVID, there was insufficient time to assess possible abnormalities of
ZAKpB-/- embryo hearts in this transgenic line using live-imaging confocal
microscopy. A comparison of the general heart morphology, and the percentage
fractional shortening, between ZAKB’ and wild type controls are examples of

analyses that could be performed.

Additionally, investigating the heart rate, as well as structural differences, in adult
zebrafish lacking either ZAK and/or KY is a further option to explore for a possible
cardiac phenotype. KY has also been shown to be expressed in the heart of mice

(Blanco et al., 2001), so dual absence may present with a stronger phenotype.

4.4. Conclusion

There were no significant morphological differences in terms of the weight or size
of ZAKB”'- zebrafish, relative to siblings, in young and old adult zebrafish. There
were also no significant differences in the strength of muscle contractions in either
slow or fast-twitch muscles in embryos lacking ZAKB or ZAKB and KY. Video
capture and computational analysis of swimming revealed a decrease in
swimming features in old-age zebrafish, compared to young and medium-aged
zebrafish, that was significantly worse in zebrafish lacking ZAKpB. This is
suggestive of a progressive phenotype when ZAKp is absent in zebrafish, or that
the full myopathic phenotype only manifests in older adult zebrafish lacking ZAKp.
The significant decrease in heart rate when ZAK, ZAKa and both isoforms are
absent at 3 dpf is interesting and potential heart abnormalities, in patients and

animal models of ZAK myopathy should be investigated further.
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5. Investigating the Phenotype of
ZAKB' Zebrafish. Part II:
Molecular Analysis
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5.1. Introduction

Following the creation and validation of ZAKa”, ZAKB” and ZAKa’~ ZAKB™
genetically-targeted zebrafish, this chapter investigates the molecular phenotype
resulting from the lack of ZAK isoforms in skeletal muscle. The analyses of the
physical phenotype of muscle strength and swimming capabilities is described in
chapter four. This chapter will focus on the effects that ZAKB might have on

downstream signalling pathways and gene expression.
5.1.1. MAP3K (ZAK) Signalling and Downstream Effects

ZAK is a mitogen-activated protein (MAP) triple kinase (MAP3K) and is, thus, a
component of the MAP kinase pathway. Whilst ZAK is novel in being the first
member of the MAPK signalling pathway to be implicated with human myopathy,
a role for the MAPK signalling pathway is well-established in myogenesis and
muscle maintenance (Segalés et al., 2016). ZAK has been shown to preferentially
activate P38 (P38y in particular) and JNK pathways through MKK3/MKK6 and
MKK4/MKK?7 respectively (Liu et al., 2000; Gross et al., 2002). P38 is essential
for differentiation of myoblasts through irreversible cell cycle withdrawal
(Perdiguero et al., 2007) and P38y promotes the fusion of myocytes (Ruiz-Bonilla
et al., 2008). JNK is a negative regulator of myogenesis, promoting myoblast
proliferation (Huang et al., 2007; Xie et al., 2018). ERK1/2 has also been shown
to be activated by ZAK (Gotoh et al., 2001) and promotes myoblast proliferation,
inhibits differentiation and at least ERK2 appears to be critical for fusion (Jones
et al., 2001; Knight and Kothary, 2011; Lathrop et al., 1985). Figure 5.1. shows
possible downstream effectors and interactors with ZAK, as well as the possible

physiological consequence.
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Figure 5.1 Possible ZAK Signalling Pathways in Myogenesis and Muscle Fibre
Specification.

Diagram demonstrating possible protein interactors and the potential effects that ZAK
signalling could have on myogenesis and muscle fibre specification. ZAK is a known
activator of P38 (especially P38y) and JNK, which have well established roles in
myogenesis, promoting differentiation/fusion and proliferation, respectively. ZAK has
been shown to activate ERK signalling, with ERK2 also playing a role in myoblast fusion.
ZAK has been shown to increase the expression of SOX6 via SOX9 which is important
in the specification of fast-twitch muscle fibres. ZAK has also been shown to be involved
in SMAD-dependent canonical TGF-§ signalling, which has recently been identified as
an important molecular brake in myoblast fusion. “?’ indicates further investigation is
required to establish if ZAKp specifically can activate the respective pathway and, thus,
the downstream effects. Image created using BioRender (biorender.com).

ZAK has been also been shown to be downstream of the small GTPase family
member, RhoC, which plays a role in myoblast fusion, while the related RhoA has
been shown to interact with ZAK and is essential for the initiation of myogenesis
(Korkina et al., 2013; Bryan et al., 2005; Kong et al., 2019). ZAK has been shown
to be required for TGFp dependent SMAD2/3 phosphorylation (Nyati et al., 2016).
This is of note as TGFp signalling has recently been identified as a molecular
brake in muscle fusion, where the process of myoblast fusion results in TGFBR1-
TGFBR2 dimerization and activation (Melendez et al., 2021; Girardi et al., 2021).
The SMAD dependent signalling results in RAB dependent receptor
internalisation and degradation, therefore, no further fusion can occur,
temporarily (Girardi et al., 2021; Melendez et al., 2021).
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5.1.1.1. Genes Regulated Downstream of ZAK

Interestingly, (Suzuki et al., 2012) showed ZAK to induce SOX6 expression in
Xenopus laevis (pathway included in figure 5.1). SOX6 belongs to the SOX (SRY-
related HMG Box) family of transcription factors. Whole-mount in situ
hybridisation (ISH) in Xenopus revealed ZAKB to be expressed in the paraxial
mesoderm and in the somites, with SOX6 expression is also seen in the somites
(Suzuki et al., 2012). ZAKB inducing SOX6 expression is interesting, as is the
expression in the somites, given the role that SOX6 plays in muscle fibre
specification in both zebrafish and mice. Mice deficient in SOX6 display an
increase in slow-twitch specific gene expression (Hagiwara et al., 2005; Hagiwara
et al., 2007). In zebrafish SOX6 alone is sufficient to inhibit slow-twitch specific
gene expression (tnnclb and smyhcl) and is restricted to the fast-twitch muscle
fibres (Jackson et al., 2015). Any regulation of SOX6 by ZAKp therefore would
be interesting given the predominance of slow-twitch muscle fibres in the novel
myopathy associated with absence of ZAK (Vasli et al., 2017; Ahmad et al.,
2022).

Further to this, P38y and MKK3 (part of the ZAK signalling pathway) are
expressed at high levels, almost exclusively, in skeletal muscle (Han et al., 1997,
Lietal., 1996). P38y is expressed constitutively in slow-twitch muscle fibres and
interestingly mice lacking P38y have an increase in the number of slow-twitch
muscle fibres (Foster et al., 2012). ZAK” mice show a predominance of slow-

twitch fibres.

RNA-Seq data comparing the transcriptome of soleus and tibialis anterior (TA)
muscle dissected from wildtype and ZAK~- mice was kindly provided to our lab by
Dr Simon Bekker-Jensen (also published (Nordgaard et al., 2022)). Two of the
differentially expressed genes (DEGs) of interest were myomaker and runt-
related transcription factor 1 (RUNX1). Notably, the upregulation of myomaker
was one of the greatest in fold change, with a 3.4-fold increase (q=0.002) in the
TA of mice lacking ZAK compared to wild type and a 2.25-fold (g=9.56X104)
increase in the soleus of mice lacking ZAK compared to wild type. RUNX1
expression increased by 1.2-fold (q=8.15X10"%) in the TA of mice lacking ZAK
compared to wild type and increased 2.0-fold (q=4.33X10?) in the soleus of mice

lacking ZAK compared to wild type.
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Myomaker is a membrane protein essential for fusion in embryonic and adult
myoblasts (Millay et al., 2014). This is interesting, given the associations of
downstream ZAK effectors with fusion, described above. A critical role for the
myogenic regulatory factor (MRF) transcription factor, myogenin, with myocyte
fusion has been demonstrated, where myogenin binds to the myomaker promotor
region and is essential for myomaker expression (Ganassi et al., 2018). RUNX1
is a transcription factor, associated with the differentiation of haematopoietic stem
cells (Okuda et al., 2001) and is not normally expressed in embryonic muscle
progenitors (Simeone et al., 1995; Levanon et al., 2001) or healthy adult skeletal
muscle (Zhu et al., 1994). RUNX1, however, is present in damaged skeletal
muscle and limits the severity of atrophy by preventing myofibrillar
disorganisation as well as promoting proliferation of myoblasts during muscle
regeneration (Wang et al., 2005a; Umansky et al., 2015). RUNX1 can also be
seen in the muscle of Duchenne muscular dystrophy (DMD) mice (Porter et al.,

2003) and humans with congenital myopathies (Bakay et al., 2006).
5.1.2. Role of KY and Association with ZAK

ZAK expression is upregulated in Kyphoscoliosis peptidase (KY)” mice extensor
digitorum longus (EDL) muscle (Blanco, personal communications). KY is a
transglutaminase-like peptidase expressed in skeletal muscle, and like ZAK, KY
protein localises to the Z-disc as part of the same protein complex, with
immunoglobulin-like fibronectin type Ill domain containing 1 (IGFN1) and filamin
C (FLNC) (Beatham et al., 2004) (Baker et al., 2010; Ehsani et al., 2022). The
increase in the expression of ZAK in absence of KY is of note, as mutations in
KY are the genetic cause of myofibrillar myopathy-7 (Yogev et al., 2017).
Myofibrillar myopathies (MFM) are a classification of neuromuscular disease,
typically presenting with disintegration of the Z-disc and intracellular
accumulation of Z-disc proteins, notably FLNC (Selcen, 2011; Luo et al., 2020).
Human patients with deleterious mutations in the KY gene present clinically with
progressive wasting in both proximal and distal skeletal muscles, atrophy and
skeletal deformities, such as scoliosis (Straussberg et al., 2016; Yogev et al.,
2017; Ebrahimzadeh-Vesal et al., 2018; Arif et al., 2020). Centralised nuclei (seen
in histological sections) and Z-disc streaming (evident in electron microscopy) are
histopathological features of KY associated myopathy (Straussberg et al., 2016;
Yogev et al., 2017; Ebrahimzadeh-Vesal et al., 2018; Arif et al., 2020).
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Another component of this Z-disc protein complex is filamin C (Beatham et al.,
2004). The Filamin family is comprised of three Filamin proteins: Filamin A
(FLNA), Filamin B (FLNB) and Filamin C (FLNC) (Nakamura et al., 2011). The
filamin protein family are actin cross-linking, scaffold proteins (van der Ven et al.,
2000). FLNA and FLNB have a fairly ubiquitous expression profile (Gorlin et al.,
1990; Takafuta et al., 1998), however, FLNC expression is enriched in striated
muscle, localising to Z-discs, sarcolemma, intercalated discs and myotendinous
junctions (Thompson et al., 2000). FLNC mutations are associated with MFM
(Shatunov et al., 2009; Chen et al., 2019) (Verdonschot et al., 2020).

The co-chaperone Bcl-2 associated-athanogene-3 BAG3 has been shown to be
important in the turnover of filamin C as part of the tension/muscle contraction-
induced chaperone-assisted selected autophagy (CASA) pathway (Arndt et al.,
2010). Elevated BAG3 leads to increased release of damaged FLNC from the
cytoskeleton to the cytosol, where it can be ubiquitinated by CHIP and degraded.
Elevated BAG3 levels also lead to activation of yes-associated protein
1/transcriptional co-activator with a PDZ-binding domain (YAP/TAZ), ultimately
resulting in increased transcription of FLNC (Ulbricht et al., 2013). Furthermore,
mutations in BAG3 are also associated with MFM (Selcen et al.,, 2009;
Konersman et al., 2015; Scarpini et al., 2021). BAG3, and CASA, therefore,
appear to be involved in the turnover of defective FLNC through CASA, and
transcription of new FLNC, maintaining tissue homeostasis — the disruption of

which, can result in muscle disease.

There is a transcriptional upregulation in BAG3 and FLNC in KY zebrafish to
levels comparable with methylcellulose-challenged zebrafish embryos (Jokl et al.,
2018a). This finding suggests absence of KY results in a transcriptional
upregulation of CASA components to the same level as physiologically-stressed
muscle fibres (Jokl et al., 2018a).
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Given the upregulation of ZAK in absence of KY in mice, coupled with the
association of ZAK as part of the Z-disc complex with KY (Baker et al., 2010), it
is of interest to see if absence of ZAK is also involved in the transcriptional
upregulation of the CASA components. The KY- zebrafish line (Jokl et al.,
2018a), was successfully crossed with the ZAKB”- zebrafish line, providing a
model organism lacking KY and ZAK for analysis. The KY- ZAKB"- double mutant
zebrafish will be investigated for changes to the expression of the FLNC and
BAG3, using qRT-PCR.

5.1.3 Aims

e Assess changes to the transcriptional profile of slow-twitch and fast-twitch-
specific fibres in the absence of ZAKa and ZAKp

e Investigate a potential role for ZAKB in the CASA pathway through
transcriptional changes to BAG3 and FLNC, using ZAKB™, ZAKa"" ZAKp-
-and KY7 ZAKB” methylcellulose stressed embryos, as well as aged
ZAKB'-muscle.

e Define any changes to the embryonic spatiotemporal expression profile of
SOX6, myogenin and myomaker in the absence of ZAKp.

e Define any changes in embryos to the transcript levels of fusogenic
proteins, myogenin and myomaker, as well as the transcription factor
RUNX1 in the absence of ZAKp.

e Assess changes to downstream signalling and protein activation when

ZAKpB is absent, using western blot analysis.
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5.2. Results

5.2.1. No Significant Differences in the Transcript Levels of Slow
or Fast-Twitch Muscle Markers in Either Embryos or in Adult

Muscle

ZAKpB has been shown to increase the expression of SOX6 in Xenopus laevis
(Suzuki et al., 2012), SOX6 is a key regulator of fibre type determination in
zebrafish, driving fast-twitch differentiation through inhibition of key slow-twitch-
specific genes (smyhcl and tnnclb) (Jackson et al., 2015). Furthermore, ZAK
human and mice exhibit fibre-type disproportion with a predominance of slow-
twitch muscle fibres (Vasli et al., 2017; Ahmad et al., 2022; Lin et al., 2022).

The hypothesis that the absence of ZAK( would lead to decreased expression of
SOX6 and, an associated increase in the expression of slow-twitch genes and/or
a decrease in the expression of fast-twitch genes was tested using qRT-PCR
analysis by measuring changes to the expression of Alkali-like myosin light chain
1 (myll) or slow myosin heavy chain 1 (sMyHC1). myll is an early marker for
differentiating fast-twitch muscle cells in somites and is exclusively expressed in
cells determined to become fast-twitch fibres in zebrafish (Burguiére et al., 2011).
sMyHC1 is an early marker for slow-twitch muscle fibres, and is the first sMyHC

to be expressed in zebrafish embryos (Codina et al., 2010).

RNA was extracted from 3 dpf embryos and cDNA was synthesised. The
transcript levels of myll and sMyHC1 were assessed with absence of ZAKq,
ZAKp or both isoforms using gRT-PCR. Figure 5.2 shows the relative fold change
compared to the wild type expression of either myll or sMyHC1 for each
genotype. There were no significant differences in the expression of myll or
sMyHC1 in 3 dpf embryos when ZAKa, ZAKp or both ZAK isoforms are absent.
The mean percentage increase in the expression compared to wild type for myll
was 13% for ZAKa", 34% for ZAKB” and 52% for ZAKo- ZAKB” 3dpf embryos.
Whilst there is a trend for an increase in absence of ZAKa or ZAKp and a greater

increase when both are absent, it is not a statistically significant increase.

The mean percentage increase in the expression of sSMyHC1 compared to wild
type is: 28% for ZAKa"", 13% for ZAKB” and 21% for ZAKa” ZAKB”" 3 dpf

embryos.
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Expression of Myl1 and sMyHC1 in 3 dpf Wild Type,
ZAKa-/-, ZAK@-/- or Double-/- embryos
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Figure 5.2. Expression of Myl1 and sMyHc1 across varying ZAK mutant genotypes.
There were no significant changes to myll and sMyHc1 transcript levels in the absence
of ZAK isoforms at 3 dpf. For each genotype (wild type, ZAKa”, ZAKB” and ZAKo "
ZAKB') five embryos were pooled, RNA was extracted and cDNA synthesised. Three
separate mating’s from different zebrafish provided a biological triplicate. A technical
triplicate of each biological repeat was also performed. The transcript levels of the fast-
twitch marker myll and slow-twitch marker sMyHC1 were assessed for each genotype
using gRT-PCR. A two-way ANOVA with Tukey’s multiple comparison post hoc analysis
was the statistical test performed. There were no significant differences in the mean
transcript levels of either myl1 or sMyHcl levels in 3 dpf embryos with absence of ZAKa,
ZAKp or both.
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5.2.2. Absence of ZAKB Results in Decreased FLNCA Expression
in 8 dpf ZAKB”Embryos but not in Aged Skeletal Muscle

An orthologue for human KY (ENSDARG00000074036) can be found on
chromosome 13 in zebrafish, (Jokl et al., 2018a). KY is part of a Z-disc protein
complex, along with ZAKp in skeletal muscle (Beatham et al., 2004; Baker et al.,
2010; Ehsani et al., 2022), and mutations in KY are associated with a myopathy
in humans and mice (Blanco et al., 2001; Straussberg et al., 2016; Yogev et al.,
2017; Ebrahimzadeh-Vesal et al., 2018; Arif et al., 2020). Absence of KY is
associated with elevated expression of CASA pathway components FLNC and
Bag3 in zebrafish and mice (Jokl et al., 2018a). Given the association of ZAKf
with KY at the Z disc, and increase of ZAK when KY is absent, it was of interest
to assess if absence of ZAK also affects the CASA pathway. Note, zebrafish
appear to have two isoforms for FLNC (denoted FLNCA and FLNCB).

All zebrafish embryos were raised in normal embryo media (E3) until 5 dpf, where
30 embryos of either wild type, ZAKB”, ZAKa ZAKB” and KY' ZAKB™' were
placed in 0.6% methylcellulose, used as an inert thickener to challenge
swimming. 30 embryos of each genotype also remained in E3 media to act as a
non-methylcellulose challenged control. RNA was extracted from E3 media or
methylcellulose treated embryos at 8 dpf and cDNA was synthesised. cDNA was
also synthesised from RNA extracted from adult skeletal muscle dissected from
36-month age-matched wild type and ZAKB” muscle. gRT-PCR was performed
to assess changes to the CASA components: BAG3, FLNCA and FLNCB as well

as KY transcript levels for all genotypes.

5.2.2.1 CASA Pathway in 8 dpf Embryos with or Without
Methylcellulose-Treatment

Firstly, there was a significant reduction of KY transcript levels in the KY ZAKp-
I~ embryos in all conditions, demonstrating absence of KY transcripts in the KY
mutant line due to nonsense-mediated decay. With the exception of the
expression of KY in KY”- ZAKB’ embryos, none of the changes in KY transcript
levels presented in figure 5.3 (a) and (b) are statistically significant, likely due to

the considerable variation and low number of biological repeats.
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Figure 5.3. (a) demonstrates a statistically significant reduction in the mean
transcript level of FLNCA for ZAKB™", ZAKa” ZAKB” and KY”- ZAKB' 8 dpf
unchallenged embryos compared to mean wild type transcript levels. There is a
mean 31% reduction when ZAKp is absent, a mean 30% reduction when ZAKa
and ZAKp are absent and a 34% reduction when KY and ZAKp are absent. The
comparable levels of FLNCA reduction in genotypes lacking ZAKp indicate that it
is likely absence of ZAKJ that is driving the reduction. There is a similar trend for
decreases in FLNCA expression in the 0.6% methylcellulose-challenged 8 dpf
embryos (figure 5.3. (b)). There is a mean 25% reduction when ZAKp is absent,
a mean 25% reduction when ZAKa and ZAKp are absent and a mean 24%
reduction when KY and ZAK are absent. There was a surprising mean 9%
reduction in FLNCA levels in wild type methylcellulose-challenged embryos,
compared to unchallenged wild type embryos. The FLNCA reductions for ZAKp
-, ZAKa- ZAKB and KY” ZAKB” methylcellulose-challenged embryos are not
statistically significant, likely due to the considerable variation between biological

repeats treated with methylcellulose.

Relative to the wild type FLNCB mean transcript levels in 8 dpf unchallenged
embryos, there is a mean 24% increase for ZAKB”-, a mean 31% increase for
ZAKao - ZAKB' and a mean 25% increase for KY”- ZAKB” (figure 5.3 (a)). The
increase is only significant when ZAKa and ZAK are both absent. Figure 5.3 (b)
shows for 8 dpf 0.6% methylcellulose-challenged embryos, there is a mean 22%
increase in FLNCB levels, relative to wild type, for ZAKB” and a mean 15%
increase for ZAKo- ZAKB™. There is only a mean 6% increase for KY” ZAKB™.
However, none of the mean percentage increases for the 0.6% methylcellulose-

challenged embryos, relative to wild type, are statistically significant.

There were no significant differences in the BAG3 transcript levels in ZAKB™,
ZAKao - ZAKB' and KY7 ZAKB” with or without 0.6% methylcellulose treatment
in 8 dpf embryos (figures 5.3. (a) and (b)). For unchallenged embryos, relative to
the mean wild type BAG3 transcript levels, there was a mean 18% increase with
ZAKB', a mean 7% increase with ZAKo- ZAKB”- and a mean 4% increase with
KY-- ZAKB™. For 0.6% methylcellulose-challenged embryos, relative to wild type
BAG3 transcript levels, there was no difference in the mean percentage with

ZAKB', a mean 9% increase with ZAKa- ZAKB”- and a mean 20% increase with
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KY”- ZAKB™. The small percentage changes for BAG3, the lack of the overall
trend and significance likely means that any differences in percentage are likely

just the result of variation of biological repeats.
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Figure 5.3. KY, FLNC and BAGS3 expression levels in 8 dpf embryos with varying ZAK
mutant genotypes.
There is a significant reduction in FLNCA transcript levels when ZAKp is absent. cDNA
was synthesised from the RNA of five 8 dpf embryos of either wild type, ZAKB", ZAKa "
ZAKB” or KY” ZAKB”- genotype, with or without 0.6% methylcellulose treatment. Three
separate matings from different parents provided biological triplicates for each genotype
(N=3). All biological triplicates had technical triplicates performed. Wt = wild type (red);
B-I- = ZAKB' (blue); a-/- B-I- =, ZAKa”" ZAKB” (cyan); KY-/- B -I- = KY' ZAKB' (grey).
(a) Transcript levels of KY, FLCA, FLNCB and BAGS3 for the various genotypes with
unchallenged embryos. (b) Transcript levels of KY, FLCA, FLNCB and BAG3 for the
various genotypes with 0.6% methylcellulose-challenged embryos. Data was normalised
to Efla housekeeping gene transcript levels (ACT), prior to further normalisation to the
average ACT for unchallenged wild type transcript levels, as a reference. Two-way
ANOVA with Tukey’s multiple comparison post hoc analysis was the statistical test
performed on ACT values. 24T was used to calculate fold change. No Asterisk = not
significant. * P < 0.05. **** P < 0.0001
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5.2.2.2. No Changes to CASA Pathway in Old-Age ZAKB™"

Zebrafish Muscle

There are no significant differences in KY or the CASA-component transcript
levels in aged ZAKB- zebrafish muscle (figures 5.4 (a-d)). This is likely the result
of the large biological variation in transcript levels between different aged

zebrafish muscle.
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Figure 5.4. KY, FLNC and BAG3 expression levels in aged ZAKB™ zebrafish.

There are no statistically significant differences in KY, FLNCA, FLNCB and BAG3
transcript levels in 36-month-old ZAKB™ skeletal muscle. cDNA was synthesised from
the RNA of 36 month-aged wild type (N=3) or ZAKB” (N=3) muscle. All biological
triplicates had a technical triplicate performed too. (a) KY transcript levels in old wild type
and ZAKB” muscle. (b) FLNCA transcript levels in old wild type and ZAKB” muscle. (c)
FLNCB transcript levels in old wild type and ZAKB” muscle. (d) BAG3 transcript levels
in old wild type and ZAKB” muscle. Data was normalised to housekeeping gene Efla
(ACT) 224€T was used to calculate fold change. Unpaired, two-tailed student’s t-test was
performed on transcript levels (ACT) of old muscle. No Asterisk = not significant.
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5.2.3. Assessing the Transcriptional Profile of Potential
Downstream ZAK Effectors in ZAKB” Zebrafish

5.2.3.1. Assessing the Expression of SOX6, Myogenin,
Myomaker and sMyHC1 in Wild type and ZAKB’ Embryos using
ISH

In situ hybridisation (ISH) was performed on embryos between 1 and 4 dpf, to
assess if there were any differences in the spatial or temporal expression profile

of SOX6, myomaker, myogenin and sMyHC1 in ZAKB” embryos.

Figure 5.5 (a) demonstrates SOX6 expression to be exclusively in the somites,
with similar expression intensity levels between 1 dpf wild type and ZAKB”"
embryos. Whilst SOX6 expression appears to remain in the somites at 2 dpf for
wild type, but not ZAKB”- embryos, the ZAKB”- embryos appear more developed,
as evidenced by the eye definition. At 2 dpf, there is also expression of SOX6 in
the developing pectoral fin muscle and in the head of the embryos. For 3 and 4
dpf, the expression of SOX6 is largely in the head of the embryos for both wild

type and ZAKB’- embryos, with no expression in the somites.

The expression profile of myogenin is comparable across wild type and ZAKB™"
embryos in all timepoints investigated (figure 5.5 (b)). At 1 dpf, myogenin
expression is localised to the caudal somites, in the posterior region of the
embryo. Between 2 — 4 dpf, myogenin expression is enriched in the dorsal and
ventral edges of the somites. There is also expression of myogenin in the muscles

of the developing pectoral fin and jaw between 2 — 4 dpf.

Figure 5.5 (c) shows the expression of myomaker to be localised to the posterior
region of the embryo at 1 dpf for wild type and ZAKB’embryos. At 2 dpf, the
expression of myomaker is enriched in the developing pectoral fin muscle and
the facial muscle for wild type and ZAKB~-. The expression intensity is comparable

between wild type and ZAKB”- embryos at 1 and 2 dpf.

sMyHC1 expression is localised to the somites and the facial muscle for both wild
type and ZAKB (figure 5.5 (d)). The expression of sSMyHC1 appears reduced in
ZAKB”- embryos for all timepoints investigated. qRT-PCR in figure 5.2 shows no
significant differences in the expression of sSsMyHC1, demonstrating that whilst

ISH is an appropriate procedure for qualitatively assessing the spatiotemporal
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MRNA expression profile, the assay is limited in the reliability of quantifying

intensity.

(a) SOX6

Wild type
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(b) Myogenin
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(c) Myomaker
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wild type ZAKB-/-
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Figure 5.5. The expression profile of SOX6, Myogenin, Myomaker and sMyHC in
zebrafish embryos lacking ZAKp.

RNA probes antisense to the respective mRNA were designed, which contain
digoxigenin (DIG) and bind to anti dig antibodies, fused with the enzyme AP, allowing for
detection of colour change in regions of high mRNA expression. (a) Expression of SOX6
is in the somites at 1 dpf and in small amounts at 2 dpf in wild type. After 2 dpf, the
expression is greatest in the developing neurula and head. There is no difference in the
expression of SOX6 in ZAKB” embryos. (b) Expression of myogenin is in the caudal
somites (posterior) at 1 dpf and from 2 dpf is at the edges of the somites. There is no
difference in the expression of myogenin in the ZAKB” mutant line (c) Expression of
myomaker is in the somites at 1 dpf and then just the pectoral fins/facial muscle at 2 dpf.
There are no differences in the expression in ZAKB” embryos. (d) sSMyHC1 expression
is in the somites and facial muscle, and appears reduced in ZAKB” embryos.
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5.2.3.2. There is a Significant Upregulation of Myogenin and
Myomaker in 8 dpf ZAKB” Embryos, Independent of
Methylcellulose-Challenging

gRT-PCR was used to assess if there are any statistically significant changes to
the expression of myomaker and RUNX1, as seen in RNA-seq data on ZAK"
mice. Myogenin expression was also investigated, as it is required for the
expression of myomaker (Luo et al., 2015; Ganassi et al., 2018). All embryos
were raised in zebrafish E3 growth media until 5 dpf, where 30 wild type and
ZAKPB’- embryos were placed in 0.6% methylcellulose in E3 (normal zebrafish)
media. 30 embryos of each genotype also remained in E3 media as an
unchallenged control. Skeletal muscle was dissected from 36-month-old wild type
and ZAKB”- zebrafish. cDNA was synthesised from RNA extracted from embryos
with or without methylcellulose treatment at 8 dpf and from the old skeletal
muscle. The expression levels of myogenin, myomaker and RUNX1 were
assessed using qRT-PCR.

Figure 5.6 (a) shows there was a significant increase in the mean myogenin
expression in 8 dpf ZAKB” embryos, as detected by qRT-PCR (143%, compared
to wild type). Methylcellulose treatment did not affect wild type expression levels
of myogenin and led to a comparable increase in ZAKB” embryos (141%),
suggesting this upregulation of myogenin expression in ZAKB mutants is
refractory to any additional stress to muscle. There was a significant 105%
increase in the mean myomaker transcript level in non-methylcellulose
challenged ZAKB”- embryos at 8 dpf, compared to wild type (figure 5.6 (b)). Like
with myogenin, the increase of myomaker was not enhanced in methylcellulose-
challenged embryos. There were no significant differences in the expression of

RUNX1 in 8 dpf embryos with/without methylcellulose treatment (figure 5.6 (c)).

There are no significant differences in the expression of myogenin, myomaker or
RUNX1 in old adult ZAKB” muscle (figure 5.6 (d-f)). The high variability in the
expression of myogenin and myomaker was the same for wild type and ZAKB™

aged-muscle.
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Figure 5.6. Myogenin, myomaker and RUNX1 expression levels in ZAKB" embryos and
aged zebrafish.

There is a significant upregulation of myogenin and myomaker expression in 8 dpf
embryos. cDNA was synthesised from RNA extracted from 8 dpf embryos with/without
methylcellulose treatment. cDNA was also synthesised from RNA extracted from old
adult muscle. gqRT-PCR was used to quantify expression of wild type and ZAKB” (a)
myogenin in 8 dpf embryos with/without 0.6% methylcellulose (b) myomaker in 8 dpf
embryos with/without 0.6% methylcellulose. (c) RUNX1 in 8 dpf embryos with/without
methylcellulose. (d) Myogenin in old adult muscle. (e) Myomaker old adult muscle. (f)
RUNX1 in old adult muscle. cDNA was synthesised from RNA extracted from five
embryos, from three separate wild type and ZAKB” matings (n=3). Three wild type and
three ZAKB™ old-age adult skeletal muscle samples were dissected. Three technical
repeats were performed on the three biological repeats. Fold change was calculated by
initially normalising the expression to Efla (ACT) before then calculating the fold change
to average wild type CT. 2-AACT was the method of analysis. Unpaired two-tailed
students T-test was the statistical test. Ns = No significance. *<0.05; ***<0.001.
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5.2.4. Investigating Protein Activation in the Absence of ZAK
Signalling

To look more directly at the signalling pathways regulated by ZAK, western blots
were used to assess any changes to the activation of components of the MAPK
pathway in the absence of ZAKB or ZAKa and ZAKPB. This was done using
embryos cultured in normal media and those where the swimming/skeletal
muscle force was challenged by culturing embryos in either 0.6% or 1%
methylcellulose, where we expected any effects from the lack of ZAK would be
enhanced (see section 2.7). Protein was also extracted from dissected age-
matched (9 months) wild type, ZAKB”and ZAKao- ZAKB”- muscle, for the western
blot results in figure 5.7 (c) (See section 2.6 for full details of the western blot
protocol). Commercially available antibodies that recognise the phosphorylated
forms of P38, AKT and ERK were used to investigate the activation in the
absence of ZAK proteins. Western blots shown are preliminary findings and
representative of a single biological sample, due to complications with the protein
extraction protocol and limited number of fish, which prevented the generation of

biological repeats.

An apparent increase in the levels of phosphorylated-P38 (p-P38) is detected in
the absence of ZAK( and both ZAK isoforms, in 8 dpf embryos (figure 5.7 (a)).
This effect is no longer detected when embryos are stressed in either 0.6% or 1%
methylcellulose. Total ERK levels were used as a normalisation/loading control
and were comparable across all samples, although with slight decreases seen
with ZAKa- ZAKB”- embryos.

Figure 5.7 (b) shows a comparable increase in the phosphorylation of P38 in the
absence of either ZAKB or both ZAKa and ZAKp, relative to wild type.
Phosphorylation of AKT, on the other hand, appears to decrease in the absence
of ZAKp and further decreases to virtually no p-AKT in the absence of both ZAK
isoforms, in 8 dpf embryos. The levels of ERK activation look comparable in wild
type, ZAKB' and ZAKa- ZAKB”- 8 dpf embryos.

Figure 5.7 (c) demonstrates in adult muscle, no apparent changes in the
phosphorylation of P38 or AKT is evident in the absence of either ZAK or ZAKa.
and ZAKp. There potentially might be a slight decrease in p-P38 levels in ZAKp"

" muscle but not ZAKa”~ ZAKB” skeletal muscle. ERK activation in skeletal
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muscle appears to be marginally increased when ZAKp is absent and further

increased when both ZAKa and ZAKp are absent.
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Figure 5.7. Analysis of protein activation in the absence of ZAK isoforms using western
blot.

(a) The levels of p-P38 and dp-ERK compared to total ERK when embryos were stressed
in 0.6% or 1% methylcellulose-enriched E3 media, in the absence of ZAKp or ZAKa and
ZAKB. (b) Activation of P38, AKT and ERK in the absence of either ZAKf or ZAKa and
ZAKpB in 8 dpf embryos. Total ERK is the loading control. (c) Activation of P38, AKT or
ERK in 9-month-old adult skeletal muscle lacking ZAKB or ZAKa and ZAKB. Western
blot figures are preliminary and representative of n=1. Molecular weight (kilodalton (kDa))
was determined using PageRuler Plus protein ladder and shown for all figures. Total
ERK is the loading control.
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5.3. Discussion

5.3.1. Fast and Slow-Twitch-Specific Gene Expression in 3 dpf
Zebrafish Embryos

There are no significant differences for the myll and sMyHC1 transcript levels
when ZAKa, ZAKp or both isoforms are absent in 3 dpf zebrafish embryos. There
is, however, a general trend for increased myll when ZAKa or ZAKp are absent,
with the greatest change being a 52% increase in the mean expression when
both isoforms are absent. As discussed, this trend, however, is not significant,
either representing natural variation from a low number of biological repeats, or
just a marginal increase. It should be noted, that ectopic expression of SOX6 in
zebrafish only resulted in approximately a 20% decrease in SMyHC1 levels, so
the relative fold change is comparable (Jackson et al., 2015). Furthermore,
absence of SOX6 in zebrafish leads to aberrant expression of tnnclb in fast-
twitch fibres, but not sMyHC1, demonstrating the role of multiple factors in fast-
twitch fibre-type determination (Jackson et al., 2015). This means that any effect
on fibre type from ZAK is likely to only be a part of fibre-type determination and

may not produce substantial changes.

An increase in myll when ZAK is absent is surprising, given the association of
ZAKp increasing SOX6 expression (Suzuki et al., 2012), which in turn reduces
the expression of slow-twitch specific genes, such as sMyHC1 (Jackson et al.,
2015). An increase in myll and no change to the expression of sMyHCL1 is,
consequently, difficult to rationalise. There are no known associations of ZAK with
proteins involved in specifying slow-twitch fate and repression of fast-twitch gene
expression, such as BLIMP1 (also known as prdm1) (Liew et al., 2008; Burguiere
etal., 2011).

Due to the non-significant nature of the result, this experiment will require repeats
to assess if the trend is meaningful and not just natural variation, arising from a
low number of biological repeats. Any significant changes to transcript levels
would also need validating with Immunostaining of slow-twitch and fast-twitch
markers in adult muscle before any final conclusions on the effects of ZAK on the

fibre-type proportion in zebrafish could be made.
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5.3.2. There is a Significant Reduction of FLNCA in the Absence
of ZAKP in Zebrafish Embryos

There was a significant decrease in the levels of FLNCA when ZAKf; ZAKa and
ZAKp, and KY and ZAKp were absentin 8 dpf unchallenged embryos, suggesting
a role for ZAKp activity in the expression of FLNCA. There was also a significant
increase in FLNCB levels when both ZAKa and ZAKP are absent in 8 dpf
unchallenged embryos, which could either be a compensatory mechanism for
lack of ZAKp, or a potential role for ZAK activity for the downregulation of FLNCB
expression. | also validated the KY-- zebrafish line, demonstrating a statistically
significant reduction of KY transcript, presumably through nonsense-mediated

decay.

(Jokl et al., 2018a) showed a statistically significant upregulation in the
expression of FLNCA, FLNCB and BAG3 in wild type methylcellulose-challenged
embryos, compared to unchallenged embryos. For wild type 8 dpf
methylcellulose-challenged embryos, there was a 9% reduction in the mean
FLNCA levels and an 18% reduction in the mean FLNCB levels, compared to
unchallenged wild type mean expression; albeit the changes were not statistically
significant. There was also a 32% reduction in KY in wild type 8 dpf embryos,
following methylcellulose treatment. A greater number of biological repeats would
better assess if these changes are meaningful or just a result of variation between
different fish.

(Jokl et al., 2018a) found significant upregulation of BAG3, FLNCA and FLNCB
in KY- 7 dpf embryos and adult zebrafish, proposing that absence of KY results
in a compensatory upregulation of CASA-component transcripts. Whilst | see a
25% increase in the mean FLNCB levels in 8 dpf E3-treated KY”- ZAKB”and a
20% increase in the mean BAG3 levels in 8 dpf methylcellulose-challenged KY-
ZAKB” embryos, these increases are not significant and should be treated with
caution. Furthermore, there is a statistically significant decrease in the mean
FLNCA levels in unchallenged KY”- ZAKB”- 8 dpf embryos. This demonstrates
that even with absence of KY, shown to increase FLNC levels, there is still
significant downregulation of FLNCA caused by absence of ZAKB. One
explanation for this finding is that ZAKB signalling results in increased FLNCA

expression, in absence of KY, as a compensatory mechanism in an attempt to
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minimise pathology. This theory could also explain the increase of ZAKp in the

soleus of KY” mice.

Notably for old-age muscle, there was not the reduction in FLNCA transcript
levels seen in embryos when ZAKP was absent; however there was a mean,
albeit not statistically significant, percentage reduction in FLNCB levels. This
could imply that ZAK induced FLNCB transcription is important in adult or old-
aged muscle, whereas ZAKp induced FLNCA transcription is important for
maintaining embryonic/juvenile muscle integrity. Understanding the importance
of these proteins for aging of muscle can be important with regards to sarcopenia
(age-related muscle loss). FLNC and BAGS3 levels have been shown to be

increased in old-age mouse muscle (Lin et al., 2018).

The decrease in FLNCA seen in zebrafish is intriguing. Indeed, transcriptome
analysis on one of the ZAK"- myopathy patients, compared to two control patients,
revealed a decrease in sarcomeric components of the cytoskeleton and Z-disc,
which included FLNC (Vasli et al., 2017). This suggests a possible role for ZAKf
signalling to increase FLNC expression for maintenance of muscle integrity, that
is conserved between humans and zebrafish. The importance of FLNC for muscle
integrity can be demonstrated by mutations in the gene resulting in human
myopathies (Shatunov et al., 2009; Chen et al., 2019; Verdonschot et al., 2020).

The 84% increase in mean BAG3 transcript levels in adult ZAKB”- muscle is
surprising, given it is not accompanied with an increase in FLNCA/B. The
increase, therefore, might allude to a greater demand for BAG3-mediated protein
turnover in old muscle when ZAKf is absent, but not for increased CASA-
component transcription. As the increase is not significant, it could just be

variation between different ZAKB” zebrafish, with further repeats required.

Despite the limitations of a low number of biological repeats and the lack of a
single KY- control, the results are promising and do hint at a potential role for
ZAKpB in the CASA pathway in zebrafish and/or the Hippo pathway, leading to
increased expression of FLNC to maintain muscle integrity. Further
experimentation using single KY-- zebrafish is required before any conclusions

can be made.
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5.3.3. Transcription of sMyHC1, SOX6, Myogenin, Myomaker and
RUNX1 in ZAKB”- Zebrafish Embryos

There are no statistically significant differences in the expression of the slow-
twitch specific gene sMyHC1 and the fast-twitch specific gene Myll in ZAKB” 3
dpf embryos. This finding disputes the apparent weaker colourimetric intensity,
found using ISH probes against sMyHC1 on ZAKB’ embryos, across all
timepoints. The discrepancy demonstrates how ISH is more of a qualitative
assay, aimed at assessing the spatiotemporal expression profile rather than

guantification.

The expression profile for SOX6 is comparable between wild type and ZAKB™"
embryos. The presence of SOX6 expression in the somites of 2 dpf wild type, but
not ZAKB” embryos, is likely just the result of the embryos being slightly less
developed and is probably not meaningful. SOX6 is exclusively expressed in the
somites at 1 dpf, where it will be likely involved in specifying fast-twitch fibres
through inhibition of slow-twitch fibres (Jackson et al., 2015). In subsequent dpf,
the somite expression is lost and SOX6 is expressed in the heads of zebrafish
embryos, where it will likely be involved in the craniofacial cartilage differentiation
(Suzuki et al., 2012) and neurogenesis (Lee et al., 2014; Li et al., 2022).

The expression of myogenin initially is in the posterior somites of 1 dpf embryos.
Between 2 — 4 dpf, the expression becomes more localised to the dorsal and
ventral edges of the myotome, across the full tail. There is also an enrichment of
myogenin expression in the face muscles and the muscles of the developing
pectoral fin. There were no obvious differences in the expression of myogenin
between wild type and ZAKB” embryos. There were also no differences in the
expression profile of myomaker at 1 and 2 dpf, between wild type ZAKB”
embryos. The expression of myomaker is in the posterior region of the trunk, in
the caudal somites. In 2 dpf embryos, the expression is enriched in the
developing pectoral fin muscle and the facial muscle. For future work, it would be
of interest to assess myomaker expression in embryos younger than 1 dpf, to
assess potential transient expression changes during the different stages of

somitogenesis.
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gRT-PCR revealed a significant increase in the expression of myogenin and
myomaker in 8 dpf ZAKB” embryos, independent to stress of muscle through
0.6% methylcellulose treatment. The increase in myogenin and myomaker in 8
dpf ZAKB” embryos might be compensating for absence of ZAKB. There is also
the possibility that ZAKp signalling plays an inhibitory role for myogenin and
myomaker expression, which would be surprising as there has not been an
association between P38 or JNK signalling and myogenin or myomaker levels.
The fusion capabilities of ZAKB” mutant zebrafish embryos will be assessed
using transgenic zebrafish and confocal microscopy in chapter 6. The
upregulation of myomaker and myogenin is not seen in old adult ZAKB”- muscle,
indicating the importance of ZAKp in fusion to be more pertinent when zebrafish

larvae are developing.
5.3.4. Changes to Protein Activation in Zebrafish Lacking ZAKf

All antibodies used were developed using human or mouse epitopes. As | am
interested in zebrafish protein levels, only antibodies that produced a single,
discrete band at the correct molecular weight were used. Sadly, antibodies for p-
JNK and p-SMAD2/3 produced multiple non-specific bands, at the wrong
molecular weight, so were not included for analysis. Moreover, ideally, total P38
and AKT antibodies would have been used to normalise the activation of these
proteins to their respective total levels. In the absence of these antibodies, the
activation was normalised to the total ERK levels. A further limitation of the
analysis of protein activation using western blot, is the lack of biological repeats
performed. The need for optimisation of the protein extraction protocol using
zebrafish tissue, as well as insufficient biological samples and time, meant it was
not possible to perform biological repeats. The results are therefore subject to
replication, which would subsequently facilitate more robust densitometry

analysis of bands to quantify and validate the findings.

The preliminary results obtained from the western blots are difficult to decipher,
due to the lack of consistency. Stressing embryos through swimming in
methylcellulose did not alter the activation of either P38 or ERK. Sadly, there was
a lack of zebrafish-specific antibody for JNK, which has been shown to be
activated by ZAK. JNK activity increases upon mechanical load, where it
regulates proliferation, hypertrophy, and apoptosis (Olsen et al., 2019; Lessard

et al.,, 2018; Tan et al., 2009), making it an ideal candidate for assessing
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activation following methylcellulose stress. ZAK has been shown to
phosphorylate and activate P38 (Liu et al., 2000; Gross et al., 2002). An increase
in P38 activation was seen in non-methylcellulose stressed embryos lacking
ZAKP or ZAKa and ZAKB. The increase in P38 phosphorylation could indicate
compensation from other pathways in the absence of ZAK. Surprisingly, when
ZAKB' or ZAKa” ZAKB’ embryos were stressed with methylcellulose, P38
phosphorylation was reduced to levels comparable with wild type, which is difficult
to rationalise. The increase in p-P38 levels in the absence of ZAKp or ZAKa and
ZAKSB, is not present in adult muscle. On the contrary, p-P38 levels appear slightly
reduced in ZAKB” skeletal muscle. One explanation for the lack of consistency
in P38 phosphorylation levels between embryos and adults is that ZAK
preferentially activates P38y whereas, the antibody in question detects three of
the four activated isoforms of P38 (o,  and y). Changes to the levels of activation
of an individual P38 isoform might be masked by the other isoforms. Additionally,
protein was extracted from whole embryos, therefore, any changes to protein
activation are not muscle-specific. ZAKp is enriched in the developing heart and
skeletal muscle, therefore, it is likely that the protein activation changes are

present in these tissues.

Multiple studies have shown the potential for ZAK to phosphorylate AKT (Fu et
al., 2016; Wang et al., 2021). The AKT/mTOR pathway is important for
hypertrophy and preventing atrophy in skeletal muscle (Rommel et al., 2001;
Bodine et al., 2001). In 8 dpf embryos, there was a decrease in the level of AKT
activation when ZAKp was absent and an even greater decrease when both
ZAKo and ZAKP were absent. There was no difference in the levels of
phosphorylated AKT in adult skeletal muscle, therefore, the role of ZAK in
activating AKT could be more important during development, rather than in adult
muscle maintenance or hypertrophy. Interestingly, cross talk between the Hippo
pathway and AKT/mTOR activity has been reported (Fischer et al., 2016). YAP-
induced reduction in PTEN (inhibitor of AKT) leads to increased AKT activity
(Tumaneng et al., 2012). The decreased AKT levels when ZAKp is absent in 8
dpf embryos, coupled with the significantly reduced FLNCA transcription in ZAK3
-8 dpf embryos, again alludes to potential involvement of ZAKp signalling in the
hippo signalling pathway in zebrafish. ZAKa has been shown to activate YAP
through the tyrosine kinase, SRC (Fu et al., 2019; Silva et al., 2022), however,
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an association for ZAKp to the Hippo pathway has not yet been identified, to my

knowledge.

The opposite trend for activation of ERK can be seen, with no differences in the
activation of ERK in 8 dpf embryos, but an apparent increase when ZAKJ or
ZAKa and ZAKpB were absent in adult skeletal muscle. The increased ERK
activation could be a compensatory mechanism to maintain muscle mass and
prevent atrophy (Shi et al., 2009). Constitutive activation in ERK resulted in a fast-
to-slow fibre-type switching that minimised severity of disease progression in a

mouse model for limb girdle muscular dystrophy (Boyer et al., 2019).

Whilst the changes to protein activation are not validated, they could hint at
potential changes to larval zebrafish and adult skeletal muscle when either just
ZAKp or both isoforms are absent. Potential repeats of the experiment with more
specific antibodies could validate these preliminary findings. Further to this,
phosphoproteomics would provide a non-biased approach to investigate
alterations in protein phosphorylation in absence of ZAKB and should be

considered for future work.

5.4. Conclusion

Many changes to the levels of transcript expression in the absence of ZAKp are
small and not significant. The significant reduction of FLNCA in 8 dpf embryos
lacking ZAKpB might hint at a role for ZAKp signalling to increase transcription of
FLNC in stressed muscle fibres. A role for ZAKp in the CASA pathway and/or
hippo pathway should be investigated further. The significant upregulation of
myogenin and myomaker in 8 dpf ZAKB” could indicate abnormal fusion is

occurring and will be investigated further in chapter 6.
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6. Imaging Skeletal Muscle In
Zebrafish Lacking ZAKf
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6.1. Introduction

In this chapter, the structure and ultrastructure of skeletal muscle is investigated
in embryos and adult zebrafish lacking ZAKp and age-matched controls. To do
this, ZAKB”- zebrafish were crossed into two different transgenic zebrafish lines:
Tg (mpx:GFP)11 to assess the neutrophil infiltration following skeletal muscle
wounding (Renshaw et al., 2006); and Tg (Actal:lifeact-GFP;mCherry((CAAX))
in order to assess the development of skeletal muscle (Berger et al., 2014).
Transmission electron microscopy (TEM) of skeletal muscle dissected from old-
age ZAKB™ zebrafish and age-matched wild type controls (36-months), is used to

analyse the ultrastructure of mutant and wild type myofibres.

6.1.1. Role of Inflammation in Skeletal Muscle Repair and

Regeneration Following Injury

Inflammation is important to initiate the repair response of skeletal muscle
following injury or damage (Ziemkiewicz et al.,, 2021). Polymorphonuclear
granulocytes, called neutrophils, are the firstimmune cells to appear at damaged
skeletal muscle, arriving as soon as one hour following insult (Fielding et al.,
1993). The maximum levels of neutrophils are seen between 6 — 12 hours post
injury (Malm et al., 2000). Following injury or fibre necrosis in skeletal muscle,
damage associated molecular patterns (DAMPS) are released, which include
DNA, high mobility group box 1 protein (HMGB1) and ATP (Bours et al., 2006;
Venereau et al., 2012; Wang, 2018). These DAMPs can activate surrounding
cells in the tissue, such as mast cells and endothelial cells to produce and secrete
proinflammatory cytokines and chemokines, for example, interleukin (IL)-1p,
tumour necrosis factor a (TNF-o) and IL-8, which can recruit and activate
neutrophils (Kaplanski et al., 1994; Radley and Grounds, 2006; Howard et al.,
2020). Neutrophils release reactive oxide species (ROS) and enzymes, such as
elastase and myeloperoxidase, and phagocytose debris in the skeletal muscle
(Wang, 2018). Furthermore, neutrophils release pro inflammatory cytokines and
chemokines, such as IL-1, IL-8 and CCL2, which can aid the recruitment and
activation of circulating monocytes into proinflammatory (M1) macrophages in the
damaged skeletal muscle (Yoshimura and Takahashi, 2007; Selders etal., 2017,
Howard et al., 2020). Neutrophils are usually cleared and no longer detected by

around one week after injury (Marsolais et al., 2001). Despite phagocytosing
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debris and increasing vascularisation following insult (Dalli et al., 2013), there has
been contradictory results in how essential neutrophils are for skeletal muscle

regeneration in mice (Teixeira et al., 2003; Dumont et al., 2008).

Tissue-resident or circulating monocyte-derived phagocytes, named
macrophages, arrive at the wound site after neutrophils (Wang et al., 2014;
Brigitte et al., 2010). Albeit an overly-simplistic representation, macrophages can
be thought of as having two phenotypes: Pro-inflammatory (M1) macrophages,
which reach peak levels between 1-2 days post injury (dpi) and anti-inflammatory
macrophages (M2), which replace M1 macrophages as the prevalent
macrophage from 3 dpi, reaching a peak and plateauing at 7 dpi (Arnold et al.,
2007). M1 macrophages are important for phagocytosis, clearing cell debris as
well as the production of pro-inflammatory cytokines, such as TNF-a, IL-1 and IL-
6 (Mills et al., 2000; Mantovani et al., 2004). Conversely, M2 Macrophages are
important for healing and the resolution of inflammation, producing anti-
inflammatory cytokines, such as TGF-$ and IL-10 (Mills et al., 2000; Mantovani
et al., 2004; Arnold et al., 2007). Interestingly, phagocytosing necrotic debris as
well as apoptotic neutrophils can result in the conversion of M1 macrophages to
M2 macrophages (Huynh et al., 2002; Xu et al., 2006; Arnold et al., 2007). The
importance of macrophages is emphasised by reduced skeletal muscle
regeneration following wounding, when monocyte/macrophage migration via ccr2
was absent (Lu et al., 2011). Moreover, the switch from M1 to M2 macrophages

is also critical for effective skeletal muscle regeneration (Mounier et al., 2013).

Other white blood cells, such as T and B-cells contribute to the pro-inflammatory
response, through the production of cytokines as well as the regenerative the
anti-inflammatory response, directly acting on satellite cells as well as aiding the
conversion of M1 macrophages into an M2 phenotype (Fu et al., 2015;
Ziemkiewicz et al., 2021). Experiments using confocal imaging have revealed an
interaction between macrophages and satellite cells in wounded zebrafish
embryos and demonstrated a role for ‘dwelling’ macrophages in stimulating
satellite cell proliferation (Ratnayake et al., 2021). With neutrophils also playing
an important role in the innate immune response, this chapter will use confocal
imaging to analyse neutrophil behaviour in wounded muscle in the presence or
absence of ZAKp.
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Activated satellite cells will undergo myogenesis by proliferating, before
differentiating and fusing either to existing myofibres or to each other, forming
new fibres (Fu et al., 2015). Typically, pro-inflammatory cytokines, produced by
neutrophils, M1 macrophages and effector T cells will result in the activation and
proliferation of satellite cells, as well as inhibition of terminal differentiation (Li,
2003; Broussard et al., 2004). On the other hand, anti-inflammatory cytokines
and growth factors produced by M2 macrophages and regulatory T (Treg) cells
are more pertinent for promoting differentiation and fusion of satellite cells (Arnold
et al., 2007; Burzyn et al., 2013). See section 1.2 for further details on satellite

cells and regeneration.

Dysregulation of the inflammatory response can result in pathology, as evidenced
by the sustained presence/recruitment of neutrophils in skeletal muscle of mice
and canine models of Duchenne muscular dystrophy (Arecco et al., 2016; Terrill
et al., 2016). The continuous inflammation and chronic neutrophil accumulation
causes tissue damage, through reactive oxide species and persistent toxic
antimicrobial enzyme production, which can inhibit the differentiation of
myoblasts and, thus, skeletal muscle regeneration (Haycock et al., 1996; Terrill
et al.,, 2016; Arecco et al., 2016). Sustained attempts of degeneration and
regeneration will also lead to the replacement of fibres with fat and connective
tissue, resulting in fibrosis (Mastaglia et al., 1970; Juban et al., 2018). Inhibition
of inflammation or neutrophil activity in mice has shown positive effects of
attenuating pathology and improving muscle function (Hodgetts et al., 2006;

Henriques-Pons et al., 2014).

ZAK signalling, through P38 and JNK, has been shown to increase the production
of pro-inflammatory cytokines, with ZAK-deficient or chemically-inhibited mice
producing macrophages with significant reductions in secreted IL-13, IL-6 and
CXCL1 (neutrophil chemokine) (Wong et al., 2013). ZAKa, along with activated
P38, phosphorylates and activates the linker region of the inflammasome protein
NLRP1, which can then activate caspase-1, leading to pyroptosis and release of
the pro-inflammatory cytokine IL-1p (Hu et al., 2010; Robinson et al., 2022).
Given the critical role of maintaining homeostasis of inflammation in skeletal
muscle, to avoid pathology, and the association of ZAK with regards to
inflammation, it was of interest to investigate potential defects in zebrafish lacking

ZAKp following wounding.
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6.1.2. Skeletal Muscle Fusion

The upregulation of myomaker in RNA-seq data of ZAK”- mice, coupled with the
upregulation of myogenin and myomaker in 8 dpf ZAKB” zebrafishembryos made
investigating skeletal muscle fusion an interesting prospect. Section 1.2
describes the full process of myogenesis, from an embryonic and regenerative
process, in greater detail. The specific role that myogenin and myomaker play in

myoblast fusion are discussed below.

Absence of myogenin in mice results in death shortly after birth, as a result of
severe muscle disruption (Hasty et al., 1993). Zebrafish lacking myogenin are
viable, however, there is almost complete absence of fusion; and muscle
progenitor cells (MPC) isolated from these Myog”’ zebrafish are also fusion
incompetent but capable of terminal differentiation (Ganassi et al., 2018).
Myogenin increases the expression of fusogenic proteins, such as myomaker and
myomerger (also known as myomixer) (Ganassi et al., 2018). Myomaker and
myomerger are membrane proteins and are both essential for fusion (Millay et
al., 2013; Bi et al.,, 2017). Myomaker is required for hemifusion, whereas
myomerger is required for the pore formation and drives completion of myoblast
fusion (Leikina et al., 2018). Inhibition of actin polymerisation resulted in failure of
cells to fuse, despite the presence of myomaker and myomerger in the cell
membrane (Millay et al., 2013; Zhang et al., 2017). Actin cytoskeletal remodelling
has been proposed as producing invasive membrane protrusions that are
essential in myoblast fusion (Shilagardi et al., 2013). Myomaker and myomerger
have been proposed as regulating the actin cytoskeletal reorganisation, however,
the extracellular location of the c-terminus of myomerger weakens this theory
(Leikina et al., 2018).
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6.1.3. Aims

e Image and measure the presence of neutrophils in ZAKB” Tg (mpx:GFP)
zebrafish embryos following injury

e Investigate the fusion capabilities of 2 and 5 dpf ZAKB- zebrafish embryos,
relative to wild type.

e Analyse the ultrastructure of old (37-month) ZAKB”- zebrafish skeletal

muscle compared to age-matched wild type using TEM.

6.2. Results

6.2.1. ZAKB"Zebrafish Embryos Display Comparable Neutrophil
Activity to Wild Type

To assess abnormalities in the repair and regeneration of skeletal muscle, ZAKp
I-zebrafish were crossed into a transgenic line Tg (mpx:GFP)11* (Renshaw et al.,
2006). This transgenic line expresses GFP under the myeloperoxidase (mpx or
mpo) promoter and has been validated for response to injury (Renshaw et al.,
2006). The mpx gene is exclusively expressed in neutrophils and neutrophil-

progenitors in embryonic/larval zebrafish (Lieschke et al., 2001).

Wild type and ZAKB”'- zebrafish were raised as normal until four days post
fertilisation (dpf), when, following anaesthetic, a single puncture wound was
performed to the epaxial skeletal muscle in somites 17/18. The embryos were left
to recover in fresh zebrafish embryo media before fixing and imaging at set

timepoints following injury.

Neutrophils are not present in unwounded skeletal muscle, with or without the
presence of ZAKp, as demonstrated in figure 6.1 (a). The speed of recruitment of
neutrophils was not altered when ZAKf was absent, as comparable numbers of
neutrophils were present at one hour post injury (hpi) (figure 6.1 (b)). There are
no significant differences between wild type and ZAKB" zebrafish in the numbers
of neutrophils recruited at any timepoint (figure 6.1 (b-e)), suggesting the
recruitment or strength of response to be unaffected by absence of ZAKp. Lack
of ZAKp does not affect the resolution of neutrophils, as by 72 hpi, the majority of

neutrophils have been cleared from the wound site (figure 6.1 (e)).
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Figure 6.1. Assessing Neutrophil behaviour following skeletal muscle wounding in ZAKf
I zebrafish embryos.

(a) Representative image of the GFP-labelled neutrophils (Tg: MPX-GFP) in either a wild
type or ZAKB’ genetic background, at various timepoint following injury. Embryos were
raised to 4 days post fertilization (dpf), before the epaxial muscle above the cloaca
(somites 17/18) are wounded with a single puncture, using a 30-gauge hypodermic
needle. A subset of embryos were not wounded as an un-injured control. The wounding
and analysis were performed blind to prevent bias in the severity of wounding. There
were no significant differences in the number of neutrophils at the wound site between
wild type and ZAKB' zebrafish at any of timepoints following wounding: (b) 1 hpi. (c) 8
hpi. (d) 24 hpi. (e) 72 hpi. Each data point is an individual count of the number of nuclei.
Error bars represent SEM. The statistical test was an unpaired student’s t-test (two-
tailed). A 25X lens (LD LCI Plan Apochromat 25x/0.8 1mm Corr DIC M27) set to a water
immersion was used to take the images.

172



6.2.2. Assessing Fusion Capabilities and Morphology of Skeletal
Muscle in Tg (Actal:lifeact-GFP; mCherry (CAAX)) embryos
lacking ZAKp

Tg (Actal:lifeact-GFP; mCherry (CAAX)) were created and validated by (Berger
et al., 2014) and kindly gifted by Peter Currie. The ZAKB” zebrafish line was
crossed into this transgenic line and bred to homozygosity. Wild type and ZAK"
I-zebrafish embryos were collected at either 2 or 5 dpf and fixed in 4% PFA with
Hoechst DNA stain and visualised for a variety of parameters. Analysis of
myocyte fusion using the Tg (Actal:lifeact-GFP; mCherry(CAAX)) was carried
out as in (Ganassi et al., 2018), where a myogenin mutation in zebrafish embryos
resulted in almost complete loss of myocyte fusion. Somites 17/18 were used for
all analyses, providing a precise positional reference by proximity to the anal vent,

as represented by figure 6.2 (a).

6.2.2.1. No fusion defects with ZAKB” Zebrafish, but reduced
Myofibre Area at 2 dpf

The ability of the muscle cell lineage to fuse and form multinuclear myofibres (in
part mediated by the transcription factor myogenin and the membrane protein
myomaker), was measured by counting the number of nuclei present in a single
myofibre; this is possible as the membrane in this transgenic line is labelled with
mCherry. Despite the increases in myogenin and myomaker transcript levels in
ZAKPB’ embryos, there were no changes in the average number of nuclei per
myofiber in ZAKB’ zebrafish compared to controls. Figure 6.2 (b) and (c)
demonstrates that the proportions of fibres with a particular number of nuclei is
comparable between wild type and ZAKB’” embryos at 2 dpf, indicating

comparable levels of fusion.
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The myotome volume was calculated by multiplying the somite length by the
average cross-sectional area of the myotome (see figure 6.2 (a)). The area of the
myotome was measured at three equal distances across the somite length and
an average was used in determining the myotome volume. There were no
differences in the myotome volume between wild type and ZAKB”’ embryos
(figure 6.2 (e)). The embryo length of ZAKB”- embryos was also comparable to

wild type embryos at 2 dpf (figure 6.2 (d)).

Note, attempts were made to assess the average distance between M-bands
(sarcomere length or sarcomeric spacing) to assess if the skeletal muscle was
forming normally from an ultrastructural perspective. However, due to the size of
the yolk sac at 2 dpf, the tail of the embryos was a considerable distance from

the coverslip, limiting the resolution of the sarcomeres.

A cross sectional view of the mCherry-fluoresence was taken at the mid-point of
the somite. The area of every muscle fibre at this region was calculated and later
pooled to produce a mean muscle fibre area for wild type and ZAKB”- embryos.
Figure 6.2 (f) demonstrates how the area of each muscle fibre was calculated.
There is a significant reduction in the mean myofiber area, with a mean area of
85 um? for wild type and 77 um? for ZAKB™ (figure 6.2 (g)). ZAKB” embryos have
myofibres with a marginally reduced area compared to their wild type

counterparts at 2 dpf.
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Figure 6.2. Investigations of fusion and myotome morphology in 2 dpf ZAKB’ embryos
using Tg (actal:lifeact-GFP; mCherry (CAAX)) zebrafish.

(a) Schematic showing how to calculate the myotome volume. Somites 17/18 are
highlighted in the black box and a representative 24X image is shown below. The cyan
blue dashed line represents the somite length, and the white dashed lines show the three
equally spaced distances across the somite length, through which the cross-sectional
area was calculated. The red dashed line represents the cross-sectional area of the
myotome. Myotome volume = somite length x Mean myotome cross sectional area. (b)
Percentage of fibres with a particular number of nuclei in wild type embryos. (c)
Percentage of fibres with a particular number of nuclei in ZAKB” embryos. (d) No
difference in the embryo length between wild type and ZAKB” 2 dpf embryos. (e) No
difference in the myotome volume between wild type and ZAKB" 2 dpf embryos. (f) White
dotted lines represent the area of each muscle fibre measured within the myotome. (g)
There was a significant reduction in the mean myofiber area when ZAKJ is absent. A
total of 98 myofibres were measured across three separate wild type embryos and 108
myofibers across three separate ZAKB” embryos. All error bars are SEM. For statistical
tests, Chi squared was used to assess the proportions of nuclei. An unpaired student’s
T-test (two-tailed) was used to assess all other data sets. No asterisk = not significant. *
=P<0.05
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6.2.2.2. No fusion Defects with ZAKB’ Zebrafish, but Reduced
Myofibre Area at 5 dpf

Figure 6.3 (a) and (b) demonstrate that the proportions of fibres with a particular
number of nuclei were not different between wild type and ZAKB”- embryos at 5

dpf, indicating comparable levels of fusion.

The reduced yolk sac size at five days of development allowed the tail to be closer
to the coverslip and sarcomeric spacing to be assessed. The M-bands, contained
within the H-zone of the sarcomere, do not contain any actin and, therefore,
appear darker. The distance between the M-bands was used to determine the
‘sarcomeric spacing’ or sarcomere length (see figure 6.3 (c)). The formation of
sarcomeres is a tightly regulated event and highly accurate, with consistent
distances (sarcomere length) between the M-bands in both wild type and ZAKp-
I- zebrafish (figure 6.3(d)). The ultrastructure and formation of the sarcomere

appears to be unaffected at 5 dpf in the absence of ZAKB™.

With regards to the morphology, there is no difference between the mean embryo
length in wild type and ZAKB~-embryos (figure 6.3(e)). There is also no difference
in the myotome volume between wild type and ZAK B zebrafish embryos at 5 dpf
(figure 6.3 (f)). There is, however, a significant reduction in the mean myofiber
area, with the average wild type area being 102 um?, and ZAKB” being 90 um?
(figure 6.3 (g)). This reduction in muscle fibre area is apparent at both 2 dpf and

5 dpf, and is not due to a defect in fusion in ZAKB”- embryos.
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Figure 6.3. Investigations of fusion and myotome morphology in 5 dpf ZAKB’- embryos
using Tg (actal:lifeact-GFP; mCherry (CAAX)) zebrafish.

(a) Percentage of fibres with a particular number of nuclei in wild type embryos. (b)
Percentage of fibres with a particular number of nuclei in ZAKB”- embryos. (c) Schematic
demonstrating how sarcomere length is calculated. A plot profile of the fluorescent
intensity is calculated and the distance between the lowest actin GFP-intensity (middle
of the M-band), represented by the blue arrows, is used to determine the sarcomeric
spacing. (d) No difference in the size of the sarcomeres between wild type and ZAKB”
zebrafish embryos. (e) Comparable embryo length in wild type and ZAKB” embryos. (f)
No differences in the myotome volume when ZAKJ is absent. (g) There was a significant
reduction in the mean myofiber area when ZAKR is absent. A total of 452 myofibres were
measured across four separate wild type embryos and 477 myofibers across four
separate ZAKB™” embryos. All error bars are SEM. For statistical tests, Chi squared was
used to assess the proportions of nuclei. An unpaired student’s T-test (two-tailed) was
used to assess all other data sets. No asterisk = not significant. *** = P < 0.001
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6.2.3. Ultrastructure of Old Age ZAKPB” Zebrafish and Age-
Matched Wild Type Controls

In order to determine any possible skeletal muscle phenotype in the ZAK mutant
zebrafish, it is essential to investigate the ultrastructure of the functional unit of
skeletal muscle: the sarcomere. This analysis was carried out using transmission
electron microscopy (TEM) of skeletal muscle dissected from old-age zebrafish
(37-months-old) lacking ZAK, compared to skeletal muscle from age-matched
controls. Skeletal muscle was dissected from the same region of the tail from
three 37-month aged ZAKB”- and three 36-month-old wild type zebrafish. 36/37-
months of age is very old for laboratory-reared zebrafish (Gilbert et al., 2014;
Dilan et al., 2018). Skeletal muscle was dissected from the same region of three
ZAKB' zebrafish and three age-matched wild type controls. Sections were
prepared, as detailed in section 2.14, before visualising and taking images using
TEM.

6.2.3.1. No Changes in the Appearance of Mitochondria and
Nucleus in the Absence of ZAKPB

There were many technical difficulties with the TEM analyses: the sectioning and
staining of the samples was error-ridden, with knife marks visible in many of the
sections (can be seen in figure 6.4(a)). There was also the unusual appearance
of electron light regions, presumably the sarcoplasm and the sarcoplasmic
reticulum (SR), which appear to be occurring at a cross-section, rather than the
expected longitudinal orientation in the sarcomere (can be seen in figure 6.4(c)).
Artifacts such as random accumulations of dark patches as well as small black
dots were present in both wild type and ZAKB™ sections and did not appear
physiological. Despite these problems, some samples were sectioned and
stained well, as evidenced by a ‘typical’ sarcomere appearance, for example in
figure 6.4(b), showing distinct Z-discs, I-bands and M-bands, with minimal knife
marks or artifacts. Despite the technical problems — which were common across
both genotypes — the ultrastructure is still visible, and some analysis can still be

made.
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There were no observable abnormalities in the nuclei of ZAKB” or wild type
zebrafish as demonstrated by figure 6.4(a) and 6.4(c). The chromatin was located
peripherally and although difficult to identify, there appears be a round nucleolus

in the centre of the nuclei for both genotypes.

The mitochondria have well-defined tubular cristae demonstrating the integrity of
the sections (figures 6.4 (b) and (d)). The mitochondria were similar in zebrafish
skeletal muscle, with or without ZAK, often forming clusters and accumulating
together, which has been noted in zebrafish (Kayman Kurekgi et al., 2021).
Figures 6.4 (b) and (d) demonstrate the appearance of the mitochondria was as
expected and there were no signs of swollen mitochondria or inclusions, which
can be indicative of pathology (Tagliavini et al., 2013). Images selected are
representative of the mitochondria seen across several different samples, from
different fish, with similar observations made from muscle taken from both wild
type and ZAKB".

Note the strange phenotype of a cracked or ‘zigzag’ pattern of the sarcomere in
the ZAKB” sample shown in figure 6.4 (d), running along the M-band, which may
be an artifact. More sections will be required to determine if this is a rare

phenotypic abnormality that arises when ZAKp is absent.
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b) Mitoconia

Wild type

Figure 6.4. TEM Images showcasing ultrastructure, nuclei and mitochondria in old age
wild type and ZAKpB™ zebrafish skeletal muscle.

(a) and (c) are representative images of nuclei belonging to wild type or ZAKB™ skeletal
muscle, respectively. Note the well-defined peripheral chromatin and nucleolus. N =
nucleus (b) Wild type mitochondria contains well defined tubular cristae. The
mitochondria are labelled by the letter ‘M’. The ultrastructure is clearly visible with Z-discs
(2) and the M-band (Mb) labelled. The I-band (not labelled) is the electron light region
surrounding the electron dense Z-disc. (d) ZAKB” mitochondria also are well-defined and
similar in morphology to wild type. Note the presence of a rare zigzag structure running
the length of all M-bands. Unclear as to whether this is pathology or an artifact. (c) and
(d) both show unusual location of electron light regions, presumably the sarcoplasm and
the SR. There were examples of this for both wild type and ZAKB’ sections. Images
selected are representative of three repeats for wild type and ZAKB”. Following
dissection of skeletal muscle, all further steps of sample preparation, sectioning, staining
and imaging were performed by the University of York Imaging and Cytometry
department of the Technology Facility.
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6.2.3.2. Possible Loss of Sarcomere integrity in ZAKB-/- Muscle

An interesting observation using TEM on aged ZAKB”- zebrafish was the frequent
disintegration or dissolution in the organization of the myofibril (figure 6.5(b i - iv)).
The complete loss of sarcomere structure was a common feature of all ZAKB"
zebrafish and was not observed in any of the age-matched wild type controls.
Myofibrils often appeared well formed, with structured and defined sarcomeres,
that would later completely disintegrate into a complete lack of identifiable
structure. The complete loss of organization appears to extend to the triad with
seemingly random arrangements of triads, which are usually centred around Z-
discs. Panoramic examples of age-matched wild type zebrafish skeletal muscle
with well-defined and organized sarcomeres can be seen in figure 6.5 (a (i-ii)).
There were considerably fewer extended regions of high sarcomere and
myofibrillar organization in ZAKB” skeletal muscle, compared to wild type

sections.

The identifiable presence of some ultrastructure in figures 6.5 (b (i-iv)) that later
becomes a region devoid of any sarcomere organisation strengthens the
argument for the lack of structure to be a phenotype and not an artifact from the
preparation of the samples. Furthermore, the loss of sarcomere organisation was
present on all three of the ZAKB skeletal muscle and none of the wild type

skeletal muscle samples, which were prepared identically.
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Figure 6.5. TEM images of dissolution of sarcomere and myofibrillar organisation in old-
age ZAKP™ skeletal muscle.

(a) (i-ii) Panoramic images of wild type skeletal muscle to demonstrate the organisation
and structure of skeletal muscle. (b) (i-iv) Demonstrate the large areas of skeletal muscle
devoid of structure and sarcomere organisation. Often there is ultrastructure that can
disintegrate into no organisation. All three ZAKB” zebrafish are represented in these
images. (iii) Example of a mild loss of sarcomere structure that may dissolve into loss of
myofibrillar structure in the future. (iv) Example of the most severe dissolution of
myofibrillar organisation. White arrows represent possible disorganised triad. Following
dissection of skeletal muscle, all further steps of sample preparation, sectioning, staining
and imaging were performed by the University of York Imaging and Cytometry
department of the Technology Facility.
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6.2.3.3. Highly irregular Arrangement of myofibrils in the
Absence of ZAKP

An unusual occurrence in ZAKB™ skeletal muscle was the abrupt switch from
myofibrils in a longitudinal orientation to a transverse orientation (figures 6.6 (a-
c)). Whilst sections of wild type skeletal muscle were sometimes sliced at a cross
section by mistake, there were no examples of longitudinal sections abruptly
being replaced by myofibrils in an orthogonal arrangement in any of the wild type

sections processed.

Itis unclear whether it is the existing myofibril that is changing orientation, causing
the shift from longitudinal to transverse, or another myofibril is displacing the
original longitudinal myofibril. Either way, myofibrils appear to be not as highly

organised in ZAKB" zebrafish compared to wild type.

Whilst the change in orientation could be the result of artifacts/errors when
processing the sample, the unique presence of this phenotype in only the three
ZAKB" zebrafish weakens this hypothesis.
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Figure 6.6. TEM of unusual arrangement of myofibrils unique to ZAKB mutant zebrafish.
(A-C) show longitudinal sarcomeres with visible filaments that abruptly terminate and are
replaced with myofibrils at a cross sectional orientation (highlighted with white asterisk).
Left image is panoramic and the right image is zoomed to see the transverse sections of
myofibrils. Orthogonal arrangement was seen in all three ZAKB” zebrafish, with each
image an example of a different ZAKB™- zebrafish. Whilst there were examples of a cross
sectional appearance for wild type, these were more likely the result of mistakes in
sectioning, as they were never accompanied with the characteristic longitudinal
myofibrillar arrangement. Following dissection of skeletal muscle, all further steps of
sample preparation, sectioning, staining and imaging were performed by the University
of York Imaging and Cytometry department of the Technology Facility.
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6.3. Discussion

The availability of zebrafish lines carrying transgenes that allow visualisation of
specific cell types, and even distinct regions of the cell, is a key advantage of
using this model organism to understand cell behaviour and differentiation. When
combined with efficient protocols for gene targeting in zebrafish, this allows the
molecular analysis of gene function in cell processes. Generating a ZAKB™" line
of zebrafish where the skeletal muscle has actin filaments tagged with a GFP-
labelled actin binding protein (lifeact) as well as membranes labelled with

mCherry, has allowed the investigation of this mutant at a cellular level.

6.3.1. Absence of ZAKP Does not Alter the Behaviour of
Neutrophils

In the absence of any injury, there are no neutrophils present in embryonic
skeletal muscle, regardless of the presence or absence of ZAKp. In contrast,
sapje zebrafish model for Duchenne muscular dystrophy provides an example of
abnormal neutrophil behaviour, with persistent neutrophil presence in the skeletal

muscle of larval zebrafish (Berger et al., 2010).

ZAK” mice show decreased production of the neutrophil chemokine, IL-8 (also
called CXCL-8) by macrophages (Jandhyala et al., 2016). Combined with P38
and JNK inflammatory signalling, it was, therefore, of interest to see if there were
any abnormalities on the behaviour of neutrophils in zebrafish lacking ZAKp.
Following injury, the speed of recruitment of neutrophils, as well as the number
of neutrophils were comparable between wild type and ZAKB”’ zebrafish
embryos. The rate of clearance of neutrophils following wounding was also
comparable between wild type and ZAKB’- embryos. Absence of ZAKB does not
appear to affect the activity or resolution of neutrophils in larval skeletal muscle
following injury. This reduces the likelihood of any pathology in the absence of

ZAK arising from sustained inflammation and fibrosis, caused by neutrophils.
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The variability in the number of neutrophils present at every timepoint, for both
genotypes, is likely the result of marginal differences in the wounding of each
embryo. Attempts were made to standardise the wounding procedure, such as
the same needle was used throughout, and the needle was attached to a
micromanipulator to ensure the single puncture was at the same angle for each
embryo. Furthermore, all wounding and imaging was performed blind to prevent
potential bias in the severity of the wound inflicted. Nevertheless, there will be
unavoidable slight differences in the precise location and the degree of wounding

between each embryo.

Neutrophils only represent the initial phase of the immune response in muscle
following injury. Macrophages arrive later, becoming the most prevalent white
blood cell at 3 dpi and on top of contributing to the pro-inflammatory environment
for phagocytosis, macrophages also mediate the switch from a pro-inflammatory
environment to an anti-inflammatory environment, which is critical for repair
(Brigitte et al., 2010; Arnold et al., 2007). Attempts were made to cross the ZAKp-
"line into a Tg (mpegl:mCherry(CAAX)), where the membranes of macrophages
are fluorescently labelled with mCherry, allowing the macrophage response to be
assessed in the absence of ZAKp (Bojarczuk et al., 2016). However, the intensity
of the fluorescence was too low to detect when sorting embryos from the mating,
based on the presence or absence of fluorescence at 3 dpf (when the
fluorescence should be easily visible). Tg (mpegl:mCherry(CAAX)) were created
and gifted by (Bojarczuk et al., 2016). For future work, acquiring potentially
brighter Tg (mpegl:mCherry(CAAX)) zebrafish to cross with ZAKB” zebrafish
would be useful in allowing the later stages of inflammation, and a more

comprehensive assessment of wound repair response to be studied.
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6.3.2. Absence of ZAKB results in a Reduction in the Muscle Fibre

Area

Transgenic zebrafish (Tg Actal:lifeact-GFP; mCherry(CAAX)) were used to
investigate if the upregulation of myogenin and myomaker in ZAKB”- zebrafish
embryos resulted in a fusion defect. The fusion capability was assessed by
measuring the proportions of fibres with a particular number of nuclei; this was
found to be almost identical between wild type and ZAKB-embryos at both 2 and
5 dpf, suggesting comparable fusion was taking place. The observed increases
in myogenin and myomaker expression could be the result of compensation for
the absence of ZAK, ensuring that skeletal muscle fusion remains unaffected.
Interestingly, despite no change in fusion as measured by the number of nuclei
per myofiber, the mutant embryo show a reduced myofiber diameter, indicating a

potential growth phenotype.

From an ultrastructural perspective, the average sarcomere length was tightly
regulated with no differences between wild type and ZAKB” at 5 dpf. Note,
analysis of the sarcomere length was unable to be performed at 2 dpf due to the
protruding yolk sac increasing the distance between the tail and the coverslip,
reducing the resolution of the image obtained. The yolk sac would need removing
prior to embedding in low Tm agarose, to allow closer proximity of the tail to the

coverslip, for investigation of the sarcomere length in 2 dpf embryos.

The embryo morphology was also comparable between wild type and embryos
lacking ZAKp, with no differences observed in either the embryo length or the

myotome volume at either 2 or 5 dpf.

There was a significant decrease in the average muscle fibre area at both 2 and
5 dpfin ZAKB”-embryos, that could be attributed to hypotrophy or atrophy. Muscle
fibres fail to fully grow to the same size, or may progressively waste, in the
absence of ZAKR, which might result in a myopathic phenotype. Humans with
myopathy arising from mutations in ZAK show fibre size variation with atrophic
fibres interspersed amongst normal and hypertrophic fibres (Vasli et al., 2017).
Sections taken from the soleus of ZAK”- mice show a significant reduction in the
cross-sectional area of both type | and type Il fibres, that is attributed to atrophy
(Nordgaard et al., 2022).
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6.3.3. Signs of defects at the Ultrastructural level in old-age
ZAKB" zebrafish

The quality of some of the staining and sectioning was less than optimal and
made analysis complex and more difficult to decipher. For future work, further
sections should be taken from the dissected skeletal muscle and optimisation
work should be performed on the staining protocol, so that the ultrastructure can
be more easily assessed. Nevertheless, many of the sections were still useable
and allowed analysis of many aspects of the ultrastructure of skeletal muscle in

old-age zebrafish.

The mitochondria and nuclei of old-age ZAKB" zebrafish appeared normal and
comparable to age-matched wild type zebrafish. There were some unusual
features of the skeletal muscle seen in old-age ZAKB” that were not/rarely

observed in age-matched controls:

Firstly, there appeared to be the dissolution of myofibrillar organisation and
sarcomere structure, whereby the structure of organised myofibrils would
abruptly become completely disorganised, with a complete loss of discernible
structure. The presence of ultrastructure prior to the disintegration of myofibrillar
organisation indicates that there was likely once ultrastructure and functioning
skeletal muscle, however, this was unstable and prone to degenerate. The visible
presence of some ultrastructure in the section also reduces the likelihood of this
phenomena being the result of artifacts in the preparation of the sample.
Furthermore, the loss of sarcomere organisation was present in all three of the
ZAKB' zebrafish and none of the age-matched wild type samples, which were

prepared at the same time, in an identical manner.

Secondly, there is the unusual phenotype of fibres at a cross-section intercepting
the normal, longitudinal arrangement of the myofibrils. The unusual arrangement
of myofibrils occurred in sections belonging to all three of the ZAKB”- zebrafish
and none of the sections belonging to wild type zebrafish. This is a rare
phenotype. There is evidence of myofibrils with different orientations in the
skeletal muscle of zebrafish treated with ambralb morpholino (Skobo et al.,
2014), however, there appeared to be more separation between the longitudinal
and transversely orientated myofibrils, compared to that seen in ZAKB"- skeletal
muscle. Unfortunately, with sections on the skeletal muscle occurring on a 2D

plane, it is difficult to know whether the fibres are at an orthogonal or
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perpendicular arrangement as a result of bends or kinks in the myofibrils, or
whether myofibrils are protruding through or displacing the myofibrils and
interfering with the ultrastructure. Either way, both theories demonstrate potential

loss of myofibrillar organisation.

These results hint at possible changes to the skeletal muscle ultrastructure that
could explain why old-age ZAKB”- zebrafish appear to swim less than their age-
matched wild type counterparts (section 4.2.3.3.). Further repeats are required
using an optimised protocol for staining dissected skeletal muscle sections. This
will validate that the findings are indeed a phenotype, indicating pathology, and
not the result of artifacts or errors from sample preparation. Further sections,
spanning a greater range of the dissected muscle, could also allow the
identification of rarer pathological differences in old-age ZAKB’ zebrafish.
Furthermore, sections without abnormalities in the location of the SR will allow
assessment of the triad formation and any possible abnormalities in the triad/SR
appearance in ZAKB”- zebrafish. Lastly, imaging dissected muscle from aged
zebrafish using light microscopy would allow for greater perspective on the

degree of disorganisation, over a larger area, in ZAKS mutant zebrafish.

6.4. Conclusion

The absence of ZAKB does not appear to affect the initial phase of acute
inflammation through neutrophils, following wounding to skeletal muscle.
Absence of ZAK does not appear to affect the fusion of skeletal muscle fibres,
with comparable proportions of nuclei between wild type and ZAKB” mutant,
suggesting the observed upregulation of myogenin and myomaker might be to
compensate for absence of ZAK. Interestingly, there was a reduction in the
mean area for individual muscle fibres, suggesting potential hypotrophy or
atrophy of muscle fibres in absence of ZAK, which concurs with humans and
mice lacking ZAK. TEM revealed abnormalities with regards to dissolution of
myofibrillar organisation, which may hint at pathology occurring in old (36/37-
month) zebrafish. There was also the surprising occurrence of myofibrils
orientated orthogonally to one-another, which might also be another pathological

consequence of absence of ZAKR.
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7. Discussion
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7.1. Overview

In this chapter | will summarise the main findings from my research, from the use
of CRISPR-Cas9 to produce single and double ZAK mutant zebrafish, to
investigation into the impact that absence of ZAK isoforms has on zebrafish,
ranging from embryonic development, up to old-age zebrafish. | will discuss how
results may tie-in with each other and provide rationale for future experiments
that | believe should be employed to understand the role of ZAK isoforms, and

ZAKp specifically, in skeletal muscle in greater detail.

7.2. Use of Zebrafish as a Model Organism and

Characterisation of ZAK Isoforms in Zebrafish

Mice remain the most frequently used model organism to understand the
pathology of muscle diseases, with the vast majority of human neuromuscular
diseases having a genetic mouse model (Sztretye et al., 2020). Zebrafish remain
a useful model organism to supplement or further investigate the genetic and
molecular pathogenesis of disease. | discuss the advantages of using zebrafish
as a model organism in detail in section 1.8.1. Many of the features that make
zebrafish useful model organisms have been utilised, throughout my investigation

into the impact of ZAKp absence on skeletal muscle.

The transparency of the externally developing embryos enables whole-mount in
situ hybridisation to be performed, allowing tissue-specific mRNA enrichment
during embryonic development to be assessed. There are validated transgenic
zebrafish lines that produce fluorescent proteins in particular tissues under the
influence of specific promoters. ZAKB”- zebrafish have been crossed into several
of these lines, allowing investigation into immune cell migration during skeletal
muscle repair, as well as skeletal muscle architecture during embryo
development. The relatively short life span of zebrafish compared to humans has
allowed me to investigate the effects of absence of ZAKp in old-age zebrafish,
where it appears there may be greater pathology compared to younger ZAKB"-
zebrafish. The advantages of producing and validating zebrafish disease models
are emphasised by the high throughput drug development work that can be done.
In fact, certain drugs show a more comparable response to human administration,

when given to zebrafish rather than mice. An example of this is the action of
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thalidomide with regards to teratogenicity, typically with limb development, that
occurs with humans and zebrafish but not mice (Ito et al., 2010). Drug screening
originating in zebrafish has been translated into human clinical trials (Patton et
al., 2021). An example of this is Clemizole, which is a compound initially identified
as a potential therapeutic against genetic epilepsy in zebrafish and is now in
phase 2 clinical trials for assessing the effectiveness in humans (identifier:
NCT04462770) (Baraban et al., 2013).

When considering skeletal muscle diseases specifically, as of 2016, as many as
1000 therapeutics/treatments have been utilised for potential therapeutics using
the sapje model for DMD (Kawahara et al., 2011; Widrick et al.,, 2016).
Additionally, the use of exon-skipping morpholinos in the zebrafish model for
DMD resulted in restoration of a truncated form of dystrophin, rather than the
expected absence; as well as improvements in the skeletal muscle architecture
as assessed by birefringence (Berger et al., 2011). The basis of this is centred
around the milder phenotype of Becker muscular dystrophy, where mutations can
result in a truncated but partially functional dystrophin protein (Mercuri et al.,
2019). Exon skipping using antisense oligonucleotides is currently in
development in human clinical trials. The antisense oligonucleotide used
depends on the location of the mutation in the DMD gene (Eser and Topaloglu,
2022). Several of these antisense oligonucleotides are in phase 3 clinical trials at
the moment, with results from earlier phases reporting increases in dystrophin
production and decreased rate of decline in walking capabilities (Eser and
Topaloglu, 2022).

The expression patterns of ZAKf in zebrafish are similar to that of humans and
mice, with enriched expression in the heart and skeletal muscle (Gross et al.,
2002; Vasli et al., 2017; Nordgaard et al., 2022). This expression pattern was
present from as early as 1 dpf and remained into adulthood. ZAKg is the
predominant isoform, which is consistent with humans and mice, where there is
approximately 10-fold greater expression of ZAKf than ZAKa. (Gross et al., 2002;
Nordgaard et al., 2022). These findings support the use of zebrafish to model the
impact that absence of ZAKB has on skeletal muscle. Although, whilst the
greatest levels of ZAKa are seen in the liver of humans and mice (Gross et al.,
2002; Nordgaard et al., 2022), there is low/no expression of ZAK« in the liver of

zebrafish. Instead, the greatest expression of ZAK g, in tissues investigated, was
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in the intestines. However, the lack of consistency of ZAK« expression between
zebrafish and humans/mice does not weaken the use of zebrafish as a model
organism when considering the role ZAK could play in myopathies, since ZAK«

is not expressed in the skeletal muscle.

Absence of both isoforms resulted in a mild phenotype with no overt signs of
pathology, as well as a normal life expectancy and fertility. The lack of embryonic
lethality supports other mice models lacking ZAK (Jandhyala et al., 2016;
Nordgaard et al., 2022), and contradicts findings of embryonic lethality with
absence of ZAK by (Spielmann et al., 2016). The mild phenotype is unsurprising
as humans and mice with mutations in ZAK generally present with a mild
pathology (Vasli et al., 2017; Nordgaard et al., 2022). The zebrafish phenotype
does appear to be milder than the mouse phenotype, with one potential theory
being that water provides protection from gravitational forces and stress on
skeletal muscle. Any research performed in zebrafish should be validated and
performed alongside research using ZAK” mice. If indeed further investigations
validate additional similarities to ZAK-associated mouse/human myopathy, the
zebrafish model will be further justified as a reliable model, which could open the

door to prospective screening for potential therapeutics in the future.

| have detailed many advantages of using zebrafish as a model organism, several
of which have been utilised as part of my research, however, there are also
several limitations that should be considered. Firstly, zebrafish are considerably
more evolutionarily distant from humans compared to other commonly used
model organisms, such as mice, as their genomes diverged ~450 million years
ago rather than ~100 million years ago (Kumar and Hedges, 1998; Woods et al.,
2000). Secondly, zebrafish are not mammals and, consequently, have a differing
physiology and anatomy from humans. Some examples of differences include:
zebrafish are ectothermic (cold-blooded) aquatic organisms (Le Goc et al., 2021),
with an optimal physiological temperature of 28°C, versus the 37°C for humans
(Avdesh et al., 2012); the zebrafish respiratory system utilises gills rather than
lungs (Santoriello and Zon, 2012; Messerli et al., 2020); and zebrafish have an
ex-utero reproductive system (van Rooijen et al., 2017), where there is also an
environmental influence on sex determination (Uchida et al., 2004; Shang et al.,
2006). When considering skeletal muscle, whilst the separation of slow and fast-

twitch fibres in zebrafish allows for the different fibre types to be studied more
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easily, this potentially limits the relevance of any findings to humans, where fast
and slow-twitch fibres exist together within the same muscle (Jackson and
Ingham, 2013; Keenan and Currie, 2019). Lastly, as discussed in the previous
paragraph, zebrafish are protected from the stress of gravity and constitutive
mechanical loading on skeletal muscle, due to the buoyant support provided by
water (Turko et al., 2017; Dietrich et al., 2021). Contrastingly, land mammals use
postural/tonic muscles to hold their body upright against the force of gravity,
resulting in the constitutive strain/tension of these muscles (Shenkman, 2016;
Carini et al., 2017). These limitations, especially the lack of constitutive tension
of skeletal muscle, could explain the milder phenotype exhibited by zebrafish
lacking ZAK, compared to humans and mice (Vasli et al., 2017; Ahmad et al.,
2022; Nordgaard et al., 2022). As previously mentioned, the drawbacks of using
zebrafish demonstrate the requirement for use of other model organisms, such

as mice, to validate whether any potential findings could be relevant to humans.

7.3. Creation and Validation of ZAK”- Zebrafish

CRISPR-Cas9 was used to generate mutations in both ZAK isoforms in zebrafish.
Both mutations resulted in a premature stop codon and absence of the respective
transcript through presumed nonsense-mediated decay (NMD), which was
confirmed using qRT-PCR. The mRNA transcripts for ZAKa and ZAKgS were
sequenced to investigate potential molecular mechanisms for NMD-evasion, see
(Anderson et al., 2017). No NMD-evasion mechanisms were detected for ZAKS
transcripts. However, the ZAKa transcript sequence revealed attempts to skip
exon 2 (88 bases), rather than the expected 71 base pair deletion. Skipping exon
2 still resulted in a frameshift mutation and a predicted premature stop codon in
exon 3. No other molecular evasion mechanisms were detected. In lieu of a
commercial ZAK antibody that recognises the zebrafish ZAK isoforms, the
significant reduction in transcript seen with gRT-PCR and the confirmation of a
frameshift mutation, through transcript sequencing, provides evidence of the
successful creation of ZAKa”- and ZAKB’ zebrafish. A zebrafish-specific ZAK
antibody should be developed to confirm that the significant reduction in transcript
levels for both isoforms equates to complete absence of the respective ZAK

isoform at the protein level, for complete validation.
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The use of more sophisticated gene editing techniques, such as CRISPR,
revealed that the phenotype was usually less severe or different to that seen with
morpholino targeting (Kok et al., 2015; El-Brolosy et al., 2019). Genetic
compensation describes the upregulation of a paralogous gene or family member
with a similar sequence following NMD of the transcript with the premature stop
codon (EI-Brolosy and Stainier, 2017; El-Brolosy et al.,, 2019). Any genetic
compensation was not via the paralogous gene, however, with gRT-PCR
confirming neither gene was upregulated in the absence of the other isoform in
embryos or adult tissue. Strikingly, there was a significant reduction in ZAK«a
transcript levels in ZAKB” embryos and adult brains. This finding hints at a
potential role for ZAKR in the expression of ZAK«a, however, this is hard to justify
given the general exclusivity of isoform expression in specific tissues. In
osteosarcoma cells, ZAKB overexpression results in increased expression of
ZAKa (Fu et al., 2018). Whilst genetic compensation through the paralogue gene
can be ruled out, upregulation of a similar protein in absence of ZAK, for

compensation, cannot.

To supplement findings achieved through the CRISPR-generated ZAK mutant
zebrafish, it would be of interest to potentially investigate the effects of absence
of ZAK without NMD and, thus, genetic compensation. Morpholinos could be
used, and have been widely used on zebrafish in the past to understand
congenital myopathies/muscular dystrophies in greater detail (Bassett and
Currie, 2003). On the other hand, the potential for non-specific effects, coupled
with only the transient effects of morpholino injection and the potential for failure
to completely deplete protein levels weaken the validity for use (Bill et al., 2009;
Bedell et al., 2011). Other forms of CRISPR could be utilised, such as targeting
the promoter region (El-Brolosy et al., 2019), as well as CRISPR interference
(CRISPRI), whereby enzyme-dead, or deactivated (d)Cas9 is guided to the gene
or transcription start site (TSS) and blocks transcription from occurring (Larson et
al.,, 2013; Savage et al., 2019). Both techniques would reduce the levels of
expression of the transcript without activating genetic compensation through
NMD. Assessing the impact of absence of ZAK without genetic compensation
could provide a more severe phenotype and potentially greater insight into the

role that ZAKp is playing in skeletal muscle.
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7.4. Further Investigation Required into the Effects of
Absence of ZAKP on the Heart

Due to COVID, there was insufficient time to research the heart of zebrafish
lacking ZAKp as much as | would have liked. The expression of ZAKin the heart
from as early as 1 dpf and remaining until adulthood, coupled with the significant
reduction in the heart rate at 3 dpf when ZAK was absent was noteworthy. There
is not enough data to make a statement about the importance of ZAKJ in the
heart, however, | do believe there is enough justification to warrant greater
research into the role that ZAKB may play. Furthermore, despite a lack of
observable cardiac phenotype in humans lacking ZAK, ZAKa is upregulated in
the hearts of myocardial infarction patients, and ZAKp has been shown to have
a protective role at preventing apoptosis and cardiac hypertrophy (Fu et al., 2016;
Lin et al., 2022).

Real-time investigation of the heart using transgenic zebrafish (Tg (flil.GFP))
(Lawson and Weinstein, 2002), which express GFP under the flil promoter,
would allow better visualisation of the vasculature and an investigation into atrial
and ventricular fractional area change (FAC) in absence of ZAK (Huttner et al.,
2018). Histopathology in adults lacking ZAK can be assessed through sectioning
adult hearts and staining with Haemotoxylin and Eosin (H&E), for gross
morphology differences. The ultrastructure of cardiac muscle could also be

assessed in zebrafish hearts lacking ZAK using TEM.
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7.5. Absence of ZAKB Does Not Affect Neutrophil
Response for Skeletal Muscle Repair

There were no differences in the rate at which neutrophils were recruited to the
wound site, the numbers of neutrophils recruited or the resolution and clearance
of neutrophils following injury. Whilst neutrophils appear to be largely unaffected
by absence of ZAKp, the rest of the immune response remains uninvestigated.
For example, macrophages arrive later and play an enormous role both in
inflammation and removing debris, as well as mediating the transition from a pro-
inflammatory environment to an anti-inflammatory environment (Arnold et al.,
2007; Mounier et al., 2013). Attempts were made to cross the ZAKB™ line into a
Tg (mpegl:mCherry(CAAX)) with mCherry fluorescently labelled macrophage
membranes, so that the effects of absence of ZAK on macrophages could be
investigated (Bojarczuk et al., 2016). Unfortunately, the embryos from these
zebrafish were not bright enough to facilitate selection, so consequently, could
not be used to supplement the analysis of neutrophil behaviour without ZAKp.
Obtaining Tg (mpegl:mCherry(CAAX)) that produce brighter mCherry-
macrophages and crossing with ZAKB”- zebrafish to homozygosity would allow

the macrophage response following wounding to be studied in absence of ZAKp.

| also touched upon the issues with standardising the wounding procedure in
section 6.3.1. An emerging way of standardising the wound repair procedure and
muscle regeneration in zebrafish is through transgenic zebrafish that produce a
bacterial enzyme nitroreductase (ntr) under a muscle specific promoter, such as
mylpfa or actal (Pourghadamyari et al., 2019). Ntr catalyses the conversion of
the prodrug metronidazole (MTZ) into a toxic substrate that will specifically
damage skeletal muscle (Curado et al., 2007). Breeding the ZAKB" line into this
transgenic line and exposing wild type and ZAKB”- zebrafish to a set dose of MTZ,
would make the wounding procedure more standardised and reproducible. This
could work in tandem with the ZAKB”- Tg (mpegl:mCherry(CAAX)), providing a
more comprehensive understanding of wound repair and muscle regenerative

capabilities of zebrafish lacking ZAKf.
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7.6. Absence of ZAKB Results in Reduced Skeletal

Muscle Fibre Cross Sectional Area

The upregulation of myogenin and myomaker in ZAKB”- zebrafish embryos did
not seem to alter the levels of fusion, suggesting these increases may be the
result of compensatory mechanisms for absence of ZAKp. The gross morphology
in terms of embryo length and myotome volume remained unaffected by ZAKp
absence. The average muscle fibre area was reduced in ZAKB”- embryos at both
2 and 5 dpf, however, suggesting potential hypotrophy or atrophy. This correlates
well with humans and mice with mutated ZAK, where reduced muscle fibre area,
attributed to atrophy has also been reported (Vasli et al., 2017; Nordgaard et al.,
2022).

Interestingly p-AKT levels appeared to be reduced on western blots performed
on 8 dpf embryos. This finding is in line with the observation of AKT activation
following transfecting cells with ZAKp (Fu et al., 2016), and following activation of
ZAK in human and mice primary CD4* T cells (Wang et al.,, 2021). The
AKT/mTOR pathway is important for hypertrophy and preventing atrophy in
skeletal muscle (Rommel et al., 2001; Bodine et al., 2001). Activation of AKT
phosphorylates and inhibits tuberous sclerosis (TSC1/2) proteins, preventing
TSC1/2 from inhibiting Ras homology enriched in brain (Rheb), which can then
bind to mTOR and phosphorylate it, allowing mTOR to increase protein synthesis
and for hypertrophy to occur (Inoki et al., 2002; Garami et al., 2003). Activated
AKT can further increase protein production through phosphorylation and
inhibition of glycogen synthase kinase (GSK)-3[B, which in turn prevents the
inhibition of transcription factor elF2B (Rommel et al., 2001; Bodine et al., 2001).
p-AKT can also inhibit forkhead box O (FOXO) preventing protein degradation
and protecting against atrophy (Sandri et al., 2004). Activating mTOR allows for
a net increase in protein synthesis and growth of a muscle fibre independent of
hyperplasia (formation of new muscle fibres) (Yoon, 2017). Decreased activation
of AKT signalling results in decreased protein synthesis/increased protein
degradation and lack of protection against atrophy, all of which might explain the

average decrease in muscle fibre cross sectional area when ZAKJ is absent.
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Since the reductions in fibre cross sectional area when ZAKp is absent were only
marginal (approximately 10% smaller on average), this could explain the relative
lack of differences in general swimming capabilities between siblings and ZAKf
l- zebrafish when young (6-months) and middle-aged (18-months). Whilst
average muscle fibre area has been assessed in 2 and 5 dpf embryos, it has yet
to be assessed in adult zebrafish lacking ZAKp. Performing sections on adult
skeletal muscle, of varying ages, would allow an understanding if this
hypotrophy/atrophy continues into adulthood, and whether it worsens with time.
H&E staining on sectioned muscle would also allow for an assessment for the
presence of centralised nuclei on in aged ZAKB” skeletal muscle, as is seen in
humans and mice with myopathy associated with ZAK mutations (Vasli et al.,
2017; Nordgaard et al., 2022).

7.7. ZAKB as a candidate gene for sarcopenia.

The ageing process in vertebrates can be thought of as the decline in
physiological function and is characterised by nine hallmarks, including cellular
senescence and genomic instability following lifelong accumulation of damage
and decreases in DNA repair mechanisms (Li et al.,, 2021). Sarcopenia
specifically relates to the age-related decline in skeletal muscle mass, function
and strength; with genetic, epigenetic, physiological and lifestyle factors all
contributing to the development of sarcopenia (Walston, 2012; Cruz-Jentoft and
Sayer, 2019). In the United Kingdom, as of 2018, the estimated cost of
sarcopenia to the healthcare system is £2.5 billion (Pinedo-Villanueva et al.,
2019).

The pathology that may arise with absence of ZAKf appears to worsen with age.
This is unsurprising as many neuromuscular diseases, including myopathy
associated with mutated ZAK, present with a slowly progressive muscle
weakness (Vasli et al., 2017; Ahmad et al., 2022). The swimming capabilities in
absence of ZAKB” zebrafish appeared to decline at a faster rate than wild type
counterparts, where the aged ZAKB” zebrafish swam reduced distances, at a
slower rate and had more frequent stops compared to the age-matched wild type
counterparts. Whilst there is a decline in swimming parameters in old wild type,
compared to younger wild type zebrafish, it is not as substantial as the decline

seen with absence of ZAKB. Furthermore, skeletal muscle dissected from old
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zebrafish showed signs of pathology that age-matched wild type counterparts did
not. There appeared to be dissolution of sarcomere structure as well as unusually
orientated myofibrils, indicating a lack of myofibrillar organisation in absence of
ZAKB. These findings hint at potential promise of ZAKB and the respective
signalling pathway as possible candidates for skeletal muscle aging and

sarcopenia treatment.

Zebrafish have a substantially shorter lifespan than humans, making them useful
model organisms for studying aging (Gilbert et al., 2014). On the other hand, the
lifespan of zebrafish is typically comparable to the length of time for a PhD project
(Gilbert et al., 2014). The ‘old’ zebrafish used were at least 35 months of age,
thus, there is insufficient time to fully investigate the full phenotypic spectrum of
aged ZAKB™ zebrafish.

There is growing interest in using alternative fish with lower life expectancies to
better understand the effects of ageing on skeletal muscle and sarcopenia, for
example, the African turquoise Killifish (Nothobranchius furzeri) (Kim et al., 2016).
Killifish belong to the Teleostei infraclass like zebrafish, however, the average
captive lifespan of Killifish is between approximately 4-6 months and the time
taken to reach sexual maturity is 3-4 weeks, rather than the 3-4 months for
zebrafish (Valenzano et al., 2015). The genome has been sequenced, with the
GRZ (a highly-inbred strain) used to generate a reference genome (Valenzano et
al., 2015), allowing CRISPR-Cas9 to be successfully performed to target specific
genes (Harel et al., 2015; Oginuma et al., 2022). Tol2 transgenesis as well as
CRISPR-mediated GFP knock in have been successfully performed in Killifish
(Hartmann and Englert, 2012; Allard et al., 2013; Oginuma et al., 2022). ‘old’
killifish can be defined as older than three months and typically swim less and
slower than younger counterparts, suggesting the skeletal muscle of these fish
are susceptible to the effects of accelerated aging (Valenzano et al., 2006). The
use of Killifish as a model organism has the potential for a substantially more
time-efficient way of exploring candidate genes involved in sarcopenia, as well

as other age-related conditions.
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7.8. Future Work

Further to the future work that | have discussed in the individual sections within
this chapter, there are some future experiments that | believe should be

performed to greater understand the role of ZAKp in zebrafish.

Firstly, research should be aligned with the recent work by (Nordgaard et al.,
2022), where it was proposed that Z-disc-localised-ZAKp recognises muscle
contraction and converts the stimuli into discernible P38 signalling. ZAK” mice
were seen to have a predominance of slow-twitch muscle fibres. Whilst |
investigated the expression of slow and fast-twitch specific genes during
development, there should also be an investigation into the slow and fast-twitch
specific genes in adults as well for completion. Immunostaining sections of
zebrafish would allow understanding of the proportions of slow and fast-twitch
fibres, as well the relative muscle fibre areas for each fibre-type. ZAKp
localisation in skeletal muscle of zebrafish should be explored, with transgenesis
or fluorescently-tagged ZAKB mRNA injections assessed using confocal
microscopy. Such analysis would validate if ZAKP localises to the Z-disc in
zebrafish, as it does with mice. Embryos from a ZAKa*- ZAKB*" incross have
been gifted to the Bekker-Jenssen lab so that zebrafish lacking ZAK isoforms can

be used to supplement analysis performed using mice.

Investigation into downstream signalling in ZAKB” zebrafish have largely been
informed by RNA-seq data performed on humans and mice lacking ZAK. For
example, FLNC was downregulated in humans with mutated ZAK (Vasili et al.,
2017), and myomaker was upregulated in mice with mutated ZAK (Nordgaard et
al., 2022). To truly understand the role that ZAKp is playing in skeletal muscle,
and potentially the heart of zebrafish, RNA-seq should be performed using ZAKf-
I~ zebrafish. RNA should be extracted from embryos as well as adult skeletal
muscle and hearts. Through this, | would obtain a non-biased list of differentially
expressed genes (DEGs) that specifically occur with absence of ZAKp in
zebrafish, in different tissues/at different stages. Comparisons between zebrafish
specific DEGs to those of mice/humans would allow a greater understanding of

the specific role that ZAKp is performing in the skeletal muscle of zebrafish.
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In a similar vein to RNA-sequencing data providing a non-biased list of DEGs in
absence of ZAKp, phosphoproteomic analysis could be performed using liquid
chromatography tandem mass spectrometry (LC-MS), as in (Wang et al., 2020).
This procedure would allow an assessment of alterations in phosphorylated
proteins when ZAKp is absent. Furthermore, kinase dead, wild type and
constitutively active forms of ZAK could be injected into embryos, and changes

in phosphorylation of proteins could be assessed.

Given the association of KY and ZAK at the Z-disc of skeletal muscle in mice
(Baker et al., 2010), | believe that repetition of analysis performed on ZAK lines,
as well as those discussed in potential future plans, should also be performed on
a double KY-- ZAKB” line. The single KY zebrafish line did not show a strong
phenotype (considerably weaker than mice models), however, the absence of
both KY and ZAKB could produce a stronger phenotype (if the proteins are

involved in similar processes or interact) (Jokl et al., 2018b).

Performing the analyses discussed above, in old-age ZAKB”- zebrafish and age-
matched wild type zebrafish controls will provide further validation if, indeed, there
is an enhanced or more prominent deterioration of skeletal muscle in aged

zebrafish lacking ZAKf, compared to wild type zebrafish.

7.9. Summary and Final Remarks

In this report, | validate the expression of ZAKa and ZAKg in zebrafish as
comparable to humans and mice. | have demonstrated the successful creation of
single and double ZAKa- ZAKB” zebrafish. Absence of ZAK resulted in a mild
phenotype, normal life expectancy and fertility/survival of offspring. This was
unsurprising given the mild phenotype is also typically seen with humans and
mice. Investigation of ZAK absence in old zebrafish show decreased swimming
capabilities and skeletal muscle abnormalities at an ultrastructural level, hinting
at an accelerated ageing process that could make ZAKB a novel candidate for
sarcopenia research. There is still the requirement for further research to
investigate the validity of using zebrafish to model human congenital myopathy
associated with ZAK, as well as the potential role for ZAKpB signalling as a

candidate for sarcopenia.
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Appendices

Appendix A. Modified MATLAB code for extracting zebrafish movement at 120 fps
clear all;

filestoprocess = dir(Mut2_F_2.csv'); % stores details on all .csv files in the current folder
for f = 1 : length(filestoprocess) % loops for each .csv file in the folder

clearvars -except filestoprocess f distTravelArray velocityArray timeMovingArray
fileNames activeTimeArray actTailbeatFregArray lowTailbeatFreq medTailbeatFreq
highTailbeatFreq avgTBangleArray lowPeakArray medPeakArray highPeakArray

filelD = fopen(filestoprocess(f).name); % opens current file as fileID

disp(filestoprocess(f).name) % displays the name of the file being processed

C = textscan(filelD,'%d %d %f %f %f %f %f %d %d %d %d %d %d %d %d %d %d %d %d

%d %d','Delimiter',","); % stores values from current file in cell array

% stores spine angles in an array and converts to degrees
spine(1,:)=C{3};

spine(2,:)=C{4};

spine(3,:)=C{5};

spine(4,:)=C{6};

spine(5,:)=C{7};

spine = double(spine)*(180/pi);

% stores X coordinates in an array and converts to cm
nodeXCoord(1,:)=C{8};

nodeXCoord(2,:)=C{10};

nodeXCoord(3,:)=C{12};

nodeXCoord(4,:)=C{14};

nodeXCoord(5,:)=C{16};

nodeXCoord(6,:)=C{18};

nodeXCoord(7,:)=C{20};

nodeXCoord = double(nodeXCoord)/1280*13.4;

% stores Y coordinates in an array and converts to cm
nodeYCoord(1,:)=C{9};

nodeYCoord(2,:)=C{11};

nodeYCoord(3,:)=C{13};

nodeYCoord(4,:)=C{15};

nodeYCoord(5,:)=C{17};

nodeYCoord(6,:)=C{19};

nodeYCoord(7,:)=C{21},

nodeYCoord = double(nodeYCoord)/720*7.2;

nodeYCoord = 7.2 - nodeYCoord; % corrects direction of y axis

%% Calculates the distance travelled per second in cm using node 4

n=1,
fori=121:120:length(nodeXCoord)
distSec(n) = sqrt(double((nodeXCoord(4,i)-nodeXCoord(4,i-
120))*2+(nodeYCoord(4,i)-nodeY Coord(4,i-120))"2));
n=n+1;
end

distTravel = sum(distSec);
velocity = distTravel/(length(distSec));
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%% Sums together angles for each frame

for i = 1:length(spine)
headtoTail(i) = 0;
forj=1:5
if abs(spine(j,i)) > 5
headtoTail(i) = headtoTail(i) + abs(spine(j,i));
else
end
end
end

%% Plots the sum of angles over time
smoothedTail = smooth(headtoTail,5); % running average over 5 frames

figure;
axisTime =[0.0083333333333333:0.008333333333333:(length(spine)/120)];

[pos_pks,pos_locs] = findpeaks(smoothedTail,'MinPeakDistance’,5,'MinPeakProminence',5);
% finds the peaks

noSpeed = 0;
lowSpeed = 0;
medSpeed = 0;
highSpeed = 0;

for i = L:length(distSec) % loops for each second

j=1*120+1; % j is the counter for the final frame in a second
k =j-120; % k is the counter for the first frame in a second

if distSec(i) < 0.5 % counts less than 5mm in 1 second as ho movement
movement(i) = 0; % array for which seconds have movement and which don't

noSpeed = noSpeed + 1; % counter for how many seconds the fish is stationary
statPeaks = find(pos_locs>k & pos_locs<j); % finds the peaks in this second

pos_pks(statPeaks)=NaN; % replaces the peaks with NaN in the main peak array
pos_locs(statPeaks)=NaN;

elseif distSec(i) < 2 % counts less than 2cm in 1 second as low speed
movement(i) = 1;
lowSpeed = lowSpeed + 1; %low speed for this second

lowPeaks = find(pos_locs>k & pos_locs<j));
lowPeakAng = pos_pks(lowPeaks);

if lowSpeed ==
lowCount = vertcat(lowPeaks);
lowPeakAngles = vertcat(lowPeakAng);
else
lowCount = vertcat(lowCount,lowPeaks);
lowPeakAngles = vertcat(lowPeakAngles,lowPeakAng);
end

elseif distSec(i) <= 4
movement(i) = 1;
medSpeed = medSpeed + 1; % medium speed

medPeaks = find(pos_locs>k & pos_locs<j);
medPeakAng = pos_pks(medPeaks);
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if medSpeed ==
medCount = vertcat(medPeaks);
medPeakAngles = vertcat(medPeakAng);
else
medCount = vertcat(medCount,medPeaks);
medPeakAngles = vertcat(medPeakAngles, medPeakAng);
end

else
movement(i) = 1,
highSpeed = highSpeed + 1; % high speed

highPeaks = find(pos_locs>k & pos_locs<));
highPeakAng = pos_pks(highPeaks);

if highSpeed ==
highCount = vertcat(highPeaks);
highPeakAngles = vertcat(highPeakAng);
else
highCount = vertcat(highCount,highPeaks);
highPeakAngles = vertcat(highPeakAngles, highPeakAng);
end
end
end

if lowSpeed ==

avgLowPeak = NaN;
else

avgLowPeak = mean(lowPeakAngles);
end

if medSpeed == 0

avgMedPeak = NaN;
else

avgMedPeak = mean(medPeakAngles);
end

if highSpeed ==

avgHighPeak = NaN;
else

avgHighPeak = mean(highPeakAngles);
end

if lowSpeed>0
lowTBfreq = length(lowCount)/lowSpeed;
else
lowTBfreq = NaN;
end

if medSpeed >0
medTBfreq = length(medCount)/medSpeed;

else

medTBfreq = NaN;

end

if highSpeed>0

highTBfreq = length(highCount)/highSpeed,;
else

highTBfreq = NaN;

end

% creates new array for peaks removing NaN from stationary seconds
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n=1;
for i=1:length(pos_locs)
if isnan(pos_locs(i))
else
nanPos_locs(n) = pos_locs(i);
nanPos_pks(n)= pos_pks(i);
n =n+l;
end
end

avgTailBendAngle = mean(nanPos_pks); %calculates avg TB angle only when the fish is
moving

plot(axisTime, smoothedTail,'-k');

hold on

plot(axisTime(nanPos_locs), nanPos_pks, 'or");
hold off

xlabel('Time (s)");

ylabel('Tail bend amplitude’);

tailbeatFreq = length(nanPos_locs)/((length(spine)/120));

timeMoving = ((sum(movement(:) == 1))/length(movement))*100;
actTailbeatFreq = tailbeatFreg*(100/timeMoving);
velocity = velocity * (timeMoving/100); % calculates velocity for when fish is actively moving

activeTime = zeros(1,1000);

m=1;
n=1;
for i = 1:length(movement)
if movement(i) ==
if i == length(movement)
elseif movement(i+1) ==
m =m + 1; % if there is movement in the next 1s period we update the restTime
counter
else
end
elseif movement(i) ==
activeTime(n) = activeTime(n)+1; % with movement 1s is added to the active time
duration
if i == length(movement)
elseif movement(i+1) ==
n=n+1; % if there is no movement in the next 1s period we update the activeTime
counter
else
end
end
end

if activeTime(n) ==
n=n-1;

else

end

activeTimeAvg = sum(activeTime)/n;
%% Storing calculated values in arrays

fileNames(f,1) = string(filestoprocess(f).name);
distTravelArray(f,1) = distTravel,
velocityArray(f,1) = velocity;
timeMovingArray(f,1) = timeMoving;
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activeTimeArray(f,1) = activeTimeAvg;
actTailbeatFregArray(f,1) = actTailbeatFreq;
lowTailbeatFreq(f,1) = lowTBfreq;
medTailbeatFreq(f,1) = medTBfreq;
highTailbeatFreq(f,1) = highTBfreq;
avgTBangleArray(f,1) = avgTailBendAngle;
lowPeakArray(f,1) = avgLowPeak;
medPeakArray(f,1) = avgMedPeak;
highPeakArray(f,1) = avgHighPeak;

end

LowTBfreq = lowTailbeatFreq(~isnan(lowTailbeatFreq));
MedTBfreq = medTailbeatFreq(~isnan(medTailbeatFreq));
HighTBfreq = highTailbeatFreq(~isnan(highTailbeatFreq));
highSpeedPeak = highPeakArray(~isnan(highPeakArray));
medSpeedPeak = medPeakArray(~isnan(medPeakArray));
lowSpeedPeak = lowPeakArray(~isnan(lowPeakArray));

%% Outputting data in a .csv file with averages

file = 'FishAnalyserData.csv'; % creates .csv file to save all FishAnalyser data

outputHeaders = ["File", "Distance Travelled(cm)", "Mean active velocity(cm s"-1)", "Mean
active tail beat frequency" "Time spent moving(%)", "Mean active time duration(s)", "Low speed
tail beat frequency", "Medium speed tail beat frequency", "High speed tail beat frequency",
"Mean tail bend amplitude", "Mean low speed tail bend amplitude”, "Mean medium speed tail
bend amplitude”, "Mean high speed tail bend amplitude"];

outputData = cell(length(filestoprocess),13);

outputData = [fileNames, distTravelArray, velocityArray, actTailbeatFregArray,
timeMovingArray, activeTimeArray, lowTailbeatFreq, medTailbeatFreq, highTailbeatFreq,
avgTBangleArray, lowPeakArray, medPeakArray, highPeakArray];

averages = ['"Mean", mean(distTravelArray), mean(velocityArray), mean(actTailbeatFregArray),
mean(timeMovingArray), mean(activeTimeArray), mean(LowTBfreq), mean(MedTBfreq),
mean(HighTBfreq), mean(avgTBangleArray), mean(lowSpeedPeak), mean(medSpeedPeak),
mean(highSpeedPeak)];

standardDeviations = ["Standard Deviation", std(distTravelArray), std(velocityArray),
std(actTailbeatFreqArray), std(timeMovingArray), std(activeTimeArray), std(LowTBfreq),
std(MedTBfreq), std(HighTBfreq), std(avgTBangleArray), std(lowSpeedPeak),
std(medSpeedPeak), std(highSpeedPeak)];

fID = fopen('FishAnalyserData.csv','wt');
fprintf(fID,'%s, %s, %s, %S, %S, %s, %S, %S, %s, %S, %S, %s, %s\n',outputHeaders(:));
for i = 1:(length(filestoprocess))
fprintf(fiD,'%s, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f,
%0.2f\n’,outputData(i,1:13));
end
fprintf(fID,"\n%s, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f,
%0.2f\n", averages(’));
fprintf(fID,"\n%s, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f, %0.2f,
%0.2f', standardDeviations(:));
fclose(fID);

fclose(filelD);
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Abbreviations

ACTAl
ANOVA
ANS
AP
APS
ATP
Bcl-xL
bHLH
BIN1
BLAST
BMI
BNP
CASA
CCD
cDNA
CFTD
CK
CRISPR
crRNA
CT
CTP
DAMPs
DEGs
DGC
DHPR
DIG
DMD
DMD
DNA
DNM2
dNTP
dpf
dpi
dsDNA
DTT
DuCD
e-c

E3
ECM
EDL
EDTA
EM
ENU
FO

F1
FAC
FLNA/B/C
FPS
GCN2
GFP

skeletal alpha actin 1 gene
analysis of variance

autonomic nervous system
alkaline phosphatase

ammonium persulphate
adenosine triphosphate

B cell ymphoma-extra-large

basic helix loop helix

amphiphysin 2 gene

basic local alignment search tool
body mass index

B-type natriuretic peptide or brain natriuretic peptide
chaperone-assisted selected autophagy
central core disease
Complementary DNA
congenital fibre type disproportion
creatine kinase

clustered regularly interspaced short palindromic repeats
crispr RNA

cycle threshold

cytidine triphosphate

damage associated molecular patterns
differentially expressed genes
dystrophin-glycoprotein complex
dihydropyridine receptor
Digoxigenin

dystrophin gene

Duchenne muscular dystrophy
Deoxyribonucleic acid

dynamin 2 gene
deoxyribonucleotide triphosphate
days post fertilisation

days post injury

double stranded DNA

dithiothreitol

dusty core disease
excitation-contraction

normal embryo media
extra-cellular matrix

extensor digitorum longus muscle
ethylenediaminetetraacetic acid
electron microscopy
N-ethyl-N-nitrosourea

founder embryos

FO offspring

fractional area change

filamin A/B/C

Frames per second

general control nonderepressible 2
green fluorescent protein
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GTP
H&E
HAA
HMGB1
hpf

hpi
IGFN1
INDELSs
ISH
JNK

K

kDa

KY

LB
LMA
M1

M2
MABT
MAPK
MFF
MFM
MmD
MPC
MRF
Mrf4
MRI
MRNA
MTM1
MTZ
Myf5
MyHC
myl1
myl2
MyoD
NAChRs
NADH-TR
NLRP1
NMD
ntr
oxLDL
PAGE
PAM
PAX3/7
PBS
PCR
PFA
PI3K
gRT-PCR
RNA
ROS
RQC
rRNA

guanosine triphosphate
haematoxylin and eosin

height anterior to the anal fin
high mobility group box 1 protein
hours post fertilisation

hours post injury

immunoglobulin-like fibronectin type Il domain containing 1

insertions/deletions

in situ hybridisation

c-Jun N-terminal kinase

Fulton’s conditioning factor
kilodalton

kyphoscoliosis peptidase
lysogeny broth

low melting temperature agarose
pro-inflammatory macrophages
anti-inflammatory macrophages
maleic acid buffer with tween-20
mitogen-activated protein kinase
medial fast fibres

myofibrillar myopathies
multi-minicore disease

muscle progenitor cells

myogenic regulatory factors
myogenic regulatory factor 4
magnetic resonance imaging
messenger RNA

myotubularin gene

metronidazole

myogenic factor 5

slow/B-cardiac myosin heavy chain
Myosin light chain 1 gene

myosin light chain 2 gene
myogenic differentiation factor
nicotinic acetylcholine receptors
nicotinamide adenine dinucleotide tetrazolium reductase
NOD-like receptor family pyrin domain-containing 1
nonsense mediated decay
nitroreductase enzyme

oxidised low-density lipoproteins
polyacrylamide gel electrophoresis
protospacer adjacent motif

paired box 3/7

phosphate buffered saline
polymerase chain reaction
paraformaldehyde

phosphatidyl isolsitol-3 kinase

quantitative reverse transcriptase polymerase chain reaction

Ribonucleic acid

reactive oxygen species
ribosome-associated quality control
ribosomal RNA



RSR
RT
RTK
RUNX1
RYR1
S1
SAM
SDS
SEM
SEPN1
SFBD
SgRNA
shh
sMyHC1
SOD2
SOX
SR
SSC
SSF
t-tubules
TA
TALEN
TAE
TBE
TEM
TEMED
TGF
TNF-a
TPM3
tracrRNA
TSS
TTN
UTP
XMTM

YAP/TAZ
ZFN

ribosomal stress response
reverse transcriptase

receptor tyrosine kinase
runt-related transcription factor 1 gene
ryanodine receptor 1 gene
subfragment 1

sterile alpha motif

Sodium dodecyl sulphate
Standard error of the mean
selenoprotein N gene

stress fibre binding domain
single guide RNA

sonic hedgehog

Slow myosin heavy chain 1 gene
super oxide dismutase-2
SRY-related HMG box
sarcoplasmic reticulum

saline sodium citrate buffer
superficial slow fibres

transverse tubules

tibialis anterior

transcriptional activator-like effector nucleases
Tris-Acetate-EDTA Buffer
Tris-Borate-EDTA Buffer
transmission electron microscopy
tetramethylethylenediamine
transforming growth factor
tumour necrosis factor alpha
tropomyosin 3 gene
transactivating RNA
transcriptional start site

titin gene

uridine triphosphate

X-linked myotubular myopathy

yes-associated protein l/transcriptional co-activator with a

PDZ-binding domain
zinc finger nucleases
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