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Abstract

Deficiency in fukutin-related protein (FKRP) or fukutin results in aberrant
glycosylation of a-dystroglycan, a key receptor for basement membrane proteins.
There is a broad spectrum of disorders associated with FKRP and fukutin deficiency,
ranging from limb-girdle muscular dystrophy to congenital disorders such as muscle
eye brain disease and Walker-Warburg syndrome (WWS). fkrp and fukutin were
knocked down in the zebrafish with antisense morpholino oligonucleotides (MO).
The fkrp, fukutin and dystroglycan MOs each produced a spectrum of comparable
phenotypes. With each MO producing a comparable morphant phenotype on
morphological examination, it was hypothesised that inferences could be made
about similarities and differences in the fkrp, fukutin dystroglycan axis during
zebrafish development. The morphants had abnormal muscle fibres, including
disruptions of the vertical myosepta and sarcolemma. Disorganised retinal layering
in the eyes was found in both fukutin and fkrp morphants. Dysplasia of the lens was
observed in most fukutin morphants and some of the fkrp morphants with a severe
phenotype. Structural changes in basement membranes at 1-3 days post fertilisation
(dpf) were investigated. The perturbation observed across the inner limiting
membranes may account for the lens dysplasia. Cell density of the granular
epithelium in the photoreceptor cell layer was found to be lower in both morphants
with the least density in fukutin knock-downs, which may result from a disruption of
the external limiting membrane. This leads to the conclusion that fkrp and fukutin
are essential for membrane integrity in the eye and muscle of developing zebrafish.
A transgenic zebrafish line expressing enhanced green fluorescent protein (EGFP) in
vascular endothelium from the fli-1 promoter was used to investigate early
vascularisation. In all morphants, including dystroglycan knock downs, the
intersegmental vessels failed to reach the dorsal longitudinal anastomotic vessel at
1dpf. Additionally, in the fkrp and fukutin morphant the eye vasculature was
abnormal. Interestingly, no change was observed in the eye vasculature of the
dystroglycan morphants suggesting that fkrp and fukutin may modify proteins other

than a-dystroglycan in the eye.
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1.1 Muscular Dystrophy

The muscular dystrophies (MDs) are a heterogeneous group of inherited
conditions characterised by progressive muscle weakness and wasting (Walton
and Nattrass, 1954; Bushby, 1994). The latter occurs as a consequence of
degeneration, fatty infiltration and fibrosis of muscle tissue (Bushby, 1994;
Kornegay et al., 2012). Duchenne muscular dystrophy (DMD) is one of the
most common forms of MD and in spite of better standards of care over recent
times, it remains associated with a bleak prognosis with most patients dying in
their early twenties due to cardio-respiratory complications (Sejerson and
Bushby, 2009; Kuru, 2011; Kwon et al., 2012). Nevertheless, there have
recently been promising developments in new therapies such as exon skipping
which is currently being trialled in several centres including Newcastle (Mann et
al., 2001; Kinali et al., 2009; Foster et al., 2012). One would hope that similar
therapies will become available in other forms of MD, including the
dystroglycanopathies, which like most MDs remain without treatment (Godfrey
et al., 2011; Kuga et al., 2011; Muntoni et al., 2011). The aim of this thesis is to
gain a better insight into MD by investigating the pathology associated with
dystroglycanopathy in zebrafish models (Bassett and Currie, 2003; Guyon et al.,
2003; Bassett and Currie, 2004; Guyon et al., 2007).

It was hypothesised that by knocking down the secondary dystroglycanopathy
genes fkrp fukutin and comparing to primary dystroglycanopathy, as modelled
by dystroglycan knockdown, the function of these genes with respect to the

primary function of dystroglycan could be delineated.

1.1.1 Duchenne Muscular Dystrophy

DMD is an X-linked recessive disorder, affecting 1/3600 male births (Cowan et
al., 1980). Frame shifting or nonsense mutations in the DMD gene (Hoffman et
al., 1987) on the X-chromosome p21.2-21.1 result in absence of dystrophin
expression and a DMD phenotype (OMIM: 310200), however mutations which
preserve the open reading frame result in partial protein expression and a
milder form of disease, Becker muscular dystrophy BMD (OMIM: 300376)
(Nicholson et al., 1993). DMD is named after the neurologist Guillaume
Duchenne de Boulogne who was the first clinician to accurately describe the
disease in a case report, in the 1861 edition of his book “Paraplegie

hypertrophique de I'enfance de cause cerebrale” (Semmola, 1834; Conte G,
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1836; Emery, 1993). DMD is still characterised clinically based on these early
descriptions that include progressive proximal weakness, pseudo-hypertrophy
of the calves and elevated serum creatine kinase (CK) levels, a marker of
skeletal and cardiac muscle breakdown (Bach, 2000; Manzur and Muntoni,
2009).

1.1.2 Limb Girdle Muscular Dystrophy (LGMD)

Before genetic testing became available, myopathies were classified based on
their clinical presentation (Broglio et al., 2010; Rocha and Hoffman, 2010). The
LGMDs were delineated from facioscapulohumeral muscular dystrophy (FSHD),
myotonic dystrophy and metabolic myopathies based on the distinct proximal
wasting and weakness observed around the shoulder and hip girdles (Walton
and Nattrass, 1954; Deufel and Gerbitz, 1991; Reifer and Sobel, 1998; Tawil
and Van Der Maarel, 2006). Within the LGMD subgroup, there is a wide range
of variation in terms of disease onset and progression (Rocha and Hoffman,
2010). LGMDs are classified into autosomal dominant (type 1) or recessive
(type 2) forms, the former being much rarer (Walton and Nattrass, 1954). There
are at least eight forms of dominant LGMD, for some of which the gene has not
yet been identified (Rocha and Hoffman, 2010; Kaplan, 2011; Reilich et al.,
2011). Sixteen forms of autosomal recessive LGMD have been identified to
date (Kaplan, 2011). Mutations in FKRP and fukutin both have been associated
with autosomal recessive limb-girdle forms (Table 1.1). The sequence in which
the disorders appear in the alphabetical list is based on the order in which they
were discovered (Bushby, 2009; Kaplan, 2011).

1.1.3 Congenital Muscular Dystrophy (CMD)

Since infants born with hypotonia and weakness could have any one of a
number of conditions, a muscle biopsy is helpful in reaching a diagnosis of CMD
(Bertini et al., 2011). CMD is differentiated from the clinically similar conditions
such as the congenital myopathies by higher serum CK levels and evidence of
degeneration/regeneration cycles in the myofibres, whereas the congenital
myopathies have developmental defects in myofibre formation (North, 2011,
Sparks and Escolar, 2011; Nance et al., 2012). A final molecular diagnosis is
important for refining the particular subtype of CMD. All of the CMDs have an
autosomal recessive pattern of inheritance and can be divided into three groups:

disorders of post translational modification of a-dystroglycan (secondary
19



dystroglycanopathies), abnormality of endoplasmic reticulum proteins and
disorders of the basal lamina (Mendell et al., 2006; Rocha and Hoffman, 2010).

Protein Gene Gene Disease | IH | OMIM Reference
Symbol | Location
Cytoskeletal Proteins
Dystrophin DMD Xp21.2 DMD XR | 300377 | (Monaco et al., 1986)
BMD XR | 300376
Basement Membrane Receptors
Dystroglycan DAG1 3p21.31 LGMD AR | 128239 (Hara et al., 2011)
Integrin ITAGY 12qg13.2 CMD AR | 600536 (Mayer et al., 1997)
Dystroglycan Post Translational Modifiers
Fukutin FKTN 9931 FCMD AR | 253800 | (Toda et al., 1993)
LGMD2M | AR | 607440 | (Godfrey et al., 2006)
FKRP FKRP 19g13.3 LGMD2l | AR | 607155 | (Brockington et al.,
MDC1C | AR | 606612 | 2001b)
(Brockington et al.,
2001a)
MEB AR | 253280 | (Mercuri et al., 2006)
WWS AR | 236670
POMT1 POMT1 9g34.1 WWS AR | 236670 | (Beltran-Valero de
Bernabe et al., 2002)
LGMD2K | AR | 609308 | (Balci et al., 2005)
POMT2 POMT2 14924.3 WWS AR | 236670 | (van Reeuwijk et al.,
MEB AR | 253280 | 2005)
(Mercuri et al., 2006)
POMGNT1 POMGn | 1p34-p33 MEB AR | 253280 | (Hehr et al., 2007)
T1
LARGE LARGE | 22g12-q13 | MDC1D | AR | 608840 | (Longman et al., 2003)
ISPD ISPD 7p21.2 WWS AR | 614631 | (Roscioli et al., 2012;
Willer et al., 2012)
Extracellular Matrix Proteins
Laminin LAMA2 6022 MDC1A AR | 156225 | (Patton et al., 2008)

Table 1.1: Dystroglycan associated proteins and the diseases associated
with mutations in the genes

The table is divided into mutations in proteins of the cytoskeleton, basement membrane
receptors, modifiers of dystroglycan post translational processing and extracellular
matrix proteins, all of which have been associated with MD. The table gives the protein,
its gene symbol, genomic location, disease, mode of inheritance: (IH, AR: autosomal
recessive, XR: X-linked recessive), OMIM and a reference describing the clinical
phenotype. DMD and BMD account for ~10% each of MD in the Northern Region of
the United Kingdom with a prevalence of ~7-8/100,000. There has only been one case
in the world with a mutation in the DAG1 gene (Hara et al., 2011). In the Northern
region ~6%, 2.5/100,000 of patients were diagnosed with LGMD of total MD in the
region interestingly 19% were diagnosed with LGMD2I. 2%, 0.8/100,000 of the
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population in the North East with MD had CMD and the majority of these patients were
diagnosed with MDC1A 1.6% 0.6/100,000 (Norwood et al., 2009).

1.2 Dystrophin
The disease causing gene in DMD was localized to Xp21 by genetic linkage
analysis and cytologically through manifesting females with balanced
translocations (Davies et al., 1983; Aldridge et al., 1984; Brown et al., 1985;
Francke et al., 1985; Boyd and Buckle, 1986). Subsequently, the DMD gene
was identified from cloned cDNA (Monaco et al., 1985), the protein product was
isolated shortly after by Hoffman et al. (Monaco et al., 1986; Hoffman et al.,
1987). Campbell and Kahl purified a dystrophin associated membrane bound
glycoprotein known today as dystroglycan and together the discovery of the two
proteins allowed rapid progress in the field of MD, (Campbell and Kahl, 1989;
Ervasti and Campbell, 1991). These discoveries and subsequent
characterisation of the dystrophin-associated glycoprotein complex (DGC)
forms the basis of our current understanding of MD (Sciandra et al., 2003;
Gumerson and Michele, 2011). Dystrophin is a predominantly hydrophilic, rod
shaped protein consisting of 3684 amino acids, with a molecular weight (MW) of
427kDa and an approximate length of 150nm (Hoffman et al., 1987; Pons et al.,
1990). The protein can be split into four domains: the actin binding domain at
the N-terminus, the rod domain, the cysteine rich domain and the carboxy
terminal domain (Koenig and Kunkel, 1990; Winder et al., 1995; Rybakova et al.,
1996; Sadoulet-Puccio et al., 1997; Norwood et al., 2000; Harper et al., 2002;
Bohm and Roberts, 2009; Le Rumeur et al., 2010).

While screening a batch of C57BL/10ScSn mice the spontaneously occurring
mdx mouse was identified, initially studied as a biochemical variant at the PK
locus (Bulfield et al., 1984). Elevated pyruvate kinase and raised serum CK
indicated the mice had muscle necrosis analogous to DMD patients (Banks and
Chamberlain, 2008). Breeding experiments showed an X-linked segregation.
The mdx mouse carries a point mutation in exon 23 of the Dmd gene and is an
effective null for dystrophin protein expression at birth (De la Porte et al., 1999).
A feature of the model is that exon 23 is prone to skipping and over time many
fibres revert, similar to the revertant fibres found in humans (Thanh et al., 1995;
Yokota et al., 2006). Utrophin upregulation, differences in mouse immune

systems when compared to humans and longer telomerase length in mice, also
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all account for the diminished phenotype severity compared to human DMD
(Brockdorff et al., 1987; Kipling, 1997; Gillis, 2000).

1.3 The Dystrophin Associated Glycoprotein Complex
(DGC)

Dystrophin forms an integral part of a stable protein complex at the muscle cell
membrane: the dystrophin-associated glycoprotein complex (DGC; Haenggi
and Fritschy, 2006). The main function of the DGC in muscle is to form a link
between cytoskeletal actin and laminin in the extracellular matrix (ECM; Ervasti
and Campbell, 1991; Lapidos et al., 2004; Figure 1.1). The DGC is essential for
stabilising the sarcolemma i.e. the plasma membrane that encloses a muscle
fibre, during muscle contraction (Ibraghimov-Beskrovnaya et al., 1992; Petrof et
al., 1993). Dystrophin binds to the actin cytoskeleton and to B-dystroglycan at
the sarcolemma (Jung et al., 1995; Ishikawa-Sakurai et al., 2004).
Dystroglycan spans the sarcolemma, anchoring the DGC complex to the
muscle specific basement membrane and acts as a linker between internal and
external components. Dystroglycan stabilises the sarcoglycan complex within
the sarcolemma (Lim and Campbell, 1998; Crosbie et al., 1999; Durbeej et al.,
2000). In healthy muscle correctly glycosylated a-dystroglycan binds laminin-a2
and various other ligands such as agrin, neurexin and perlecan (Noonan et al.,
1991; Campanelli et al., 1994; Gee et al., 1994; Sugiyama et al., 1994; Denzer
et al., 1997; Hohenester et al., 1999; Sugita et al., 2001; Michele et al., 2002).
Other intracellular components of the DGC include the syntrophins and
dystrobrevin (Froehner et al., 1997; Sadoulet-Puccio et al., 1997; Adams et al.,
2004; Fuentes-Mera et al., 2006; Bohm and Roberts, 2009; Figure 1.1).
Dystrophin and the DGC are also associated with nitric oxide synthase (nNOS;
Crosbie, 2001). Nitric oxide synthase catalyzes the synthesis of the potent
signalling molecule nitric oxide from L-arginine (Thomas et al., 2003; Kobayashi
et al., 2008). Elevation of local calcium levels leads to calmodulin binding NOS
and NO synthesis (Walsh, 1994). NO has been shown to be important in
muscle for metabolism, inflammation, vasodilatation and contractility (Reid,
1998; Wang et al., 2001).
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Figure 1.1: Schematic representation of the DGC

Depicts dystroglycan and integrin interaction with ligands both within the DGC and the
ECM. The DGC forms a link between intracellular F-actin and laminin-211 in the
extracellular matrix. The black circles on dystroglycan represent the O-glycosylated
mucin domain of a-dstroglycan and the black branched structures represent N-
glycosylation sitses also found on the sarcoglycans and B-dystroglycan (Cohn and
Campbell, 2000; Barresi and Campbell, 2005).

1.3.1 Dystroglycan

Dystroglycan is the central component of the DGC (Ervasti and Campbell, 1991,
Figure 1.1). The dystroglycan gene (DAG1) on chromosome 9p21 has two
exons split by a large intronic segment which contain an 895 codon open
reading frame encoding both alpha and beta peptides (Ibraghimov-Beskrovnaya
et al., 1993; Gorecki et al., 1994). The propeptide is translated from a single
MRNA and proteolytically cleaved into the core protein of the heavily
glycosylated extracellular a-dystroglycan and the transmembrane [3-
dystroglycan (Ibraghimov-Beskrovnaya et al., 1992; Holt et al., 2000). After
post translational cleavage of the precursor polypeptide the two subunits are
independently targeted to either the plasma membrane or the extracellular
space respectively, where they re-assemble into a complex held together by a
relatively weak non-covalent interaction (Bozzi et al., 2006). Mutating the
cleavage site inhibits post-translational processing leading to dystrophic

changes in a mouse model (Jayasinha et al., 2003).
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The B-dystroglycan PPXY motif interacts with the WW domains of dystrophin
(Rentschler et al., 1999). Extracellularly the central O-glycosylated mucin
domain of a-dystroglycan binds the LG domain of the extra-cellular matrix (ECM)
protein laminin, linking the ECM to the intracellular cytoskeleton of the skeletal
muscle syncytium (Figure 1.1; Jung et al., 1995). a-Dystroglycan is extensively
post-translationally modified by O- and N- linked glycosylation (Brancaccio et al.,
1995; Brancaccio et al., 1997) in the Golgi complex. The glycosylation state of
a-dystroglycan is tissue specific and variable, resulting in a range of a-
dystroglycan glycoforms, differing in molecular weight and glycan composition
(Moukhles et al., 2000; McDearmon et al., 2001). The first major glycoform
(cranin) was identified in brain and has a molecular mass of 120kDa
(Smalheiser and Schwartz, 1987). In skeletal muscle the major glycoform is
36kDa larger than that found in brain as a result of tissue specific O-
glycosylation (Ibraghimov-Beskrovnaya et al., 1993; Barresi and Campbell,
2005).

1.3.2 Glycosylation

In eukaryotes many cellular proteins and almost all extracellular proteins are
post-translationally modified to contain glycans (Spiro, 2002; Moremen et al.,
2012). These carbohydrate moieties can have widely diverse functions, from
altering protein stability and conformation to defining molecular recognition
(Endo, 1999). Glycosylation is generally considered to be the most complex
post translational modification because of the large number of steps in the
process, usually requiring a number of enzymes (Spiro, 1973). The enzymes
which drive glycosylation are segregated into different compartments including
the rough endoplasmic reticulum, cristernae of the Golgi apparatus, cytoplasm
and nucleus (Opat et al., 2001; Spiro, 2002).
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Figure 1.2: Schematic of the five types of sugar-peptide bond

The schematic highlights how different types of glycosylation, O-glycosylation, N-
glycoslation phosphor-glycosylation, C-linked glycosylation and glypiation can produce
a range glycotopes at the first glycosylation event, (Spiro, 2002).

Sugar chains are classified into one of two major classes, O-glycans and N-
glycans. There are three other less relevant classes of glycans: phosphor-
glycans, C-linked glycans and glypiation which will not be discussed here (Spiro,
2002; Figure 1.2). O-glycans are attached to the hydroxyl group of serine,
threonine, tyrosine, hydroxylysine or hydroxyproline residues. N-linked glycans
attach to the amine group of asparagine or arginine residues. O-linked
glycosylation occurs predominantly in the Golgi whereas N-linked glycosylation
occurs with greatest frequency in the lumen of the endoplasmic reticulum (ER)
(Schwarz and Aebi, 2011; Stalnaker et al., 2011). The secondary
dystroglycanopathy genes are all involved in the O-glycosylation of a-
dystroglycan are found in the ER (POMT1, POMT2) and the Golgi (POMTGnT1,
fukutin, FKRP and LARGE; Takada et al., 1988; Esapa et al., 2002; Brockington
et al., 2005; Keramaris-Vrantsis et al., 2007; Goder and Melero, 2011; Lynch et
al., 2012; Figure 1.3).
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Figure 1.3: Cellular localisation of secondary dystroglycanopathy proteins
and how they relate to the glycosylation of a-dystroglycan

As a-dystroglycan moves through the ER and Golgi complex glycans are bound to form
the classical glycan tetramer of the mucin domain. The POMT1 and POMT2 complex
mannosylate a-dystroglycan and glucose is bound by POMGnT1 to the mannose. It is
currently unknown which glycosyltransferases are responsible for the final two
glycosylation events, (Manya et al., 2004; Barresi and Campbell, 2005).

N-linked glycosylation and the O-mannosylation of a-dystroglycan always
requires the participation of the lipid dolichol phosphate (Burda and Aebi, 1999).
Dolichol-phosphate-mannose (DPM) is synthesised by DPM synthase (DPM1)
catalysing a reaction between guanosine diphosphate mannose (GDP-man)
and dolichol phosphate on the cytosolic side of the ER lumen (Richards and
Hemming, 1972; Maeda and Kinoshita, 2008; Figure 1.4). Putative flippase
machinery presumably translocates DPM onto the luminal side of the ER (Rush
and Waechter, 1995). DPM is subsequently utilized as a donor substrate by the
POMT1 and POM2 complex for the O-mannosylation of a-dystroglycan (Kim et
al., 2004; Manya et al., 2004).

Interestingly, there is a reported case of CMD that results in both N-linked and
O-linked glycosylation deficiencies of dystroglycan, caused by a missense

mutation (p.L85S) in the highly conserved coiled-coil domain of the DPM3 gene
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(Lefeber et al., 2009). DPM3 is anchored to the ER membrane via this coiled-
coil domain and is important for tethering cytoplasmic DPM1to the DPM
complex. The associated hypomannosylation of a-dystroglycan results in
laminin-211 failing to bind to a-dystroglycan, providing an explanation for the
CMD phenotype in the patient (Lefeber et al., 2009).

GDP\. Key
Phosphate
Dolichol

Mannose

DPM
synthase
complex

o-DG | B-DG

Figure 1.4: Schematic of the O-mannosylation of a-dystroglycan

For mannose to be incorporated into a-dystroglycan it must be bound cytosolically to
the lipid dolichol phosphate and the DPM synthase complex first. Putative flippases
transport DPM into the ER lumen and the POMT complex binds the mannose to a-
dystroglycan (Manya et al., 2004; Lefeber et al., 2009). N.B. It is unclear at present
whether the a and B dystroglycan subunits are cleaved before or after the initial
mannosylation of a-dystroglycan.

1.3.3 a-Dystroglycan Structure

Under an electron microscope a-dystroglycan appears as a 20-30nm long
dumbbell shaped molecule, the N-terminus being the wider end (Bozic et al.,
2004). a-Dystroglycan can be divided into four regions, a signal peptide, the N-
terminus, the central mucin domain, and the C-terminus (Hall et al., 2003;
Figure 1.5). The first domain is a signal peptide made up from the first 29
amino acids of the propeptide, is principally hydrophobic and targets the alpha
peptide to the Golgi complex (Barresi and Campbell, 2005; York and Nunberg,
2006). The 30kDa N-terminus of a-dystroglycan has one potential N-
glycosylation site and the C- terminus has two N-glycosylation sites (Holt et al.,
2000).
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a-Dystroglycan is heavily O-mannosylated with high abundance of the
uncommon Neu5Ac(a2-3)Gal(B1-4)GIcNAc(B1-2)Man-Ser/Thr tetramer (Chiba
et al., 1997; Sasaki et al., 1998). O-glycosylation accounts for the mass
differences between dystroglycan in skeletal muscle and other tissues
(Yoshida-Moriguchi et al., 2010; Kuga et al., 2012a). The final 41kDa and 242
amino acids of the dystroglycan propeptide is B-dystroglycan containing only

one N-glycosylation site (Brancaccio et al., 1995; Brancaccio et al., 1997).
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Figure 1.5: Dystroglycan domain organization.

Circles indicate O-linked sugar chains. Branches indicate N-linked sugar chains. SP,
signal peptide; TM, transmembrane domain; The PPxY motif within the ZZ domain is
the site where dystrophin binding occurs. Molecular masses at the bottom refer to the
protein mass in the absence (core protein) and presence of post-translational
glycosylation, adapted from Barresi and Campbell, 2005.

1.3.4 Deglycosylation of Dystroglycan

Glycosylation of a-dystroglycan is fundamental for binding important
extracellular matrix proteins. If the N-linked glycans are removed using N-
glycanases there is no impact on the ligand binding activity of dystroglycan.
Conversely O-sialoglycopeptidase, which deglycosylates a-dystroglycan’s O-
linked glycans, completely abolishes the ligand binding activity. This indicates
that the O-linked glycosylation sites are essential for the role of a-dystroglycan
as an extracellular matrix receptor (Ervasti and Campbell, 1993). The accurate
glycosylation of a-dystroglycan is important for the Ca®* dependant binding of
ligands such as laminin, perlecan or agrin in muscle and neurexin in nerves
(Campanelli et al., 1994; Gee et al., 1994; Sugiyama et al., 1994; Sasaki et al.,
1998; Sugita et al., 2001). All the ligands that bind the O-mannosylated mucin

domain of a-dystroglycan, do so through a conserved laminin-G (LG) like
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domain (Timpl et al., 2000). The O-glycans on a-dystroglycan are necessary to
bind LG domains (Hohenester et al., 1999; Tisi et al., 2000). There is a report of
a small leucine-rich repeat proteoglycan known as biglycan that binds N-linked
glycosylation site in the carboxy-terminal of a-dystroglycan (Bowe et al., 2000).

1.3.5 The Functional Diversity of Dystroglycan

Dystroglycan has diverse roles from cell signalling to supporting the architecture
of the cell nucleus (Johnson and Kramer, 2012). This raises the question:
where does the functional diversity in dystroglycan arise from? As mentioned
earlier the two dystroglycan subunits are targeted independently to the
sarcolemma (Ibraghimov-Beskrovnaya et al., 1992; Holt et al., 2000). In vitro
studies found that at the sarcolemma the two dystroglycan subunits are held
together by relatively weak non-covalent interactions (Bozzi et al., 2006).
However it remains unclear what advantage lies in separating the two subunits:
one possibility is that the separation is important for post translational
modification of each subunit individually (Bozzi et al., 2009). The ectodomain of
B-dystroglycan demonstrates plasticity which enables the protein to establish
low affinity interactions and thus change its conformation (Bozzi et al., 2003;
Yatsenko et al., 2007). B-Dystroglycan is known to bind several signalling
molecules, including mitogen-activated protein kinase, caveolin-3 and growth
factor receptor bound protein-2 (Spence et al., 2004). The functional diversity in
dystroglycan may therefore be possible through a combination of
conformational plasticity in the ectodomain of B-dystroglycan and differences in
a-dystroglycan glycosylation patterns afforded by independently processing the
subunits (Bozzi et al., 2009).

1.3.6 Dystroglycan as a Bacterial and Viral Receptor

The O-glycan sugar residues, in particular the O-mannosyl sugars on a-
dystroglycan, act as receptors for bacteria and viruses, such as Lassa fever
virus and lymphocytic choriomeningitis virus (Cao et al., 1998; Rambukkana et
al., 1998; Imperiali et al., 2005). Mycobacterium leprae uses a-dystroglycan
bound to laminin-211 as a co-factor to infect Schwann cells (Kunz et al., 2005).
There is also mounting evidence that it is not the O-mannosyl glycans on a-
dystroglycan but the glycosylation by LARGE of a-dystroglycan that is required
as a recognition site prior to arena-viruses prior to infection (Rojek et al., 2007).

It is possible that an element of functional redundancy in the post-translational
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modification of the a-dystroglycan mucin domain that affords a selective
advantage against viruses and bacteria. Small changes in a-dystroglycan O-
glycosylation may maintain binding with ECM ligands but prevent parasitic
invasion (Herson et al., 2012).

1.3.7 Integrins

Patients with a congenital myopathy have been identified with either deletions
resulting in frameshift mutations or a 21-bp insertion caused by a splice site
mutation in the integrin-a7 (ITAG7) gene (Vachon et al., 1997; Mayer, 2003).
The homozygous integrin-a7 null mouse shows progressive MD soon after birth.
The MD associated pathology is variable amongst muscle groups, with the
soleus and diaphragm affected to the greatest extent. The key change
observed on histopathology is impaired myotendinous junction (MTJ; Mayer et
al., 1997).

Integrins are a major family of cell surface receptors, which influence the
development of skeletal muscle by transducing signals through muscle cell
contact with the ECM and cell-cell interactions (Figure 1.1; Tuckwell et al., 1993;
Boettiger, 2012). Integrins occupy a similar position in the sarcolemma to
dystroglycan and may have overlapping roles (Ribeiro et al., 2011). Integrins
are heterodimeric proteins which are comprised of a and 8 subunits, non-
covalently bound in a divalent cation dependant process (Hynes, 1992). There
are approximately 24 combinations of integrin dimers (to date,18a and 83
subunits have been identified) which form various combinations of subunit
associations (van der Flier and Sonnenberg, 2001). Splice variants however
account for an even greater diversity in integrin structure (Nishiuchi et al., 2006).
a-Integrins have shorter intracellular and longer extracellular portions of their
transmembrane structure, while the B-subunit has the opposite configuration

(Fu et al., 2012). The specificity of integrins to ligands is determined

predominantly by the a-chain (Mayer, 2003).

Integrins are important for focal contacts at the neuromuscular junction (NMJ),
MTJ and the sarcolemmal membrane (Schwander et al., 2004; Welser et al.,
2009). o4, B1 or B7 subunits are expressed to the greatest extent during
development and in adult skeletal muscle the most important integrin interaction

is between laminin-211and integrin-a7 (Belkin and Stepp, 2000; Bajanca and

30



Thorsteinsdottir, 2002). Integrins are dynamically expressed dependant on
stage of development (Burkin and Kaufman, 1999; Carson and Wei, 2000).
Intracellular filamin and talin bind integrin, forming a link between the ECM and
the intracellular cytoskeleton (Calderwood et al., 2001; Moore et al., 2012a).
The interaction between integrins and the ECM has been shown to be important

for influencing intracellular signalling (Nieves et al., 2010).

1.4 Extracellular Matrix
Muscle ECM forms a small fraction of total muscle mass in comparison to
contractile material, but has a large influence on muscle function. For instance
it is thought that the ECM bears most of the passive load i.e. any force on
relaxed muscle (Trotter, 1993). Stiffness and reduced limb motion on clinical
examination might therefore reflect a disruption to ECM functionality. With any
pathological change in muscle there will also be at least a small associated

degree of excess ECM deposition, a hallmark of fibrosis (Mann et al., 2011).

There are three main subdivisions of ECM in muscle: endomysium, perimysium
and epimysium (Purslow, 2010). The endomysium is a highly ordered network
surrounding individual muscle fibres (Trotter and Purslow, 1992). The ability of
the endomysium to bear weight results from its capacity to elastically deform in
a nonlinear fashion as the muscle fibre relaxes (Trotter, 1993; Purslow and
Trotter, 1994) while mechanical strength comes from the geometry of the
collagen fibres. The perimysium surrounds bundles of fibres. The perimysial
collagen filaments are arranged in dense transverse and longitudinal bands
connecting muscle fibres at discrete perimysial plates (Rowe, 1981). The
epimysial layer surrounds the muscle and is continuous with tendons. A similar
“crimp” pattern is seen on scanning electron microscopy (SEM) in muscle and
tendons (Jarvinen et al., 2002). This is not surprising considering the

epimysium fuses with tendon to insert into the bone (Gillies and Lieber, 2011).

1.4.1 Laminins

Mutations in the LAMAZ2 gene result in congenital muscular dystrophy 1A
(MDC1A; Kuang et al., 1998). Similar to the patients, the spontaneous Lamaz2
dy/dy mouse model presents with peripheral neuropathy and MD (Xu et al.,
1994). The MD is as a result of a failure of laminin to form the basement

membrane scaffolds necessary for supporting the DGC (Xu et al., 1994;
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Miyagoe-Suzuki et al., 2000). Evans blue dye (EBD) can be used as an in vivo
tracer and an assay for sarcolemmal stability with a discoloration of skeletal
muscle indicating a damaged sarcolemma. In normal muscle EBD is unable to
cross the sarcolemma following intraperitoneal injection, and is therefore not
detected in the sarcoplasm on muscle sections (Lin et al., 2011). EBD has
been injected into the mdx mouse, a mouse model for DMD, and the dy/dy
mouse model of MDC1A. EBD uptake is a frequent finding in the mdx mouse
but not the dy/dy mouse. This indicates that dystrophin deficiency is associated
with sarcolemmal instability while laminin-a2 deficiency is not (Straub et al.,
1997). In another study disorganisation of the costameric lattice was found in
the dy* mouse, a variant of the dy/dy mouse with a splice site mutation,
whereas longitudinal striations and M-line defects were observed in the mdx
mouse (Yurchenco and Cheng, 1994). Together the findings suggest that there
is a different mechanism for pathology in MD associated with dystrophin
mutations compared to those associated with deficiencies in LAMAZ.

Laminin is a heterotrimeric protein consisting of a heavy a-chain and two lighter
chains (B & y), capable of binding three major receptor types: dystroglycan,
heparin sulphate based proteoglycans and integrins (Durbeej, 2010). The
hetrotrimer is joined by the coiled-coil domains of the three individual
polypeptide chains. The a-unit extends beyond the coil-coiled domain to form
the laminin globular (LG) domain and is composed of five self folding repeats
(LG domains 1-5). The calcium containing LG4 and LG5 domains bind the N-
terminus of skeletal muscle a-dystroglycan (Bork et al., 1996; Brancaccio et al.,
1997; Timpl et al., 2000). Laminin can be subdivided into fifteen types in
mammals consisting of different combinations of the 5a, 33 and 3y chains
(Koch et al., 1999). Laminin-111 (old nomenclature; laminin-al, 31, y1) is the
isoform expressed during embryogenesis, whereas laminin-211 (merosin or old
nomenclature; laminin-a2, 1, y1) is the type found in mature skeletal muscle
(Aumailley et al., 2005).

1.4.2 Basement Membranes

Basement membranes (BM) are specialised ECM, visible on electron
microscopy as 50-100nm electron dense sheets found basolaterally to
epithelium, endothelium and muscle fibres. The main functions of BMs are to
provide structural support and influence cell behaviour. The four major
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components of BM’s are laminin, collagen IV, perlecan and nidogen/enactin
(Noonan et al., 1991; Olsen, 1999; Nicole et al., 2000; Poschl et al., 2004;
Kohling et al., 2006). Laminins and collagens both self assemble into super
structures held together by perlecan, nidogen and enactin, strengthening and
stabilising the BM (Yurchenco and Patton, 2009). Heterogeneity and specificity
of BMs arise from various combinations of laminin chains, agrin, fibulin, type XV
collagen, type XVIII collagen as well as many other proteins (Prockop and
Kivirikko, 1995; Denzer et al., 1997; Xie et al., 2008). The specific composition
of BMs in various tissues relates to their unique functions (LeBleu et al., 2007).

1.5 Dystroglycanopathy

1.5.1 Primary Dystroglycanopathy

The first homozygous missense mutation (Thr192/Met) in the DAG1 gene was
reported in a woman with LGMD and cognitive impairment (Hara et al., 2011).

In vivo and in vitro studies demonstrated that the missense mutation caused
loss of post-translational modification of dystroglycan by LARGE, which
prevented laminin binding and reduced receptor function (Zhang et al., 2011).
Despite a spectrum of mutations found across numerous other genes that

cause secondary dystroglycanopathy with various pathogenic mechanisms
(Hara et al., 2011), this is so far the only mutation to be identified in the highly
conserved DAG1 gene (Hewitt, 2009; Godfrey et al., 2011; Muntoni et al., 2011).

1.5.2 Secondary Dystroglycanopathies

Aberrant glycosylation of dystroglycan is associated with several forms of MD,
ranging from mild limb girdle MD to severe congenital forms (Figure 1.6;
Yoshioka and Kuroki, 1994). The hypoglycosylation of a-dystroglycan can
result from mutations in one of at least seven genes. These genes encode
known O-linked glycosyltransferases, xylosyltransferases, glucuronyltransferase
or phosphorylation proteins. These proteins are: Protein O-mannosyl
transferase (POMT)1, POMT2, protein O-mannose 31,2-N-
acetylglucosaminyltransferase ( POMGNT1), acetylglucosaminyltransferase-
like-protein (LARGE), fukutin, fukutin related protein (FKRP) and the recently
identified isoprenoid synthase domain (ISPD), see (Table 1.1) for further details.
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Primary defects in this enzymatic pathway have also provided insights into the
role of known or putative glycosyltransferases. The first sugar residue to be
added to the carbohydrate moiety on a-dystroglycan is an O-mannose-glycan
catalysed by POMT1. This mannose residue is bound to the core of a-
dystroglycan by POMT2 which works in a complex with POMT1 (Manya et al.,
2004). POMTGNTL1 then adds the second sugar residue N-acetylglucosamine
through a p1,2 linkage to the mannose group using uridine 5 -diphosphate N-
acetylglucosamine as a donor substrate (Zhang et al., 2002). The final two
sugar residues on the tetrasaccharide are galactose and sialic acid, but the
nature of the glycosyltransferases responsible for adding them remains
unknown (Barresi and Campbell, 2005; Figure 1.3). LARGE has recently been
shown to be a bifunctional glycosyltransferase with both xylosyltransferase and
glucuronyltransferase activity responsible for transferring repeating units of [-3-
xylose-a1,3-glucuronic acid-p1-] onto a-dystroglycan (Inamori et al., 2012), and
plays a role in the phosphorylation of mannose residues on a-dystroglycan
(Yoshida-Moriguchi et al., 2010; Kuga et al., 2012a). The exact role LARGE,
POMTGNT1, FKRP and fukutin play in phosphorylation of mannose remains
unclear. Interestingly, overexpression of LARGE reinstates laminin binding
activity to a-dystroglycan when dystroglycan is in a hypoglycosylated state
(Barresi et al., 2004; Kuga et al., 2012a). There is always a loss or reduction of
immunoreactivity of IIH6 in patient cells with mutations in any of the secondary
dystroglycanopathy genes and diminished bands on western blots. Tests that
utilise 1IH6 antibody are therefore invaluable in the diagnosis of
dystroglycanopathy.

1.5.3 Fukutin

Fukuyama congenital muscular dystrophy (FCMD; OMIM: 253800) was first
reported in Japanese patients in 1960 (Toda and Kobayashi, 1999). In the
Japanese population 87% of FCMD can be accounted for by an ancestral
retrotransposon insertion of a SINE-VNTR-AIlu in the 3" UTR untranslated
region of exon 10 in the FKTN gene, on chromosome 9931-33 (Toda et al.,
1993; Kobayashi et al., 1998; Colombo et al., 2000; Taniguchi-lkeda et al.,
2011). The result is a reduction in the expression levels of FKTN mRNA.
FCMD affects cardiac, skeletal muscle, eye and brain (Toda and Kobayashi,

1999). FCMD often presents in infancy with hypotonia, weakness and mental
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retardation (Fukuyama et al., 1981; Toda, 2009). Homozygous nonsense
mutations and compound heterozygotes, i.e. patients with the common insertion
and a missense mutation, are often associated with more severe CMDs such as
muscle eye brain disease (MEB; OMIM: 253280) and Walker-Warburg
syndrome (WWS; OMIM: 236670; de Bernabe et al., 2003; Vuillaumier-Barrot et
al., 2009). A milder allelic variant was found outside the Japanese population
which presented with a LGMD-like phenotype and was termed LGMD2M (OMIM:
607440; Toda and Kobayashi, 1999; Godfrey et al., 2006).

The human fukutin protein is 461 amino acids long (53.7kDa) and encoded for
by a 10 exon, 6.8kb transcript located on chromosome 9931 (Aravind and
Koonin, 1999; Breton and Imberty, 1999). In the human adult FKTN mRNA
expression levels are highest in the brain, liver and kidney with lower
expression levels in skeletal muscle and heart (Esapa et al., 2002). Fukutin
localises to the medial Golgi of normal rat kidney fibroblasts, a finding which is
consistent with its hypothesised role in the glycosylation of a-dystroglycan.
Towards the C-terminus there is a DXD domain which is present in a large
number of glycosyltransferases, supporting the hypothesis that fukutin is
involved in glycosylation. Also supporting this hypothesis is the resemblance of
fukutin to RP688, a member of the Fringe family of proteins, known to function
as glycosyltransferases in the intracellular parasitic bacterium R.prowazekii and
TO7D3.4, TO7AS5.1 proteins in C.elegans (Aravind and Koonin, 1999).
Interestingly, a yeast protein involved in phosphorylation of mannose residues
also belongs to the fukutin family of proteins (Aravind and Koonin, 1999).
Recently fukutin has been shown to be important in the post-phosphoryl

modification of mannose residues on a-dystroglycan (Kuga et al., 2012a).

1.5.4 Fukutin Related Protein

The first mutations in the FKRP gene were identified in congenital muscular
dystrophy type 1C (MDC1C; OMIM: 606612) and LGMD2I patients (OMIM:
607155; Brockington et al., 2001a; Brockington et al., 2001b; Brockington et al.,
2002). LGMD2I is a condition on the less severe end of the spectrum which
predominantly affects the shoulder and hip girdles (Figure 1.6). LGMD?2I is
frequently caused by a homozygous or compound heterozygous missense
mutation in the FKRP gene (826 C>A; L276l), prevalent in the Northern
European population (with an estimated allele frequency of 1:400), as a result of
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a founder effect (Brockington et al., 2001b; Frosk et al., 2005). Nonsense
mutations in the same gene produce conditions at the more severe end of the
spectrum such as MEB and WWS. WWS is thought to be the most severe of
the CMDs and patients with this condition rarely survive longer than a year (Van
Reeuwijk et al., 2010; Figure 1.6). WWS is defined clinically by agenesis of the
corpus callosum, cobble stone lissencephaly, cerebellar hypoplasia and
structural eye defects (Mercuri et al., 2003; Muntoni and Voit, 2004; Mercuri et
al., 2006).

Fukutin Related Protein was first identified by distant homology to fukutin using
database search tools and shown to be responsible for congenital muscular
dystrophy (CMD) with hypoglycosylated a-dystroglycan (Aravind and Koonin,
1999; Breton and Imberty, 1999; Brockington et al., 2001a). The 12kb FKRP
gene located on chromosome 19q13.32, has three non-coding exons and a
single 3.8kb coding exon, with a 1485bp open reading frame. FKRP encodes a
495 amino acid protein that contains a catalytic domain, a DXD motif and a type
[l transmembrane domain frequently associated with Golgi proteins (Aravind
and Koonin, 1999; Esapa et al., 2002; Keramaris-Vrantsis et al., 2007). A LicD
domain resides within the catalytic domain and is thought to be important for
phosphorylcholine metabolism (Zhang et al., 1999). Early evidence pointed to
FKRP functioning as a glycosyltransferase, although recent work would suggest
that FKRP, similar to fukutin, is involved in the post-phosphoryl modification of
the mannose residue on a-dystroglycan (Kuga et al., 2012a). Northern blot
analysis revealed the highest expression levels of the FKRP transcript in adult
heart and skeletal muscle with lower expression levels observed in brain, lung,
pancreas, kidney and liver (Brockington et al., 2001a; Brockington et al., 2001b;
Brockington et al., 2002; Esapa et al., 2002).
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Figure 1.6: Common mutations in FKRP with associated severity of
clinical phenotype; a genotype-phenotype correlation

A, Representation of FKRP protein, position of mutations along the peptide, LicD
domain (Pfam domain PF04991) important in proteins involved in phosphorylcholine
metabolism. Mutations at the signal peptide (SP) prevent FKRP being targeted
correctly to the Golgi (Esapa et al., 2002). B, Mutations linked to clinical severity
ranging from LGMD2l to WWS, including representative patient photographs kindly
donated by Professor Volker Straub, (Van Reeuwijk et al., 2010). The patient on the
left demonstrates that LGMD2| patients can be of considerable age whereas the
MDCI1C patient (middle) is a lot younger and would in most cases have a lower life
expectancy while the CMD patient on the right is much younger. There is an inverse
relationship with disease severity, with the lefthand patient being less severely affected
despite being older, while the right-hand patient is most severely affected despite being
the youngest. Note the patient on the left has muscle wasting particularly around the
hip girdle, the middle patient has signs of pseudo-hypertrophy of the limb girdles and
finally the patient on the right is clearly very disabled. Out of the three the right hand
patient is the only one who is non-ambulant, and note that this patient also displays
visual impairment.

1.6 DGC Mouse Models

Over recent years many mouse models that mimic the CMDs associated with
dystroglycanopathy have been described in the literature (Hewitt, 2009; Godfrey
et al., 2011). The DGC mouse literature is too large to cover in great detail here,
therefore the most important mouse models for our discussion are described
and discussed below (Durbeej and Campbell, 2002). A summary of other

relevant models is provided in Table 1.2, the table highlights some of the key
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features of the models, for instance the dystroglycanopathy phenotype of
muscle, eye and brain involvement is limited to the secondary
dystroglycanopathy mice (Kelly et al., 1994; Grewal et al., 2001; Takeda et al.,
2003; Liu et al., 2006; Ackroyd et al., 2009; Ackroyd et al., 2011). Because of
the difficulty in generating viable dystroglycan deficient mice, often only one
feature of the primary dystroglycanopathy such as muscle weakness or brain
abnormalities is modelled in any given mouse strain using tissue specific
promoters, with the exception of the MORE-DG null mouse which has features
analogous to each aspect of MEB disease (Williamson et al., 1997; Cote et al.,
1999; Cohn et al., 2002; Moore et al., 2002; Satz et al., 2008; Satz et al., 2009).
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Mouse Gene Protein Phenotype Reference

Cytoskeletal Proteins

mdx’ Dmd Dystrophin | MD (Bulfield et al., 1984)

mdc>Y Dmd Dystrophin | MD (Cox et al., 1993)

Transmembrane Proteins

Dagl” Dagl DG EL (Williamson et al.,
1997)

Dagl” SM Dagl DG skeletal | MD (Cote et al., 1999)

chimera muscle

Dagl”MCKi/cre Dagl DG skeletal | MD (Cohn et al., 2002)

muscle

Dagl” GFAP/cre | Dagl DG brain ND (Moore et al., 2002)

Dagl” MORE Dagl DG epiblast | MD,ND, RLD (Satz et al., 2008)

Dagl” Nestin/cre | Dagl DG eye RLD (Satz et al., 2009)

ltag7™” Itag7 Integrin MD (Mayer et al., 1997)

Secondary Dystroglycanopathy Proteins

Fkrp"® Fkrp FKRP MD, RLD, ND | (Ackroyd et al., 2009;
Ackroyd et al., 2011)

Fcmd™” Fktn Fukutin EL (Kurahashi et al.,
2005)

Fcmd™ chimera™ | Fktn Fukutin MD, ND, RLD | (Takeda et al., 2003)

Fcmd™ Fktn Fukutin MD (not (Kanagawa et al.,

severe) 2009a; Taniguchi-

Ikeda et al., 2011)

myd Large LARGE MD, ND, RLD | (Grewal et al., 2001)

enr Large LARGE MD, ND, RLD | (Kelly et al., 1994)

Pomt™ Pomtl | POMT1 EL (Willer et al., 2004)

Pomgnt1” Pomgntl | POMTGnT1 | MD, ND, RLD | (Liu et al., 2006)

ECM Proteins

dy/dy’ Lama2 Laminin-a2 | MD, PN (Sunada et al., 1994)

Dy*” Lama2 | Laminin-a2 | MD (Straub and Campbell,

1997)

Table 1.2: Overview of DGC Mouse models
Mouse models of DGC components including cytoskeletal, transmembrane, secondary

dystroglycanopathy, ECM proteins.

MD: muscular dystrophy, EL: embryonic lethal,

RLD: retinal layering defect, ND: neuronal migration defect, PN: peripheral neuropathy,
DG: dystroglycan, = spontaneously occurring mouse model, ~ high percentage chimera.

1.6.1 Reichert’s Membrane and the Dystroglycan Null Mouse

Divergent morphology is first observed from embryonic day E6.5 in the

dystroglycan null Dag1™°? mouse (Williamson et al., 1997). By E7.5 the Dagl-

null mice begin to show signs of developmental failure, with indistinct features

and smaller size in comparison to their normal litter mates. By E10.5 the
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embryos are largely resorbed with only a small embryonic mass still visible. At
E5.5, the cylinder stage, the gross morphology was similar between Dag1-null
and wild type embryos with one noticeable exception, the presence of red blood
cells in the yolk sac cavity in approximately a quarter of the Dagl1-null mice.
Therefore red blood cells were able to cross a perturbed Reichert’'s membrane,
which normally functions as a barrier between the maternal blood and the yolk
sac in the Dag1-null mice (Inoue et al., 1983). ECM proteins laminin and
collagen IV were found to be abnormally distributed at the membrane in Dag1-
null mice (Hogan et al., 1980; Smith and Strickland, 1981; Salamat et al., 1993).
Parietal endoderm cells were able to differentiate normally, indicating that the
disruption of Reichert's membrane is the primary pathological event in these
mice during the early stages of development (Salamat et al., 1995). A toxic
effect is hypothesised to cause the early embryonic lethality, since loss of
Reichert’'s membrane structure and function exposes the uterine environment to

maternal blood (Hogan et al., 1984; Williamson et al., 1997).

1.6.2 DG Skeletal Muscle Chimera

The embryonic lethality observed in the Dagl-null mice limited the utility of null
alleles at this locus and therefore tissue specific strategies for interrupting this
gene have been adopted (Williamson et al., 1997). Targeting vectors were
used to disrupt the Dagl gene in embryonic stem cells (Cote et al., 1999;
Kornegay et al., 2012). On ultrastructural analysis the mice were found to have
normal sarcolemma, however on histological analysis all the hall marks of MD
including central nucleation and phagocytosis were found (Gumerson and
Michele, 2011; Kornegay et al., 2012). Immunohistological analysis found
reduced expression of the sarcoglycan complex, while laminin-a2 had a normal
expression pattern. The myoneural synapses did not form correctly in the DG
skeletal muscle chimera mouse, a finding not recapitulated in dystrophin or
utrophin deficient mice, and a similar finding was observed in dystroglycan
deficient Drosophila (Deconinck et al., 1997; Grady et al., 1997; Cote et al.,
1999; Bogdanik et al., 2008).

Another muscle specific dystroglycan model the MCK-DG-null mouse has a
similar phenotype to the DG skeletal muscle chimera mouse (Cohn et al., 2002).
Interestingly, dystroglycan expression was found to be almost completely

absent from about 4 weeks, however after ten weeks dystroglycan was re-
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expressed. The targeting strategy did not remove dystroglycan from the stem
cell niche and therefore by a process of regeneration the mouse muscle was
able to acquire dystroglycan positive cells. If the animals were exposed t018
and 25 Gy of irradiation inactivating the satellite cells the mice had complete
absence of dystroglycan at the sarcolemma which persisted for 10 weeks and

also developed a severe dystrophic phenotype (Cohn et al., 2002).

1.6.3 MORE DG Null Mouse

The MORE-DG null mouse was designed to delete dystroglycan from the
epiblast only, thereby bypassing the pathology associated with loss of
dystroglycan from Reichert's membrane (Williamson et al., 1997). To create the
MORE-DG null mouse, a mouse carrying a floxed Dag1l allele was crossed with
the Mox2-Cre mouse expressing Cre recombinase specifically in the epiblast
(Tallguist and Soriano, 2000; Cohn et al., 2002). The principal aim was to
recapitulate the WWS phenotype found in patients (Kanoff et al., 1998) since
previous models had been proven to be unsuitable for this purpose (Williamson
et al., 1997; Cote et al., 1999; Cohn et al., 2002; Moore et al., 2002). The
MORE-DG null mice were all found to have muscle, brain and eye pathology
with disrupted basement membranes (Cohn et al., 2002; Satz et al., 2008).

Microphthalmia is most commonly bilateral in WWS patients, with unilateral
phenotypes reported in less than 10% of the total cohort and a similar ratio is
found in the MORE-DG null mouse (Kanoff et al., 1998; Satz et al., 2008). In
WWS patients the eye problems are associated with lens and iris tissue
herniation through the cornea. The mice were frequently missing lenses and,
Descemet’'s membrane a BM lying between the stroma and the epithelial layer
of the cornea, was also found to be disrupted with a periodic acid Schiff stain.
Hematoxylin and eosin (H&E) stained sections highlighted abnormal
neuroepithelium and ectopic cells internal to the inner limiting membrane (ILM).
When laminin expression at the ILM was investigated a discontinuous pattern
was found, indicating discontinuity of the ILM itself maybe providing a
mechanism by which ectopic cells appear in the anterior chamber (Satz et al.,
2008). These abnormalities are consistent with findings in WWS and therefore
the MORE-DG null mouse is a good model for investigating early eye pathology
analogous to that found in WWS (Yoshioka and Kuroki, 1994; Kanoff et al.,
1998; Beltran-Valero de Bernabe et al., 2002; Balci et al., 2005).
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1.6.4 Nestin-Cre/DG Null Mouse

The majority of MORE-DG null mice die two days after birth before the eye can
fully develop (Satz et al., 2008). An alternative dystroglycan deficient mouse
model, for the purpose of investigating eye function is therefore required.
Floxed dystroglycan mice were crossed with mice containing rat nestin
enhancer that controls the expression of Cre recombinase to produce the
Nestin-Cre/DG null mouse (Satz et al., 2009). The Nestin-Cre transgene is
useful for deleting particular genes from the retina as early as E9.5.
Dystroglycan was found to be absent in corneal endothelium, lens, iris, ciliary
epithelia and the retina in the Nestin-Cre/DG null mice. ILM disruption in the
Nestin-Cre/DG null mice was shown to lead to a reduction in the number of
retinal ganglion cells. Interestingly, staining of core DGC components at the
ILM lead to the conclusion that dystroglycan is required early on in development
but possibly not for later maintenance of the ILM. The Nestin-Cre/DG null
mouse had impaired performance when attempting visual tasks such as water-
maze and visual cliff tests. Interestingly, removing the last 15 amino acids of
the B-dystroglycan tail affects the physiology of the retina similarly. The
implication is the last 15 amino acids of B-dystroglycan may have a role to play

in targeting dystroglycan to specific locations within the retina (Satz et al., 2009).

1.6.5 FKRP Mutant Mice

The FKRP™™?%2s" mouse had no discernible phenotype (Ackroyd et al., 2009),
which highlights differences between humans and mice, since in the same
substitution at the homologous amino acid in the human FKRP gene is known
to cause MEB disease (Beltran-Valero de Bernabe et al., 2004; Mercuri et al.,
2006; Sveen et al., 2006). Maintenance of the neomycin cassette in intron 2 of
the mouse (FKRP-Neo™"™%"*") reduced Fkrp transcript levels to 80% of wild
type. The nomenclature for the FKRP-Neo™%"**" has subsequently been
simplified to FKRPX® mouse (Ackroyd et al., 2011), a mouse that dies shortly
after birth with a classic MEB phenotype. Muscle fibre density was reduced in
the gastrocnemius and soleus muscles with oedematous infiltration. The mice
had virtually absent 1IH6 and laminin-a2 expression in muscles. The
abnormalities in the eye included microphthalmia and perturbations in both
retinal layering and inner limiting membrane (ILM), as indicated by ectopic

nuclei in the vitreous humor. Reductions in laminin-y1 and perlecan staining at
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the ILM in Fkrp deficient mice confirmed BM pathology. Dystroglycan
expression as determined by GT20 antibody was present in both wild type and
Fkrp deficient mice. In the brain reduced IIH6 and laminin-a2 staining was
associated with aberrant pial layering and disorganised radial glia with glial end
feet not correctly attaching to the pial BM (Ackroyd et al., 2009; Ackroyd et al.,
2011).

Subsequent studies showed abnormal laminin-al deposition under the pial BM.
This is significant because it is the end feet of the radial glia which attach to the
laminin-a1 and aberrantly positioned glia don’t project correctly across the
cortex, therefore providing a possible mechanism for the disruption to radial glia
scaffolds and loss of cortex partitioning (Ackroyd et al., 2011). A similar
process occurs in the eye with abnormal deposition of the laminin-al and
ylchains in the eye at the ILM. The result is aberrant binding of the Muller glia
with the inner limiting membrane (Halfter et al., 2005). These findings suggest
alternative modes of action of Fkrp in the brain and eye when compared to
muscle. Itis clear that Fkrp is important for maintenance of an a-dystroglycan
laminin-a2 interaction in muscle whereas in eye and brain laminin-111 seems to
interact with an unknown ligand as the key interaction for stabilizing cells to
basement membranes (Ackroyd et al., 2009; Satz et al., 2009). A critical finding
was the developmental stage dependant regulation of Fkrp transcripts. Higher
expression in brain when compared to muscle in the newborn mouse was an
interesting finding since muscle is often considered to be the major pathological
change in FKRP deficiency (Ackroyd et al., 2009; Ackroyd et al., 2011).

1.6.6 Fukutin Chimera Mouse

Since the Fukutin null mouse was found to be embryonically lethal (Kurahashi
et al., 2005), a chimera was sought to overcome the problems associated with
perturbations to Reichert’s membrane. Vectors were used that targeted both
alleles of the Fktn gene in ES cells and replaced exon 2 with a neomycin or
puromycin resistance gene (Horie et al., 2002). The extent of the chimerism
was tested by glucose phosphate isomerase isozyme and related well to the
coat colour in the fukutin chimeras (Takeda et al., 2003). Premature death in
the mice corresponded with the extent of chimerism: only 48% of highly
chimeric but 94% of low chimeric mice survived to 21 months. Non-progressive

muscle abnormalities, as determined by behaviour were first observed at one
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month of age. Chimeric mice clasped when suspended by the tail and had an
abnormal gait. Muscle fibres of the chimeras were necrotic, with mononuclear
cell infiltration, increased interstitial connective tissue and basophilic
regenerating fibres at 1 month after birth. Glycosylated a-dystroglycan was
greatly reduced at the sarcolemma while B-dystroglycan and laminin-a2 were
normally localised. Immunoblotting confirmed the findings and laminin overlay
showed a reduced binding affinity between a-dystroglycan and laminin-a2
(Takeda et al., 2003).

Disorganization of the laminar structures in the cerebral and cerebellar cortices
as well as the hippocampus was observed in the brain of the fukutin deficient
chimeric mouse (Takeda et al., 2003). Over migration in the monolayer (layer )
and of the cortical neurons resulted in the normal six layer structure appearing
unordered in the chimeric mice. Laminin immunostaining revealed meningeal
basement membrane abnormalities in the chimeric mice including perturbations
and granular deposits. However, not all basement membranes were disturbed,
including that of the parenchyma that surrounds blood vessels in the brain.
Loss of b-wave on electroretinography demonstrated eye anomalies in the
fukutin deficient mice. The corneas were opaque as result of granular tissue,
inflammation and degeneration with vascular infiltration. Lens abnormalities,
eyeball formation anomalies including detached retina and loss of the laminar
structure were also observed in these mice (Takeda et al., 2003).

1.6.7 Fukutin Retrotransposon Mouse

There was an attempt to generate a mouse that better represented patients with
FCMD. First Fktn exon 10 in mouse ES cells was replaced with exon 10
containing the retrotransposon insertion analogous to that found in FCMD
patients (Colombo et al., 2000; Taniguchi-lkeda et al., 2011), and targeted ES
cells were injected into mouse blastocysts. The fukutin """ had FKTN
transcript levels 5-10% of normal levels. These animals were then mated with
the fukutin-null mouse to create a compound heterozygote fukutin™" that better
represents the compound heterozygote patients, who generally show the most
severe pathology (Vuillaumier-Barrot et al., 2009). Despite hypoglycosylation of
a-dystroglycan in these mouse models the MD pathology is mild. Leading to
the conclusion that a small amount of residual fukutin prevents MD in these
fukutin deficient mice (Kanagawa et al., 2009a; Taniguchi-lkeda et al., 2011).
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1.6.8 Mouse Model Summary

The dystroglycanopathy mouse models are often embryonically lethal and
infertile whereas knockout mice models of other DGC components, often with
secondary defects to other proteins within the DGC, are frequently viable and
fertile (Durbeej and Campbell, 2002). The mouse models highlight the critical
importance of correctly glycosylated dystroglycan in mouse development. As a
consequence of the hypoglycosylation of a-dystroglcan and subsequent loss of
ligand binding much of the early embryonic lethality is attributable to
perturbations in the basement membranes particularly Reichert’'s membrane
(Williamson et al., 1997; Willer et al., 2004; Kurahashi et al., 2005). Despite
strategies that attempt to either bypass the early embryonic development (Cote
et al., 1999; Cohn et al., 2002; Moore et al., 2002; Satz et al., 2008; Satz et al.,
2009), or models that directly relate to human mutations (Ackroyd et al., 2009;
Kanagawa et al., 2009a), no individual mouse model is comprehensive in
modelling every aspect of human dystroglycanopathy, leading the field to look

towards other model systems (Hewitt, 2009; Godfrey et al., 2011).

1.7 The zebrafish as a Model for MD

1.7.1 Danio rerio

The zebrafish (Danio rerio) is a small freshwater tropical fish becoming an
increasingly popular model in the field of biological research (Parichy, 2006).
There are several reasons for the increasing popularity of zebrafish in research
such as their quick generation time, relatively low maintenance costs, optically
transparent embryos, ease of gene manipulation and their regenerative
potential. The optical transparency and ex-utero development are particularly
advantageous features for developmental biologists due to ease of access for
imaging studies (Kimmel et al., 1995). These properties are also increasingly
being adopted in high throughput pipelines for drug discovery (Lessman, 2011).
Importantly there is good coverage of the zebrafish genome. One major
drawback of the zebrafish is that many of the genes are duplicated as a result of

an ancestral genomic duplication event (Westerfield, 2000).

Importantly, zebrafish do not require Reichert’'s membrane for normal

development. Zebrafish therefore bypass the embryonic lethality seen in mice

45



associated with deficiencies in dystroglycan, making a case for zebrafish as a

model in secondary dystroglycanopathy research (Parsons et al., 2002a).

1.7.2 Zebrafish in Muscle Research

Recently FKRP and fukutin have been knocked down in zebrafish to study their
importance in early embryonic development (Thornhill et al., 2008; Kawahara et
al., 2010; Lin et al., 2011; Wood et al., 2011b). Zebrafish show precocious
locomotor development, i.e. there is force generated by the muscles even
before 1 day post fertilisation (dpf), since the embryos can be seen moving
within the chorions (Bassett and Currie, 2003; Dowling et al., 2009). The
somites are axial muscles that develop from segmented axial mesoderm and
eventually give rise to the myotome i.e. zebrafish skeletal muscle. The muscle
fibres differentiate along the anterior—posterior axis to span an entire somite.
The distinctive somite chevron seen by 1 dpf is separated dorsally and ventrally
by a myoseptum which is essentially extracellular matrix (Bassett and Currie,
2004; Moore et al., 2008).

The sapje fish illustrates some of the key benefits and limitations of working with
zebrafish. The sapje fish is a model for DMD and has a honsense mutation in
exon 3 of the zebrafish dmd gene (Parsons et al., 2002a). There is muscle
degeneration in the sapje fish because the myofibres fail to adhere to the MTJ
i.e. in adult fish where muscle is joined to tendon and during development
where muscle joins myoseptum (Law and Tidball, 1993; Ridge et al., 1994; Law
et al., 1995; Snobl et al., 1998; Bassett et al., 2003). Zebrafish are excellent
model systems for investigating both congenital disorders and more importantly
for DMD research studies looking at early pathological changes in disease.
Using zebrafish for initial drug screens with findings validated in mammalian
systems may prove to be a useful complementary strategy to develop therapies
for DMD (Tanabe et al., 1986; Lessman, 2011). There is an argument therefore
for being selective in choice of animal model, based on their purpose and being

prepared to alternate between model systems when appropriate.

Several systems have proved to have great utility for modelling a single aspect
of dystroglycanopathy. Drosophila are one example, with mutations in the rt
and tw genes which are homologues of POMT1 and POMT2 respectively

having effects on embryonic muscle development and alignment of the adult
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cuticle (Martin-Blanco and Garcia-Bellido, 1996). Drosophila, despite being
used extensively to study the eye during development, lacks the basement
membranes within the eye and is therefore less suitable as a model than
zebrafish, which have analogous eye basement membranes to humans
(Thornhill et al., 2008; Paulk et al., 2012). Simarly Caenorhabditis elegans have
been useful in MD for pathway discovery, particularly muscle specific pathways,
however the system lacks the brain and eye basement membranes present in
zebrafish (Chamberlain and Benian, 2000; Gupta et al., 2011). Cellular
systems such as patient cell lines or the mouse C2C12 line, have long since
been useful models in MD research for: localisation studies, first principle
development such as testing novel therapies and to test new antibodies
(Favreau et al., 2008; Negroni et al., 2011; Lynch et al., 2012). None of these
systems have the complexities of the muscle, eye and brain including the
basement membranes required to study dystroglycanopathy from a holistic
perspective. Zebrafish have all the facets important for studying
dystroglycanopathy, combined with all the advantages of zebrafish over murine
models. Zebrafish are therefore an ideal model system to undertake research

into FKRP and fukutin deficiency.

1.7.3 Somatogenesis

Somatogenesis is a complex process, starting as early as the onset of
gastrulation. However before any muscle progenitors are seen, the embryo
undergoes a reorganisation of cells in the blastodisc, occurring during the
blastula stage of development. In the process of epiboly at 4 hpf cells
intercalate by radial rearrangement, thinning the blastoderm by spreading over
the egg (Solnica-Krezel, 2005). The blastoderm coverage of the yolk sack
relates to a percentage that can be used to stage the embryo (i.e. % epiboly).
The first signs of muscle progenitors are seen as early as 51,4 hpf at the onset of
gastrulation (synonymous with 50% epiboly; Table 1.3 & Figure 1.7A). At this
stage the different territories for specific organs are not clearly demarcated and
progenitors are intermingled (Figure 1.7B; Kimmel et al., 1990). At 5 hpf the
cells at the margins begin to internalize forming the hypoblast, the precursor of
endoderm and mesoderm. During the gastrulation process blastocyst self

reorganization transforms the endoderm and mesoderm layers into a tri-laminar

47



structure: mesoderm, ectoderm and endoderm, (Figure 1.7B-C; Kimmel et al.,
1995; Shih and Fraser, 1996; Saude et al., 2000; Schier and Talbot, 2005).

Shield cells are the equivalent in zebrafish of organizer cells in amphibians or
Hensen’s node cells in chick (Stickney et al., 2000). The shield (thickening of
epiblast and hypoblast at the animal pole) establishes at approximately 6 hpf on
the dorsal side of the embryo and gives rise to the notochord and prechondral
plate. The paraxial mesoderm, formed from the cells around the margins of the
early gastrula, is important for notochord development. The axial mesoderm is
derived from the shield and the paraxial mesoderm. However it is the
convergence of the paraxial mesoderm cells in the midline that forms the
notochord, contributing to the anterior posterior extension of the embryo. The
notochord precursor cells during this stage of development begin to express
signalling molecules such as sonic hedgehog (Holley and Nusslein-Volhard,
2000), influencing the patterning of the paraxial mesoderm (Kimmel et al., 1990;
Kimmel et al., 1995; Schier and Talbot, 2005).
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Stage hpf | Description

Blastula

Sphere 4 | Straight border between yolk and blastodisc.

Dome 4,3 | Beginning of epiboly yolk bulges towards animal pole.

30% epiboly 4,5 | The blastoderm even thickness situated 30% between the
animal and the vegetal pole.

Gastrulation

50% epiboly 5.4 | The blastoderm even thickness situated 50% between the
animal and the vegetal pole.

Germ- Ring 5,5 | 50% epiboly; Germ ring visible at animal pole.

Shield 6 | 50% epiboly; Shield becomes visible at animal pole.

75%-epiboly 8 | Thickening of dorsal side, hypoblast, epiblast and
evacuation zone all become visible.

90%-epiboly 9 | Segmental plate distinguishable from brain and notochord
rudiments.

Bud 10 | 100% epiboly; Tail bud becomes prominent, neural keel
separates from notochord rudiment. Midsagital groove in
anterior neural keel.

Segmentation

1-somite 10,3 | First somite furrow becomes visible.

5-somite 11,3 | In the polster prominent phase, optic vesicle and Kipffer's
vesicle first appear.

14-somite 16 | Somites appear v shaped, brain neuromeres and otic
placode form.

20-somite 19 | Muscle twitches, eye lens, rhombic flexure become visible
for the first time, otic vesicle and hindbrain neuromeres
become increasingly prominent, tail extension.

All somites present, sideways tail flexures; Prim 3.

26-somite 22

Table 1.3: Important stages for early somite development in zebrafish
Zebrafish developmental stages defining the terminology used throughout thesis to
describe development of the embryo from the blastula stage to the end of the
segmentation period. Adapted from Kimmel et al., 1995.
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Figure 1.7: Schematics of early somite development in zebrafish

(A) Key stages in embryogenesis, important in the segmentation and patterning of the
paraxial mesoderm, adapted from Stickney et al., 2000. (B) Fate map of a 50% epiboly
stage embryo, adapted from Kimmel et al., 1995. Fates are not completely defined at
this stage despite the germ layers being organized along animal-vegetal axis. (C) Cell
movements during gastrulation, adapted from Stickney et al., 2000. Cells intercalate
radially during the dome stage. Marginal cells internalise and migrate towards the
animal pole, lateral mesoderm cells converge dorsally during the shield stage. The 90%
epiboly stage is concerned with internalization, convergence and extension of the
embryo (Schier and Talbot, 2005).
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The process of segmentation begins with the first segment at around 10.5 hpf.
By 24hpf 30 somite pairs bracket the notochord (Figure 1.7A & Figure 1.8).
Importantly for making inferences about human disease, the development of
somites in zebrafish is very similar to that of mammals (Kimmel et al., 1995).
Somites develop in a bilateral symmetrical process beginning with
mesenchymal cells from the rostral region of the presomitic mesoderm. A
proportion of the mesenchymal cells alter their adhesion properties to become
epithelial cells. A specialised epithelial layer forms around a proportion of the
remaining loosely organised presomitic mesenchymal cells i.e. muscle
precursors, every 30 minutes, in an anterior posterior progression, and once
bound they are referred to as a single somite. This formation of uniformly sized
blocks of presomitic mesodermal cells occurs at regular intervals in a process

termed segmentation (Stickney et al., 2000).
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Precise regulation of the timing of segmentation is required to maintain
uniformity of the somites which has lead to the hypothesis that a molecular
clock might exist (Palmeirim et al., 1997; Forsberg et al., 1998; McGrew et al.,
1998). The expression pattern of herl which controls size and position of the
presomitic mesoderm supports the molecular clock model in zebrafish (Holley et
al., 2000). Also thought to support the molecular clock hypothesis is the
expression of the Notch family of transmembrane proteins. Notch activates
transcription machinery thought to be specifically involved in control of the
segmentation process (Agathon et al., 2003). The Notchla mutant zebrafish
has no somite boundaries and myoD expression that is not restricted to
posterior domain of the somites, as seen in wild type embryos at a similar stage
of development (Takke and Campos-Ortega, 1999).

Lateral
Presomitic
, A
Sclerotome Adaxial
Non- Pioneer
Slow Muscle
Slow muscle
Fast
Muscle
Sclerotome B

Figure 1.8: Detail of the myotome of zebrafish embryos

At (A) 13hpf and (B) 24hpf. The cells marked in blue are the precursors of the
sclerotome i.e. the somitic structure that eventually becomes the vertebrae. The
adaxial cells at 13hpf (shown in red) become non-pioneer slow muscle by 24hpf. The
notochord in the centre of the embryo provides developmental cues and structural
support during development. Neural keel: NK, notochord: N and spinal cord: SC,
adapted from Stickney et al., 2000.

1.7.4 Muscle Organisation

The transverse tubule system (T-tubules) are an extension of the sarcolemma
penetrating deep into the myofibre allowing the rapid depolarization of the

membrane to be synchronously transmitted to the entire contractile unit. A triad
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is formed by two terminal cristernae which are enlargements of sarcoplasmic
reticulum flanking a specialised area of the T-tubules. At the periphery of the
fibre adjacent to the sarcolemma lie the myonuclei. Myonuclei are centrally
located with higher frequency in MD when compared to the peripheral location
in healthy individuals (Anderson, 1991). Centrally located myonuclei act as a

useful assay for regeneration in damaged muscle (Cohn and Campbell, 2000).

1.7.5 Notochord Development

The notochord is an embryonic mid line structure that arises from the dorsal
organiser in Chordates (Harland and Gerhart, 1997). The notochord has both a
signalling and a structural role. The notochord is positioned centrally in two of
three embryonic axes (dorso-ventral and lateral), important for secreting factors
which control development of the central nervous system, angiogenesis and
somatogenesis. Initially the notochord has a structure closely resembling
cartilage and therefore serves as the axial skeleton. Later the notochord
ossifies to become the vertebral column in adult fish. In zebrafish embryonic
and larval development the structure is also important for locomotion (Figure 1.7
& Figure 1.8; Stemple, 2005).

1.7.6 Embryonic Origin of Zebrafish Eye

The earliest signs of eye development can be traced to the onset of gastrulation
at 5 hpf. The first sign of brain development in zebrafish is the dorsal
ectoderm becoming the neural ectoderm (Kimmel et al., 1995), a process
controlled by signals from the underlying axial mesoderm. Molecular cues from
the notochord induce the adjacent ectoderm to form the neural plate. The
neural plate is visible at 10hpf as a thickening on the dorsal side of the embryo
(Chow and Lang, 2001) which results from a change in shape of the cells (the
cells become columnar forming pseudostratified epithelium) and not from
proliferation. The anterior neural plate is comparable to the proencephalon i.e.
an anterior part of the brain that develops from the anterior part of the neural-
tube and is regionalised early in gastrulation. Several homeobox containing
gene families (Sox3, Rx, Pax6 & Otx2) are expressed in the neural ectoderm at
this stage of development, all are essential for eye development (Grindley et al.,
1995; Boncinelli and Morgan, 2001; Purcell et al., 2005). These regulatory
genes are important for controlling the fate of neural progenitors which

eventually become the optic primordium (Chuang and Raymond, 2002).
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Subsequent patterning is controlled by developmental pathways including
canonical regulators such as BMP, Hedgehog, Wnt and Fgf family members.
(Rubenstein and Beachy, 1998; Wilson and Rubenstein, 2000; Schier, 2001).

Key
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Figure 1.9: Early eye development in vertebrates

A, Arrows show factors from extra-ocular mesenchyme, optic stalk and surface
ectoderm regulating the patterning of retinal layering. B, Lens vesicle and optic cup
formation. The lens placode (lens ectoderm) invaginates the distal optic vesicle (neural
retina). RPE: retinal pigmented epithelium. Adapted from Fuhrmann., 2008.

The zebrafish eye forms from the neuroepithelium, surface ectoderm and the
extra ocular mesenchyme. The interaction between these three layers co-
ordinates the single eye field formation in the midline of the anterior neural
plate. Signalling from ventral midline structures underlying the neural plate
splits the eye field bilaterally. The inner layer of the optic cup forms the neural
retina and the retinal pigmented epithelium forms the outer layer (Figure 1.9).
Peripheral structures such as the iris and ciliary body develop from the margins
of the two layers. The optic fissure is a ventral fissure in the developing optic
cup, through which blood vessels pass to the enclosed mesenchyme, derived
from a narrowing of the optic stalk (Figure 1.9). The optic stalk is an
evagination of the neural tube, from which the optic cup develops. At its
extremity the optic stalk persists as the optic nerve. The lens ectoderm forms
an enclosed cellular mass that eventually separates and becomes the adult lens
(Rembold et al., 2006; Fuhrmann, 2010).
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1.7.7 Adult Zebrafish Eye

The adult zebrafish eye is a complex organ, which shares a great deal of
structural homology with the mammalian eye. The adult eye is formed of many
different cell types arranged into distinct retinal layers. Precise developmental
control is required to form this complex structure in adult zebrafish (Mohideen et
al., 2003), which includes the three basement membranes of the eye, important
for influencing the fate of the cells that surround them. These membranes are:
the internal limiting membrane (ILM), external limiting membrane (ELM) and
Bruch’s membrane. Disruption of any of these membranes will alter retinal
layering, as seen in the MORE DG and FKRP"P mouse models (Avanesov and
Malicki, 2004; Young et al., 2006; Figure 1.10).
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Figure 1.10: Schematic of retinal layering and basic neuronal circuitry

The eye is a highly complex structure made from neuronal layers, pigmented
epithelium, the lens and three basement membranes: inner limiting membrane,
external limiting membrane and Bruch’s membrane. RPE: retinal pigmented epithelium,
ELM: external limiting membrane, ONL: outer nuclear layer, OPL: outer plexiform layer,

54



INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer, ILM: inner
limiting membrane. Adapted from Young et al., 2006.

1.7.8 Vasculogenesis

The “vascular hypothesis” of MD predicts that muscle necrosis associated with
MD is caused by chronic muscle ischemia and so a causative vascular
pathology has long been sought after in MD (Cazzato, 1968; Demany and
Zimmerman, 1969; Mendell et al., 1972; Jerusalem et al., 1974). Nitric oxide
synthase (nNNOS) is closely associated with the DGC and also involved in the
regulation of vasodilation, and is therefore a candidate for the central mediator
of the “vascular hypothesis” (Crosbie, 2001; Sharma et al., 2010; Verma et al.,
2010; Lombard, 2011; Dabire et al., 2012).

Angioblasts are the precursors of endothelial cells not yet incorporated into
blood vessels, originating from the ventrolateral mesoderm (Ellertsdottir et al.,
2010). In situ aggregation of angioblasts into blood vessels is referred to as
vasculogenesis. The sprouting of vessels from existing vessels is termed
angiogenesis (Moiseeva, 2001). These processes are integral to all organs

making them useful for comparing structural changes within specific organs.

The zebrafish TG(fli-1:EGFP) or fli-1 was designed to investigate early vascular
development in zebrafish replacing former models that required the injection of
fluorescent carboxylated latex beads into wild type fish (Lawson and Weinstein,
2002; Figure 1.11). The transgenic model expresses enhanced green
fluorescent protein (EGFP) driven by the fli-1 promoter in the vascular
endothelium, cranial neural crest derivatives, a presumptive hemangioblast

lineage, and a small subset of myeloid derivatives (Isogai et al., 2001).
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Figure 1.11: Vascular anatomy of 2dpf zebrafish

Embryo injected with fluorescent carboxylated latex beads, produced from confocal
projections. Se: intersegmental vessel, DA: dorsal aorta, DLAV: dorsal longitudinal
anastomotic vessel, PCV: posterior cardinal vein, CA: caudal artery, CV: caudal vein,
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IOC: inner optic circle, Image is an unaltered copy from Isogai et al., 2001; Lawson and
Weinstein, 2002.

The first signs of zebrafish eye vasculogenesis are seen at 24-29 hpf. The optic
artery branches from the primitive internal carotid artery, entering the eye
ventrally through the optic fissure. The optic artery later becomes the hyaloid
artery running from the back of the eye through the hyaloid canal to the ILM. By
60 hpf the hyaloid artery has formed a loop around the lens, exiting through the
hyaloid canal and eventually the optic fissure as the optic vein. These internal
vessels are referred to as the hyaloid vessels, the external vessels that supply
the retina are known as the optic vessels (Isogai et al., 2001; Alvarez et al.,
2007; Fadool and Dowling, 2008; Gore et al., 2012; Figure 1.11).

1.8 Current Approaches for Generating Stable

Zebrafish Mutant Lines

To date there are no stable mutant zebrafish lines modelling any of the
dystroglycanopathies. All studies investigating dystroglycanopathies have been
carried out using morpholino antisense-oligonucleotides (MOs). Morpholino
oligonucleotides (MO) are small chains of typically around 25 nucleotides
complementary to specific target sites in transcribed sequences (Summerton
and Weller, 1997). The MO structure is different from DNA and RNA in two
distinct ways. Firstly the ribose or deoxyribose sugar is replaced with artificial
morpholine rings preventing the morpholino from being recognised by
endogenous enzymes and degraded. Secondly, non-ionic phosphorodiamidiate
replaces the anionic phosphates, also preventing recognition by endogenous
enzymes that degrade DNA and RNA. Efficient knockdown can be achieved
with MOs since they bind to native nucleic acids at high affinity, but are resistant
to degradation and therefore persistent in vivo (Nasevicius and Ekker, 2000;
Summerton, 2007).

MOs have two modes of action either spliceosomal or translational. MOs that
block an intron-exon boundary generating dysfunctional splice products are
referred to as splicesomal MOs. The translational MOs sterically block the
translation initiation complex, thereby preventing the translation of the target
MRNA. Spliceosomal MOs are desirable in many instances because the
efficiency of target knock down can be tested by RT-PCR. Translational MO
knockdown efficiency is normally tested by Western blot but is dependent on a
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well characterised antibody (Summerton, 1999). Despite fukutin antibodies
being commercially available an antibody that is capable of detecting
endogenous fukutin in fish is yet to be reported in the literature, hence a
spliceosomal MO is more desirable (Draper et al., 2001; Lynch et al., 2012).
The problem of testing MO efficacy previously occurred with the FKRP
morphant fish, another dystroglycanopathy model (Thornhill et al., 2008) in this
case tested with a laminin overlay assay. Zebrafish injected with MO can be
investigated up to 5 dpf for two main reasons. Firstly, in the UK the Home
Office will not allow fish injected with MO to be kept past 5dpf. Secondly, over
time the MO becomes diluted through passive diffusion and distribution
amongst the increasing number of cells as the larvae develops. Concentrations
after 5 dpf of MO might therefore be considered less reliable for experiments

than zebrafish earlier on in the development.

A stable mutant line would circumvent the problems of transient knockdown
systems. Traditional site-directed DNA recombination methodology used to
create knock-out mice models unfortunatly has had limited success in zebrafish.
The technology uses the flexibility of Cre-recombinase to target palindromic
DNA, catalysing strand exchanges at the locus of crossover (lox sites; Dong
and Stuart, 2004). In murine research where embryonic stem (ES) cell culture
is well established there have been many models created successfully and the
technology has been widely adopted, whereas culture of zebrafish ES cells has
proven to be difficult. This approach therefore has not been widely adopted in
zebrafish (Fan and Collodi, 2006). The zebrafish field is therefore looking
towards an approach receiving increasing attention: customised zinc fingers
nucleases (ZFNs), enabling the introduction of frame shift mutations at targeted
genetic loci in zebrafish (Porteus and Carroll, 2005; Foley et al., 2009).

1.8.1 Zinc Finger Nucleases

Zinc fingers were discovered in 1985 by Miller, McLachlan & Klug based on an
observation by Roeder & Brown that 5S RNA requires RNA polymerase Il and
a 40kDa protein transcription factor Il (TFIIIA) to initiate transcription in
Xenopus laevis (Picard and Wegnez, 1979; Pelham and Brown, 1980; Brown,
1984). TFIIIA was found to have large repeating protein motifs and atomic
absorption spectroscopy showed these to contain zinc ions. Later the zinc ion
was noted to play a key role in co-ordinating the DNA binding motifs. These
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binding motifs were found to be capable of binding specific DNA sequences
(Klug, 2010b).

Zinc fingers can be classified into different “fold groups” based upon the
conformational structure of their back bone. The most common example is the
Cys;His,-like zinc finger otherwise known as the classical zinc finger (zinc
ribbon and treble clef are other examples). The classical zinc finger structure
consists of an a-helix and an antiparallel -sheet co-ordinating the zinc ion via
two conserved cysteines and two conserved histidine residues. Cys;His; zinc
fingers bind nucleic acid in the major groove of DNA through the N-terminus of
the a-helix (Razin et al., 2012). Specificity is achieved by interaction of the DNA
with side chains on the a-helix of the zinc finger. Regulation of transcription is
thought to be the most important task of Cys,His; zinc fingers with roles in
mediating protein-protein interaction hypothesised. The first artificial application
of zinc fingers was developed shortly after their discovery with an unsuccessful
attempt to silence oncogenes in mice in 1994 (Choo et al., 1994; Corbi et al.,
2004; Klug, 2010a).

ZFNs are artificial enzymes composed of a zinc finger DNA binding domain
and a Fok-I nuclease domain (Kim et al., 1996; Figure 1.12). Fok-I are
restriction endonucleases consisting of an N-terminal DNA-binding domain and
a non-specific DNA cleavage domain at the C-terminal, found naturally
occurring in Flavobacterium okeanokoites. The Fok-1 nuclease domain induces
double stranded breaks in DNA at the site of zinc finger binding. ZFNs act as
obligate heterodimers that normally require non-palindromic nine base pair (bp)
target sites either side of a 5-7bp spacer region to induce double stranded DNA
breaks within a gene of interest. The DNA is repaired by the endogenous
process of non-homologous end-joining (Porteus and Carroll, 2005; Foley et al.,
2009; Maeder et al., 2009; Figure 1.12 & Figure 3.1B).

The two main strategies currently being adopted to derive ZFNs are:
Oligomerized Pool Engineering (OPEN) and Context Dependant Assembly
(CoDA; Maeder et al., 2009; Sander et al., 2010). In an earlier system known
as “modular assembly” each individual finger is treated as an independent unit.
Zinc finger domains are now known to be dependent on their context within an
array which may account for the low success rate of modular assembly. Low

target binding efficacy of ZFNs produced using modular assembly meant the
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approach became superseded by OPEN and CoDA (Ramirez et al., 2008).
ZFNs are also commercially available through Sigma-Aldrich’s CompoZr service
(Hansen et al., 2012). These ZFNs are constructed based on a propriety
method developed by Sangamo Biosciences (Richmond CA, USA) and their
success rates are comparable to the OPEN protocols (Maeder et al., 2009;
Remy et al., 2010).
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Figure 1.12: Schematics of ZFN mode of action

ZFNs are obligate heterodimers that introduce double stranded breaks between the
two target half sites. The DNA is repaired by non-homologous end joining, a process
likely to result in indel mutations (Porteus and Carroll, 2005).

Each pair of zinc fingers requires two sets of three fingers. Each set binds a 9-
bp half-site, and the pairs of ZFN binding sites are usually separated by a small
5-7bp section of DNA. With the OPEN protocol zinc finger pools are selected

from a catalogue of pools each consisting of approximately 95 fingers therefore
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potentially producing a library with a complexity of 95° (8.5x10°). Bacterial two-
hybrid screening of the library using the target sequence cloned into a reporter
vector selects for the multi-finger arrays with the highest binding affinities,
maximising the probability that they function efficiently as ZFNs. The OPEN
protocol therefore produces ZFNs which work well together and takes into
account the context-dependent DNA binding of each finger, which is not

considered in the modular assembly approach (Maeder et al., 2009).

In the CoDA approach one of 319 N-terminal fingers (F1 units) and one of the
344 C-terminal fingers (F3 units) of the array are positioned either side of one of
only 18 fixed (F2 units). The F1 & F3 units have been shown to function well
with a particular F2 unit and therefore the CoDA protocol takes into account the
context of adjacent fingers based on prior knowledge. CoDA increases the
probability that a ZFN array will function with a high efficiency (Sander et al.,
2010). The protocol is relatively simple in comparison to OPEN, in that complex

bacterial two-hybrid systems are not required (Maeder et al., 2009; Figure 1.13).

Fuse fingers via
common F2 unit

Target DNA site
of interest

Figure 1.13: Schematic overview of CoDA ZFNs

Zinc fingers (units F1-F3) and their respective 3-bp DNA ‘subsites’ are shown. Two
different three finger arrays, each engineered to bind different 9-bp target sites that
have in common a middle F2 unit, can be used to create a three-finger array with a
new specificity by joining together the F1 unit from the first array, and the F3 unit from
the second array (Sander et al., 2010).

The DNA sequences encoding zinc fingers from these approaches are then
cloned into a vector expressing a Fok-1 nuclease domain, with paired nuclease

domains on each strand being required for cleavage of the DNA target. RNA
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transcribed in vitro from the T7 RNA polymerase promoter in these vectors is
injected into the embryo at the single cell stage. Mutant embryos can be

screened by direct sequencing for mutations (Foley et al., 2009).

1.8.2 TALENs

Transcription activator-like effector hybrid nucleases (TALENS), are similar to
ZFNs in the respect they are also capable of binding to specific regions of DNA
and inducing double-stranded breaks (Huang et al., 2011). The transcription
activator-like proteins (TALES) are virulence factors of phytopathogenic bacteria
(Xanthomas genus). Once inside the cell, TALES translocate to the nucleus,
and their central repeat domain binds specific regions within the host DNA.
TALESs are capable of mimicking transcription factors and re-program the host’s
gene expression to their advantage. The Hax3 binding domain can be
manipulated to bind different DNA regions. The hybrid Hax3 can be then fused
to a Fokl cleavage domain, important for inducing double stranded breaks, to
produce a TALEN (Wood et al., 2011a). Recently the modified Goldy TALEN
scaffold was combined with the addition of a single stranded nucleic acid
template to refine TALEN efficacy (Bedell et al., 2012). The introduction of a
complementary single stranded DNA scaffold provides a template for homology
directed repair (HDR). HDR uses the exogenous sequence as a template to
precisely insert a desired sequence into the cut site. The template strand also
reduces error arising as a result of NHEJ (Radecke et al., 2010; Moore et al.,
2012b).

1.8.3 Chemical Mutagenesis and the Zebrafish Mutation Project

The chemical mutagen N-ethyl-N-nitrosourea (ENU) has been extensively used
for mutagenesis screens in various organisms, including zebrafish. ENU can
produce a mutation in approximately 1:700 gametes making it an attractive way
to create mutations (Justice et al., 1997). ENU is an alkylating agent, acting by
transferring an ethyl group to the bases of nucleotides in DNA. However the
method is random and this lack of specificity means that a large number of
animals must be screened, making this approach difficult to justify for small labs
(Knapik, 2000).

The Zebrafish mutation project is run by the Stemple Laboratory as part of the
Wellcome Trust Sanger Institute (Hinxton, Cambridge, UK) and takes
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advantage of ENU technology to create mutant zebrafish lines (Stemple, 2011).
The process remains random but by creating a genotyping pipeline the project
hopes to achieve a nonsense mutation in every protein coding gene in the
zebrafish genome. To date >1200 nonsense and splice mutations have been
identified. The exomic DNA of F1 generation fish with phenotypes are
sequenced following enrichment with the Agilent Sure Select system on an
lllumina Hi-seq platform. Specific alleles are then sequenced in the generated
F2 by KASpar (allele specific amplification, developed by KBiosciences) to

confirm any mutations (Clark et al., 2011; Kettleborough et al., 2011).

1.8.4 Retrovirus Strategy

An alternative strategy is the use of retroviruses as insertional mutagens. This
approach uses exogenous DNA as a mutagen which also serves as a molecular
tag for identifying the particular gene which when mutated has produced the
phenotype. The pseudotype retrovirus is based on Moloney murine leukaemia
virus and the envelope glycoprotein of the vesicular Somatitis virus. Injection
into the developing embryo results in random integrations in the zebrafish
genome producing chimeric fish. The insertions can be passed through the
germline by inbreeding and approximately 1 in 80 embryos will have insertional
mutations. The method is applicable for large scale screens as it does not rely
on expensive exomic sequencing (Amsterdam et al., 2011). To date only
approximately 500 mutations at 350 loci have been identified which is less than

by ENU based protocols.

1.8.5 Tetracycline Systems

The tetracycline Tet-on or Tet-off system is another model system gaining
increasing attention to produce a conditional knock-down in zebrafish (Gossen
and Bujard, 1992). Tetracycline controlled activation systems can turn on or off
expression of a particular gene in a reversible manner, depending upon the
concentration of tetracycline added to the aquarium water. Gene expression via
a specific promoter is regulated by the tetracycline response elements (TRE’s)
that are bound by the tet-repressor protein, resulting in inhibition of gene
expression. Tetracycline binds to the tet-repressor, resulting in de-repression of
the engineered locus (Knopf et al., 2010). Target gene repression is achieved
by controlling the expression of a synthetic ShRNA which is capable of directing

the cognate mRNA from the locus of interest for degradation. Tetracycline
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systems are flexible in that genes can be over or underexpressed and can be
localised to a specific tissue. The system also enables control of the specific
level of gene expression by means of titration of the tetracycline in the system.
The major drawback in zebrafish is the low efficiency with which transgenic
animals can be developed and the requirement of a closed water system in the
zebrafish facility (Munoz et al., 2005).

1.8.6 Binary Systems

Binary systems have been used in Drosophila research to regulate gene
expression and are becoming available in zebrafish (Potter and Luo, 2011).
The Q-transcriptional regulatory system of Neurospora crassa is used to
produce 4 tandem, non-repetitive upstream activating sequences. These act as
targets for Gal4 transcription factor, known to be less prone to transcriptional
silencing over generations via methylation than other approaches such as
models produced with retroviruses (Svoboda et al., 2000; Munoz et al., 2005).

1.9 Direction of Study

The overall aim of the project is to investigate the role of FKRP and fukutin in
early zebrafish development. The aims can be split into two broad categories
either resource building or hypothesis based.

Resource Building Aims:

e The project initially aims to establish the best approach to modelling fkrp
and fukutin deficiency in zebrafish.

e Attempt to create an alleilic series of fkrp mutant lines with ZFNs.

e In parallel the project aims to investigate dystroglycanopathy using an
antisense oligonucleotide morpholino (MO) strategy by knocking down
fkrp, fukutin and dystroglycan.

e Characterise the phenotypes of fkrp, fukutin and dystroglycan knock
downs compensating for differential efficacy of the morpholinos by
controlling for the severity of the phenotype.

Thesis Hypothesis:

e The pathological features of muscle, eye and brain associated with
secondary dystroglycanopathies may be attributable to pathological
disturbance of basement membrane.
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Chapter 2 Materials and Methods
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2.1 Animal Models

2.1.1 Fish strains and maintenance

The two fish strains used in this study were the wild-type AB* strain [Zebrafish
International Resource Centre (ZIRC), Oregon USA] and the transgenic line TG
(fli 1: EGFP) expressing EGFP in the blood vessel endothelium under control of
the Fli-1 promoter (Lawson and Weinstein, 2002). Males and females were
paired and separated by gauze the night before embryos were required. The
following morning the gauze was removed. Zebrafish embryos were collected
and raised at 28.5°C in E3 medium (5mM NaCl,0.17mM KCI, 0.33mM CacCl,,
0.33mM MgS04, 0.1PPM methylene blue) using established procedures and
staged in hours or days post fertilisation (hpf or dpf) according to Kimmel criteria
(Kimmel et al., 1995). 1-2dpf embryos were dechorionated manually or bathed
in 0.5 - 2 mg/ml pronase (Roche) for 5 minutes and washed several times in E3
medium. All fish, including 3-5dpf larvae, were euthanized in 4mg/ml tricaine
methanesulfonate, E3 medium mix (50:50; Westerfield, 2000).

2.1.2 Criteria for the Classification of Morphant Phenotype

This section outlines the criteria for the classification of fukutin, fkrp and
dystroglycan morphant zebrafish between 1-5 dpf into phenotype severity
groups (Table 2.1 & Figure 2.1; Kimmel et al., 1995). The zebrafish being
translucent at 1dpf is a particularly attractive attribute of the system for studying
dystroglycanopathy; key features have been outlined in the schematics in
Figure 2.1 (Kimmel et al., 1995).
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Stage of
Development

Time

Main Features of Period

Zygote

Cleavage

Blastula

Gastrula

Segmentation

Pharyngula

Hatching

Early Larva

Mid Larva

Juvenile

Adult

0 hrs

% hrs

2V
hrs

5Y,
hrs

10%/,
hrs

1 dpf

2 dpf

3 dpf

14 dpf

30 dpf

90+
dpf

Single cell stage to first zygotic cell division. Cytoplasm
moves toward animal pole forming the blastodisc (a thin
layer of cells on the inside of the blastula) N.B. MO
injection period.

2-128 cell stage formation of three regular tiers of
blastomeres.

Formation of the epiblast (tissue derived from blastodisc),
hypoblast (embryonic precursor of the endoderm) and
embryonic axis through morphogenetic movements of
involution, convergence and extension.

Germ ring and embryonic shield are at 50% epiboly
(controlled movement of cells into germ layers and axis
formation), visible from animal pole. Brain and notochord
rudiments thicken becoming distinct structures, tail bud
becoming prominent by the end of the phase.

First somite furrow to 26 somites, optic vesicle and
Kupffer’s vesicle (epithelial ciliated sac involved in left-
right signalling) start to develop at 11%5hpf. By 16hpf otic
placode (thickening of ectoderm forming sensory tissue),
brain neuromeres, all begin to form and v shaped
somites. Towards the end of the period muscular
twitches, optic vesicle and hind brain are all visible.

At the beginning of the phase the embryo is 1.6mm in
length and 3.1mm by the end. Early touch reflex and
pigmentation begin to develop. Caudal artery is almost at
the end of the tail by the end of the period. Pericardium
becoming prominent towards the end of the period.

By the end of the period the fish are 3.5mm in length.
Pigmentation and pericardium become prominent. Small
mouth visible.

Phase also known as protruding mouth. Rapid growth of
embryo - all systems develop further.

6.2 mm in length, first hypural cartilage in tail fin,
ossification of pharyngeal skeleton, neural maturity i.e.
Rohon —Beard neurones replaced by dorsal root ganglia.
10 mm in length, adult fin and pigmentation patterns,
lateral line shifts ventrally.

18mm-500mm, earliest time to breed.

Table 2.1: Stages of zebrafish development

Table outlines prominent stages in the development of zebrafish from the single cell
stage through to the fully grown adult fish. Zebrafish have an approximate life span of
four years and produce high quality eggs from about six months to two years. Since
temperature affects the rate of development fish are always staged according to
Kimmel criteria and grown in incubators at 28°C (Kimmel et al., 1995; Westerfield,

2000).
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Myotome Trunk

Dorsal

Anterior @ Posterior

Ventral

1dpf Embryo

Head Tail

3dpf Larvae

Figure 2.1: Camera lucida schematics of 1, 2 & 3dpf zebrafish

Figure shows orientation diagram of major regions i.e. the head, tail and myotome
trunk. Trunk and tail can be used interchangeably, however it should be noted the
myotome trunk is more precisely concerned with the somites and notochord whereas
the tail also includes the gastrointestinal tract (Westerfield, 2000). Red arrows: somites,
red triangles: notochord, MB: mid brain, HC: hyaloid canal, YS: yolk sack & OV: otic
vesicle. Adapted from Kimmel et al., 1995.

Anatomical structures important for investigating dystroglycanopathy have
analogues in zebrafish, such as somites, mid brain and eye, and can be
assessed on morphological grounds. By the beginning of the pharyngeal stage
of development 1dpf, the embryonic body axis is straight and therefore even a

slight effect of MO injection on tail curvature can be detected. Tail curvature is
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therefore a sensitive indicator of phenotypic severity. Pigmentation begins at

approximately 2dpf obscuring some of the key anatomical features from this

point onwards. The tail curvature remains past 1dpf as the most suitable way to

sort the embryos into phenotype categories (Table 2.2).

Phenotype Somitic Eye Brain Other Features
Region
Normal No angled Two small Clear midbrain  Embryo swims
curvature of round eyes structure with/without
somitic region  with pupil present at stimulation
present higher (after early
magnification dechorionation)
Mild 0-15° Angle of  Small Small, no May have
trunk region decrease in notable brain cardiac oedema
diameter but changes at and swim in
no notable higher circles
shape magnification
changes
Moderate 15-30° Angle Eye notably Mid brain not Fasciculations
of trunk region  smaller and always visible regularly a
- may be may have feature
curling to a disrupted
greater degree  shape
at posterior of
fish (tall).
Severe Tail curvature  Eyes often Brain not visible Very irregular
> 30° - tall missing or overall in
often shorter in  very irregular appearance on
length and in size and dechorionation,
dorsal shape very unlikely to
curvature move
should also be
considered

Table 2.2: Phenotypic classification of 1-5dpf embryos as judged under
the dissecting microscope

The classification allows comparison of the phenotypes for each MO.

It should be

noted that for MO injected embryos the very severe embryos and no phenotype were
not included in further assessment of pathology.

2.1.3 Antisense oligonucleotide morpholino preparation

Antisense morpholino oligonucleotide (MO, Gene Tools LLC) were designed to

target to the putative start of translation of the zebrafish fkrp transcript (5°-
ACTGATACGCATTATGGCTCTTGTG-3"; Thornhill et al., 2008). The 30-
12Apr05B fktn splice MO 5"-GCCCAGAAACCTCTTCAGCAGATGC-3 is

directed against the splice donor site of exon 4 in the zebrafish fktn gene,

predicted to lead to the skipping of the exon and consequently to a frame shift

that results in premature translation termination. The dagl translation blocking
MO 5"-CATGCCTGCTTTTATTTTCCCTCGC-3" has previously been described
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(Parsons et al., 2002a). The gfatl (glucosamine-fructose-6-phosphate
aminotransferase 1) splice MO was used as described (Senderek et al., 2010).
The Gene Tools standard control morpholino: 5°-
CCTCTTACCTCAGTTACAATTTATA-3" was used for control MO injections.
The MOs were re-suspended in 1x Danieau solution (0.4mM MgSQO4, 58 mM
NaCl,0.7mM KCI, 5mM HEPES, 0.6 mM Ca(NOs); pH 7.6; Westerfield, 2000).

2.1.4 Glass Needle Preparation

Glass Capillaries were pulled using a P97 Flaming Brown Micropipette Puller
with a heat of 695, a pull of 70 and velocity of 60. Needles were filled with
injection solution using Microloader Tips (Eppendorf) and broken sequentially
up the needle towards the injector using forceps under a dissecting microscope
until an optimal volume was achieved on injection. Volume was judged by
measuring the initial diameter of a drop of injection solution in mineral oil on a

graduated microscope slide under a dissecting microscope.

2.1.5 Micro-manipulation

Individual MO MWs were calculated from sequences. MOs were diluted to
1umol and an injection volume was calculated from a desired amount of MO

e.g. 10ng fkrp MO, using the following equation:
Volume = Mass / Concentration

The volume could then be used in the following equation to derive the radius of

the drop size. Diameter was obtained by doubling the result:

Radius = (V x i)z

4xm/ 3

10ng of fkrp or control MO, 2ng of 30-12Apr05B fktn MO and 7ng of dagl MO
were injected into the embryos yolk sac at the one to two-cell stage, using
phenol red as an injection indicator.

2.2 Molecular Biology for ZFN CoDA Protocol

2.2.1 DNA Extraction

Embryos were collected, washed several times in PBS, lysed in SDS lysis
buffer (L0mM Tris, pH8.0, 200mM NaCl, 10mM EDTA, 0.5% SDS and 100ug/mi
Proteinase K) and incubated at 50°C overnight. Phenol-Chloroform-lsoamyl

69



alcohol (25:24:1 Invitrogen) was mixed with the lysates to form an emulsion and
centrifuged at 14,000rpm for 5 minutes at room temperature (RT). The
supernatant was mixed with 100% ethanol and centrifuged at 14,000rpm for 20
minutes at 4°C. The supernatant was completely removed and 70% ethanol
was used to wash the pellet with a further spin at 14000 rpm for 10 minutes at
4°C. Samples were left to air dry at RT then left to dissolve in 20ul of EB buffer
(Qiagen) for 2 hours at RT.

2.2.2 RNA Isolation

RNA was collected from approximately 30 zebrafish embryos for RT-PCR
analysis. The embryos were homogenised in 200pl lysis buffer see 2.2.1 for
further detail, 1ml of Trizol (Invitrogen) was added to lysates and incubated at
RT for 1 minute then spun at 14,000rpm for 10 minutes at 4°C. 0.2ml of
chloroform was added and tubes shaken vigorously by hand for 15 seconds.
Samples were then incubated for 3 minutes at RT and centrifuged at 14,000rpm
for 15 minutes at 4°C. The aqueous phase was transferred to an Eppendorf
containing 0.5ml isopropyl alcohol, shaken by hand and incubated at RT for 10
minutes. The samples were spun at 14,000rpm for 15 minutes at 4°C and the
supernatant removed. The pellet was washed in 0.5ml of 70% ethanol and
centrifuged at 14,000rpm for 5 minutes at 4°C. The supernatant was removed
and the pellet dried at 60°C for 10 minutes. The pellet was dissolved in 30l of
ddH,O and stored at -20°C or -80°C for extended periods of time. The
absorbance at 260 and 280nm was measured on a nanodrop (ND-8000, 8-

Sample Spectrophotometer) to give the RNA purity and concentration.

2.2.3 First-Strand cDNA Synthesis

The isolated RNA was mixed with RNase free water, random primers (100ng/ul,
Promega) and 10mM dNTPs (Fermentas). The tube was briefly centrifuged and
heated to 65°C for 5 minutes, and incubated on ice for one minute. First-Strand
Buffer, 0.1mM DTT, RNaseOUT Recombinant RNase inhibitor (40units/pl,
Invitrogen) and Superscript Il RT (200units/ul, Invitrogen) were added. The
cDNA was generated by incubation at 25°C for 5 minutes then 50°C for 1 hour.
The reaction was inactivated by heating to 70°C for 15 minutes. The cDNA was

stored at -20°C, or used directly as a template for PCR.
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2.24 RT-PCR

The following was made up to 50ul with dH,0 to perform PCR:

4ul PCR enhancer

Template DNA 10-100ng

10 mM dNTPs

10x PCR reaction buffer

1ul Moltag DNA polymerase (Moltaq)

PCR primers to a final concentration of 50pmol/ul (Table 2.5)

After mixing and brief centrifugation, reactions were incubated in a thermal

cycler (Senso Quest, Labcycler) with the parameters in Table 2.3 & Table 2.4.

Step No. Step Name Temperature (°C) Time

1 Initialisation 95 2 minutes
2 Denaturation 95 15 seconds
3 Annealing 55-65 1 minute

4 Elongation 72 2 minutes
5 Final Elongation 72 7 minutes
6 Hold 4 o0

Table 2.3: Standard PCR programme
Steps 2-4 were repeated 35 times.

Step No. Step Name Tm (°C) Time

1 Initialisation 94 2 minutes
2 Denaturation 94 10 seconds
3 Annealing 55 30 seconds
4 Elongation 68 2 minutes
5 Denaturation 94 10 seconds
6 Annealing 55 30 seconds
7 Elongation 78 20 seconds
8 Final Elongation 78 7 minutes
9 Hold 4 o0

Table 2.4: Long PCR programme
Steps 2-4 and 5-7 were repeated 9 and 19 times respectively.
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Name Gene Sequence (5°-3") Tm (°C)

Fukutin exon 2 FWD  fktn(Danio TGTGTCGGATCGCTCTAATG 57
Fukutin exon 5 REV rerio) CGTTAAAGCGGAACAGGAAG
FKRP FWD fkrp(Danio GCATCACTTTTGGCCAGACT 56
FKRP REV rerio) TTCTCCATCATTTGCTGCTG
FKRP 5-1 ZFN FWD fkrp TCGCGGGCTCAGCAGCAAAT 63
FKRP 5-1 ZFN REV (Danio ATCAGGGGGCGCCCTAAGGG

rerio)
FKRP 5-2 ZFN FWD fkrp CATCTTGTATTATGTCTCGCGGGCT 58
FKRP 5-2 ZFN REV (Danio AGGCCGCAGGGCTGTAAGTG

rerio)

Table 2.5: PCR primer pairs

2.2.5 Gel Electrophoresis

1pl/ml of safe view nucleic acid stain (NBS biological) was mixed into the molten
1-2 % agarose gel in 1XTAE buffer pH8.0 (Tris base, acetic acid and
Ethylenediaminetetraacetic acid — EDTA). 5ul of PCR product was mixed with
1pl of loading dye (dH20, 15% glycerol, 0.25% bromophenol blue, 0.25% xylene
cyanol) and subjected to electrophoresis for a minimum of 30minutes at 100V
before being visualised under UV light. Gel images were captured on a
GelDoc-It 310 Imaging system (UVP).

2.2.6 Purification of Plasmids and DNA Extraction

A single colony was selected from 100ug/ml Ampicllin LB agar (10g Bacto-
tryptone, 5g yeast extract, 10g NaCl, 15g agar in 1litre dH,0, sterilised by
autoclaving), incubated in 10ml LB media (10g Bacto-tryptone, 59 yeast extract,
10g NacCl, in 1litre dH,0) containing 100ug/ml Ampicillin overnight at 37°C in a
shaking incubator. 1ml of the media was spun down and pellet resuspended as
per the directions of Quiagen plasmid purification kit manual (QIAprep Spin
Miniprep Kit; 27106). The final product was eluted in 20ul of EB buffer supplied
in the kit and concentration was estimated on a NanoDrop (ND-8000, 8-Sample
Spectrophotometer) and whole plasmids were sent for sequencing at Eurofins

MWG with a forward primer for each region of interest.
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2.2.7 ZFN CoDA Specific Methods

The zebrafish fkrp transcript (NC_007126.5) was entered into ZiFit Version 3.3.
The returned sequences from in the in silico tools for the FKRP 5-1 & 5-2 were
sent for synthesis by Eurofins MWG Operon and returned in pCR2.1 vectors.
The vectors were digested using Xbal and BamHI restriction enzymes and each
zinc finger array was subsequently recloned into the Fok-1 nuclease containing
vectors pMLM290/292. Plasmids were digested at the BamHI and Xbal
restriction sites, to test whether the inserts were correctly cloned into
pMLM290/292, the products were visualised on an agarose gel, and
plasmidswere then sent to Eurofins MWG for sequencing, see section 2.2.6 and
Table 2.5. To generate the mRNA the pMLM290/292 plasmids containing the
correct inserts were linearised with Pmel. A small volume was tested by

visualisation on an agarose gel.

2.2.8 Generating mRNA

All reagents in the protocols below are part of T7 Ultra mMessage mMachine kit
(Ambion).

Capped Transcription Reaction Assembly

Reagents were thawed on ice, mixed by vortexing and briefly centrifuged. The

transcription reaction is assembled at RT as below:

10pl T7 2x NTP/ARCA

2pl 10x T7 reaction Buffer
0.1-1pg linear template DNA
dH-0 to a final volume of 20ul

The reaction was mixed by gentle pipetting and incubated at 37°C for 2 hours.
To remove template DNA 1ul of TURBO DNase was added and incubated at
37°C for 15 minutes.

Poly (A) Tailing Procedure

The following reagents are used for the addition of poly-A tails to the mMessage
mMachine T7 Ultra reaction:

21 pl mMessage mMachine T7 Ultra reaction
35 ul nuclease free water

20 pl 5x E-PAP Buffer

10 pl 25mM MnCl,
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e 10 Wl ATP

As a control 2.5 ul was set aside and 4 pl of E-PAP was added then incubated
at 37°C for 45 minutes before being returned to ice. Another 2.5 pl aliquot was
kept for running on a 1% agarose gel alongside the samples without poly-A tails.
The kit includes a formaldehyde based loading dye essential for accurately

resolving RNA size.
Lithium Chloride Precipitation for RNA Recovery

Lithium chloride precipitation removes unincorporated nucleotides and most
proteins. 50 pl of lithium chloride precipitation solution was mixed with the
mMessage mMachine T7 Ultra reaction and chilled for 30 minutes at -20°C
before being centrifuged at 4°C for 15 minutes at 14,000 rpm to pellet the RNA.
The supernatant was removed and the pellet washed in 70% ethanol and
centrifuged for 10 minutes at 4°C, 14,000rpm. The ethanol was removed and
the pellet air dried until it became transparent. The pellet was resuspended in

20pl of RNAse free water (Ambion).
Micro-Injection of mMRNA

2nl (300pg) of the following mixture was injected behind the cell into the yolk of

a single cell staged egg.

e RNA encoding left half-site ZFN 750ng
¢ RNA encoding right half-site ZFN 750ng
e 1% phenol red 0.5ul

e 1x Danieau Solution to 6ul

2.2.9 Screening Samples for Mutations

Two sets of 10 2dpf embryos were collected from the ZFN injected clutches with
no discernible phenotype, N.B. high levels of mRNA in about a third of injected
embryos creates a disrupted developmental phenotype which is undesirable for
further analysis. The ten embryos were pooled and lysed for DNA extraction,
as described above in section 2.2.1. The pooled DNA was amplified in a
standard PCR reaction with either FKRP ZFN 5-1 or 5-2 primers (Table 2.5) and
purified PCR products were cloned using the pGEM-T easy vector system, as
described in the manufacturer’s guidelines. The pGEM-T easy vector
containing inserts was transformed into XL-1 blue E.coli cells and plated on LB
Xgal-amp plates. 95 colonies were selected and mixed directly into PCR
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mastermix on a 96 well plate. Long PCR as described above in Table 2.4, was
performed to amplify the inserts, 5pl was ran on a gel to check for successful
PCR reactions and sent for sequencing using MWG Eurofins plate sequencing

service.

2.3 Whole-mount Antibody Immunofluorescence
Staining

Embryos were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS) overnight at 4°C and then further fixed and permeabilised in pre-
cooled acetone at -20°C. Non-specific antibody binding sites were blocked in
PBS containing 5% horse serum and 0.1% Tween-20 (PBST, blocking solution).
Embryos were incubated overnight at 4°C in blocking solution containing either
of the following primary antibodies: I1IH6 (anti a-dystroglycan mouse IgM 1:50; a
kind gift from Professor Kevin Campbell, University of lowa), 43DAG (anti -
dystroglycan mouse IgG 1:50; Novocastra) and pan-laminin (anti rabbit IgG
polyclonal 1:250; Sigma). The embryos were washed several times with PBST
and incubated with the following secondary antibodies: Goat anti-mouse IgM
Alexa Fluor 594 (Invitrogen), Goat anti-mouse IgG Alexa Fluor 594 (Invitrogen),
donkey anti-rabbit IgG Fluor 594 (Invitrogen) all at a dilution of 1:500. Texas
Red conjugated phalloidin 1:100 (Invitrogen) was used to label F-actin. A
minimum of twenty embryos from three independent injections were stained and

imaged for each individual experiment.

2.4 Cryosectioning and Immunohistochemistry
Euthanized 3dpf embryos were incubated in 4% PFA at 4°C overnight followed
by three 5 minute washes in PBS. The fish were incubated in increasing
concentrations of sucrose in PBS (5%, 15% & 30%) waiting each time until the
fish sank to the bottom of the tube to ensure full permeation of the sucrose to
the specimen. Excess sucrose was removed and fish were aligned in OCT
embedding medium (RA Lamb), three on a single piece of filter paper, pre-cut
into thin strips. Samples were snap frozen in pre-chilled isopentane and stored
at -80°C. Embedded fish were allowed to thaw for 1 hour in the cryostat prior to
sectioning (specimen -23°C and blade -21°C). The paper was removed and the
specimen mounted on cork disks with OCT embedding medium. Fish were

trimmed to the level of the lens by cutting in a transverse plain. Sections 8um
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thick were mounted on gelatine coated slides (0.3% gelatine, 0.1% Chromium

Potassium Sulphate), slides were left overnight in a fume cupboard to dry.

A wax pen was used to draw around samples before a 1 hour incubation in
either 5% horse serum in PBST or 4% bovine serum albumin (BSA) in tris-
buffered saline solution containing 0.1% tween-20 (TBST). Samples were
washed three times with either PBST or TBST and incubated in primary
antibody: 43DAG (anti B-dystroglycan mouse IgG 1:50; Novocastra), IIH6 (anti
a-dystroglycan mouse IgM 1:50) in 5% Horse serum PBST and pan-laminin
(anti rabbit IgG polyclonal 1:100; Sigma) in 4% BSA PBST overnight at 4°C.
Primary antibody was removed and slides washed three times in either PBST or
TBST for a minimum of 5 minutes. Sections were incubated in secondary
antibody: (Goat anti-mouse IgM Alexa Fluor 594, Invitrogen; 1:500, Goat anti-
mouse IgG Alexa Fluor 594, Invitrogen; 1:500), in 5% Horse serum PBST
(Donkey anti-rabbit IgG Fluor 594, Invitrogen; 1:250) as described above in 4%
BSA PBST for 2 hours at room temperature. Samples were washed a further
three times in PBST or TBST and mounted in Vectorshield without DAPI.

Slides were sealed with a cover slip and clear nail varnish.

2.5 Microscopy

2.5.1 Light Microscopy

An epifluorescence stereo microscope (Leica MZ16F) was used to image live
embryos. A minimum of five pictures were taken of each individual fish for each
experimental group. Toluidine blue stained sections were imaged using an
Axioplan-2 microscope with an Axiocam HRc camera and the Zeis Plan
Neofluar 20x/0.5. The Leica DM2000 Axioplan-2 microscope with a
PlanNeofluar 20x/0.5 objective and AxioCam HRM was used to capture images
of immunofluorescence experiments on cryosections. Wild type fish were used
to set exposure times and unstained controls were used to confirm minimal

background levels in fluorescence studies.

2.5.2 Confocal Microscopy

Whole mount embryos were analysed on a Zeiss LSM 510 Meta laser scanning

confocal microscope, using the Argon laser line at 488nm and the HeNe 543nm
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Plan Neofluar 20x/0.5 Ph2 or Plan Neofluar 40x/1.3 Ph3 (oil) and analysed with
LSM software-vV4.2.0.121.

2.5.3 Electron Microscopy

Fish were washed in dH,O and fixed immediately in 2% glutaraldehyde in 0.1M
sodium cacodylate buffer (Sigma-Aldrich) overnight. The fish were subjected to
three 15min washes in cacodylate buffer then stained in 1% osmium tetroxide
(Agar Scientific) in dH,O for 1 hour. The fish were washed twice in dH,O for
15min each before being dehydrated sequentially through acetone solutions of
increasing concentration (25%, 50%, 75% & twice in 100%). The samples were
incubated through increasing concentrations of resin in acetone (25%, 50%, 75%
& 100%; epoxy resin kit, TAAB Lab. Equip.) and left overnight on a rotator in
100% resin at RT. The samples went through a further 4 changes of resin the
next day over a minimum of 5 hrs. Resin was polymerised in a 60°C oven

overnight.

Blocks were orientated and trimmed on a Reichert-Jung Ultracut-E microtome
before cutting sections at 1um thickness. Sections were collected on glass

slides in water, dried on a heat block and stained with toluidine blue (0.5% di-
sodium tetraborate, 1% toluidine blue in dH,O and filter sterilised) for 1min on

the heat block at ~50°C. Sections were mounted in DPX for imaging.

Ultrathin sections were cut to 80-110nm as judged by the colour which should
be a pale gold and collected on washer grids (3mm diameter). Sections were
stretched by exposing them to chloroform vapour to eliminate compression
(undesirable folds) and mounted on pioloform (Agar Scientific) copper washer
grids. The washer grids were prepared by dipping a slide in 0.5% pioloform in
chloroform to create a film on the slide and dried in chloroform vapour. A
square piece was cut in the pioloform film coating on the slide and removed by
floating the square pioloform film piece onto dH,0O, the slide was discarded.
Grids were placed on the pioloform film floating on the dH,O and collected by
placing parafilm on top (films and grid stick to the parafilm and can be stored in
a sealed container). Grids were washed and stained on an EM AC20 (Leica UK

Ltd.) in 2% aqueous uranyl acetate lead citrate (Agar Scientific).
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Samples were imaged on a Phillips CM100 Compustage (FEI) Transmission
Electron Microscope. Digital images were collected using an AMT CCD camera
(Deben).

N.B. Most of the cutting and preparation of ultrathin sections in the project was
carried out by Newcastle University Electron Microscopy Unit staff. The rest of
the TEM work was carried out independently including normal microtomy and

imaging.
2.6 Analysis

2.6.1 Image Analysis Software and Data Storage

Image J software was used to calculate the area of the eyes of 3 dpf larvae,
derived from confocal image projection stacks of the eye vasculature (complete
cross sections of the eyes; z stacks of 35 slices projected together into one
image). The intersegmental vessel heights from the dorsal aorta were
expressed as a proportion of total somite height as measured using Image J
software. Image J was also used to measure eye size from light microscopy
images and used to calculate the area of each eye of 3dpf larvae. The vertical
myosepta angles were calculated using light microscopy images of 3dpf larvae
of the myotome trunk region. Data was stored on a secure university server
which is backed up regularly, files contained reference to magnification, date,
MO and were organised accordingly in files dependent on experiment and at a

higher level by technique.

2.6.2 Statistics

All basic statistical analysis including un-paired student T-tests were carried out
in Excel 2007 Microsoft Office. Chi squared tests and ANOVA analysis was
carried out in Minitab 16 statistical software package. To analyse variability
using a one way ANOVA test, data was first checked for approximate normal
distribution using a normal probability plot. Comparisons were made using

Tukey’s analysis.

N.B. I would like to thank Dr Peter Avery for providing his expert opinion and

advice on the statistics within the thesis.
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Chapter 3 Fukutin Deficient Zebrafish have a
Muscle Eye Brain Phenotype
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3.1. Introduction

By using zebrafish as a model for investigating FKRP and fukutin deficiency, a
greater insight into the mechanism of the associated MD in humans can be
gained (Fukuyama et al., 1981; Takada et al., 1988; Yoshioka and Kuroki, 1994;
Bassett and Currie, 2003). This chapter will focus particularly on the criteria for
judging the fukutin morphant phenotype and the recapitulation of the
dystroglycanopathy phenotype in the zebrafish (Yoshioka and Kuroki, 1994;
Hino et al., 2001; Thornhill et al., 2008). There is currently no single model that
recapitulates human fukutin deficiency. The major drawback of the
homozygous null mouse model is its inability to survive foetal development past
E9.5 (Chiyonobu et al., 2005; Kurahashi et al., 2005). The retrotransposon
knock-in fukutin mouse model, described in the introduction, survives the
embryonic stage but have little in the way of pathology despite
hypoglycosylation of a-dystroglycan. The fukutin chimeric mouse remains the
most suitable model to investigate fukutin deficiency (Takeda et al., 2003;
Kanagawa et al., 2009a; Taniguchi-lkeda et al., 2011). As a pilot for the use of
ZFNs this chapter also describes an attempt to create a stable fkrp mutant line

in zebrafish using the CoDA protocol.

Here the aim is to investigate whether the dystroglycanopathy phenotype is
present in fukutin knock down zebrafish, comparing the results with those
published in Lin et al. study (Lin et al., 2011). Criteria will be applied to the
knock downs to attempt to align the fukutin morphants with FKRP and
dystroglycan morphants. Ultimately, any similarities with other primary and
secondary dystroglycanopathy models will be assessed (Heasman, 2002;
Rosen et al., 2009).

3.1.1 Aims

e Design ZFNs targeted at the fkrp locus in zebrafish.

e Assess the efficacy of ZFNs in producing mutations at the fkrp locus in
zebrafish.

e Produce an allelic series of fkrp mutant zebrafish.

e To test MO that inhibit fktn expression and to study any associated
pathology.

e To design criteria for the classification of morphant severity that is
applicable for dystroglycanopathy knock down models.

e To assess the 30-12Apr05B fktn MO phenotype in the context of the
phenotype range described in FKRP and dystroglycan knock down
zebrafish.
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3.2 Results

3.2.1 CoDA Based ZFN Technology

An attempt to create an allelic series of fkrp mutant zebrafish was made using
the CoDA protocol. Overall the protocol involved designing ZFN pairs in silico
that targeted regions within the fkrp gene to be synthesized commercially.
These sequences were then cloned into expression vectors that contained both
the Fok-1 nuclease coding sequence and a T7 RNA polymerase initiation site.
These vectors could then be linearised and used to generate mRNA, combining
the pair of in vitro trasnscribed ZFNs for injection into zebrafish eggs. A
selection of injected zebrafish were then screened for somatic mutations that
could potentially be passed through the germline into the next generation of fish.
At this stage genotype and phenotype could be defined for any mutants

successfully generated (Sander et al., 2010).

The zebrafish fkrp transcript (NC_007126.5) was entered into ZiFit Version 3.3.
The programme identified two potential zinc finger pairs with five base pair
spacer regions (5-1 & 5-2) and one with a seven base pair (7-1) spacer region.
The first 5-1 FKRP ZFN was targeted close to the N-terminus and the 5-2 was
targeted with proximity to the LICD domain of the fkrp transcript. Both regions
have previously been associated with mutations in the FKRP gene in patients
(Figure 1.6; Van Reeuwijk et al., 2010). The sequences for the FKRP 5-1 & 5-2
were sent for synthesis by Eurofins MWG Operon. Each zinc finger array was
subsequently cloned into the Fok-1 nuclease containing pMLM290/292.
Vectors were digested at the BamHI and Xbal restriction sites, to test whether
the inserts were correctly cloned into pMLM290/292, the products were
visualised on an agarose gel, and excised bands were then sent to Eurofins
MWG for sequencing. Bands were observed at just under 300bp and

sequencing confirmed the inserts were the correct sequence (Figure 3.1).
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Figure 3.1: Digestion of pMLM290/292 vectors containing zinc finger
arrays

A: Plasmids containing 5-1 (L1,R1) and 5-2 (L2,R2) ZFNs were digested with BamHI
and Xbal and resolved on an agarose gel relative to a 1kb ladder. pMLM290/292
vectors are as expected above the 1kbp and inserts just below 300bps. BPs: base
pairs. Vector maps for Fok-1 nuclease containing vectors pMLM290 and pMLM292.
pMLM290 used for left hand ZFNs and pMLM292 for right hand ZFNs, with a 5 bp
spacer  region. Figures copied directly from the addgene website:
[http://Iwww.addgene.org/zfc/, accessed 4 January 2013].

Injected mMRNA in zebrafish is translated by the embryonic translation
machinery into the ZFN proteins. The poly-adenylation of the mRNA is an
important step for several reasons including nuclear export, translation and
stability. The addition of a cap to the first 5' guanine residue of the mRNA is
essential for maturation of the mRNA and therefore translation. To generate the
MRNA the pMLM290/292 plasmids containing the correct inserts were
linearised with Pmel. A small volume was tested by visualisation on an agarose
gel and found to be correctly linearised. Capped mRNA with poly-adenylated
(poly-A) tailing was generated from the linearised pMLM290/292 vectors (Figure
3.2). The positive (+) bands represent successful mMRNA creation with poly-A
tails and 5' cap, the negative bands have no poly-A tailing and therefore were
observed as lower molecular weight bands on the gel. A denaturing gel would
give better resolution, which is not required in this instance as the step only acts
as check that mRNA is created and has been fully poly-adenylated.
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1kb/BPs

Figure 3.2: In vitro transcription reaction

Capping andadding a poly adenylated tail to mRNA greatly imporves the efficiency of
MRNA translation into ZFNs. pMLM 290/292 containing ZFN inserts were linearised
and mRNA is generated in vitro. mRNA before poly-A tailing (-) and after (+), 5-1
(L1,R1) and 5-2 (L2,R2) ZFNs . The generated mRNA of the two fingers was
combined and injected into the zebrafish embryos.

The FKRP 5-1 and 5-2 mRNA was injected into the yolk sack close to the cell
nucleus of zebrafish embryos at the single cell stage of development. The
embryos were allowed to develop for 4 hours before an initial check on their
viability was carried out and none of non-injected embryos were found dead at
this stage. Dead embryos were found in both sets of injected embryos with 5-1
and 5-2 ZFN mRNA. At 1dpf both injected groups had higher proportions of
dead embryos than the non-injected controls. The embryos that survived in the
injected FKRP 5-1 and 5-2 groups could in 17% and 21% of cases respectively
be seen to have an abnormal morphological phenotype in comparison to
controls where no embryos had abnormal phenotypes (Table 3.1). Embryos
injected with mRNA are expected to have an “RNA phenotype” (Persengiev et
al., 2004; Figure 3.3). The RNA phenotype can be defined as all the non-
specific effects that arise from injection of concentrated mRNA. Note the
straight tails of the 3dpf non-injected larvae in comparison to occasionally dorsal
curvature in the tail of the injected embryos. Recent reports predict CoDA ZFNs
to produce a much lower somatic mutation rate (~1.1-3.3%) in the injected
embryos than previously thought (~10%; Sander et al., 2010; Moore et al.,

2012b). The dorsal tail curvature therefore is likely to be a non-specific side
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effect of mMRNA injection and not as a result of inducing an indel mutation in the

fkrp gene.

1dpf

Dead 4hpf
] Phenotype Total (n)
(%) Dead (%) Alive (%)
(%)
FKRP 5-1 51 (11) 204 (46) 116 (26) 76 (17) 448
FKRP 5-2 63 (20) 116 (37) 71 (23) 62 (20) 312
Non-
_ 0 (0) 126 (21) 464 (79) 0 (0) 590

Injected

Table 3.1: Viability of fish injected with ZFNs

Viability data from injection of 300pg of FKRP 5-2 ZFN in AB” wild type or non-injected
zebrafish embryos at 1dpf. Dead embryos were removed at 4hpf and 1dpf the
remaining embryos were sequenced for mutations.

Figure 3.3: Light microscope images of wild type larvae at 3dpf

Fish were either uninjected (A) or injected with 300pg of FKRP 5-2 ZFN (B). Note the
straight tails in the larvae in (A) and the curvature of the tail in about a third of the
MRNA injected fish (B). Tail curvature is a common finding in fish injected with mRNA
and is unlikely to be as a result of a mutation created by the ZFNs.

Two small clutches of 10, 2dpf embryos DNA were pooled for each ZFN pair to
investigate the somatic mutation rate. Neither the 5-1 nor 5-2 ZFN pair
produced an insertion or deletion within the zebrafish fkrp gene when the 190
samples were screened for each ZFN pair. The 50% predicted success rate
discussed in the initial CoDA literature has been revised by more recent data to
a much more conservative 17% (Sander et al., 2010; Moore et al., 2012b).
Since not even a low somatic mutation rate was achieved with either pair of

ZFN’s, no further work was continued using ZFN technology.
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3.2.3 The Zebrafish Fukutin Protein

It has previously been proposed that since fukutin and FKRP have very similar
structures based on homology in the hydrophobic transmembrane spanning
region and the putative catalytic domains. Here the similarities in amino acid
structure are compared between species: zebrafish, human and mouse (Figure
3.4). A Database (ZDB-GENE-070410-96) search identified a single gene for
fukutin in the zebrafish genome, encoding a 457-amino-acid polypeptide located
on chromosome 5. There was 57% identity and 72% similarity of amino acid
sequence between zebrafish and humans (Figure 3.5; Moore et al., 2008;
Drummond AJ, 2011).

0.06

FKRP [Homo sapiens]

019

0.02

FKRP [Mus musculus]

0.04

fukutin [Homo sapiens]

0.29

0.07

fukutin [Mus musculus]
093

0.23

fukutin [Danio rerio]

0.36

FKRP [Danio rerio]

Figure 3.4: Unrooted phylogenetic tree to show the inferred genetic
relationship of the fukutin and FKRP proteins in humans, mouse and
zebrafish

Each node represents FKRP or fukutin in zebrafish, mice or humans. Distances are
based on the amino acid sequences of each of the nodes. The distance between the
fukutin nodes is smaller than that between fukutin and any FKRP node (Drummond AJ,
2011).
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Figure 3.5: Comparative homology plot of Fukutin protein sequence from
zebrafish and human.

Identical amino acids are on a green background, similar amino acids are on a red
background. Overall, there is 57% identity and 72% similarity of amino acid sequence
between zebrafish and humans.

3.2.4 Morpholino 30-12Apr05B Induces Splicing Abnormalities Leading to

Truncation of Fukutin Transcript

The wild type AB line (Cha and Weinstein, 2007) was chosen to study the
effects of knocking down fukutin in zebrafish. Importantly the AB line is the best
characterised and most used wild type strain. A novel antisense spliceosomal
MO (30-12Apr05B) targeting fktn at the boundary between intron 3 and exon 4
(Figure 3.6A) was designed to induce a frameshift mutation. Analysis by
reverse transcriptase-polymerase chain reaction (RT-PCR) using primers in the
flanking exons confirmed the ability of 30-12Apr05B to alter fktn mRNA splicing
(Figure 3.6B). Wild type fukutin PCR products were observed in all embryos at
the expected size of approximately 500bps. In the injected embryos a mis-
spliced band was observed at 400bp which was not completely separated from
wild type fktn PCR product (Figure 3.6B) and might represents a truncated form
of fktn. Mis-spliced products were observed at 200 bp and 150 bp which were
identified as representing loss of exon 4 following isolation and sequencing

(Figure 3.6C-D). Previously published translation blocking MO were used to
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knock down expression of FKRP and dystroglycan as previously described

(Parsons et al., 2002a; Thornhill et al., 2008; Kawahara et al., 2010; Lin et al.,
2011).
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Figure 3.6: 30-12Apr05B-fukutin MO induces splicing aberrations in vivo

A: Diagram of the zebrafish fktn gene, the MO target site and the position of the
primers used to verify the splicing defects induced by the MO. Boxes represent exons,
the lines between the boxes represent the introns. Boxes below shows number of
base pairs in exons and introns, numbers represent number of bps and correspond to
box and line fkin gene diagram directly above them. B: RT-PCR of fktn transcripts
using primers in exons on either side of the target site. The band at 500bp
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corresponds to normally spliced fukutin, while the shorter fragments correspond to mis-
spliced products. 2ng of 30-12Apr05B-fukutin MO was injected into the embryos and
only embryos that were judged to have a phenotype at 1dpf by the criteria in Table 2.2
were used. C: Sequencing results of excised bands top wild type (2-3-4-5), middle (2-
3-5A) and bottom (2-3-5B) refer to bands excised from gel sequence aligned with wild
type fktn mRNA, accession number: NM_001042694. D: Chromatograms of splice
products aligned against mRNA.

3.2.5 Optimising 30-12Apr05B-fukutin MO to Produce the Most

Comprehensive Range of Morphant Phenotypes

MOs are known to produce a spectrum of phenotypes, a valuable attribute for
investigating diseases that have a range of clinical severity. The severity of
human dystroglycanopathies varies as a result of different mutations or
combinations of mutations and heterogeneity in genetic background, see
introduction Figurel.3, (Yoshioka and Kuroki, 1994; Van Reeuwijk et al., 2010).
The spectrum of phenotypes produced by MO occurs due to differences in site
of injection within the yolk sack, concentrations of MO and factors such as
individual zebrafish epigenetic heterogeneity or simply the stochastic nature of
living organisms (Nechiporuk et al., 1999). Criteria were designed that would
aid in the classification of FKRP, fukutin and dystroglycan morphant phenotypes
(Table 2.2). The mildest end of the phenotypic spectrum included fish with no
visible morphological differences compared to wild type AB strain at a particular
stage of development based on Kimmel criteria (Kimmel et al., 1995), whilst the
most severely affected fish did not survive (Thornhill et al., 2008). Fish with
intermediate phenotypes were grouped into mild, moderate and severe based
on the criteria as outlined in Table 2.2. In most experiments the normal and

lethal groups were removed from further analysis

In order to determine the optimal concentration of 30-12Apr05B fukutin MO to
produce a balanced spectrum of phenotypes, a range of injection
concentrations were tested. A balanced range of phenotypes is the optimal
titration of phenotype to MO concentration. Fertilised eggs were collected and
injected between the zygote and first cleavage phases (up to approximately 45
minutes post fertilisation). The embryos were collected at 24hpf in the
pharyngeal phase and manually dechorionated. A minimum of 3 clutches were
investigated for each injection concentration. A range of injection
concentrations were investigated from 0.5ng-7.5ng of 30-12Apr05B fukutin MO.
At the lowest concentration no abnormal phenotypes were observed, as judged

by light microscopy. However, there was an increase in the number of embryos
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which died (24% vs. 8% in the control; Table 3.2). At the highest MO
concentration no embryos had survived by 24hpf. 1 & 3ng injection
concentrations both produced a range of phenotypes, skewed to high
percentages of mild phenotypes or a greater proportion of morphants at the
severe end of the spectrum respectively. The 2ng injection concentration
produced the most balanced range of phenotypes and was chosen for all
subsequent 30-12Apr05B-fukutin MO injections (Figure 3.7). FKRP and
dystroglycan MO concentrations were chosen based on previously published
concentrations known to produce suitable ranges of phenotypes (Parsons et al.,
2002a; Thornhill et al., 2008).

Normal Mild Moderate Severe Dead Dead Total

(%) (%) (%) (%) 4hpf  24hpf (n)
(%) (%)

0.5ng 64 0 0 0 12 24 208
1ng 12 24 3 3 8 50 177
2ng 10 11 9 14 9 47 325
3ng 6 0 4 5 13 72 153
7.5ng 0 0 0 0 15 85 278
Uninjected 88 0 0 0 4 8 892

Table 3.2: Proportion of each phenotypic class following injection of a
range of 30-12Apr05B-fukutin MO amounts

The amount of MO injected was calculated as outlined in the methods, see 2.1.3. For
each MO amount phenotype severity was assessed at 24 hours post fertilisation (hpf).
Morphants were assessed as in Table 2.2 and final counts are expressed as a
proportion of the total. Number of dead was also recorded at 4 hpf as an indicator of
survival after the injection process.
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Figure 3.7: Proportion of each phenotypic class following injection of a
range of 30-12Apr05B-fukutin MO amounts

The amount of MO injected was calculated as outlined in the methods, see 2.1.3. As
the amount of MO increases the number of embryos with a more severe phenotype
increases (Table 2.2) and the phenotype spectrum is skewed towards the severe
phenotypic categories. Based on the most balanced and highest number of phenotype
to no phenotype ratio, 2ng is the optimal amount for the 30-12Apr05B fukutin MO and
was chosen for all subsequent experiments.

Normal Mild Moderate Severe Dead Total (n)
(%) (%) (%) (%) (%)

Fukutin Mo 10 9 7 12 62 252
2ng
FKRP Mo 12 17 14 11 46 286
10ng
Dystroglycan 40 9 2 3 46 384
Mo 5ng
CoMo 10ng 84 0 0 0 16 346
Uninjected 85 0 0 0 15 427

Table 3.3: The range of phenotypes induced by injection of 10ng control,
10ng FKRP, 2ng 30-12Apr05B-fukutin and 5ng dystroglycan MO

For each MO phenotype severity was assessed at 1 day post fertilisation (dpf).
Morphants were assessed as in Table 2.2 and final counts are expressed as proportion
of the total. The amount of MO injected was calculated as outlined in the methods, see
2.1.3.
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Figure 3.8: The range of phenotypes induced by injection of 10ng control,
10ng FKRP, 2ng 30-12Apr05B-fukutin and 5ng dystroglycan MO

Phenotypes were judged on morphological grounds based on Table 2.2. The range of
phenotypes observed spanned embryos with a normal appearance to the most severe
which were found dead at 1dpf. The amount of MO injected was calculated as outlined
in the methods, see 2.1.3.

The proportion of embryos found dead in the control MO injected group was not
significantly different from that of the uninjected controls. The FKRP and
dystroglycan MO injections produced the greatest and narrowest phenotype
ranges respectively. FKRP, fukutin and dystroglycan MO injected embryos all
had a higher proportion of dead embryos at 1 dpf when compared to controls,
indicating that mortality was due to specific effects of the MO sequence (Table
3.3 & Figure 3.8).

Phenotype ranges had previously been reported for FKRP and dystroglycan
MO injections. However no criteria had been established to define each
phenotype category (Thornhill et al., 2008; Kawahara et al., 2010). The criteria
in Table 2.2 were established on the basis that difference in MO sequences will
have different effects on gene expression. Redundancy and turnover of the
gene will also have differential outcomes that affect the efficacy of the individual
MO. A criterion allows MO concentration to be titrated against severity of
phenotype. In order to compare the function of FKRP and fukutin and
dystroglycan in the same molecular axis, it is desirable to knock each of them

down to a similar extent. The assumption can be made that genetic pathways
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are being knocked down to a similar extent, once similar phenotype ranges are
achieved, by testing a range of MO concentrations. Therefore effects observed
on structure are thought to be genuine and not based on individual variation

amongst the MOs.

As expected, the wild type embryos showed no deviation from the normal group,
but occasional mild pathological features were identified in fish in the control
MO group (Table 2.2). These features are defined as non-specific effects of
MO injections and have been discussed in a wide range of zebrafish MO
literature (Bill et al., 2009). Each of the fukutin, FKRP, and dystroglycan MO
produced phenotypes that fell into each major category of the criteria at both 1
and 3 dpf ranging from normal to lethal. The mild to severe phenotypes can be
seen in Figure 3.9 and Figure 3.10. A comparable range of phenotypes as
observed at 1dpf is present at 3dpf for all FKRP, fukutin and dystroglycan
morphants. Fukutin, FKRP and dystroglycan morphants have clear overlapping
morphology, (Figure 3.9 & Figure 3.10) that can be sorted based on the criteria
described in Table 2.2. The feature with the greatest utility for assessing
phenotype is tail curvature. 1dpf tail curvature (Figure 3.9) correlates well with
that of the 3dpf in equivalent phenotype categories across the spectrum of the
FKRP, fukutin and dystroglycan morphants. Therefore the combination of tail
curvature, eye, brain and other variable features was considered in the
classification of the phenotype up to 1dpf. Thereafter, the tail curvature was
used as the most appropriate indicator for sorting morphant fish within the

phenotype spectrum.
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Figure 3.9: Light microscope images of embryos at 1 dpf

Embryos were either untreated or injected with MO at 10ng control & FKRP, 2ng
fukutin, or 5ng dystroglycan. Embryos were staged according to Kimmel et al. 1995,
(Table 2.1 & Figure 2.1). Embryos were sorted according to phenotypes as described
in Table 2.2. The amount of MO injected was calculated as outlined in the methods,

see 2.1.3,
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Figure 3.10: Light microscope images of larvae at 3dpf

Fish were either untreated or injected with MO at 10ng control & FKRP, 2ng 30-
12Apr05B fktn MO, or 5ng dystroglycan. Embryos were staged according to Kimmel et
al. 1995, (Figure 2.1 & Table 2.1). Embryos were sorted according to phenotypes as
described in Table 2.2. The amount of MO injected was calculated as outlined in the
methods, see 2.1.3,

3.2.6 30-12Apr05B- Fukutin MO Produces a Dystroglycanopathy
Phenotype at 1 dpf

Morphant morphology was assessed at 1dpf to establish efficacy of the 30-
12Apr05B fktn MO in generating a muscle, eye and brain pathology in the
morphant embryos. Light microscopy was used to capture a minimum of five
images of embryos within each phenotype group. Embryos were staged
according to Kimmel’s criteria and placed into phenotype groups according to

criteria outlined in Table 2.2.

Overall, there was a clear overlap of abnormalities detected in the fukutin fish
with those that had been previously described in FKRP and dystroglycan
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morphants (Parsons et al., 2002a; Thornhill et al., 2008; Kawahara et al., 2010).
The morphological data suggest a slight delay in muscle, eye and brain
development of morphant fukutin embryos in comparison to control injected
embryos at 1dpf (Figure 3.11A-D). The muscle morphology was investigated at
1dpf, a time point prior to the development of pigmentation. The segmentation
period is the key period in early muscle development occurring between the first
somite furrow appearing at 1043 hpf and the start of the hatching period at 2dpf
(Kimmel et al., 1995). By 1dpf all 26 of the somites are present and are visible
in the non-injected embryos (Figure 3.11A). In control embryos the somites
have a “chevron” shape delineated by the vertical myosepta which is more
rounded in all morphant embryos (Figure 3.11 A-D). At the severe end of all
phenotypic spectra somite boundaries were no longer visible. More severely
affected fish as judged by overall criteria outlined in Table 2.2, had less clearly
delineated myosepta. Aberrant muscle morphology can demonstrate potential
sarcolemmal instability in fukutin deficient embryos (Figure 3.11; Takeda et al.,
2003; Kurahashi et al., 2005).

Numerical analysis of the angles inside the chevron of the vertical myosepta
were measured (Figure 3.12). The angle inside the chevron was measured in
controls to have a mean of (94°) in non-injected and in control MO injected (95°).
The difference was found to not be significant with a student unpaired T-test
between control MO and non-injected embryos. The vertical myosepta chevron
angle was found to be significantly more obtuse in the FKRP (132°), fukutin
(144°) and dystroglycan (131°). The FKRP, fukutin and dystroglycan morphants
all were significantly more obtuse in myosepta angle than control injected
embryos (p<1x10™ in all cases; Figure 3.11 & Figure 3.12).
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Figure 3.11: Light microscope images of embryos at 1day post fertilisation
(dpf)

Morphology was investigated using light microscopy in 1dpf dechorinated embryos.
Embryos were either untreated AB or injected with 10ng of control MO (A), 2ng of 30-
12Apr05B-fukutin MO (B), 10ng of fkrp MO (C), 5ng of dystroglycan MO (D). Embryos
were staged according to Kimmel et al. and phenotypes were sorted according to the
criteria outlined in Table 2.2. Enlarged views of myotome (orange border), eyes (green
border) and brain (blue border), it should be noted in some instances the boxes are not
exactly placed due to limitations in software. Fukutin morphants have abnormal somite
shape, due rounding of the vertical myosepta, outlined by red dashes and denoted by
red arrows. Fukutin morphants have micropthalmia and mid brain (MB) definition loss
in the most severe fukutin morphants, black triangle- NC= notochord & YS= yolk sack.

The tail curvature is indicative of the loss of sarcolemmal stability and
perturbation of myosepta structure, therefore it is a good indicator of muscle
pathology (Steffen et al., 2007). The chorion might be accentuating the
curvature of the tail in the embryos that are moving less, and further analysis of
this point is required. The tail in control embryos is straight with a small ventral
curvature at the most distal end of the tail at 1dpf (Figure 3.11A & Figure 3.13).
The fukutin morphants in the mild phenotype category had a slight ventral
curvature of their entire distal portions (Figure 3.11B & Figure 3.13). The tail
curvature in the mild and moderate phenotype categories was in general more
pronounced in the fukutin morphants compared to FKRP and dystroglycan
morphants. The severe fukutin and dystroglycan morphants were found to have
clearly abnormal body shape and much shorter tails (Figure 3.11B-D & Figure
3.13). An increasing proportion of the fukutin morphants from the mild to severe
morphant phenotype had dorsal tail curvature. Embryos at the more severe
end of the FKRP and dystroglycan morphant spectrum were observed to have a
dorsal tail curvature (Table 3.4 & Figure 3.13). Chi-squared tests comparing
number of morphant fish with a curved tail against controls found there to be
significantly P-value<1x10™, more curved tails in the combined morphant

embryo group than in the combined control group.
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Figure 3.12: Angle of the vertical myosepta in 1dpf morphant embryos

Image-J analysis software was used to measure vertical myosepta angles of light
microscopy images of 1 dpf trunks. Angle measured from where the horizontal
myosepta bisects the vertical myosepta to each of the ends of the vertical myosepta at
the periphery of the embryo. A minimum of five somites in threeembryos were
assessed in for each morphant phenotype and grouped. Fukutin morphants were
shown to have the most obtuse angled vertical myosepta when compared to
dystroglycan and fkrp morphants. Morphant vertical myosepta angles were compared
Eo control MO vertical myosepta angles using the unpaired students t-test: *** p <1x10

Studies have shown that FKRP and fukutin are important for the correct
development of the glia limitans, an important basement membrane in the brain
(Chiyonobu et al., 2005; Kurahashi et al., 2005). Loss of glia limitans integrity
results in glia projecting beyond the membrane, resulting in cobblestone
lissencephaly in dystroglycanopathy patients (Yoshioka and Kuroki, 1994; Satz
et al., 2008). Mid-brain abnormalities have been demonstrated in 1dpf
zebrafish embryos (Thornhill et al., 2008) and so the hypothesis is that a similar
abnormality might be present in fukutin morphant embryos. The mid-brain is a
defined structure visible by light microscopy as a small vertical groove posterior
to the eye at 1dpf in controls (Figure 3.11A). From a morphological perspective,
the fukutin knockdown embryos showed structural mid-brain abnormalities,
most prominent in fish embryos with a more severe phenotype (Figure 3.11B).
FKRP and dystroglycan morphants also show increasing loss of definition of the

mid-brain groove with increasing severity of phenotype (Figure 3.11C-D).
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Straight (%) Dorsal (%)  Ventral (%) Total (n)

Wwild type 100 0 0 478
Control MO 98 0 2 345
Fukutin mild 0 5 95 81
Fukutin moderate 0 36 64 76
Fukutin severe 0 53 47 50
FKRP mild 12 0 88 63
FKRP moderate 0 95 56
FKRP severe 0 14 86 60
Dystroglycan mild 4 96 46
Dystroglycan moderate 0 98 49
Dystroglycan severe 0 11 89 41

Table 3.4: Assessment of tail curvature in 1dpf embryos
Tail curvature was assessed to be either straight, curved dorsally or ventrally in
dechorionated dystroglycanopathy morphant embryos at 1dpf.
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Figure 3.13: Assessment of tail curvature in 1dpf embryos

Tail curvature was assessed using light microscopy and judged to be either straight or
have a ventral curvature or dorsal curvature in 1dpf dechorinated embryos. All
morphants had an increased proportion of curvature in tails as would be expected
when criteria in Table 2.2, are applied. Fukutin morphants had the highest proportion
of dorsal tail curvature compared to dystroglycan and FKRP morphants. Dorsal and
ventral tail curvature was combined and classified as abnormal tail curvature, this
group was then compared against staright tails. Chi-squared analysis for each group
was subsequently carried out against the control MO group and in each case was
found to be p<1x10™.
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Both the fish and mouse models for FKRP deficiency have micropthalmia and
morphological eye structural problems (Satz et al., 2008; Thornhill et al., 2008)
and these abnormalities are visible at 1dpf in fukutin deficient morphants. The
vertical groove in the eye known as the hyaloid canal is only found in control
fish (Figure 3.11A), whilst deformed outer eye structure is found in the more

severe fukutin, fkrp and dystroglycan morphants, (Figure 3.11B-D).

The notochord is an important structure during the early stages of development,
providing developmental cues for zebrafish trunk morphogenesis (Stemple,
2005). A previous study identified notochord abnormalities in fkrp morphants
(Thornhill et al., 2008). The notochord is visible in non-injected and control MO
injected embryos as a cylinder running from the mid line through the full length
of the myotome (Figure 3.11A). The notochord is visible in all morphants and
no noticeable structural defects were observed at this level of resolution (Figure
3.11B-D). Histological analysis is therefore required to draw firm conclusions

on notochord structure.

3.2.7 2 dpf Fukutin Morphant Embryos

The main features of the 2dpf embryo period are: hatching, increase in
pigmentation and the development of a visible pericardium. Based on previous
studies where fkrp and dagl expression were knocked down in zebrafish, the
prediction is that the above features would also be affected by knockdown of
fktn expression (Parsons et al., 2002a; Thornhill et al., 2008; Kawahara et al.,
2010).

Evaluating the pigmentation patterns of the zebrafish can help to distinguish a
systemic developmental defect from a defect in a specific system. Pigmentation
in the natural environment is important for camouflaging the zebrafish. At the
hatching stage of development (long-pec period, 2dpf), the melanophores
(equivalent to human melanocytes and expressing black pigment) are visible
along the lateral stripe (Figure 3.14A-D). Melanocytes run along the dorsum of
the posterior portion of wild type and control MO injected embryos.
Pigmentation irregularities and delays in hatching suggest that the fukutin MO
might have induced a developmental delay. The changes in melanocyte pattern
might suggest the fukutin MO has affected Wnt signalling, a factor known to be
important for melanocyte migration (Jin et al., 2001). The somitic structure is
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not visible in non-injected controls since at this stage of development
pigmentation obscures these structures. Therefore it is not possible to conclude
whether there is tissue specific developmental delay. It would be difficult to
conclude that a change in pigmentation pattern is anything other than
secondary to the overall changes to body shape of the zebrafish. Drawing firm
conclusions from examining pigmentation patterns lies outside the scope of this
study (Kelsh et al., 1996). Using a fish line such as Golden which has
significantly reduced pigmentation, would be a way to view structures

unhindered by pigmentation.

The otic vesicle which is visible from 42hpf during the high-pec phase, between
pharyngeal and hatching phases, can be used as a marker for normal
development. At 48hpf the otic vesicle had a similar appearance (i.e. round
structure directly posterior to the eye dorsal to the pericardium) in fukutin, FKRP
and dystroglycan morphants when compared to controls. This suggests, that
fukutin morphant embryos are not substantially developmentally delayed and
therefore muscle, eye and brain abnormalities observed in the fukutin
morphants are due to tissue specific effects of fukutin knock down (Figure
3.14A-D).

Whole Embryo
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Whole Embryo

Figure 3.14: Light microscope images of embryos at 2dpf.

Morphology was investigated using light microscopy in 2dpf dechorinated embryos.
Embryos were either (A) untreated AB or injected with 10ng of control MO (B) injected
with 2ng of 30-12Apr05B-fukutin MO (C) injected with 10ng of fkrp MO or (D) injected
with 5ng of dystroglycan MO. Embryos were staged according to Kimmel et al. and
phenotypes were sorted according to the criteria outlined in (Table 2.2). Enlarged
views of head (orange border), trunk (green border). Red triangle= pericardium, red
arrows= melanocytes, blue arrows= lateral line, OV= otic vesicle, YS= yolk sack.

Hatching in embryos maintained at 28°C occurs by 2dpf and a delay in hatching
is considered to represent a developmental delay. The majority (96%) of wild
type and control MO injected embryos (93%) had hatched by 2dpf. 45% of the
fukutin, 42% of FKRP and 49% of the dystroglycan morphants had to be
manually dechorionated at 2dpf (Table 3.5 & Figure 3.15). Controls and
morphants were grouped and tested against one another using a chi-squared
test p< 1x10°. Providing evidence to suggest there is a significant difference in
hatching at 2dpf in controls when compared to morphants. Whilst the delay in
hatching suggests an overall developmental delay, it is also possible that the
delay in hatching is a consequence of reduced muscle contractures. Motility is
required to break out of the chorion thus the defect might be a secondary
consequence to primary muscle pathology. Tail coiling is the first identifiable
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muscle motor function present between 17-26hpf (Saint-Amant et al., 2008).
Spontaneous embryo coiling within a chorion is absent in other studies where
motility is impaired (Dowling et al., 2009). Inducing a developmental delay and
comparing with immobilised fish, might resolve the difference between

developmental delay and motility in regards to hatching.

Wild Type Control MO Fukutin FKRP Dystroglycan

Hatched (%) 96 93 55 58 51
Unhatched (%) 4 7 45 42 49
Total (n) 240 138 101 95 135

Table 3.5: Delay in embryo hatching at 2 dpf

Light microscopy was used to investigate the hatched/unhatched status of embryos at
2dpf it would be expected that most embryos would hatch by 2dpf. Wild type, control
MO, 30-12Apr05B-fukutin MO, fkrp MO and dystroglycan MO were observed to be in
(unhatched) or out of their chorions (hatched) at 2dpf.
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Figure 3.15: Delay in morphant embryo hatching at 2dpf

Light microscopy was used to investigate the hatched/unhatched status of
embryos at 2dpf it would be expected that most embryos would hatch by 2dpf.
Wild type, control MO, 30-12Apr05B-fukutin MO, fkrp MO and dystroglycan MO
were observed to be in (unhatched) or out of their chorions (hatched) at 2dpf.

3.2.8 The Fukutin Morphant Larvae at 3dpf

To investigate the range of fukutin, fkrp and dystroglycan morphant phenotypes
at 3dpf, light microscopy was used to image the larvae. The pathology at 3dpf
may be as a result of developmental delay since at the severe end of the
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morphant phenotype spectrum there were fewer somites observed in the trunk.
A developmental delay would imply fkrp, fukutin and dystroglycan are important
developmentally, whereas tissue specific pathology suggests an alternative
mechanism. Melanophores in lateral stripe and iridiphores in the eye are
present in early larval phase control embryos but are not visible in moderate or
severe fukutin morphants, suggesting a possible developmental delay in the
morphants (Figure 3.16A-D). The melanophores were similar to controls in all
dystroglycan and most fkrp morphants. The pattern of the melanophores in the
fkrp and dystroglycan morphants is likely to be as a consequence of the tail

curvature and distortion rather than a primary abnormality.

The tails of the wild type and control MO injected fish are straight through their
full length from the primula-16 (16mm length) stage of development at 31hpf to
the protruding mouth phase at 3dpf. The mild fukutin morphants had a slight
ventral tail curvature which was at a greater angle ventrally in the moderate
phenotype group. The tail curvature could also be observed in fkrp and
dystroglycan mild and moderate morphants. An abnormal body shape and
shorter tail as consequence of fewer somites were observed at the severe end
of the spectrum of all morphants. A dorsal curvature in the tail was found more
often than ventral curvature in dystroglycan and fukutin morphants (Figure
3.16A-D).
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Whole Embryo

Figure 3.16: Light microscope images of larvae at 3dpf

Morphology was investigated using light microscopy in 3dpf Larvae. Larvae were either
(A) untreated AB or injected with 10ng of control MO (B) injected with 2ng of 30-
12Apr05B fktn MO (C) injected with 10ng of FKRP MO or (D) injected with 5ng of
Dystroglycan MO. Embryos were staged according to Kimmel et al. and phenotypes
were sorted according to the criteria outlined in (Table 2.2). Enlarged views of head
(orange border), trunk (green border). Red triangle: notochord, blue triangle:
pericardium, red dashes vertical myosepta, green arrows: melanocytes, blue arrows:
lateral line, OV: otic vesicle, YS: yolk sack.

Wild type and control MO injected larvae had eyes which were round and
pigmented preventing clear observations of the lens. Fukutin, fkrp and
dystroglycan MO injected embryos had eyes where notable distortion to eye
shape at the severe end of the phenotypic spectrum was evident. Eye area

was smaller in the fukutin morphants and at the severe end of the fkrp morphant
spectrum, (Figure 3.16A-D) when compared to control fish eyes. Eye area of
the fukutin morphant was significantly smaller than control MO injected embryos,

fkrp and dystroglycan morphants (Table 3.6 & Figure 3.17).
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Figure 3.17: Mean eye size for 3dpf fish

Eye size was assessed on Image-J analysis software using light microscopy images of
3dpf larvae eyes and expressed in arbitrary units. A minimum of four fishfish from each
of the three phenotype groups for each morphant group were assessed for eye size,
phenotypes groups defined by criteria outlined in Table 2.2. Fukutin eye size was
significantly smaller than control MO injected embryos, FKRP and dystroglycan
morphants. Morphant eye areas were compared to the control MO eye areas using the
unpaired student t-test: * p= <0.05 ** p= <1x103, *** p= <1x10™.

Since progressive cardiac involvement is a characteristic of FCMD patients
signs of cardiac failure were investigated in the morphant zebrafish (Nakanishi
et al., 2006). A swollen pericardium is a sign of cardiac hypertrophy and can be
observed in a higher proportion of control MO injected larvae (9%) when
compared to wild type larvae (0%). Therefore cardiac oedema in a small
proportion of morphant fish can be considered to be a nonspecific effect of MO
injection (Bill et al., 2009). However, a swollen pericardium was observed in a
higher proportion of the severe morphants (fukutin 42%, fkrp 37%, dystroglycan
46%). All morphants were observed to have cardiac oedema with higher
frequency than observed in control injected morphants (Table 3.6, Figure
3.16A-D & Figure 3.18). Cardiac muscle is therefore also affected in

dystroglycan-deficient zebrafish.
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No oedema (%) Pericardial oedema (%) Total (n)
wild type 100 0 267
Control MO 91 9 124
Fukutin mild 83 17 39
Fukutin moderate 82 18 43
Fukutin severe 58 42 66
FKRP mild 85 15 45
FKRP moderate 79 21 46
FKRP severe 63 37 35
Dystroglycan mild 77 23 48
Dystroglycan moderate 78 22 27
Dystroglycan severe 54 46 31

Table 3.6: Pericardial oedema in 3dpf larvae

Pericardial oedema was judged on morphology in 3 dpf larvae in the morphant fish.
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Figure 3.18: Pericardial oedema in 3dpf larvae

Pericardial oedema was judged on morphology in 3 dpf larvae in the morphant fish
using images taken on light microscopy. Pericardial oedema was found in a small
proportion of Control MO injected fish. The maorphant fish all had a higher incidence of

pericardial oedema than control MO injected larvae.

The most notable pericardial

oedema was observed in the morphants in the most severe phenotypic groups.
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Active avoidance is a feature observed in the early larval phase of development
in the majority of wild type larvae. With stimulation (a light touch of a pipette tip
to the body at 3dpf) the wild type larvae swim away. A very small proportion of
wild type and control MO injected larvae did not move at all in each case (n=25).
Rarely, control MO were observed fasciculating (involuntary muscle contraction
or relaxation) suggesting another non-specific MO effect. Swimming in circles
and fasciculations are not considered normal features of development at this
stage. An increasing proportion of fkrp, fukutin and dystroglycan morphants
with these features were observed as the phenotypic severity increased.
Fukutin morphants were observed fasciculating or swimming around in a tight
circle, indicating that they have an intact peripheral nervous system, as also
observed in fkrp and dystroglycan morphants (Thornhill et al., 2008). The no
movement phenotype also increased with increasing phenotype severity in the
morphants. Consequently with increasing morphant severity the proportion of
fish with a normal swim response decreased (Figure 3.19).

No Fasciculation Swims in Swims

Movement Circles Away
wild type 1 0 0 24
Control MO 1 1 0 23
Fukutin mild 3 6 14 2
Fukutin moderate 7 6 11
Fukutin severe 18 5 2 0
FKRP mild 4 4 7 10
FKRP moderate 7 8 8 2
FKRP severe 15 5 5 0
Dystroglycan mild 4 8 7 6
Dystroglycan 9 7 8 1
moderate
Dystroglycan 15 4 6 0
severe

Table 3.7: Response to touch of 3dpf larvae

Larvae were categorised as “swims away” (as expected for wild type fish as an escape
mechanism), “swims around a point”, fasciculates, or no movement. Morphant larvae
display increasing touch response severity with severity of phenotype.
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Figure 3.19: Response to touch of 3dpf larvae

3dpf larvae’s movement was tested by stimulating with the point of a 10ul pipette tip.
Larvae were categorised as “swims away” (as expected for wild type fish as an escape
mechanism), “swims around a point”, fasciculates, or no movement. Morphant larvae
display increasing touch response severity with severity of phenotype.

3.2.9 The Fukutin Morphant Fish at 5dpf

The phenotype of the fukutin morphant embryos was investigated up to 5dpf
and for regulatory reasons the fish were not able to be maintained past 5dpf.
The morphology of 5dpf larvae was observed under light microscopy (Figure
3.20A). The 5dpf wild type larvae had a straight tail and the vertical myosepta
forming the boundaries of the somites had a chevron appearance. In 5dpf
fukutin morphants the tail was found to have a ventral curvature and was
shortened with visible rounding of the somitic myosepta which was similar to
fkrp and dystroglycan morphants (Figure 3.20B-D). The microphthalmia and
cardiac oedema phenotype was also clearly present in 5dpf fukutin, fkrp and
dystroglycan morphants when compared to controls (Figure 3.20A-D). The 5dpf
wild type zebrafish had melanocyte pigmentation regularly spaced along the
dorsum. The melanocytes of the fukutin and the more severe fkrp morphants

were less regularly spaced and fewer in number than in the controls.
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Figure 3.20: Light microscope images of phenotypes at 5dpf larvae.
Morphology was investigated using light microscopy in 5dpf larvae. Larvae were either
untreated AB or injected with 10ng of control MO (A), injected with 2ng of 30-
12Apr05B-fukutin MO (B), 10ng of fkrp MO (C), 5ng of dystroglycan MO (D). Larvae
were staged according to Kimmel et al. 1995, and phenotypes were categorised
according to the criteria outlined in (Table 2.2). Enlarged views of head (orange
border), trunk (green border). Red triangle: notochord, blue triangle: pericardium, red
dashes vertical myosepta, green arrows: melanocytes, blue arrows: lateral line, OV:
otic vesicle, YS: yolk sack, SB: swim bladder.
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3.3 Summary
This chapter investigated whether inhibition of fukutin function using antisense
MO is associated with the dystroglycanopathy features of a muscle-eye-brain
phenotype, as might be inferred from the human phenotype (Takada et al.,
1988; Yoshioka and Kuroki, 1994; Hino et al., 2001; Toda, 2009). By testing the
effect of these MO knockdowns within the confines of defined criteria, fukutin
knockdown zebrafish could be compared alongside other fkrp and dystroglycan
morphants without confounding effects of MO efficacy. Overall, the fukutin
morphant could be validated as an appropriate model for dystroglycan
glycosylation defects (Parsons et al., 2002a; Bassett and Currie, 2003; Thornhill
et al., 2008; Kawahara et al., 2010).

3.3.1 Dystroglycanopathy Specific Pathology Associated with Fukutin
knockdown by MO

Overall the dystroglycanopathy phenotype cannot be distinguished between the
FKRP, fukutin and dystroglycan morphants. Morphants had ventral and
occasional dorsal curvature of the tail and in the most severe morphants smaller
tails. Rounding of the chevron appearance of the vertical myosepta suggests
sarcolemmal abnormalities, a characteristic also seen in muscle specific filamin-
¢ mutant zebrafish (Ruparelia et al., 2012). The micropthalmia and
abnormalities in eye appearance were also observed in fkrp, fukutin and
dystroglycan morphants, which correlates well with human fukutin associated
MD (Yoshioka and Kuroki, 1994). Brain abnormalities in FCMD patients range
from polymicrogyria to cobblestone lissencephaly. Similarly, the chimeric mice
have been shown to have abnormal neuronal migration in the cerebral cortex,
cerebellum and hippocampus (Takeda et al., 2003; Kanagawa et al., 2009b). In
the fukutin, fkrp and dystroglycan knock down zebrafish the mid-brain is
diminished or completely absent on morphological examination. Therefore the
fukutin morphant zebrafish between 1-5dpf recapitulate fukutin deficiency in the
human condition. The fukutin morphants are very similar on morphological
grounds to FKRP and dystroglycan morphants suggesting that the fukutin
morphant potentially has a similar pathological mechanism (Parsons et al.,
2002b; Takeda et al., 2003; Thornhill et al., 2008; Kawahara et al., 2010).

While in the process of characterising this model, another study was published

where fukutin and fkrp were knocked down in, and compared to, a dystroglycan
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mutant line (dag1™3°’?). The fukutin spliceosomal MO targeted the intron/exon
boundary of exon 2 producing a similar phenotype to that of the 30-12AprO5B
fktn MO, described here (Lin et al., 2011). Although the morphant phenotype
described in Lin et al. show strong similarities to ours, their work mainly
characterises the skeletal muscle phenotype and it is therefore complementary
to our study in the full characterisation of fukutin morphant zebrafish. Lin et al.
show that the fkrp and fukutin morphants don't accumulate Evans blue dye
(EBD) in the muscle fibres suggesting an intact sarcolemma. Interestingly, this

result is in contrast to the dag1"°"?

mutant fibres, suggestive of alternative
mechanisms of pathology in primary to secondary dystroglycanopathy. The
evidence presented indicates there might be an alternative mechanism to
sarcolemmal damage in these morphants, such as the unfolded protein
response (UPR). The study also found the elevated endoplasmic reticulum (ER)
stress was as a direct consequence of proteins that were not folded correctly.
BiP/GRP78 a chaperone of unfolded proteins was used as a marker of the UPR,
was found to be increased in fkrp and fukutin knock down models. It is clear the
UPR may form part of the mechanism for secondary dystroglycanopathy,
however the delay in development of the notochord in the models could indicate

simply a developmental delay in fukutin and fkrp fish muscle (Lin et al., 2011).

3.3.2 Conclusion

The clear MEB phenotype in zebrafish where fukutin has been knocked down
between 1-5dpf indicates that the MO approach is an appropriate strategy to
investigate the pathology associated with fukutin deficiency (Yoshioka and
Kuroki, 1994). The morphological abnormalities found in the fukutin morphants
are comparable with those found in fkrp and dystroglycan morphant zebrafish
(Parsons et al., 2002a; Thornhill et al., 2008; Kawahara et al., 2010), an
unsurprising result considering they have been implicated in the same
biochemical pathway i.e. modification of mannose residues on dystroglycan
(Barresi and Campbell, 2005; Kuga et al., 2012a). Since the dystroglycan
morphants had a very similar phenotype to both FKRP and fukutin knock down
fish a more in depth histological and immunological analysis is required to
distinguish the effects of each gene. It is however entirely possible that fkrp and
fukutin have similar function based on the conservation of protein structure and

morphology of knock downs. Both may have been conserved as different
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pathways that lead to similar modification of dystroglycan, perhaps in a tissue
and developmental specific fashion. Under this hypothesis subtleties in
modification may act as protective mechanisms from old world adeno-viruses
known to bind to dystroglycan (Manya et al., 2004). In conclusion, studies
based on morphological examination alone are unlikely to identify specific
mechanisms for the pathology associated with 30-12Apr05B-fukutin MO
knockdown and therefore inferences need to be confirmed with further detailed

investigation.
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Chapter 4 Abnormal Muscle and Notochord in

Morphant Zebrafish
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4.1 Introduction
A clear muscle pathology associated with the knock down of fukutin, fkrp and
dystroglycan by MO in zebrafish between 1-5dpf, has been shown in the
previous chapter. However, no perturbation in the morphant morphology was
observed that would indicate any notochord pathology, contrary to expectations.
Further investigation of the notochord is therefore important and is examined in
more detail in this chapter. Immunohistochemical and histological analysis
have been used to investigate the muscle and notochord phenotypes further.
These two structures are discussed together because of their close association
during development. The notochord provides developmental cues for zebrafish
tail development and generation of myotome (Stemple, 2005). Specifically, loss
of basement membrane stability is hypothesised to underpin tail pathology in
the dystroglycanopathy morphants (Bassett et al., 2003; Bassett and Currie,
2003; Thornhill et al., 2008; Kawahara et al., 2010).

In this chapter angiogenesis in dystroglycaonopathy will be investigated. Here
the hypothesis is that correct glycosylation of a-dystroglycan is central to
vascular development. This is an alternative hypothesis to the “classic vascular
hypothesis in MD” which is centred on nNOS and chronic hypoxia, discussed in
the introduction. For vascular endothelial cells (VEC) to succeed in migrating
through the myotome they must digest the extracellular matrix (ECM). The
behaviour of the VEC’s is known to be influenced by various components of the
ECM including integrins and laminins. Other studies have proposed
dystroglycan to be present at the tip of the growing intersegmental vessels and
therefore guiding angiogenesis by interacting with laminin in the surrounding
ECM (Hosokawa et al., 2002; Jacoby et al., 2009). It would therefore seem
logical to presume dystroglycan on the angiogenic growth cone, would need to
be correctly glycosylated by FKRP and fukutin for the growth cone to migrate

successfully across a somite.

4.1.1 Aims

e Histological assessment of muscle and notochord pathology associated
with fukutin, FKRP and dystroglycan deficiency at 3dpf.

e Qualitative examination of the ultrastructure of muscle, myosepta and
notochord in the FKRP, fukutin and dystroglycan morphant larvae.

¢ Immunohistochemical studies to examine potential molecular
mechanisms of muscle pathology.
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4.2 Results

4.2.1 Investigation of the Morphant Myotome from a Histological

Perspective

Sections through the myotome trunk were stained with toluidine blue to
investigate the phenotype of fukutin, FKRP and dystroglycan morphants from a
histological perspective (Figure 4.1 & Figure 4.2). Longitudinal sections through
the myotome of the trunk were cut to view muscle fibres running between the
vertical myosepta. Another set of transverse sections were cut through the
trunk at the level of the fifth somite to examine the muscle, horizontal myosepta,
the notochord and the neural tube. The sections were cut from 3dpf larvae with
a moderate phenotype. In the case of the morphants, a minimum of four
embryos from two separate experiments were sectioned and the most

representative image is shown.

The myosepta in zebrafish are the origin and insertion points of muscle fibres,
forming boundaries between myotome segments. The vertical myosepta run
from the ventral to the dorsal side of the zebrafish, the shape closely resembles
a chevron when viewed on a longitudinal section of wild type and fish injected
with control MO. The normal chevron appearance of the vertical myoseptum is
disrupted in all morphants appearing flattened and rounded. The horizontal
myoseptum runs continually from the anterior to posterior of the trunk either
side of the notochord in the wild type and control injected fish. In the
dystroglycan morphants disruption to the horizontal myoseptum was also visible.
The fukutin and fkrp morphants appeared to have an enlarged notochord
preventing clear visualisation of the horizontal myoseptum. The fkrp , fukutin
and dystroglycan morphant muscle fibres all run a non-linear course or
appeared in some instances to be torn. Whilst there does not seem to be an
increase in fatty infiltration in the morphants, clear areas between fibres may
indicate oedematous infiltration. Overall, the fukutin morphant had the more
severe muscle fibre phenotype when compared to fkrp or dystroglycan
morphants (Figure 4.1).

125



Figure 4.1: Longitudinal sections of 3dpf larvae stained with toluidine blue

showing the myotome trunk

Morphants were all judged to be moderate phenotype group based on (Table 2.2).
Muscle fibres in the wild type embryos run between vertical myosepta whereas in the
dystroglycanopathy fish fibres were found to be disrupted. Vertical myosepta: green
dashed line, muscle fibre: red dashed line, horizontal myosepta: black arrows,
disrupted muscle fibre: red arrows and fat globules: blue arrow, scale bar; left = 50um,
right = 20pm.

The myotome is divided in its entirety by the horizontal myosepta in wild type

and control MO injected larvae. In fukutin and dystroglycan morphants the

horizontal myosepta are completely absent and only partially visible in the fkrp
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morphants. There are two alternatives to explain this observation: it is possible
that the section was cut veryclose to the centre thereforethe horizontal
myosepta may be being masked by the notochord. The alternative is that the
horizontal myosepta is missing, due to reduced myotome volume. In the fkrp
morphants, the horizontal myosepta are visible but disrupted, suggesting that
loss of the horizontal myoseptum is due to the MO knockdown, and not an
artefact. The morphants all have a reduced muscle fibre density i.e. lower
numbers of fibres per unit of area within the myotome, when compared to
controls with apparent oedematous infiltration observed as clear space (Figure
4.2).

In the previous chapter the morphant notochord was indistinguishable from that
of the wild type on morphological grounds despite a hypothesised disruption. In
wild type and control MO injected larvae the notochord has a round appearance
on sections, visible in the middle of the myotome trunk. In fkrp, fukutin and
dystroglycan morphants the notochord is distorted, losing its characteristic
round shape. In the dystroglycan morphants the notochord is ectopic,
positioned ventrally towards the yolk sack, whereas in the fukutin and fkrp
morphants the notochord has remained central (Figure 4.2). Therefore there is
clear abnormal notochord pathology; however at this level of magnification it
would be difficult to distinguish a primary change in notochord structure from a

secondary change due to ECM disruption.

The neural tube is the larval precursor to the central nervous system. In the
myotome trunk the neural tube becomes the spinal cord of the adult fish.
Dystroglycan glycosylation has been implicated in synaptic plasticity and
therefore an effect on the neural tube might be expected in models for
dystroglycanopathy. However a more macroscopic view may argue that neural
tube defects are a secondary consequence of ECM changes. The oval shaped
neural tube in wild type and control larvae is located in the midline towards the
dorsum, situated directly above the notochord. In the fukutin morphants the
neural tube is more rounded than in controls, whereas the neural tube in fkrp
morphants is irregular in shape. The dystroglycan morphant neural tube is the

most severely affected with a highly abnormal shape (Figure 4.2).
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Figure 4.2: Transverse sections of 3dpf larvae stained with toluidine blue
showing the myotome region.

Morphants were all judged to be in the moderate phenotype group based on Table 2.2.
Notochord: NC, neural tube: NT and horizontal myosepta: red arrows, scale bar: 50um.
Bottom part of the figure shows a schematic red dotted line of where the section has
been cut in the 3dpf larvae, figure adapted from kimmel et al. 1995.

4.2.2 Immunohistochemical Analysis of Protein Expression in Morphant

Somites

The presence of glycosylated a-dystroglycan in fish embryos at 1 dpf was
investigated by immunostaining with the antibody IIH6, which specifically binds
to correctly glycosylated a-dystroglycan (Kuga et al., 2012b). In control fish
IIH6 stained the somite boundaries and horizontal myosepta with the greatest
intensity. The muscle fibres that run longitudinally attaching to the vertical
myosepta, were observed to have only weak IIH6 signal along the length of the
fibres. In fukutin knockdown fish a similar reduction was found to that which
had previously been described in the fkrp morphants (Thornhill et al., 2008).
Unsurprisingly, no staining was observed in the dystroglycan morphants
(Parsons et al., 2002a).

To examine the consequences of a reduction in glycosylation on the whole
expression of the dystroglycan complex, 1 dpf embryos and morphants judged
to have a phenotype of moderate severity, were immunostained with the
43DAG antibody recognising B-dystroglycan. In control embryos 43DAG
stained the vertical myosepta, which have a classical chevron appearance. The
horizontal myosepta running through the midline was also detected in controls.
In the fukutin morphants the intensity of the staining in the myosepta was
reduced, but interestingly 43DAG staining seemed reduced to a lesser extent
than in the fkrp and dystroglycan morphants, where the staining was almost

completely abolished (Figure 4.3).
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Figure 4.3: Projections from confocal microscopy through the myotome
trunk of 1dpf embryos after 1IH6 and 43DAG staining.

1dpf embryos were manually dechorionated and fixed before staining with [IH6 (for
glycosylated dystroglycan) or 43DAG (B-dystroglycan) antibodies. White scale bar
represents 80um. Upper panel: 1IH6 staining, lower panel: 43DAG. From left to right:
uninjected fli-1 control, embryo injected with control MO, fukutin MO, fkrp MO and
dystroglycan MO.

To investigate the consequences of knocking down fukutin and fkrp on laminin,
one of the known ECM binding partners of a-dystroglycan, 1dpf embryos were
immunostained with a pan-laminin antibody. The pan-laminin antibody is raised
against an ECM homogenate, and therefore recognises most laminin isoforms.
The classic chevron appearance of the myosepta is present when stained with
the pan- laminin antibody in control fish (Figure 4.4). The myosepta of the fkrp
morphants are increasingly rounded with increased severity of the phenotype.
In the most severe fkrp morphants the myosepta appear to have greater width
which is similar to that observed by bright field microscopy (Figure 4.1). The
fukutin morphant myosepta are almost straight in all phenotype groups with very
little laminin staining visible in the most severe embryos. No signal from the
immunolabelling was detected in the dystroglycan morphants, suggesting
laminin ligand binding to dystroglycan had been abolished, as a result of loss of
dystroglycan at the vertical myosepta. Despite repeats and controls both
positive and negative, the possibility that the staining did not work should be
considered since laminin binding integrin-a7 should be detectable (Belkin and
Stepp, 2000; Postel et al., 2008; Sztal et al., 2012). The specificity of the
antibody should also be considered, without an antibody specifically detects
laminin-a2, little in the way of conclusions can be drawn about this specific
laminin chains expression at the vertical myosepta.
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Figure 4.4: Pan-laminin staining of whole mount 1dpf embryos.

1dpf embryos were manually dechorionated and fixed before staining with a pan-
laminin antibody. (A-C) Fukutin MO injected embryos, mild to severe phenotype, (D-F)
fkrp MO injected embryos, (G) wild-type non-injected embryos, (H) Control MO injected
embryos and () dystroglycan MO injected embryos. Scale bar: 80um.

4.2.3 Structural Changes in Morphant Muscle Fibres

Myofibrils consist of small repeating structures known as sarcomeres contained
between two zwischenscheibe (Z-lines). Surrounding each Z-line is the I-band
or zone of thin filaments. The anistropic (A-band) spans the length of a full thick
fibre and is contained within this band, while myosin is cross linked at the
central Mittelscheibe (M-line). Transmission electron microscopy (TEM) allows
the investigation of sarcomere structure at the nanometre scale and all
components of the sarcomere including, can all be clearly visualised on TEM,
(Figure 4.5).
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Trunk muscle in zebrafish develops into dorsoventral subdivisions of
epaxial/hypaxial somites (Figure 1.8), separated by the horizontal myosepta.
The somites are also divided into mediolateral subdivisions of slow/fast twitch
fibre territories. The process of zebrafish myogenesis is almost complete by
3dpf, with the slow twitch red fibres segregating to the periphery and the fast
twitch white fibres positioned more medially. Here the hypaxial medial fast
twitch fibres at 3dpf are investigated. Despite the sub populations of fast and
slow twitch fibres being distinguishable there are no important physiological
differences critical for development between the fibres types at this stage of
development. Most of the features which distinguish fast from slow twitch fibres
including ATPase reactivity and accumulation of mitochondria, occur after 3dpf.
No new motor neurones will be generated after 3dpf, making this time period

ideal to investigate muscle fibre structure.

Muscle fibres from wild type and control injected larvae are straight, running
between vertical myosepta, filling the myotome trunk as seen in the lowest
magnification part of the panel, (Figure 4.5). The fibres are surrounded by small
areas of amorphous material and enclosed globules of fat, more easily seen at
lower magnifications. Excessive sarcolemmal fluid and adipose globules are
suggestive of muscle degeneration, indicating the muscle did develop but
degenerated on movement. The morphants were all chosen from the moderate
phenotype category and a minimum of three fish were imaged for each MO.
The morphant muscle fibres fill less space in the myotome trunk due to reduced
fibre density, most run in a non-linear fashion between myosepta. The classical
chevron appearance of the vertical myosepta is also rounded in the morphants
when compared to controls, as seen in the lowest magnification panel. The
fatty infiltration and amorphous material is more extensive in all morphants
when compared to controls. Similar to previous findings the fukutin morphant

appeared to have the most severe phenotype (Figure 4.5).

At higher magnifications the sarcomere is clearly visible. In the controls the
sarcomere forms regular repeating units separated by areas of ECM,
sarcoplasm and mitochondria. The morphants all have torn sarcomeres around
the boundaries of the fibres. Despite the torn appearance of the morphant
sarcomeres the M-line and Z-lines are straight i.e. a normal appearance. In

areas where the sarcomeres are not torn the A-band is intact, similar to controls.
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The sarcomeres of the fukutin morphant have the most severe phenotype
amongst the morphants with larger areas of tearing within the A-band. On
occasion the morphants were observed to have enlarged mitochondria which is
a non-specific sign of degenerative muscle, a feature not seen in the controls
(Figure 4.5).

Z-IDisc Sarcomere Z-Disc

M-line

A-Band I-Band A
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Figure 4.5: TEM of 3dpf larvea somitic muscle

A: 3dpf wild-type sarcomere structure, scale bar: 10nm. B: Longitudinal sections of
3dpf muscle. Lowest-highest magnification left-right, scale bars: 20um, 2um, 1um &
500nm. Red square shows area of magnification. Note at lowest magnification there
are some creases visible on the section which is a normal feature of TEM at low
magnifications. Panels from top to bottom: larvae injected with fukutin MO, fkrp MO,
dystroglycan MO, Control MO and non-injected wild type larvae.
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It became clear that it was not possible to distinguish primary pathology in the
myotome or vasculature from secondary changes due to structural alterations of
the entire fish body. In order to control for this gfatl protein expression was
downregulated since this was known to induce a comparable bended body
phenotype as observed in fukutin/fkrp morphants. The gfatl deficient fish were
shown to have muscle fibre abnormalities (Senderek et al., 2010), a finding
recapitulated in Figure 4.7. On closer examination the gfatl morphants were
observed to have predominantly ventral curvature of the tail enabling the
classification of the gfatl knock down fish based on the criteria in Table 2.2.
The injection of gfatl MO produced morphants that were evenly distributed
between each phenotypic category as described in Table 2.2, overall 47% of
morphants and 0% of wild type controls had abnormal phenotypes (Figure 4.6).
gfatl deficient zebrafish embryos therefore have a similar morphological
phenotype to the fkrp and fukutin knockdown fish (Figure 4.6). These fish were
therefore used to distinguish primary events from pathology secondary to the

bended body phenotype.
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Wild Type GFAT1 MO

B Mo phenotype
W Mild

B Moderate

W Severe

W Dead 4hpf

W Dead 24 hpf

B
Mo phenotype Mild Moderate Severe  Deaddhpf Dead24hpf Total(n)
GFATIMO 05 21 42 78 12 324 302
Wild Type 186 ] 0 ] 3 55 244
C

Figure 4.6: gfatl 1dpf phenotype

(A) Morphological phenotypes assessed with the muscle criteria in Table 2.2, staged using Kimmel criteria and raised as described by
Westerfield. (B) Graphical representation of phenotype spectrum of gfatl morphants compared to wild type control. (C) Table of phenotype
range data of gfatl morphants.
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To determine structural changes in muscle at 1 dpf, fish were stained with
phalloidin used to detect F-actin. Phalloidin is a toxin derived from Amanita
phalloides and conjugated with a flurophore. In control fish the fibres between
the vertical myosepta were straight and filled most of the myotome trunk. In
mild fukutin, FKRP and dystroglycan morphant embryos muscle fibres
connected with the vertical myosepta but were less linear than controls between
myosepta. In the mild morphants the muscle fibres were more spaced out and
thinner than in controls, while the vertical myosepta maintained their classic
chevron shape. With increasing morphant severity the fibres became more
distorted. In the most severe phenotypes the myosepta lost their chevron
appearance and became more rounded similar to the observations reported
earlier on brightfield and TEM (Figure 4.1 &Figure 3.13).
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Figure 4.7: Muscle fibre F-actin staining with phalloidin

Projections from confocal microscopy through the myotome trunk of 1dpf embryos.
White scale bar represents 100um. Panels from top to bottom: embryos injected with
fukutin MO, fkrp MO, dystroglycan MO. The embryos have been selected as mild,
moderate or severe phenotype (from left to right). The bottom panel shows control
embryos: uninjected fli-1 control, embryo injected with control MO, and embryo injected
with the gfatl MO.

4.2.4 Disrupted Sarcolemma and Myosepta in Morphant Embryos

The sarcolemma is the thin excitable membrane that encapsulates the
contractile components of striated muscle. The ECM of the sarcolemma fuses

at the ends of fibres to form tendons in humans or myosepta in fish. Disruption
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to either component might be the aetiological cause of the muscle pathology in
FKRP and fukutin deficient fish.

At lower magnifications in transverse sections from wild type fish the muscle
fibres have a dense coverage of the myotome, running a linear course between
vertical myosepta within the myotome trunk. The morphant embryos were all
chosen from the moderate phenotype category and a minimum of three fish
were imaged for each MO. In all the morphants there is lower muscle fibre
density, similar to the longitudinal sections. In the space in which fibres would
normally occupy there is amorphous material and additional adipose tissue
distinguished by its globular appearance in the micrographs. Overall at lower
magnifications the fukutin morphants appear to have the most severe
phenotype.

Myofibrils run longitudinally in the myotome attaching to the vertical myosepta
which allows transmission of force to run along the fish body. Consequently,
the vertical myosepta will most likely have the greatest transmission of force as
compared to the horizontal myosepta. The morphants were all chosen from the
moderate phenotype category and a minimum of three fish were imaged for
each MO. The vertical myosepta seen at low magnifications in control fish are
straight and dark in appearance with occasional small processes. At higher
magnifications the insertion of the myofibrils into the vertical myoseptum can be
seen. The vertical myoseptum at lower magnifications in the morphants
appears deviated from the typical chevron appearance with lower muscle fibre
density surrounding it on either side. At higher magnifications the myofibrils
appear to be detached from the myoseptum. The myoseptum in all morphants
remains intact albeit more disorganised i.e. enlarged with irregular borders
when compared to the control injected and wild type fish myoseptum. Finally,
the myosepta in the morphants are not as dark suggesting that they may be

thinner than in the controls (Figure 4.8).
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Magnification —

Figure 4.8: TEM of longitudinal sections from 3dpf embryos showing
muscle fibre attachment to vertical myosepta

Lowest magnification is on the left, highest on the right, Scale bars: 4um, 1um, 500nm
respectively. Red square shows area of magnification. Note at lowest magnification
there are some creases visible on section a normal feature of TEM at low
magnifications. Panels from top to bottom: larvae injected with fukutin MO, fkrp MO,
dystroglycan MO, Control MO and non-injected larvae. Vertical myoseptum: red arrow.
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4.2.5 Notochord Abnormalities in Morphants

The notochord is an essential structure for producing diffusible factors that act
as molecular cues for muscle development in zebrafish (Stemple, 2005). These
cues control muscle specification and guide angiogenesis in the developing
embryo. Here, the notochord in particular the sheath or peri-notochord has
been studied at TEM level. The peri-notochord is divided into three membranes
(Figure 4.9), the outer, medial and inner basement membrane, with the medial
being the largest of the three layers. The wild type notochord at low
magnifications is a regular round structure. The FKRP and fukutin morphant
notochords are oval in shape. The dystroglycan morphant notochord are differs
from the other morphants because of the several significant irregularities in
shape. The shape changes in the dystroglycan morphants are most likely due
to kinks in the notochord that are observed at higher magnifications. The
morphants have noticeably larger vacuoles on the basement membranes when
compared to controls, perhaps suggesting an up regulation of degradation
processes. At higher magnifications the three layers of the peri-notochord are
all visible in the controls. All three layers are disrupted in the FKRP, fukutin and
dystroglycan morphants with the most noticeable change being to the medial
layer of the notochord. The medial layer of the controls is made up of tight
concentric circles whereas in the morphants the medial layer is distorted with

few intact concentric circles visible.
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Figure 4.9: TEM of 3dpf notochord

Lowest-highest magnification left-right (transverse sections), scale Bars: 10um, 2um,
1um & 500nm. Red square shows area of magnification. Panels from top to bottom:
larvae injected with fukutin MO, fkrp MO, dystroglycan MO, CoMO and non-injected
larvae. Peri-notochord basement membrane: red arrow, medial layer peri-notochord:
blue arrow and outer layer peri-notochord green arrow.
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4.2.6 Abnormal somitic vasculature in fukutin, FKRP and dystroglycan

morphants

Zebrafish such as floating head and no tail have no notochord (Odenthal et al.,
1996) and fail to develop axial vasculature (Sumoy et al., 1997). These models
are thought to lack signalling cues such as vascular endothelial growth regulator
that arise from the notochord (Fouquet et al., 1997). Thus a potential
consequence of loss of notochord structure might be abnormalities in vascular
development. Fli-1 embryos were imaged using a confocal microscope to
capture images of the vasculature through the myotome trunk. During the
pharyngeal phase the segmental arteries of zebrafish embryos arise from the
dorsal aorta, following the course of the vertical myosepta (Figure 1.7),
eventually connecting with the dorsal longitudinal anastomotic vessel at 24-26
hpf (Childs et al., 2002). At this developmental stage the segmental vessels of
control embryos spanned from the dorsal aorta to the dorsal longitudinal

anastomotic vessel in almost all cases (Figure 4.10).

In fukutin, fkrp and dystroglycan knockdowns with a mild phenotype,
intersegmental vessels were unsuccessful in reaching the dorsal longitudinal
anastomotic vessel pectorally at 24 hpf, (Figure 4.10A). In some instances the
intersegmental vessels of the fkrp morphants branched at the tops of the
segmental arteries from the midline upwards. With increasing phenotypic
severity of the fukutin (10%) and FKRP (40%) morphants the intersegmental
vessels were found to be missing with greater frequency (Figure 4.11). The
intersegmental vessels of moderate to severe fukutin morphants were more
disorganised with increasing severity of the phenotypes (Figure 4.10). The
dorsal aorta in most cases was the only distinguishable vessel in the
vasculature of the severe fukutin, fkrp and dystroglycan morphants within the
myotome trunk region. There were several instances, where segmental artery
branching occurred below the midline in the morphants with severe phenotypes.
In two fukutin and one dystroglycan knockdown embryos with moderate
phenotypes the vessels joined together via anastomoses in the embryo mid-line
(Figure 4.10B). Despite having a bended body phenotype the vasculature in
the GFAT1 morphant fish could not be distinguished from control, indicating that

vascular changes were a primary pathological change.
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Figure 4.10: Somite vasculature of 1dpf embryos detected as EGFP
fluorescence in the fli-1 strain using confocal microscopy

A: The fkrp, fukutin and dystroglycan injected embryos were staged according to
phenotype at 1dpf. Intersegmental vessels project from the dorsal aorta (bottom
horizontal vessel) towards the dorsal longitudinal vessel at the top. White scale bar
represents 100um, SV: segmental vessel, DA: dorsal Aorta, DLAV: dorsal longitudinal
anastomotic vessel. B: Intersegmental vessels joining in the midline of fukutin
morphants: white arrow, white scale bar represents 50um.

The vertical height of the segmental vessels above the dorsal aorta was
measured and expressed as a proportion of body height and expressed as a
percentage from a minimum of three independent injections for each MO. Five
embryos and four intersegmental vessel heights from each injection were
measured for each phenotype (Figure 4.11). All morphants segmental vessel
heights were significantly smaller (P= <1x10™) than observed in the

controls( Tukey analysis of the one-way ANOVA). In each of the morphants
phenotypic severity category there was a progressive reduction in size of
segmental vessel with increasing phenotype severity. Blood vessels in the fkrp,
fukutin and dystroglycan morphants were not significantly different in height
across the mild phenotype category. While blood vessels in the dystroglycan
morphants were significantly larger than in fkrp morphants and fukutin when
moderate and severe phenotype are compared respectively, using one way
ANOVA Tukey analysis.
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Figure 4.11: Intersegmental blood vessel length

Measured from the dorsal aorta relative to body height at 1dpf. Graph bars
represent 95% confidence interval, y-axis is a percentage of body height. The
fkrp, fukutin and dystroglycan injected embryos were staged according to
criteria specified in Table 2.2. One-way ANOVA with Tukey analysis is
displayed in the table below the graphical representation of the data. Tukey
analysis was based on the assumption the data was approximately evenly
distributed and allowed variability to be assessed across morphant phenotype
groups. Means that do not share a grouping are significantly different. The
analysis allowed fli- and control MO to be grouped together and distinguished
them from fkrp, fukutin and dystroglycan morphants, confirming that the
morphants were all significantly smaller than control MO injected embryos. The
analysis also shows no single morphant MO injection spectrum i.e. mild,
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moderate severe, was significantly different from another, and while the mild
and moderate categories showed substantial overlap, both were distinct from
the severe category.
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4.3 Discussion
Based on previous studies (Parsons et al., 2002a; Thornhill et al., 2008;
Ackroyd et al., 2009) loss of muscle integrity was hypothesised to be the key
pathological cause responsible for the bent body phenotype observed in the
fkrp and fukutin morphants. Muscle was therefore investigated at the structural
level in order to assess this hypothesis as an aetiological cause of the bent
body phenotype. As expected, morphant muscle was disrupted with detached
myofibres in fkrp, fukutin and dystroglycan morphants. F-actin staining
confirmed the loss of myofibres, which were sparse and deformed in the
morphant embryos. Ultrastructural analysis revealed that fkrp, fukutin and
dystroglycan morphants all have torn sarcomeres and loss of vertical

myoseptum structure.

4.3.1 Muscle

Knock down of fukutin and fkrp using MOs was successful in reducing the levels
of glycosylated a-dystroglycan in the morphants as shown by [IH6
immunostaining. A weak laminin-dystroglycan interaction may be the critical
deficiency in the destabilisation of the sarcolemma, accounting for the muscle
pathology of the morphants (Lin et al., 2011). Work carried out previously
reported the importance of correctly glycosylated a-dystroglycan for maintaining
sarcolemmal stability (Reed et al., 2004; Thornhill et al., 2008; Lin et al., 2011).
Surprisingly, there was a detected concurrent reduction of B-dystroglycan
immunostaining in the fkrp and fukutin morphants. The observation is in
contradiction to data formerly published by (Kawahara et al., 2010), but in
accordance with observations in mouse models of dystroglycanopathy indicate
that the structural defects caused by deficient glycosylation of a-dystroglycan

may lead to misplacement of B-dystroglycan (Michele et al., 2002).

Laminin was investigated as the binding partner of a-dystroglycan. However,
no reduction in pan-laminin staining in the fkrp and fukutin morphants was
observed. This finding is in contradiction to a previous study (Lin et al., 2011),
that observed a small reduction in laminin staining in fkrp and fukutin
knockdowns, and in a dystroglycan mutant line. The discrepancies between
results may be attributable to the sensitivity of the assay or to minor residual

expression of fkrp and fukutin in the morphants analysed. The possibility of an
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integrin-a7 laminin compensatory mechanism should also not be overlooked,
considering the mechanism has been reported in dystroglycanopathy mice
models previously (Mayer et al., 1997; Sztal et al., 2012).

Since no disturbances to the sarcomere could be found in the morphants
beyond torn fibres, the perturbations in the sarcolemma and vertical myosepta,
observed on ultrastructural examination were considered to be the basis of
primary muscle pathology. The dystroglycanopathy morphant fibre damage can
be attributed to loss of integrity of both the sarcolemma and vertical myosepta
(Thornhill et al., 2008). The laminin-a2 & 2 mutant zebrafish candyfloss &
softy mutant lines have irregular vertical myosepta borders and a similar torn
sarcomere phenotype to our morphants (Hall et al., 2007; Jacoby et al., 2009).
The mutants bashful (laminin-al), grumpy (laminin-87) and sleepy (laminin-y17)
were not found to have the same muscle basement membrane pathology
indicating the dystroglycan laminin-211 interaction is specific for muscle
pathology (Parsons et al., 2002b; Pollard et al., 2006). Loss of the a-
dystroglycan laminin-211, interaction may therefore be the key change
responsible for the loss of the sarcolemmal interaction with the vertical
myosepta in the morphants. The loss of strength in the interaction between
sarcolemma and vertical myosepta results in the muscle fibre becoming
susceptible to shear stress on contraction thus becoming torn. Hence tears to
the sarcomere could be considered as secondary to sarcolemmal and vertical

myoseptal instability.

4.3.2 Notochord

The disruption in all three layers of the tri-laminar notochord was found in fkrp,
fukutin and dystroglycan morphants. Interestingly the mutants bashful, grumpy
and sleepy all have been shown to have similar basement membrane
abnormalities (Parsons et al., 2002b; Pollard et al., 2006). This leads to the
hypothesis that it is the loss a-dystroglycan laminin-111 interaction at the
notochord that is responsible for mis-localisation of the laminin-111 chains with
a consequential loss of notochord basement membrane stability. Loss of
notochord basement structure may prevent correct axial signalling and thereby
interfere with myotome development or vascular patterning in developing
zebrafish. It is also possible that loss of notochord mechanical strength is due
to the perturbations in the basement membrane in the morphants, potentially
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providing a mechanism for the bended body and poor locomotive function
phenotypes discussed in the previous chapter (Odenthal et al., 1996; Stemple
et al., 1996; Stemple, 2005).

4.3.3 Conclusions

Perturbations in the sarcolemma and vertical myosepta due to loss of the
laminin-211 a-dystroglycan interaction is argued to be the key pathology
responsible for sarcomeric tearing in the morphants (Thornhill et al., 2008). The
angiogenic phenotype is therefore thought to be a secondary consequence of
ECM disorganisation rather than the primary cause of the muscle pathology
associated with knock down of fukutin, fkrp or dystroglycan. The hypothesis is
supported by previous studies (Pollard et al., 2006) that suggest correct
localisation of the laminin-al chains is essential for blood vessel and notochord
development. Interestingly mutant zebrafish that don't develop notochords such
as floating head and no tail fail to develop a dorsal aorta and therefore
intersegmental vessel sprouting will not occur (Fouquet et al., 1997). It can be
postulated that lack of guidance cues as a result of perturbations in notochord
may be failing to induce intersegmental vessel sprouting. When combined with
rounded disorganised vertical myosepta structure intersegmental vessels fail to
correctly navigate through the myotome. Therefore notochord basement
membrane instability may at least in part be responsible for the bended body
element of the morphant zebrafish phenotype. Whether the bended body
phenotype is due to the muscle fibre tearing as a component of the pathology is

yet to be confirmed.
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Chapter 5 Perturbations of the Basement
Membranes in the Eye of fkrp and fukutin

Deficient Zebrafish
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5.1 Introduction
Micropthalmia with clearly abnormal eye morphology was previously found in fkrp,
fukutin and dystroglycan deficient zebrafish, see chapter 3. In this chapter the eye
pathology is investigated further, to gain a better understanding of the aetiological
cause of the eye abnormalities associated with fkrp and fukutin deficiency.
Disruption to retinal layering was previously found in Fkrp deficient mice (Ackroyd et
al., 2009) and zebrafish (Thornhill et al., 2008). Based on the presence of analogous
structures within the human and zebrafish eye, the pathological phenotypes
associated with dystroglycanopathy in both are predicted to be comparable (Hino et
al., 2001; Bourteel et al., 2009). The eye retinal layering abnormalities in fkrp and
fukutin deficiency in both systems are hypothesised to be a secondary consequence
that results from disruption to basement membranes within the eye. This hypothesis
is based on abnormal basement membranes found in the muscle and notochord of
morphant zebrafish as discussed in the previous chapter. Angiogenesis in morphant
myotome was found to be delayed, also discussed in chapter 4. Loss of vascular
structure in the developing zebrafish of eye will therefore also be investigated in the
fli-1 fish.

5.1.1 Aims

e To study retinal layering in 3dpf morphant larvae using histological techniques.

e Establish the most suitable time point for investigation of basement
membrane pathology using TEM.

e Investigate any perturbations in basement membranes of tkrp, fukutin and
dystroglycan morphant fish and characterise these at the ultrastructural level.

e Investigate abnormalities in vasculogenesis of the eye as a possible
consequence of fkrp, fukutin or dystroglycan deficiency.
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5.2 Results

5.2.1 Retinal Neuronal Layering and Basement Membranes are not
present at 1dpf

In order to define a suitable time point for investigation of the basement
membrane formation in zebrafish eyes, transverse sections of 1 dpf embryo
eyes through the lens were prepared and viewed using TEM. Three eyes from
1dpf AB wild type embryos were sectioned and imaged (Figure 5.1). Neither
the ILM nor ELM could be identified in the sections (Figure 5.1). The 1dpf time
point was also too early to identify retinal layering, consistent with other studies
(Soules and Link, 2005). The lens cells and the retinal cells could also not be
distinguished from each other (Figure 5.1). The round lens structure was found
anterior and ectopic to the retina. Retinal pigmented epithelium (RPE) granules
could be found in low numbers at the back of the eye. No small blood vessels
or erythrocytes could be identified in the eyes at 1dpf. The lack of retinal
layering and ectopic lens at 1dpf, lead to further investigation of the eye being

carried out at the later time point of 3dpf.

Figure 5.1: TEM micrograph in 1dpf zebrafish embryo eye.

A: Overview of eye. Note cell types are poorly differentiated in lens and retina and no
retinal layering is identifiable, scale bar: 10um. B: High magnification image between
lens and retina, blue triangle indicates a gap between lens and retina. C: Posterior eye
red triangle points to choroid. B-C: scale bar: 2um, green arrows in A&C RPE.

5.2.2 Histological Assessment of the Morphant Eye Phenotype

To assess overall structure of the developing zebrafish eye transverse sections
were cut through the centre of the eye in 3dpf larvae and stained with toluidine
blue (Figure 5.2). Wild type and control MO injected larvae eyes were spherical

in shape, with a round lens approximately one quarter of the size of total eye,
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positioned anterior to the retina. The eyes were abnormal in shape in all the
fkrp, fukutin and dystroglycan morphants in the moderate severity group.
Dystroglycanopathy morphants and control fish lenses were comparable in
shape and size. The fkrp and fukutin morphants were judged to have
microphthalmia consistent with findings in chapter 3 (Figure 3.17). The fukutin
and dystroglycan morphants had lenses which were ectopic i.e. detached from
the ganglion cell layer. The finding was not recapitulated in any of the six
morphant fish with a moderate fkrp phenotype, indicating that the lens
attachment may be a point of divergence in the phenotypic presentation of fkrp
and the other dystroglycanopathy morphants. In studies investigating wild type
embryos the lens is detached up to approximately 2dpf (Dahm et al., 2007),
suggesting either developmental delay in the morphant eye development or
disruption to lens adhesion. In wild type and control MO injected eyes there
was organised retinal layering ganglion cell layer (GCL), inner plexiform layer
(IPL), inner nuclear layer (INL) and the photoreceptor layer (PR) could all be
identified, (Figure 5.2). Retinal layering in all morphants was disorganised
(Figure 5.2), with a notably reduced retinal pigmented epithelium layer (RPE) at
the back of the eye. The GCL could not be distinguished from IPL or IPL from
the INL in the morphant fish. Overall the pathology was consistently most

severe in the fukutin morphants.
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Figure 5.2: Transverse sections of the eye at 3dpf, stained with toluidine

blue
Toluidine blue stain of sections allows retinal layers to be visualised and basic retinal

cell morphology to be examined. Basement membranes are visble however little can
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be gained about structure at low magnification (40x). Also visible is the lens and the
retinal pigmented epithelium. ILM: inner limiting membrane, GCL: Ganglion Cell Layer,
IPL: inner plexiform layer, INL: inner nuclear layer, PR: Photo Receptor Layer, BM:
Bruch’s membrane, scale bar: 20pum.

5.2.3 Immunohistochemistry of 3dpf Eye

Immunohistochemistry aided in the determination of whether there is disruption
to the DGC and ECM proteins in any of the basement membranes in 3dpf
dystroglycanopathy morphant zebrafish eyes. A cryosection approach was
adopted to resolve the precise location of many of the proteins of interest more
effectively than in wholemount studies. A minimum of three fish for each data
point were transversely sectioned at the level of the mid lens. Morphants were

all judged to have a moderate phenotype as described in Table 2.2.

The localisation of B-dystroglycan was used to determine whether there was
any indication that there might be a mislocalisation of the DGC in the
dystroglycanopathy morphant fish. B-Dystroglycan staining was strongest at the
ILM, with a weaker signal strength at Bruch’s membrane in the wild type fish
(Figure 5.3). Specific immunofluorescence was also detected in the retinal
layers in wild type fish. The fukutin morphant fish had increased intensity of
staining for B-dystroglycan at the ILM and Bruch’s membrane when compared
to controls, a finding not observed in the fkrp morphants. As expected no

specific staining was observed in the dystroglycan morphant larvae eye.

IIH6 was used to detect changes in the levels of glycosylated dystroglycan. In
wild type fish IIH6 bound to the same structures as 43DAG indicating that IIH6
is unlikely to be detecting entirely unknown proteins with similar glyco-epitoptes
unless the protein has an identical distribution pattern to dystroglycan in the
eye. In addition to the ILM and Bruch’s membrane, strong IIH6 staining was
observed in two examples on the optic nerve of the wild type controls. Low IIH6
signal strength was detected in the fukutin and dystroglycan morphants at the
ILM. Punctate 1IH6 staining was observed in the fkrp morphant fish at the eye

basement membranes.

Laminin acts as the key ligand for dystroglycan in muscle, stabilising the
sarcolemma by connecting it to the ECM. A similar interaction may also be
important in the eye, anchoring axons and cells to the three basement
membranes. Laminin in the wild type fish was detected with equal signal
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strength at the ILM and Bruch’s membrane with some signal in retinal layers.
The lowest signal levels were detected in the wild type embryos, while the
dystroglycan morphant had the highest signal levels, perhaps suggesting
laminin overexpression might be a compensatory mechanism for loss of

dystroglycan in the basement membranes of the eye.

158



9HII ovacy

uluiwe ued

Wild Type

Dystroglycan

159




Figure 5.3: Immunostaining of cryosectioned 3dpf larval eyes

3dpf embryos were fixed and embedded in OCT, tranverse sections were cut through the
eye, sections through the lens were then stained with 43DAG (B-dystroglycan), IIH6
(glycosylated dystroglycan) or pan-laminin antibody.  fkrp, fukutin and dystroglycan
morphants were all judged to be in the moderate phenotype group as outlined in Table 2.2.
Sections were stained with either 43DAG antibody for [B-dystroglycan, 1IH6 for the
glycosylated dystroglycan or pan-laminin antibody that predominantly detects laminin-111.
Green arrows: ILM, blue arrows: Bruch’s membrane and red triangle: optic nerve, scale bar:
20um.

5.2.4 Analysing the Ultrastructure of the Morphant Eye

TEM was used to investigate the ILM, ELM, RPE and Bruch’s membrane at the
ultrastructural level in 3dpf larvae. Large overviews of the eye were imaged to
assess whether the features observed on histology were still present in the eye on
TEM (Figure 5.4). Wild type and control MO injected fish had spherical eyes with a
round shaped lens positioned towards the front of the eye. A minimum of six larvae
from each phenotype category were investigated for each morphant phenotype in
addition to the controls. The eye shape in the morphants became progressively less
spherical with increasing severity of phenotype. Ectopic lenses were a consistent
observation in fukutin and dystroglycan morphants across all severities of
phenotype, a feature only found in the fkrp morphants with the most severe
phenotype. Abnormal retinal layering was observed in all morphants with the
exception of the fkrp mild larvae. In general, the TEM images show a similar range

of defects as observed in the toluidine blue stained sections.
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Figure 5.4: Transverse sections of the eye at 3dpf on TEM

Figure highlights similar features to Figure 5.2 including retinal layering, basement
membranes, lens and retinal pigmented epithelium. Note particularly the lens dysplasia in
dystroglycanopathy fish, a feature not seen in the controls. Green arrow: inner limiting
membrane, GCL: Ganglion Cell Layer, IPL: inner plexiform layer, INL: inner nuclear layer,
PR: photo receptor layer & red arrow: external limiting membrane. Scale bar: 20pum.
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5.2.5 TEM Analysis of the ILM

To elucidate a potential mechanism leading to the ectopic lens phenotype in the
fukutin and dystroglycan morphants, the ILM was investigated using high power TEM.
The ILM provides a bond between the lens and the retina by connecting to the lens
to the adjacent GCL. The ILM in its capacity as a basement membrane is also
thought to have a role beyond structural integrity. The ILM can alter cell specification
(Feitosa et al., 2011), supports the avascular lens with multiple invaginations of small
blood vessels (Gore et al., 2012) and acts as an anchoring point for the end feet of
Muller glia. The Mdller glia have the important role of acting as support cells for the
retinal ganglion cells (RGCs; Bringmann and Wiedemann, 2009).

The ILM is found between the GCL and lens in controls at 3dpf. The membrane is a
continuous regular structure with a smooth surface and occasional invaginations of
hyaloid vasculature (Figure 5.5). The small blood vessels of the ILM contain
presumed blood cell progenitors circulating inside them. The blood vessels are
crucial for supplying the lens with all the requirements for correct function, including
delivery and removal of gases or debris. In fukutin and dystroglycan morphants the
ILM is absent across all phenotype groups. The ILM is present in the fkrp morphant
mild and moderate phenotypic groups but absent in the larvae with a severe
phenotype. The membrane is diminished in the fkrp fish with mild and moderate
phenotypes, appearing to have a rough surface on the GCL side. Interestingly,
despite loss of the ILM in dystroglycan morphant fish with a mild phenotype and fkrp
morphants with a severe phenotype, there are blood vessels present. The data
suggests that despite a close physical association, blood vessel development does
not depend directly on the ILM (Dahm et al., 2007; Gore et al., 2012).
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Figure 5.5: Transverse sections of the inner limiting membrane at 3dpf, TEM

Figure highlights both the ILM and the optic blood vessels that form the inner optic circle
vessel that is found around the circumference of the lens. Red arrow: inner limiting
membrane, Blue triangle: presumed premature erythrocyte, BV: blood vessel, GCL: ganglion

cell layer, scale bar: 2um.
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5.2.6 Analysing the Ultrastructure of the ONL and ELM

The ELM was investigated because of its role in supporting the photoreceptors
spanning the entirety of the posterior retina. The photoreceptors span from the outer
nuclear layer (ONL) across the ELM to the INL in the control fish. The ELM in the
wild type and control MO injected larvae appears as a thickening (darker layer) of the
ECM that surrounds ONL cells (Figure 5.6). Unlike the Bruch’s membrane and ILM
the ELM is not as defined as a membrane, perhaps at 3dpf the membrane is still not
fully established. The ELM is of consistent width with a rough surface on the INL
side observed at the higher magnification in the wild type and control fish. A
disrupted, irregular ELM was observed in dystroglycan and FKRP morphants with a
mild phenotype. The ELM disruption and membrane surface irregularity increased
with phenotype severity in the FKRP and dystroglycan morphants with a moderate
phenotype. Fukutin morphants and dystroglycan morphants with a severe
phenotype did not have a visible ELM at TEM level. ONL and INL were found to be
poorly ordered in these groups surrounded by presumed oedematous infiltration. In

general all morphants had poorly organised cell layering at the back of the retina.
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Figure 5.6: Perturbations in morphant external limiting membrane
structure

TEM images from transverse sections of the eye from FKRP, fukutin, dystroglycan
morphants, wild type and control injected 3 dpf larvae. No ELM was found in fukutin
morphants of any phenotypic group. Blue triangle: retinal pigmented epithelial layer,
green arrows: ELM, ONL: outer nuclear layer, INL: inner nuclear layer. Scale bars
(bottom left panels) low magnification: 8um, high magnification: 2um. A minimum of
five embryos for each phenotype were imaged at low and high magnifications.

5.2.7 Loss of Eye RPE in Morphants

The retinal pigmented epithelium (RPE) is attached to Bruch’s basement
membrane, situated between the choroid and the ELM. The main function of
the RPE is to support the photoreceptors and provide cues that control the
process of retinal layering. To assess the RPE in 3dpf larvae, seven fish from
each phenotype group were imaged. Images were taken at three well spaced
positions at the back of the retina avoiding the optic nerve or proximity to the
lens. The RPE were imaged in a manner that centralised the RPE granules in
the micrograph. RPE granules were counted in each micrograph and statistical

analysis was carried out (Young et al., 2006).

The wild type and control MO injected fish were found to have a dense
concentration of RPE granules, between the choroid and the ONL (Figure 5.7).
With increasing severity of the morphant phenotype there was a reduced
number of RPE granules at the posterior of the eye (p <10™ in each case; One-
way ANOVA with Tukey analysis; Figure 5.8). In the morphants with the more
severe phenotype the RPE granules were found to be variable in size with a
greater number of smaller granules with rougher edges when compared to the
smooth edged larger granules found in the controls. In the most severe
morphants the choroid appeared to have not formed correctly, suggesting
FKRP, fukutin and dystroglycan deficiency in the zebrafish disrupts choroid

formation.

The RPE is closely associated with a continuous Bruch’s membrane in the wild
type and control MO injected fish at 3 dpf (Figure 5.7). Bruch’s membrane was
found to be thinner with irregular perturbations in fkrp and dystroglycan
morphants with a mild phenotype, when compared to controls. The Bruch’s
membrane is absent at the more severe end of the fkrp and dystroglycan
morphant spectrum. In the fukutin morphant across the phenotype range

Bruch’s membrane was found to be completely abolished.
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Figure 5.7: Disruption to morphant retinal pigmented epithelium layer in
3dpf larvae

Black spots (green arrows) are the pigmented granules, counts are shown in Figure 5.8.
INL: inner nuclear layer, PR: photoreceptor layer, red arrows: Bruch’s membrane,
Scale Bar: 2um.
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Number
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N Mean Grouping
Wild type 15 152.93 A
Control MO 21 152.43 A
FKRP mild 19 106.74 B
Dystroglycan mild 24 74.63 C
Fukutin mild 16 38.38 D
FKRP severe 15 22.80 D E
Dystroglycan severe 15 18.67 E
Fukutin severe 15 4.20 E

Figure 5.8: Reduced number of pigmented granules at Bruch’s membrane
in the RPE layer in 3 dpf larvae
Bars represent 95% confidence interval, results for each phenotype from minimum of
three images of seven fish from a minimum of two separate experiments. Tukey
analysis of the one-way ANOVA is displayed in the table below the graphical
representation of the data. Tukey analysis was based on the assumption the data was
approximately normally distributed and allowed variability to be assessed across

morphant phenotype groups.

different.

Means that do not share a grouping are significantly

5.2.8 Abnormal ILM in 5dpf FKRP Morphant Larvae Eye

At 5dpf the retinal layering in the wild type fish eyes is fully established. The

eye is round and the retinal layering is clearly established with defined borders

(Figure 5.9). FKRP morphant fish were the only dystroglycanopathy fish

investigated at 5dpf because very few fukutin or dystroglycan deficient fish

survived to 5dpf. The 5dpf FKRP morphants with mild and severe phenotypes
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also had round eyes and clearly demarcated retinal layering. The ILM in wild
type larvae was smooth with defined membranes surrounding blood vessels
which were spaced evenly around the lens. The mild FKRP morphants had no
marked differences when compared to the controls. The ILM was disrupted on
the GCL side in FKRP morphants with a rough surface, interestingly blood
vessels could not be accurately distinguished from basement membrane on the
TEM micrographs. The ELM appeared to be slightly diminished in the FKRP
morphants, when compared to the controls. No differences were seen between
the FKRP morphants and the wild type with respect to Bruch’s membrane.
There did however appear to be a reduction in number of pigmented granules in
the RPE in the FKRP morphants when compared to controls. There was no
statistical analysis carried out to confirm the assertion because of the limited

sample size for each phenotype (n=3).
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Figure 5.9: fkrp Morphant eyes at 5dpf

Red arrows: inner limiting membrane (ILM), green arrows: external limiting membranes
(ELM), blue arrows: retinal pigmented epithelium (RPE), blue triangle: presumed erythrocyte,
BV: Blood vessel, ONL: outer nuclear layer, INL: inner nuclear layer, IPL: inner plexiform
layer, GCL: ganglion cell layer. Scale bar (left column): 10um, scale bar right three columns:
2um.

5.2.9 Perturbation of Eye Vasculature in fukutin and fkrp Morphant Fish

Changes in vascular development in the myotome of the morphant fish have been
described in chapter 4 and in WWS patients vascular anomalies were found in the
brain (Beltran-Valero de Bernabe et al., 2002). It is reasonable to assume therefore
that similar vascular developmental problems may persist in the eye. Similar to the
previous chapter vasculature was imaged using multiple confocal images through
the eye to create a projection of all the eye vasculature in a single image. The inner
optic circle vessels of the wild type zebrafish form a roughly spherical shape around
the perimeter of the eye at 1dpf (Figure 5.10). The inner optic circle vessels within
the eyes of fkrp and fukutin morphant embryos with a mild phenotype were smaller
and more oval than those in the eyes of control embryos. The eye vasculature of the
fukutin and fkrp morphant zebrafish became increasingly distorted with increasing
phenotype severity. In morphant embryos with the most severe phenotypes eye
vasculature was deformed to an extent which was beyond being clearly identifiable
as any particular vessel. Unexpectedly, the eye vasculature in dystroglycan
morphant fish across all phenotype severity groups had no significant changes when
compared to the control fish.
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Figure 5.10: 1dpf eye vasculature of the eye

The FKRP, fukutin and dystroglycan injected embryos were staged according to phenotype
at 1dpf. Micrographs through the eye were obtained on a confocal microscope and images
were projected together. White scale bar: 100um, I0C inner optic circle, MCeV middle
cerebral vein & NCA naso-cillary vessel.

The eye vasculature was used as a marker of eye size at 3 dpf in the fish. The
areas of control fish eyes were measured and compared to the areas of the eyes of
the morphants. A minimum of three independent experiments were carried out for
each of the phenotypes (Table 2.2), with the exception of dystroglycan where five of

each mild, moderate and severe were combined, a minimum of ten eyes were
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scanned for each phenotypic category. The eyes of control MO injected embryos
had smaller mean area of eye than in the non-injected embryos however the
difference was not found to be significant using Tukey analysis, suggesting that the
MO had minimal non-specific effects that might affect eye development. The mean
area of the mild morphant fukutin embryo eyes were significantly, see Tukey’s
analysis Figure 5.12, smaller than that of the control injected fish eyes (Figure 5.11).
The eyes of the most severe fukutin and fkrp morphant embryos had the smallest
areas and were very significantly smaller than eyes of control injected fish. The eyes
of the fkrp morphant larvae were significantly larger than those found in the fukutin
morphants when comparing each phenotype category. In the dystroglycan morphant
fish, eye size across each phenotype group was found to be similar to that of the
control MO injected and wild type fli-1 larvae.

The vasculature observed in the fli-1 fish (Figure 5.10 & Figure 5.11), can be
compared to blood vessels in the ultrastructural analysis (Figure 5.1, Figure 5.5 &
Figure 5.9). Despite vasculature being visible in the 1dpf fli-1 fish eye when
examined using confocal microscopy (Figure 5.10), no blood vessels were detected
by electron microscopy (Figure 5.1), which might indicate correct vascular
specification with no associated vascular structure formation at this stage of
development. By 3dpf the vasculature is visible using both confocal microscopy
(Figure 5.11) and on TEM micrographs (Figure 5.5). Only small vessels are present
on micrographs because the section is very thin in comparison to the confocal
projections through the entire eye in the confocal micrographs which encompass
most of the wild type zebrafish eye vasculature at 3dpf. However vasculature is not
observed on TEM in the eyes of morphants with a severe phenotype, despite being
clearly visible on confocal projection. It is possible that the marker used for
vasculature (fli-1) is expressed in primordial blood vessels, and detected by
fluorescence microscopy prior to their development into anatomically recognisable
structures on TEM and the severe morphants are developmentally delayed.
Interestingly in 5 dpf fkrp mild and occasionally in severe morphants vasculature is
visible on TEM micrographs (Figure 5.9). These findings together suggest there is
correct specification of vasculature with a delay in the specification of vascular
epithelium structure in the morphant fish through the first five days of zebrafish

development.
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Mild Moderate Severe

Fukutin

Controls

Figure 5.11: 3dpf eye vasculature using projections from confocal microscopy

through the eye
Red dots show how area is calculated in Figure 5.12, IOC: inner optic circle DCV: dorsal

ciliary vein, NCA: naso-cillary vessel & OV: optic vein. Scale bar: 100um.
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Figure 5.12: Relative area of 3dpf eye vasculature

The FKRP and fukutin injected embryos were staged according to Kimmel et al. 1995, Table
2.1 and morphant severity was judged as in Table 2.2. Bars represent 95% confidence
interval, y-axis is in arbitrary units, results for each phenotype from minimum of three
separate experiments. One-way ANOVA Tukey analysis is displayed in the table below the
graphical representation of the data. Tukey analysis was based on the assumption the data
was approximately normally distributed and allowed variability to be assessed across
morphant phenotype groups. Means that do not share a letter are significantly different.
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5.3 Summary

The microphthalmia in the fkrp, fukutin and dystroglycan morphants observed in
the previous chapter is reminiscent of severe eye pathology observed in WWS.
By investigating the histology of the eye at 3 dpf it is clear that there is both
cellular and basement membrane pathology associated with the
dystroglycanopathy morphants. Loss of retinal layering was observed in the
morphant eyes on histological examination. Perturbations were also found in all
the major basement membranes of the eye i.e. ILM, ELM and Bruch’s
membrane at 3dpf. This raises the important question of whether loss of retinal
layering and microphthalmia are attributable to the loss of eye basement
membrane structure. Interestingly ectopic lens was observed in dystroglycan
and fukutin morphants which may also be a consequence of disruption to
basement membranes of the eye, specifically the ILM. Finally, this data
provides novel insight into how the loss of eye vascular structure in fkrp and
fukutin but not dystroglycan morphants links to the ultrastructural and

immunohistochemical changes.
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Chapter 6 Discussion

6.1 Modelling Dystroglycanopathies using Zebrafish
By comparing dystroglycan to fkrp and fukutin deficiency in zebrafish this thesis
set out to ascertain the pathological mechanism of dystroglycanopathy.
Antisense MOs targeting fukutin, fkrp and dystroglycan were used throughout
the thesis to knock down the fukutin and fkrp pathways to a similar extent in
order to enable a meaningful comparison between phenotype of the zebrafish
morphants. Dystroglycan morphants were a useful model in this study,
providing confirmation that the pathology resulting from fkrp or fukutin
knockdown is linked biochemically and phenotypically to dystroglycan in
zebrafish. The criteria established to separate the zebrafish into phenotypic
severity, outlined in Table 2.2, could be applied to other secondary
dystroglycanopathy models such as POMT1, POMT2, LARGE, POMTGnT1 and
ISPD in the future. Evaluating the developmental phenotype of different models
with comparable severity of morphological defects allowed the identification of
subtle differences in structural phenotypes by controlling for secondary effects.
Since defects in primary and secondary dystroglycanopathy genes lead to
severe developmental abnormalities, study of the zebrafish models, with easily
accessible embryonic stages, is particularly valuable. In fact all stages of early
development can be easily followed in structures of interest such as muscle,

eye, brain and notochord.

Zebrafish models for other DGC components such as dystrophin (sapje mutant)
have muscle fibre detachment from the myoseptum but no eye or brain
abnormalities (Bassett et al., 2003; Bassett and Currie, 2004; Guyon et al.,
2007). Those zebrafish mutants with mutations in proteins known to bind to a-
dystroglycan such as laminin-a2 have a phenotype which resembles fukutin
knockdown in terms of muscle morphology, indicating that the model is
appropriate for studying fukutin deficiency (Hall et al., 2007; Postel et al., 2008).
Laminin-a2 is a known ligand of dystroglycan in muscle. The zebrafish
candyfloss (caf) mutant which has a mutation in the laminin-a2 gene has a
degenerative muscle phenotype as a result of muscle detachment from the
vertical myosepta (Hall et al., 2007) but no observed eye and brain pathology.
Interestingly the a1, B1 & y1 laminin mutants, bashful (bal), grumpy (gup) and

sleepy (sly) respectively have defects in eye development and notochord
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differentiation (Parsons et al., 2002b). Based on the phenotype of the fkrp,
fukutin and dystroglycan morphants the muscle pathology is consistent with a
failure laminin-a2 dystroglycan interaction, whereas the brain and eye pathology,
which appeared more severe in fkrp and fukutin morphants than dystroglycan
morphants, suggests that there may be specific pathways not dependent upon

dystroglycan in relation to fkrp and fukutin function in eye and brain.

pomt 1 and pomt2 is another example of MO knock down models for the
secondary dystroglycanopathy genes that produces a phenotype in zebrafish,
which is similar to other secondary dystroglycanopathy models (Thornhill et al.,
2008; Avsar-Ban et al., 2010; Kawahara et al., 2010; Lin et al., 2011). The
pomt morphants have tail curvature and eye defects similar to that which is
seen in fkrp, fukutin and dystroglycan MO knock down models. The
coexpression of pomtl and pomt2 is required for the enzymatic O-
mannosylation of dystroglycan, and knock down of both simultaneously
produces a more severe knockdown than either on their own (Avsar-Ban et al.,
2010). Recently Kuga et al. and Yoshida-Moriguchi et al., showed that FKRP
in addition to, fukutin and LARGE (Yoshida-Moriguchi et al.; Kuga et al., 2012b)
are all involved in the phosphorylation of the mannose residue on a-
dystroglycan in muscle, eye and brain, but only to a minimal degree in lung and
testis. Therefore FKRP and fukutin may need to be co-expressed for complete
modification of the mannosyl residues on dystroglycan. Fukutin has also been
implicated in a dimerisation with POMGnNTL1, supporting the theory that the
secondary dystroglycanopathy proteins act in partnerships (Michele et al., 2002;
Manya et al., 2004). Interestingly over-expression of LARGE has previously
been shown to be capable of functionally bypassing fukutin and FKRP (Barresi
et al., 2004). This apparent functional redundancy in the enzymatic pathway for
post-translational modification of dystroglycan which is not consistent with the

requirement for these proteins remains intriguing.

ISPD (isoprenoid domain containing) is the protein most recently found to have
a role in the modification of dystroglycan (Roscioli et al., 2012; Willer et al.,
2012). Mutations in ISPD were identified by two groups simultaneously in
cohorts of WWS syndrome patients whose conditions could not be attributed to
mutations in the known dystroglycanopathy genes (Willer et al., 2012).

Knocking down ispd in zebrafish produced morphants with muscle, brain and
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eye abnormalities (Roscioli et al., 2012). Interestingly, the observed brain
malformation (hydrocephalus) could be accentuated by co-injection with either
fkrp or fukutin MO. Injection of 3ng each of fukutin and fkrp MO also produced
hydrocephalus, a feature not seen in our morphants with a knock down of a
single gene. This further indicates that the secondary dystroglycanopathy

proteins may be acting cooperatively.

6.2 Analysis of the Approach to Modelling FKRP and
Fukutin Deficiency

Despite several studies investigating fkrp in zebrafish there is currently no
stable fkrp mutant fish lines. An attempt to address the problem using ZFNs
with the CoDA protocol (Maeder et al., 2009; Sander et al., 2010) proved not to
be successful in producing a mutant line. The ZFNs derived from the CoDA
protocol failed to produce even a low somatic mutation rate in injected fish. If
successful, the continuation of use of the ZFN technology to produce a fukutin
mutant zebrafish line would have been feasible. Where success could be
achieved in a relatively short period of time there would have been an attempt
to create a fukutin morphant line with ZFNs (Porteus and Carroll, 2005).

There were no mutations reported in any embryos treated with either of the
CoDA ZFN pairs investigated. Since the context of the array is only in part
accounted for by the CoDA protocol, the inference that a particular array will
function well together remains theoretical and may not be realised when tested.
It is possible that the somatic mutation rate was too low to be detectable given
the number of embryos investigated. A low somatic mutation rate would
however be difficult to transfer to the next generation due to the large number of
fish required in the second generation. A somatic mutation rate of
approximately 10% is required to move forward with the screening protocol. No
mutations were detected in either set of the 95 samples from 10 fish for the two
ZFN pairs sent for sequencing. It is therefore concluded the two pairs of ZFNs

tested were not working with a sufficient efficacy for further use.

Despite reaching the end of the CoDA protocol, the pairs of ZFNs derived were
not effective in producing a mutation in the fkrp gene. CoDA is reported to have
a 60-75% success rate, and it might therefore be expected that one of the two

pairs of fingers would produce a mutation. There still remains a third
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unexplored set of CoDA zinc fingers for the fkrp gene in zebrafish described by
ZiFit as 7-1 because of the seven base pair spacer region. This zinc finger pair
was not explored because of the requirement for a different pMLM vector.
Currently only the CoDA zinc fingers with the five base pair spacer region have
been investigated. The remaining 7-1 pair would be worth investigating before
using alternative strategies to develop mutant zebrafish are explored (Maeder et
al., 2009; Sander et al., 2010).

The 30-12Apr05B-fukutin MO has been shown to produce an effective knock
down of fktn gene expression by inducing non-canonical splice variants
(Nasevicius and Ekker, 2000). Despite the transient nature of the MO approach
a range of fukutin morphant phenotypes were observed between 1 & 5dpf. The
range of morphants effectively models the spectrum of clinical severity resulting
from the variety of mutations and splice variants in the fktn gene (Yoshioka and
Kuroki, 1994). However it is the range itself and not morphant fish within a
particular severity category that is of interest, as the mechanisms which
produce the spectra in fish and humans are not equivalent (Bassett and Currie,
2003).

The question of model utility is critical to assess whether any continuation of
experiments with the 30-12Apr05B-fukutin MO is justified i.e. how useful is the
fukutin knock down by MO as a model for dystroglycanopathy. By examining
the phenotype up to 5dpf it is concluded that the MO is an appropriate tool for
early developmental questions. However this model system is less appropriate
for posing questions about the adult condition. MOs become diluted with
increasing number of cells in the zebrafish resulting in re-expression, which
does not recapitulate the continuing loss of muscle function with ongoing
Fukutin deficiency observed in the human condition (Chiyonobu et al., 2005;

Kanagawa et al., 2009a; Taniguchi-lkeda et al., 2011).

MO knock down is well suited to the study of congenital disorders (Bassett and
Currie, 2003; Hall et al., 2007; Thornhill et al., 2008; Kawahara et al., 2010; Lin
et al., 2011), although a mutant model would simultaneously eliminate non-
specific effects of MO and allow studies to be carried out to investigate adult
disease, and therefore a mutant line remains an important goal for zebrafish
dystroglycanopathy research in the future. The Fkrp-deficient mouse that is not

embryonic lethal remains the best system to investigate adult Fkrp deficiency
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(Ackroyd et al., 2009; Ackroyd et al., 2011). The fukutin chimeric mouse
remains a good alternative to zebrafish for modelling fukutin deficiency. The
final consideration is what would be the best approach to produce a stable
mutant zebrafish line. Since there is a range of patient phenotypes from the
congenital condition to adult onset forms of fukutin associated MD, an allelic
series of mutants would therefore be desirable. An allelic series of fish with
equivalent mutations to those found in the human condition would be the gold

standard for fukutin associated MD research in zebrafish.

In the first chapter different strategies were considered: in the long term the
zebrafish mutation project will likely produce several lines with mutations in the
fkrp and fukutin genes. A mutant line is already being displayed on the ZMP
website with a confirmed C>T nonsense mutation in the F2 generation in the
fkrp gene, reported to be available as early as April 2013. In the short term the
TALEN system would be a good alternative because of the specific targeted
nature of the TALENs. TALENSs have recently been shown to produce a higher
somatic mutation rate >10% in 76% of gene loci tested whereas ZFNs produce
a somatic mutation rate of <1% in 3.3% of gene loci tested (Moore et al., 2012b).
Therefore, there is a clear case for switching to a TALEN based approach in the

future.

6.3 Mechanisms of Skeletal Muscle Pathology
The second aim was to investigate the mechanism of muscle pathology in fkrp
and fukutin knockdown fish. Ultrastructural analysis revealed that the muscle
pathology could be associated with both a disruption to the sarcolemma and
fibre detachment from the vertical myoseptum. Immunostaining confirmed a
hypoglycosylation of a-dystroglycan and loss of laminin at the vertical myosepta
(Thornhill et al., 2008). Combined with studies investigating laminin-a2
candyfloss zebrafish (Hall et al., 2007), it was predicted that fibre detachment
was as a consequence of a disrupted a-dystroglycan laminin-a2 interaction.
Interestingly, studies that investigated sarcolemmal instability using Evan’s blue
dye did not find any dye leakage in the laminin-a2 models (Straub and
Campbell, 1997). Our findings suggesting sarcolemmal damage may represent
either a secondary consequence of the severe muscle damage in
dystroglycanopathy or a developmental delay in the production of sarcolemma.
The sarcolemmal damage remains intriguing but can be explained by the loss of
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muscle fibre attachment to the vertical myoseptum. Utilizing the sapje DMD
model zebrafish as a comparison would form a good complementary data set,
since the muscle pathology in this model is thought to be entirely associated
with sarcolemmal instability (Bassett et al., 2003).

Interestingly muscle fibres in the lama2 candyfloss fish are known to fuse with
the vertical myosptum correctly and therefore laminin-a2 is not required for this
process (Hall et al., 2007). Recent evidence suggests however that integrin-a7
is required perhaps with a laminin chain such as laminin- 2 (Jacoby et al.,
2009; Sztal et al., 2012). Both components are known to be important for
muscle fibres to form contacts with the vertical myoseptum. Therefore
investigating expression and glycosylation of both laminin-B2 and integrin-a7 in
early zebrafish development in dystroglycanopathy morphant fish would be the
next logical step to determining the aetiological cause of the muscle pathology
in fkrp and fukutin deficiency. Modification of either laminin-B2 or integrin-a7 by
fkrp and fukutin has currently not been shown. The post translational
modification of either component by FKRP or fukutin does not remain outside
the bounds of possibility, it is however perhaps not important for their function of
initial adherence of muscle fibre with myoseptum (Postel et al., 2008). If tkrp
and fukutin modified either laminin-B2 or integrin-a7 in any way then it would be
expected that muscle fibres would not adhere to the myoseptum in our fkrp and
fukutin morphant fish. Investigating muscle fibre adhesion including laminin-p2
or integrin-a7 expression to the vertical myoseptum at an earlier time point in

the dystroglycanopathy fish would prove this hypothesis conclusively.

6.4 Mechanism of Eye Pathology
While zebrafish are not the best model system to study brain development since
they lack much of the complexity found in mammalian brains, they are a good
model system to study eye development since their eye is structurally similar to
the mammalian eye. One aim of this thesis was to understand more about the
underlying developmental mechanism of the eye pathology found in the fukutin
and fkrp deficient zebrafish. Deficiencies in all three eye basement membranes
were found, providing a basis for eye pathology in dystroglycanopathy. More
work will be required to determine what the key interactions are that stabilise

retinal layering to basement membranes. Preliminary examination found that a
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laminin dystroglycan interaction as found in the muscle is unlikely to be

responsible for maintaining cellular adhesions to basement membranes.

There is clearly a complex developmental mechanism that is responsible for
establishing basement membrane structure and retinal layering in mammals
and fish. The dystroglycanopathy morphant zebrafish have disrupted basement
membranes and retinal layering abnormalities. The observed pathological
changes in the eyes of the morphant fish may be as a result of a cascade which
starts with perturbations in the posterior basement membranes i.e. ELM and
Bruch’s membrane. The important secondary change attributed to disruptions
in both of the posterior eye basement membranes, could be the loss of the RPE
in the morphants. The final event would be loss of retinal layering organisation
as a consequence of reduced RPE density. The RPE is thought to be key in
driving cellular layer organization, providing molecular cues for differentiation of
the retinal layers (Strauss, 1995; Martinez-Morales et al., 2004; Bharti et al.,
2006). Albino animals with no pigment in the RPE illustrates the hypothesised
mechanism since these mice have disrupted retinal layering but intact
basement membranes (Al-Hussaini et al., 2008). Since it is possible to have a
loss of retinal layering without a loss of basement membrane integrity, it can be
assumed that disruption to the basement membranes of the eye is not sufficient
on its own to cause the retinal layering abnormalities. The implication is
therefore that a loss of retinal layering in the dystroglycanopathy morphants
might be a secondary consequence of reduced RPE as a result of the primary

aetiological perturbation to the posterior basement membranes.

Perturbations to the anterior basement membrane i.e. the ILM may also
contribute to the overall poorly differentiated retinal layering in the
dystroglycanopathy morphant fish. Recently Randlett and co-workers have
shown the contact of retinal ganglion cells (RGC) with laminin at the ILM to be
critical for axon guidance. Randlett and co-workers propose that axonic
projections from the RGCs project from Bruch’s membrane during development,
connecting with the laminin at the ILM, then the axon followed by the cell body
migrate towards the GCL (Randlett et al., 2011). The hypothesis in our model is
that dystroglycanopathy leads to disrupted retinal layering through two
processes: firstly Muller glia anchoring to the ILM is disrupted as the result of
loss of the a-dystroglycan laminin interaction. Secondly a reduction in correctly
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glycosylated a-dystroglycan in the axonic processes of retinal ganglion cells
prevents an interaction with laminin in ECM and ILM important in the guidance
process of cell migration in the eye. The resultant mis-localised laminin at the
ILM/ELM and incorrectly glycosylated dystroglycan results in cells failing to
localise to the correct layers of the retina in fkrp and fukutin morphants.
Therefore, it is the potentially loss of “driver” function from the posterior retina
and loss of guidance at the anterior that contribute together to overall
disorganised retinal layering, as a result of basement membrane disruption in

the dystroglycanopathy fish.

The data presented in the vascular section suggests that there may be
unknown proteins expressed in the eye which are subject to secondary
modification by fkrp and fukutin. One potential candidate class of proteins are
the major basement membrane proteins collagen. Collagen 4A1 deficiency
results in iris dysplasia, vascular haemorrhaging, optic nerve cupping, corneal
opacities, bupthalamos; a condition defined by enlarged eye balls and cataracts
(Gould et al., 2005; Van Agtmael et al., 2005; Breedveld et al., 2006).
Mutations in human collagen 8A1-2 are the genetic basis for Fuch’s corneal
dystrophy (OMIM136800) and result in anterior segment dysgenesis in mice
(Gottsch et al., 2005; Hopfer et al., 2005). Retinal detachment, high myopia
and vitreoretinal degeneration are the key features of mutations in collagen 18,
referred to as Knobloch syndrome in humans (OMIM 267750) and mouse
models deficient in Col18al have signs of age related degeneration of the eye
(Sertie et al., 2000; Fukai et al., 2002; Ylikarppa et al., 2003; Marneros and
Olsen, 2005). The specific features of eye pathology associated with fkrp,
fukutin and dystroglycan deficiency does not correlate with the disturbances to
the eye in collagen mutant zebrafish. Despite a clear requirement for collagen
in the eye the clinical phenotypes are not consistent with those seen in
secondary dystroglycanopathies, and therefore do not support a collagen-
dystroglycan axis. Retinal eye pathology might therefore be attributable to a

more specific component within the basement membrane such as laminin.

The muscle pathology in fkrp and fukutin deficiency can be attributed to
disruption to the a-dystroglycan laminin-211 interaction, important for
maintenance of cell adhesion with basement membrane. It would therefore be

logical to hypothesise a similar protein interaction may adhere cells to basement
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membranes in the eye. Loss of fkrp and fukutin dependent secondary
modification of an unknown protein with an alternative laminin chain to laminin-
a2 in the classic interaction might result in loss of cell anchoring to eye
basement membranes. This hypothesis is consistent with the vascular findings
and supported by the nestin-Cre/DG null mouse (Satz et al., 2009). Studies in
the nestin-Cre/DG null mouse found that dystroglycan is required for eye
development but not for the maintenance of anchoring cells at basement
membranes. In the zebrafish Laminin-a2 mutant model candyfloss has a
muscle but no brain or eye phenotype (Hall et al., 2007). Laminin-a2 is

therefore an unlikely candidate as an important laminin chain in the eye.

Laminin-B2 is expressed in the eye in wild type but not the laminin-82 zebrafish
mutant softy (Jacoby et al., 2009). Despite loss of laminin-B82 the softy mutants
have no discernible eye phenotype. However patients with mutations in the
laminin-B2 gene have microcoria-congenital nephrosis, lens, retina, cornea and
iris abnormalities referred to as Piersons syndrome (OMIM 609049) (Zenker et
al., 2004; Zenker et al., 2005). The laminin 81 & y1 zebrafish mutants showed
signs of ILM and lens abnormalities, however the only laminin mutant with an
ectopic lens phenotype was the laminin-al mutant zebrafish (Semina et al.,
2006; Lee and Gross, 2007). Therefore, based on the eye phenotypes of
patients and animal models, laminin-al is the assumed candidate that is
important for binding dystroglycan in the eye. The counter argument is laminin-
alis ubiquitously expressed and is therefore unlikely to be involved in the highly
specific organisation of the eye. It is likely that more than one laminin chain
interacts with dystroglycan and is important for eye development.

The clear pathology at both the anterior and posterior regions of the eye in the
dystroglycan morphants, combined with dystroglycan being detectable at both
the ILM and Bruch’s membrane in wild type fish, suggest a role for dystroglycan
across the retina. Immunostaining in the MORE-DG mouse model shows that
there is role for glycosylated a-dystroglycan in the eye (Satz et al., 2008).
However, glycosylated a-dystroglycan is neither the most important protein for
stabilising retinal cells with respect to basement membranes nor a key molecule
in eye vascular development. One of the more clearly defined roles of
dystroglycan is the interaction with pikachurin within ribbon synapses. Studies

have shown pikachurin binding of correctly glycosylated a-dystroglycan is
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important in the formation of ribbon synapses (Sato et al., 2008). Recently
dystroglycan clustering at the photoreceptor synaptic terminal has been shown
to be dependent on pikachurin expression, which is important for proper
synaptic connectivity (Sato et al., 2008; Bozzi et al., 2009; Omori et al., 2012).

Basement membrane pathology is, at least in part, a consequence of the loss of
the interaction between laminin-al and a-dystroglycan (Jacoby et al., 2009).
Based on morphant basement membrane phenotypes on TEM, laminin-al is
clearly important for RGC migration across the retina during development.
Together with a loss of RPE known to be important for driving retinal layer
differentiation, laminin-al is evidently important in eye basement membranes.
Lens ablation studies show lens and ILM together are important for invagination
of vasculature into the optic cup (Semina et al., 2006). A similar ectopic lens
and absent ILM phenotype as observed in fkrp/fukutin morphants has been
reported in laminin-aldeficient zebrafish embryos. This raises the question of
whether there is a laminin-al interaction with an unknown protein requiring
fukutin/fkrp for expression which forms the key axis important for driving
angiogenesis since dystroglycan morphants have a normal eye vascular
phenotype. This hypothesis for would support a novel axis i.e. fkrp, fukutin and
laminin-al for vasculogenesis and neurogenesis in zebrafish eye development.
Laminin-al acts as a common receptor within the basement membrane for a
variety of membrane proteins. The loss of these interactions in dystroglycan
morphants may occur as a result of fkrp and fukutin acting as drivers modifying
independent proteins that bind laminin-al. Processes occurring simultaneously
in the eye such as neurogenesis and angiogenesis can therefore be specifically
controlled by fkrp and fukutin by glycosylating different laminin binding partners
at specific time points (Dahm et al., 2007; Randlett et al., 2011). The multiple
facets of the eye pathology associated with fkrp and fukutin deficiency suggests
fundamental roles for proteins modified by fkrp/fukutin in the control of eye
development.

Unlike muscle, the eye phenotype cannot be attributed to a loss of a-
dystroglycan interaction with laminin-a2. However, this phenotype can be
hypothesised to be caused by a loss of laminin-a1 binding to other receptors
present in the eye, such as integrin-a6, an integrin known to bind laminin in the

eye (Hynes, 1992; van der Flier and Sonnenberg, 2001). The eye is a complex
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structure and it is likely that laminins, dystroglycan and integrins are involved in
an intricate interplay with many post translation modifiers such as fkrp and
fukutin which are important mediators for these interactions. In conclusion, fkrp
and fukutin post translational modification of dystroglycan and possibly yet to be
determined proteins are important in the adherence of cellular components with
basement membranes (Satz et al., 2008; Bozzi et al., 2009; Satz et al., 2009).

6.5 Linking Vasculature and Basement Membrane

Pathology

Vasculature was studied in this body of work as a hypothesised primary
aetiology that might contribute to the phenotype in fkrp and fukutin deficiency.
WWS Patients with POMT1 mutations were observed to have surface vascular
abnormalities on their brains, forming the initial hypothesis that vascular
changes may be responsible in part for the dystroglycanopathy phenotype,
(Beltran-Valero de Bernabe et al., 2002). Fli-1 fish in conjunction with knock
down of dystroglycanopathy genes using MOs provided a good model system

to test this hypothesis.

Down-regulation of fukutin, fkrp or dystroglycan by MO was found to lead to
aberrant blood vessel development in the somitic trunk of fli-1 embryos. Closer
examination revealed absent or delayed growth of intersegmental vessels in the
somites of all three morphants at 1dpf. These findings raised a number of
guestions about the primary origin of this abnormal angiogenesis. Firstly, was
the vascular pathology in the dystroglycanopathy knockdown fish secondary to
the observed changes in the myotome? Secondly, was myotome degradation a
secondary effect of aberrant angiogenesis? A further possibility was raised,
that muscle necrosis ensued as a consequence of hypoxia in somites? Finally,
were both muscle and vascular development independent primary pathologies
in the morphant fish which may have a currently unknown common mechanism,
since ECM damage or lack of growth factors from the notochord could equally
affect both processes? This raises a further question: are fkrp and fukutin
involved in more global developmental events and does dystroglycan remain

the sole receptor for their post translational modification?

By considering model systems without any muscle pathology and poor

intersegmental growth such as the endothelial cell-specific molecule 2 (ECSM2)
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and the netrin receptor UNC5B (Lu et al., 2004; Ma et al., 2009), it is possible to
make inferences about whether poor angiogenesis is the primary aetiology
responsible for the muscle damage. Based on these models it is improbable
that the poor angiogenesis observed in the dystroglycanopathy models is
responsible for the muscle necrosis. An analogous approach found reduced
segmental vessel development without the curly tail phenotype by knocking
down the myotubularin family gene Mtmr8 in zebrafish. Interestingly despite
Mtmr8 being expressed in the mesoderm, a progenitor tissue of both muscle
and endothelial cells during embryogenesis, Mtmr8 knockdown only resulted in
vascular abnormalities (Mei et al., 2010). Together these findings suggest that
the muscle phenotype seen in the fukutin, fkrp and dystroglycan morphants was

unlikely to be a secondary consequence of abnormal angiogenesis in the fish.

Turning the question around, it is possible to query whether abnormal
angiogenesis seen in the somites is a secondary consequence of the muscle
pathology. Vascularisation has not been studied in other zebrafish models of
MD to determine whether the described vascular abnormalities are a non-
specific response to muscle pathology. No vascular phenotype was observed
in the somites when the ubiquitously expressed gfatl was down-regulated,
despite the curly tail phenotype and abnormal muscle fibres. Generally
vascularisation is enhanced in regenerating muscle and currently there is no
evidence from patients or mouse models with MD that might suggest muscle
pathology affects vascular development (Eguchi et al., 2009; Senderek et al.,
2010).

This suggests that the disruption of somitic angiogenesis is a primary
consequence of the knockdown of fukutin, fkrp or dystroglycan, and not a
secondary outcome of muscle pathology (Lu et al., 2004; Ma et al., 2009).
Considered the opposite way around aberrant angiogenesis did not result in
abnormal somite or tail structure in other zebrafish models with early vascular
defects. These data combined suggests that vascular and muscle pathology
observed in the morphants is two distinct pathogenic consequences of
dystroglycanopathy. Poor vascularisation of the eye was investigated, as one
of the possible secondary consequences of loss of eye structure (Gore et al.,
2012).
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Abnormal eye vasculature development was observed in both fkrp and fukutin
knockdowns. Whereas the eyes of dystroglycan morphants had the same
appearance and were of a similar size to the controls, implying that eye
vascular development in zebrafish embryos and early larvae is not dependent
upon dystroglycan expression. Only fkrp and fukutin morphants were found to
have aberrant eye vascular development when compared to somitic vascular
findings, where differences in segmental vessel height was found in all the
dystroglycanopathy morphants. The implication is that fkrp and fukutin modify
yet to be discovered proteins important for eye vasculature development, in
contrast to vascular development in muscle where correctly glycosylated a-
dystroglycan is the most important interaction for angiogenesis. The findings
suggest that both fkrp and fukutin are important in vascular development, but

may have distinct roles in muscle and eye maturation.

With disrupted vertical myosepta and eye basement membranes it is entirely
possible that the vascular changes resulted from perturbations in basement
membranes which are in analogous anatomical locations. The most likely
explanation for the eye vasculature not being altered in the dystroglycan
deficient fish is that FKRP and fukutin have alternative targets in the eye
important for maintaining the vascular development and maintaining basement
membrane integrity. The hypothesis is strengthened by findings in the
Nestin/Cre DG null mouse dystroglycan mouse that found dystroglycan was
important for initiating correct eye formation but is not important for its
maintenance (Satz et al., 2009).

6.6 Clinical Relevance
A key requirement was to test whether the MO approach related well to the
clinical spectrum of disease of FKRP and fukutin deficiency. Zebrafish allow for
study of early pathology in muscle and eye, and are well suited to the study of
congenital conditions such as WWS (Bassett and Currie, 2003). Without a
stable mutant line it would be very difficult to make any conclusions about late
onset or milder conditions such as LGMD2I. In many senses this is a
disappointing outcome, since the MO approach is much better system for
modelling early developmental changes which may not be applicable to the later

onset LGMDs. Therapy development for LGMDZ2I is more likely to be
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successful than for the CMDs which will be much more difficult to treat due to

their developmental onset (Brockington et al., 2001a).

The difficulties in developing therapies for CMDs are a consequence of nature
of the associated pathology which arises very early during embryonic
development. Structures such as eye and brain reach full development at birth
and defects are irreversible thereafter. Research into CMDs such as WWS
should aim to understand the pathogenic mechanisms and to translate the
findings into therapeutic strategies for milder conditions as a starting point.
Attention is therefore placed into identifying the remaining causes of WWS that
will be of use diagnostically. Indeed, recent findings suggest there are several
causative genes for WWS that will be identified in the near future, because of
the rapid progress being made in the field of next generation sequencing
(Roscioli et al., 2012; Willer et al., 2012). The ability to diagnose these
conditions may not aid their treatment but expanding patient registries are in
place to enable patients to access clinical trials when they become available
(Bushby et al., 2009). Accurate and widespread diagnosis also enables bio-
banking, retaining cell lines from these patients to be distributed to researchers

who may be capable of pioneering new therapeutics.

6.7 Future Direction
Overall the project has investigated dystroglycanopathy in zebrafish in detail
from a histological, ultrastructural and immunohistological perspective in muscle
and eye. The notochord is an important developmental structure, clearly
abnormal on ultrastructural analysis. The notochord would therefore be worth
investigating further in the future for the overall understanding of developmental

disturbances of the fkrp and fukutin deficient zebrafish.

There are several lines of inquiry the project could move towards. Firstly,
gaining a better understanding of the mechanism of disease; finding the key
proteins for maintaining cellular adhesions at basement membranes and
investigating any downstream effects of fibres failing to adhere to myoseptum
such as autophagy (Carmignac et al., 2011). Secondly, investigating other
potential targets for FKRP and fukutin; do FKRP and fukutin have any other
primary targets other than a-dystroglycan? Thirdly understanding the temporal

and spatial expression patterns of fkrp and fukutin in zebrafish; which might
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clarify questions about overall development of muscle, eye and brain in
dystroglycanopathy. Finally, developing a pharmaceutical pipeline; since
adequate treatments do not currently exist for any form of dystroglycanopathy.
All these approaches overlap and therefore could feed into the central
understanding of the disease, progressing the overall research forward in each
of the other areas. Resource building is often synonymous with progress in
scientific research and therefore is considered another essential aim of any

future work that might fall into each of the categories.

6.7.1 Mechanism

Understanding more about the disease mechanism of FKRP and fukutin
deficiency could provide more therapeutic opportunities, such as an autophagic
response (Carmignac et al., 2011), tying into the translational aims of the
project. The unfolded protein response is a mechanism activated to remove
mis-folded or unfolded proteins by halting translation and upregulating
chaperones to remove the proteins. Upregulation of the unfolded protein
response may account for a part of the mechanism of the disease however it
does not explain all the aberrant findings in fkrp and fukutin deficiency (Lin et al.,
2011). The unfolded protein response is perhaps the first attractive therapeutic
avenue. However the mechanism is only the beginning of a chain of events that
includes loss of correctly glycosylated a-dystroglycan binding laminin-211. How
a disrupted basement membrane as a result of a reduced dystroglycan laminin
interaction results in an unfolded protein response and other autophagy
pathways is of key interest. It is possible autophagy is induced by either the
unfolded protein response or loss of structural components. The full pathways
and how they link together are currently poorly understood (Benbrook and Long,
2012).

6.7.2 Potential Targets of FKRP and Fukutin beyond Dystroglycan

The work presented in the thesis and in (Lin et al., 2011), provides evidence
supporting the hypothesis that other targets for FKRP and fukutin might exist.
Although the brain was not investigated, it is entirely feasible that there are
novel FKRP and fukutin targets in the cortex, based on the assumption that
similar mechanisms guide axons through cortical layering as retinal layering.
These unknown targets outwith dystroglycan may be important, for example in

processes such as anchoring or guiding the optic neuronal axons. Studies in
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the dystroglycan mouse suggest that dystroglycan is redundant after axons are
guided through the retinal layers and not important for adhering end feet to the
ILM. The implication is that FKRP and fukutin may be important for modification
of the anchor protein in this instance. Alternatively, the correct glycosylation of
the novel protein may be involved in providing cues that guide the axon through

the ECM of the retinal layers.

The question can therefore be posed, which targets are post-translationally
modified by FKRP and fukutin? Hypothetically any protein or lipid with a
mannose or yet to be determined glycan residue close to its core could be
phosphorylated by fukutin or FKRP. It is also not entirely clear if the other
sugars in the tetramer are essential for fukutin and FKRP to have their
phosphorylation activity on mannose. Conversely, the mannose residue alone
may not be sufficient for phosphoryl modification of a-dystroglycan by FKRP
and fukutin. Integrin is one such potential candidate based on it occupying a
similar position to dystroglycan in the sarcolemma and its ability to bind with
ECM laminin. In the eye integrin-a6 is known to bind laminin-111 (Belkin and
Stepp, 2000), making for an attractive alternative axis to the classic
dystroglycan laminin-a2 axis in the eye. The complexity of cellular layering in
the eye and brain clearly require precisely controlled development, whereas
muscle in comparison is a relatively simple structure but requires a strong bond
between basement membrane and sarcolemma, potentially accounting for the

alternative axes in eye and muscle.

6.7.3 Developing a Pharmaceutical Pipeline

Recently zebrafish have been gaining increasing popularity in drug discovery for
many of their attributes that include optical transparency, low cost and ease of
genetic manipulation. The approach currently adopted in MD research is to
look at changes in birefringence i.e. a relatively fast technique for assessment
of overall muscle damage, in fish myotome after treatment with chemical
compound libraries, and the sapje fish is an example of where this technology
has been employed successfully (Winder et al., 2011). Normally the chemical
compound libraries are drug treatments passed for use in humans either by the
Federal Drug Authority in the United States of America or European Medicines
Agency. Other drug screens are based on using high throughput techniques on
transgenic lines and measure the amount of fluorescence change or overall
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movement after treatment. Future work that investigates whether rescuing the
vascular anomalies is a good assay for the whole muscle disease could
potentially feed into a pharmaceutical screen for novel compounds that improve
muscle pathology in dystroglycanopathy. Stable mutants crossed with
TG:(Flil:EGFP) fish could serve as model for dystroglycanopathy since there is
reduced intersegmental vessel development in the mutant fish. Recovery of
muscle structure could be simultaneously assessed using birefringence,
previously shown in fkrp morphant fish (Thornhill et al., 2008). Lead
compounds and successful therapies could then be progressed to being trialled

in mouse models, an organism physiologically closer to humans.

6.8 Summary
By knocking down fkrp and fukutin with MOs to a similar extent in zebrafish,
with dystroglycan knock down fish used as a comparison it was possible to
elucidate a great deal more about their roles in development. Each of the
dystroglycanopathy morphants had a very similar morphological muscle, eye
and brain phenotype observed in the fish across the first five days of
development. This study was able to comprehensively associate the
dystroglycanopathy pathology with loss of basement membrane structure in
muscle, notochord and eye. The key axis important for maintaining muscle
integrity was thought to be the a-dystroglycan laminin axis. Based on previous
studies laminin-a2 was predicted to be the predominant laminin chain
responsible for maintaining fibres association with the muscle specific basement
membranes of the sarcolemma and myosepta. When vasculature was
investigated in the eye the loss of vascular structure in the fkrp and fukutin
morphants but not dystroglycan might suggest the existence of an alternative
axis to the classical a-dystroglycan laminin-a2 interaction. In my opinion a
novel integrin-a6 laminin-111 axis in the eye may be associated with FKRP and
fukutin. Laminin and Integrin are therefore novel candidates for post-
translational modification by FKRP and fukutin, currently only known to modify

mannose on the dystroglycan tetramer.
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