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Abstract

Patients living with Duchenne and Becker muscular dystrophy are
characterised respectively by the loss of a functional dystrophin protein
and the expression of a mutant dystrophin protein. Dilated
cardiomyopathy (DCM) is the major cause of death in these patients and
the molecular mechanisms causing DCM in these patients are still not
completely established. In fact, the cardiac disease is treated with
cardioprotective drugs that delay but do not prevent DCM as a targeted

treatment for the heart is still not available due to this lack of knowledge.

Previous findings showed that exclusively in the heart, the dystrophin
glycoprotein complex includes cavin-1, an essential protein for the
biogenesis of caveolae. Caveolae in the heart are involved in
mechanisms of cardio protection, cardiac contraction, and cardiac
conduction. Key caveolae accessory proteins include cavin-2, -3 and -4.
More importantly, caveolar protein mutations have been linked to
cardiomyopathy. My PhD thesis investigates the molecular interactions
between cardiac dystrophin and cavins that are important for cardiac
function and are affected by dystrophin gene mutations. | have
characterised the distribution of cavin proteins in mouse, rat and dog
models of Duchenne muscular dystrophy (DMD) comparing this
distribution in explanted human heart and discovered that cavin-1 and -4
cardiac localisation is conserved across these different species. | have
investigated the effect of the loss of full-length dystrophin in DMD mouse,
rat and dog models finding different levels of disruption of cavin-1 and -4
that could be attributed by the expression of shorter dystrophin isoforms

in these animal models. | have also tested the ability of five different



micro and mini-dystrophin (one of them is currently used in a clinical trial)
constructs in restoring the physiological cardiac localisation of cavin-1

and -4 finding that none of them is able to do this.

Overall, my findings suggest that the cardiac localisation of cavins is
dependent on the expression of dystrophin at the cardiomyocyte
membrane and that the cavin binding domain could reside in the distal
part of the dystrophin protein. This knowledge suggests new roles of
dystrophin in the heart and could be useful for the design of the next
gene therapy constructs and for the development of targeted cardiac

therapies.



Impact statement

Duchenne and Becker muscular dystrophies are two neuromuscular
conditions caused by mutations of the dystrophin gene. Duchenne
patients are characterized by a severe skeletal muscle disease and
dilated cardiomyopathy (DCM) whereas Becker patients show a more
variable phenotype of skeletal muscle disease, but they also develop
DCM. The major cause of death in Duchenne and Becker muscular
dystrophies is cardiac failure. The molecular principles behind DCM in
these diseases are poorly understood and current cardiac management
in these patients involves cardio-protective drugs that delay the onset of
DCM, but do not prevent it due to their lack of specificity. A promising
therapeutic approach is adeno-associated virus (AAV) gene therapy that
aim to systemically delivers a functional dystrophin cDNA. Because of
the limited capacity of the AAV vector, dystrophin needs to be
miniaturized (micro- and mini-dystrophin). Therefore, the dystrophin
domains included in these mini and micro-dystrophin construct need to
be carefully chosen to ensure the rescue of both the cardiac and skeletal
muscle pathology. Dystrophin associates with different proteins in both
skeletal and cardiac muscle but previous studies showed that cardiac
dystrophin associates with a set of proteins that are not present in the
dystrophin glycoprotein complex of skeletal muscle suggesting a cardiac
specific role of dystrophin. Among these new proteins is cavin-1, that is
essential for the formation of caveolae. Caveolae are membrane
invaginations that in the heart play important roles for cardiac physiology
and disease. Cavin-1 is part of a protein family that includes key
caveolae accessory proteins such as cavin-2, -3 and -4. Because of the

known involvement of caveolae in cardiac disease and function, a



disruption of cavins in DMD could be a hitherto unrecognised contributor
to cardiac disease in DMD. Therefore, the aim of my PhD project was to
characterise the association of cardiac dystrophin with the cavin proteins.
The characterisation of these new molecular interactions adds new
knowledge about the role of dystrophin in the heart and could be
beneficial for the design of future gene therapy constructs and targeted
cardiac therapies. The research | conducted for my PhD thesis led me to
find that, when dystrophin is lost at the membrane of the mouse
cardiomyocytes, the membrane localisation of cavin-1, -2 and -4 is also
disrupted, supporting a prior study that showed an association of
dystrophin with cavin-1. | have found that the distribution of cavin-1, -2
and -4 is conserved across different species such as rats, dogs, and
humans and is affected in DMD rats and dogs by the loss of dystrophin
as observed in mice. This knowledge could be useful when choosing an
appropriate animal model for the study of caveolar proteins.

Using transgenic mice expressing five different micro and mini-dystrophin
constructs, | found that none of them is able to recruit cavin-1 and -4 at
the cardiomyocyte membrane they helped me narrowing down the
dystrophin domains potentially involved in the cavin-1 and -4 binding.
The results collected from my research demonstrated a new role of
dystrophin in the membrane localisation of cavin proteins that is not only
limited to the murine heart but also occurs in other species. Since
mutations on cavin-1 and cavin-4 are associated with cardiac disease,
the cardiac interaction between dystrophin and cavins should be

considered for the design of the next gene therapy constructs.
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Chapter 1. Introduction

1.1 The Duchenne Muscular Dystrophy gene and the dystrophin
protein

The Duchenne Muscular Dystrophy (DMD) gene spanning over 2.2Mb
(Tennyson, Klamut et al. 1995) is one of the largest human genes and is
located in the short arm of the X chromosome (Kunkel, Monaco et al.
1985, Monaco, Neve et al. 1986, van Ommen, Verkerk et al. 1986). It
contains eight promoters that drive the transcription of different
dystrophin isoforms (Figure 1 A). The dystrophin protein isoforms are
identified by the acronym Dp, that stands for dystrophin protein followed
by a number that corresponds to the molecular weight and are expressed
in different tissues (Table 1) at different times during development
(Torelli, Ferlini et al. 1999). Three upstream promoters (Figure 1 A)
initiate the transcription of three different full length dystrophin forms that
have the same molecular weight but are differentially expressed in
muscle, brain, and cerebellar Purkinje cells respectively, called Dp427m,
Dp427c and Dp427p (Figure 1 B). The DMD gene also encodes for five
shorter dystrophin isoforms initiated by five different promoters (Figure 1
A). The Dp260 isoform is expressed in the retina (D.M Pillers 1993),
brain and cardiac muscle (V N D'Souza 1995). Dp140 has been reported
in the Purkinje cells of the cerebellar cortex (Lidov 1995) and in kidney
(Lidov 1997). Dp116 is expressed in the peripheral nervous system in the
Schwann cells (Byers 1993), while Dp71 is mainly expressed in brain
and liver (Austin 1995) but its mRNA is also found in muscle (Rapaport,

Lederfein et al. 1992). The last isoform is Dp40 (Tozawa, Itoh et al.
22



2012), that lacks the C-terminus of Dp427, found in brain (Tozawa, Itoh
et al. 2012, Doorenweerd, Mahfouz et al. 2018) (Figure 1 B and table

1).
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Figure 1. DMD exons, promoters, and tissue distribution of

dystrophin isoforms.

Schematic representation of DMD gene exons and the eight promoters.
The chosen colours for the exons match the colours of the encoded
dystrophin protein domains (B) that will be examined in detail in 1.1.1. B.
Diagram of the different dystrophin protein isoforms. NT= N-terminus,
H1, H2, H3, H4= Hinge 1, 2, 3 and 4. Numbered light blue oval-shapes=
spectrin-like repeats of the rod domain. CR= Cysteine-rich domain. CT=

C-terminus.



Table 1. Tissue distribution of dystrophin isoforms.

Dystrophin

. Tissue expression
isoforms

Cardiac and skeletal muscle
Dp427 Brain
Cerebellar Purkinje cells

Cardiac muscle

Dp260 Brain
Retina
D140 Purkinje
P Kidney
Dplle6 Schwann cells
Dp71 Brain
P Liver
Dp40 Brain

In skeletal and cardiac muscle, dystrophin has a structural role
connecting the intracellular cytoskeleton to the extracellular matrix via
several protein interactions (Figure 2 and 3), ensuring the membrane
stabilisation during muscle contraction in order to avoid contraction-
induced damage (Danialou 2001) (Petrof 1993). Furthermore, dystrophin
functions as a scaffold, anchoring signalling proteins to the sarcolemma
(Rando 2001) (Judge, Haraguchiln et al. 2006). To my knowledge there
are not studies that elucidate the role of each specific isoform in different
tissue. However, a study performed in brain found that the Dp427
isoform is expressed in neurons while Dp140 and Dp71 are expressed in
glial cells. The three different isoforms present in different brain cells play

different roles creating a link with specific proteins (Verghese 2021) .
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1.1.1 Dystrophin protein domains and dystrophin interactions with
the dystrophin glycoprotein complex

The fulfilment of the structural and signalling roles of dystrophin would
not be possible without the interactions that dystrophin establishes with a
set of proteins that come together to form the Dystrophin Glycoprotein
Complex (DGC; Figure 2 and 3) (Ibraghimov-Beskrovnaya, Ervasti et al.
1992, Duggan, Gorospe et al. 1997). Dystrophin associates with
members of the DGC because of its tertiary structure, made of 4

functional domains.

1) Actin-binding domain (ABD1)

The amino-terminal portion of dystrophin is responsible for anchoring the
dystrophin protein to the cytoskeleton. It is called the actin-binding
domain (ABD1) because of the presence of two calponin homology
domains (CH1 and CH2) that bind with monomers of the cytoskeletal F-
actin (Way M. 1992, Rybakova and Ervasti 1997). The ABD1 domain is
very important for muscle membrane stability as it connects dystrophin to
the contractile apparatus in skeletal muscle via the link with y-actin
(Rybakova, Patel et al. 2000). The ABD1 also associates with the
contractile apparatus via the cytokeratin 19 intermediate filament protein

(Stone, O'Neill et al. 2005).

2) Rod domain

The central portion of the dystrophin protein is called the rod domain and
is composed of 24 spectrin-like repeats (R1 to R24) placed in tandem,
plus four proline-rich regions called “hinges”. Two hinges (H1 and H4)
are located at its extremities and the other two hinges (H2 and H3) are

within the rod domain allowing flexibility to the dystrophin protein (Koenig
25



and Kunkel 1990) (Figure 2). One of the roles carried out by the rod
domain is to reinforce the structural role of dystrophin, in fact the region
of the rod domain spanning from spectrin-like repeat R11 to R17 forms a
second actin binding domain (ABD2) (Amann, Renley et al. 1998).
Though lower affinity than ABDL1 it likely serves to support the
association of dystrophin with the cytoskeleton by ABD1 at the N-
terminus of dystrophin. In skeletal muscle, dystrophin plays also a role in
the organisation of the microtubule lattice via R20 to R23 of the rod
damain (Belanto, Mader et al. 2014). In vivo studies on mdx?3 mice (a
DMD mouse model that will be described in 1.3.2) treated with adeno
associated virus (AAV) vectors to deliver specific dystrophin spectrin-like
repeats, revealed an interaction between membrane phospholipids and
the R1-R3/ R10-R12 regions of dystrophin (Zhao, Kodippili et al. 2016)

facilitating the interaction of dystrophin with the plasma membrane.

Another important molecular interaction happens between H4 and a
transmembrane protein of the DGC: B-dystroglycan. Specifically, the C-
terminus of B-dystroglycan binds with the WW motif present in H4 of the

dystrophin rod domain (llsley, Sudol et al. 2002).

The rod domain has not only a structural role but also a signalling role. It
is involved in binding members of the DGC involved in signaling, such as
a-syntrophin that binds to R17 and B-syntrophin that binds to R22
(Adams, Odom et al. 2018). Alphal-syntrophin is an important signalling
protein that mediates the interaction of neuronal nitric oxide synthase
(nNOS) with the DGC in skeletal muscle (Lai, Thomas et al. 2009, Lai,
Zhao et al. 2013). In particular, NNOS binds the PDZ domain (PDZ

stands for PSD95=post synaptic density protein , DIgl=Drosophila disc
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large tumor suppressor and zo-1=zonula occludens-1 protein that are the
three proteins that first showed to share this domain) of a-syntrophin
(Hillier B. J. 1999). nNOS is localised at the cytosolic surface of the
sarcolemma and during muscle contraction nNOS produces nitric oxide
(NO). When NO reaches the muscle vasculature it causes their dilation
allowing sufficient blood flow to provide the correct amount of oxygen
and nutrients that a contracting muscle requires (Suhr, Gehlert et al.
2013). In cardiac muscle, nNOS is not part of the DGC, as it is found in
the sarcoplasmic reticulum and in the mitochondria (K. Y. Xu 1999, A. J.

Kanai 2001, Johnson, Zhang et al. 2012).

3) Cysteine-rich domain

The third dystrophin domain is the cysteine-rich domain that can be
subdivided into two functional sub-domains, the EF hand-like and the ZZ
domain. The EF hand-like domain reinforces the binding of H4 with -
dystroglycan (Chung W. 1999, Rentschler S. 1999). The ZZ domain
binds to calmodulin, a calcium-binding protein involved in muscle
contraction, in a calcium-dependent manner (Anderson, Rogers et al.
1996). This ZZ domain is also involved in the binding with ankyrin-B, that
is crucial to increase the closeness of dystrophin to the sarcolemma

(Ayalon, Davis et al. 2008).

4) C-terminus

The last domain is the C-terminus that contains binding sites for a and 3-
syntrophins other than the ones present in the rod domain, but the major
difference between the two binding types is that only the a-syntrophin

that binds to the R17 is able to recruit nNOS (Adams, Odom et al. 2018).
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The dystrophin C-terminus also interacts with the C-terminus of another
member of the DCG called a-dystrobrevin via their respective coiled-coll
regions (Blake D. J. 1995, Sadoulet-Puccio, Rajala et al. 1997) anchoring
it to the sarcolemma (Sadoulet-Puccio, Rajala et al. 1997). Alpha-
dystrobrevin has been shown to also interact with syntrophins (Peters M.
F. 1997). On one hand the C-terminus of dystrophin is involved with
binding to multiple proteins involved in signalling, on the other hand,
studies performed in mice expressing a dystrophin lacking the C-
terminus showed normal localisation of dystrobrevin and syntrophin.
These observations suggest that both proteins do not require the C-
terminus for their membrane localisation (Crawford G. E. 2000).
Moreover, Rafael and colleagues showed that mice expressing a
dystrophin protein lacking the C-terminus domain have normal muscle

function (Rafael J. A. 1996).

b a-syntrophin B-syntrophin a-syntrophin
e membrane B-syntrophin

phosphol|p|ds phosphollplds microtubules B dystroglycan a-dystrobrevins
F-actin

Full-length - :
dVStrophin NT % °°°°°°eeee°e@°e [ [H4

Rod domain

Cystein-rich C-terminnus

ABD1 domain domain

ABD2

Figure 2. Schematic representation of the dystrophin domains and

the interactions they are involved in.

NT= N-terminus, H1, H2, H3, H4= Hinge 1, 2, 3 and 4. Numbered light
blue oval-shapes= spectrin-like repeats of the rod domain. CR=

Cysteine-rich domain. CT= C-terminus. ABD = Actin binding domain.
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1.1.2 Other members of the DGC

In 1.1.1 the members of the DGC that interact directly with dystrophin
have been described. However, the DGC also includes other members
(Figure 3) that do not associate directly with dystrophin but interact with
the DGC proteins described in the previous section. For example, 3-
dystroglycan binds dystrophin but is also tightly associated with another
member of the DGC, the extracellular protein a-dystroglycan (Ervasti and
Campbell 1991). Alpha-dystroglycan acts as a receptor for extracellular
ligands such as laminin, agrin and perlecan linking dystrophin to the
extracellular matrix (Henry and Campbell 1996). Another protein family
part of the DGC consists of six transmembrane proteins, q, 8, y, 8, € and
¢ sarcoglycan. Striated muscle is mainly composed of a, B, y, 6
sarcoglycans. Delta-sarcoglycan has been shown to interact with -
dystroglycan (Chan Y. M. 1998). Moreover, the sarcoglycans bind with
the N-terminal region of a-dystrobrevin (Yoshida M. 2000). The binding
between sarcoglycans and a-dystroglycan is important to stabilize the
DGC (Yoshida, Hama et al. 2000). The last member of dystrophin
glycoprotein complex is sarcospan (SSPN) that required the association
with sarcoglycans for its stability (Crawford, Faulkner et al. 2000).
Studies in sarcospan knock-out mice showed no disruption in the

dystrophin glycoprotein complex (Lebakken C. S. 2000).
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Figure 3. Diagram of the interaction of dystrophin with the
dystrophin glycoprotein complex (DGC) and actin in skeletal

muscle.

Schematic representation of how dystrophin links the actin cytoskeleton
with the extracellular matrix via molecular interactions with actin,
microtubules, and the dystrophin glycoprotein complex in skeletal muscle
cells.

There is not only a difference in the tissue distribution of the dystrophin
isoforms (Table 1) but there is also a difference in the proteins that
dystrophin can assemble in these different tissues. In cardiac muscle the
DCG includes proteins that are not found to be associated with
dystrophin in skeletal muscle. The proteins that specifically associate
with dystrophin in the heart are cavin-1, ahnakl, cypher, and CRYAB.
Moreover, B2-syntrophin and a3-dystrobrevin have been found more
abundant in cardiac muscle than in skeletal muscle (Johnson, Zhang et
al. 2012). Several studies also focused on the specific distribution of the
dystrophin isoforms in brain and the difference in the dystrophin
associated proteins. As mentioned in 1.1.1, Dp427 isoform is expressed
in neurons while Dp140 and Dp71 are expressed in glial cells. The brain

DGC contains 3-dystrobrevin but not the sarcoglycan complex.
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Moreover, y-1-syntrophin shown to be associated with the Dp427 isoform
in neurons while y2-syntrophin has been found associated with Dp71 in

glial cells (Verghese 2021).

1.1.3 Utrophin, in vivo and in vitro differences with dystrophin
Utrophin is an autosomal paralogue of dystrophin. The utrophin gene is
located on the human chromosome 6g24 and the mouse chromosome
10 (Buckle, Guenet et al. 1990) and its transcription is controlled by two
differentially regulated promoters, A and B. These two promoters drive
the transcription of two different mMRNA isoforms that are translated in
two full-length utrophin proteins, A-utrophin and B-utrophin (Figure 4). A
and B-utrophin proteins have a 395kDa molecular weight and they share
80% amino acid identity with dystrophin (Tinsley, Blake et al. 1992).
Utrophin A and B have a different N-terminus actin binding domain and a
different expression pattern. A-utrophin has been found in muscle at the
myotendinous and neuromuscular junctions and at the sarcolemma of
regenerating myofibers (Helliwell, Man et al. 1992). B-utrophin is
expressed in endothelial cells and blood vessels (Weir, Burton et al.
2002). Another three shorter utrophin isoforms have been reported:
Up140, Up71 (Wilson, Putt et al. 1999), G-utrophin (Blake, Schofield et
al. 1995) and their function is not yet fully understood. Like the dystrophin
protein, utrophin consists of an actin binding N-terminus domain, a
central rod domain, a cysteine-rich domain and C-terminus domain. One
of the differences between dystrophin and utrophin is their
spatiotemporal distribution. In fact, utrophin is present at the sarcolemma
of human foetal skeletal muscle fibres while dystrophin is absent. At
about 20 weeks of gestation, utrophin is gradually substituted by

dystrophin at the sarcolemma and thereafter, utrophin is confined to
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myotendinous and neuromuscular junctions, in the nerves and
vasculature (Clerk, Sewry et al. 1992, Clerk, Strong et al. 1992, Clerk,
Morris et al. 1993). Despite having a very similar amino acid identity with
dystrophin (Tinsley, Blake et al. 1992), utrophin is not capable of
localising NNOS to the sarcolemma (Li, Bareja et al. 2010) and binds to
B-dystroglycan more weakly than does dystrophin (about 2-fold)
(Ishikawa-Sakurai, Yoshida et al. 2004). Moreover, utrophin binds the
actin filaments with only one continuous domain that spans from the N-
terminus to spectrin-like repeat 10. Despite the different mode of
association with actin, the binding affinity of dystrophin and utrophin for
actin is very similar (Rybakova and Ervasti 2005). The presence of a
single continuous high affinity actin binding domain in the utrophin
protein versus the two low affinity actin binding sites of dystrophin
remains unclear. Rybakova and Ervasti speculated that the role of the
two low affinity dystrophin actin binding sites is to bind and unbind with
actin more rapidly allowing dystrophin to function as a “shock absorber”
during muscle stretch. Instead, the high affinity single actin binding
domain of utrophin acts as a “molecular ruler” to define the length of
costameric actin during muscle development. Another difference
between dystrophin and utrophin is their binding with the microtubules.
Studies performed on skeletal muscle of dystrophin deficient mice
(mdx?3, 1.3.2) and mdx?3 mice over expressing utrophin showed the
disorganization of the microtubule lattice when compared to wild-type
mice normally expressing dystrophin showing that utrophin does not

binds with microtubules (Belanto, Mader et al. 2014).
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Figure 4. Comparison of the full-length dystrophin domains with the

domains of A and B-utrophin.

Schematic representation of the domains of dystrophin and A and B
utrophin. NT=N-terminus, H= hinge. Numbered light blue oval-shapes=

spectrin-like repeats of the rod domain. CR= Cysteine-rich domain. CT=

C-terminus.
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1.2 Dystrophinopathies

Several mutations can occur in the DMD gene, the majority of which
involve more than one exon and are classified as large mutations
accounting for 80% of total mutations, of which 86% are deletions and
14% are duplications. The remaining 20% includes small mutations
(smaller than one exon) of which the majority are point mutations (52%)
that are nonsense in 50% of the cases and missense in 2% of the cases.
Small mutations also include deletions (25%), splice site (14%) and
insertions (9%). Mid-intronic mutations occur in only 0.3% of the cases
(Bladen, Salgado et al. 2015). Mutations in the DMD gene cause
dystrophinopathies that span from mild to severe diseases including
Duchenne muscular dystrophy (DMD), Becker muscular dystrophy
(BMD) and X-linked dilated cardiomyopathy (XLDCM). Although,
dystrophinopathies show a X-linked inherited pattern, de novo mutations
are also described by several independent studies being reported in
16%—-35% of cases (Garcia, de Haro et al. 2014, Lee, Takeshima et al.

2014).

1.2.1 Duchenne muscular dystrophy

Duchenne muscular dystrophy has an incidence of about 1 in 5000 male
live births (Mendell, Shilling et al. 2012, Moat, Bradley et al. 2013). Most
of the mutations found in the dystrophin gene of DMD patients are
deletions (60-70%), that can happen anywhere in the DMD gene but
have been mostly observed in the region including exons 2-19
(Nakamura, Fueki et al. 2016) and the central region which includes exon
45-55 (Oudet, Hanauer et al. 1992, Nobile, Galvagni et al. 1995,

Nakamura, Shiba et al. 2017). The region included between exon 2-20
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and between exon 45-55 of the dystrophin gene are the two main
mutational “hotspots” (Bladen, Salgado et al. 2015) (Figure 5 A). 5-15%
of the patients present with duplications and the remaining 20% have
small deletions or insertions or point mutations (Aartsma-Rus, Van
Deutekom et al. 2006, Magri, Govoni et al. 2011). 90% of DMD cases are
caused by mutations that disrupt the reading frame (out-of-frame
mutations) leading to the production of a non-functional dystrophin
according to the Monaco rule (Monaco, Bertelson et al. 1988, Aartsma-
Rus, Van Deutekom et al. 2006). This rule was postulated in 1988,
categorising out-of-frame mutations with the severe DMD phenotype and
mutations that do not disrupt the reading frame (in-frame mutations) with
the milder BMD phenotype. However, exceptions have been observed in
DMD patients presenting with mutations that do not disrupt the reading
frame but still develop a severe phenotype. In these cases, mutations
affect too large portions of the DMD gene to result in a functional protein,
or are located in crucial domains for dystrophin function stabilisation such
as the cysteine-rich domain (Aartsma-Rus, Van Deutekom et al. 2006).
Moreover, several patients with in-frame deletion or duplication of exon 5
resulted in out-of-frame transcripts due to alternative splicing events

(Gualandi, Trabanelli et al. 2003).

DMD patients start to show muscle weakness and motor function
deterioration at the age of 5-7 years becoming wheelchair dependent by
12 years of age (Yiu and Kornberg 2015). They show respiratory muscle
decline from 12 years of age with a decrease of 4-8% per year in their
vital capacity (Khirani, Ramirez et al. 2014) needing assisted ventilation
by the age of 20 years (Mercuri, Bonnemann et al. 2019). About 30% of

patients also show intellectual disability, attention deficit disorder and
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autistic spectrum disorder (Ricotti, Mandy et al. 2016). DMD patients
start to show cardiomyopathy by 9-10 years of age that progresses into
dilated cardiomyopathy (DCM) eventually leading to cardiac failure
(Eagle M 2002). Currently, there is no cure for Duchenne muscular
dystrophy. Before the advent of nocturnal ventilation, respiratory failure
was the major cause of death in DMD patients (Passamano, Taglia et al.
2012). Assisted ventilation increased their life expectancy to their late
twenties to early thirties (Eagle M. 2002). Currently, the major cause of
mortality in these patients is cardiac failure (Eagle M 2002, McNally,
Kaltman et al. 2015, Birnkrant, Bushby et al. 2018).

DMD is extremely rare in females and has been described in one case of
bi-allelic DMD mutation (Takeshita, Minami et al. 2017), and in some
case reports associated with Turner disease (Ferrier, Bamatter et al.
1965, Chelly, Marlhens et al. 1986, Satre, Monnier et al. 2004) a genetic
disorder in which part or the whole X chromosome is missing. DMD
female carriers carrying a DMD mutation on one of the X chromosomes,
are mostly asymptomatic when the normal allele compensates the
mutated one. In rare cases the skewed inactivation of the normal allele
causes the development of a DMD-like phenotype with skeletal muscle
weakness occurring in approximately 2.5-19% of the cases and dilated
cardiomyopathy occurring in the 7.3-16.7% of the cases (Ishizaki,

Kobayashi et al. 2018).

1.2.2 Becker muscular dystrophy

Becker muscular dystrophy (BMD) is less common than DMD, it affects 1
in 11,000 to 19,000 live male births (Mah, Korngut et al. 2014). 60-70%
of the mutations found in BMD patients are deletions. Duplications

account for 20% of cases, while 5-10% are point mutations, small
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deletions, or insertions (Aartsma-Rus, Van Deutekom et al. 2006). BMD
patients have low levels of full-length dystrophin or express a partially
functional dystrophin mostly (90%) due to in-frame mutations of the DMD
gene (Hoffman, Fischbeck et al. 1988, Blake, Weir et al. 2002) (Figure 5
B). However, in 2% of BMD patients out-of-frame deletions and

duplications have been found (Aartsma-Rus, Van Deutekom et al. 2006).

The disease course is quite variable: typically these patients start to
manifest symptoms by the age of 15 or greater but most patients remain
ambulant until the third decade of life (Yazaki, Yoshida et al. 1999). They
rarely show cognitive impairments, that are reported only in isolated
cases (North, Miller et al. 1996, Young, Barton et al. 2008). 70% of BMD
patients develop cardiomyopathy with a variable age of onset and in
some cases, this is not accompanied by skeletal muscle disease
(Angelini, Fanin et al. 1996). Cardiac failure is the major cause of death
in patients with BMD (Bushby, Muntoni et al. 2003) and will be discussed
in 1.3. 13.3% of BMD female carriers show skeletal muscle symptoms

and dilated cardiomyopathy (Ishizaki, Kobayashi et al. 2018).

1.2.3 X-linked dilated cardiomyopathy

In 1987, Berko and Swift described a large family with 11 males showing
dilated cardiomyopathy between 10 and 20 years old without skeletal
muscle involvement, and 5 females showing progressive dilated cardiac
involvement by the age of 40 and no skeletal muscle involvement (Berko
and Swift 1987). In 1993 Tobin and colleagues linked this family’s
disorder to the DMD gene (Towbin, Hejtmancik et al. 1993).

Simultaneously, Muntoni identified mutations in the dystrophin gene in a
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separate family with dilated cardiomyopathy and no skeletal muscle

involvement (Muntoni, Cau et al. 1993).

Patients with X-linked dilated cardiomyopathy (XLDCM) show absent or
mild myopathy symptoms (Berko and Swift 1987, Lester, Femia et al.
2019). Immunohistochemical analyses of biopsies from XLDCM patients
show a moderate reduction of dystrophin in skeletal muscles but a
complete loss of dystrophin in cardiac muscle (Muntoni, Cau et al. 1993,
Muntoni, Wilson et al. 1995, Bies, Maeda et al. 1997). They show
variable age of onset of cardiac impairment, between 10 and 20 year of
age (Yoshida, Ikeda et al. 1993) and variable severity of cardiac disease.
In the most severe form, patients develop congestive heart failure before
their 20s (Muntoni, Cau et al. 1993, Towbin, Hejtmancik et al. 1993).
Female patients are characterized by a later age of onset of
cardiomyopathy (between 40 and 50 year of age) with slower
progression compared to male patients, but which is also fatal (Towbin,
Hejtmancik et al. 1993, Cox and Kunkel 1997, Nakamura 2015). Since
1993, several dystrophin mutations have been discovered in patients
with XLDCM, but the pathogenesis of this peculiar phenotype is still
poorly understood. Tasaki’'s group proposed to classify XLDCM patients
based on their dystrophin mutation. They identified a first group of
patients with mutations in the region from the muscle promoter to exon 1,
the second group comprised patients with a mutation in the central hot
spot region centred around exons 48—49 and patients with mutations in
other regions not included in the first and the second group were in the
third group. The latter included patients with mutations in exon 9, the
region between exons 2-7 and mutations in exon 11 (Tasaki, Yoshida et

al. 2001). In 2004, Cohen and Muntoni (Cohen and Muntoni 2004)
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divided the DMD mutations associated with XLDCM in two groups called
A and B. Group A included mutations of the 5’ end of the DMD gene, and
also included mutations of the third group proposed by Tasaki. Thus,
group A included mutations in the region from the muscle protomer to
part of intron 1, exons 2-7, exon 9 and intron 11. According to their
classification, mutations of group A differentially affect the splicing or the
promoter usage of dystrophin in skeletal and cardiac muscle. Patients of
this group had different levels of dystrophin in skeletal and cardiac
muscle, with some patients having no detectable dystrophin in the heart
and reduced dystrophin in skeletal muscle. Group B included patients
with mutations in exon 29, exon 35 and exons 45-55. Patients with DMD
mutations in these regions had no major differences in the amounts of
dystrophin in their skeletal and cardiac muscles. A patient of group B,
with a nonsense mutation in exons 29, showed a severe dystrophin
reduction in both skeletal and cardiac muscle. Patients with deletions in
the region between exons 45 and 55 showed almost normal levels of
truncated dystrophin in the heart and very mild skeletal muscle
involvement (Figure 5 C). The reason why mutations of group A involve
only cardiac muscle is still not clear but in the past years several
hypotheses have been formulated. The first hypothesis is that the
regulation of the dystrophin gene transcription is different in skeletal and
cardiac muscle. In this regard, Muntoni found that deletions involving the
region from the muscle promoter and part of intron 1 result in the loss of
the muscle dystrophin isoform (Dp427m) accompanied by the
overexpression of the Purkinje-cell (Dp427p) and brain isoform (Dp427c)
in skeletal but not in cardiac muscle resulting in XLDCM (Muntoni, Melis

et al. 1995, Muntoni, Wilson et al. 1995). Moreover, an insertion mutation
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of Alu-like sequences in intron 11 in a family with XLDCM results in the
expression of both mutant and normal mRNA in skeletal muscle and in
the expression of the mutant mRNA only in cardiac muscle (Ferlini, Galié
et al. 1998). Another hypothesis is that, in cardiac muscle, the stability
and the mechanism of protein binding of dystrophin is different from
skeletal muscle. In this regard, Bies reported a 5" mutation associated
with the loss of dystrophin and a-dystroglycan in cardiac muscle but not
in skeletal muscle in a family affected by XLDCM speculating that this
mutation may have caused a cardiac-specific change in dystrophin
function (Bies, Maeda et al. 1997). Singh conducted a study on a
missense mutation (Lys18Asn) located in the N-terminus of dystrophin
found in a patient with XLDCM and no skeletal muscle myopathy (Feng,
Yan et al. 2002), reporting that this mutation increases an anomalous
folding of dystrophin protein causing protein instability (Singh, Bandi et
al. 2014). The third hypothesis relates to the fact that XLDCM patients as
well as BMD patients, if unaware of their cardiac condition, perform sport
activities inducing mechanical stress on the dystrophin deficient heart
(Melacini, Fanin et al. 1996). Myocardial damage caused by physical
exercise has also been observed in dystrophin deficient mice
(Nakamura, Yoshida et al. 2002). The last hypothesis is that some
dystrophin mutations can disrupt dystrophin molecular interaction that
occurs only in the heart and not in skeletal muscle. In fact, in the heart,
dystrophin associates with proteins that not only are not present in the
skeletal muscle DGC but that are also involved in cardiac muscle
function and disease (Johnson, Zhang et al. 2012). The exact binding
site of dystrophin for these new cardiac-specific proteins is currently

unknown but is certainly a hypothesis that must be investigated.
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Figure 5. Dystrophin domains affected by out-of-frame and in-frame
mutations.

(A and B). Schematic representation of the dystrophin domains mostly affected
by out-of-frame mutations (A) and in-frame mutations (B) and the resulting
dystrophic phenotypes. C. Mutations affecting different part of the dystrophin
gene lead to a various onset of cardiomyopathy in DMD and BMD patients.
NT=N-terminus, H= hinge. Numbered light blue oval-shapes= spectrin-like

repeats of the rod domain. CR= Cysteine-rich domain. CT= C-terminus

1.3 Cardiac disease in Duchenne and Becker muscular dystrophy
patients compared to cardiac impairments in DMD animal models
My PhD thesis aims to characterise a subset of cardiac-specific
molecular interactions of dystrophin that, if impaired, could have an effect
on cardiac physiology. My research also focuses on micro and mini-
dystrophin constructs including one that is currently on a gene therapy
clinical trial, that | used as a tool to identify the dystrophin binding domain

for the new cardiac-specific molecular partners. Therefore, in the
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following sections | will define the aspects of the cardiac disease in DMD
and BMD patients and compare them with the cardiac impairments found
in DMD mouse models (1.3.2) used for the study of the micro and mini-
dystrophin constructs. | will also describe the cardiac impairments found
in two other DMD animal models (rats 1.3.3 and dogs 1.3.4) that | used

in my research to study dystrophin cardiac molecular interactions.

1.3.1 Clinical manifestation of cardiac disease in Duchenne and
Becker muscular dystrophy patients

As mentioned in 1.2.1 and 1.2.2, both DMD and BMD patients develop
cardiac impairment but at different stages of their life. More than 90% of
18-year-old DMD patients show cardiac dysfunction (Kamdar and Garry
2016). Current guidelines recommend the first cardiac evaluation at the
time of the diagnosis of DMD, with biannual cardiac screening until 10
years of age, and annual screening after 10 years of age (Bushby, Finkel
et al. 2010). This is because the recognition of cardiac disease
symptoms can be challenging due to respiratory issues and the physical
inactivity of these patients. Moreover, many DMD patients do not show
the classic symptoms of heart failure, and this leads to a delay in the
correct cardiac evaluation and a delayed pharmacological treatment
(McNally, Kaltman et al. 2015). Sixty to 75% of patients with BMD
present with cardiac disease and the age of onset varies from 7 years of
age to their late twenties (Rajdev and Groh 2015). Most of them have
asymptomatic cardiac involvement and show a wide range of cardiac
manifestation, from imperceptible signs to severe cardiomyopathy

(Srinivasan, Hornyak et al. 2005).
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The first signs of cardiac disease that DMD patients show are usually
detected by electrocardiographic examinations and are (Thrush, Allen et

al. 2009, Santos, Costa Fde et al. 2010, Rajdev and Groh 2015)

*Sinus tachycardia: abnormally elevated heart rhythm (greater than 100

beats/min)

*Short PR interval: the period that elapses between the onsets of atrial
depolarization (P wave) and the beginning of ventricular depolarization

(QRS complex).

*Decreased S:R wave ratio in the precordial leads with tall R waves,
inferolateral Q waves: The R wave refers to the early ventricular
depolarisation, the S wave refers to the final depolarisation of the
ventricles. An R wave amplitude that is greater than that of the S wave

indicates cardiomyopathy.

*Long QT interval: the QT interval is the time between the ventricular
depolarisation and the ventricular repolarisation. An interval longer than

480 milliseconds is considered pathologic.

These electrocardiographic findings are associated with fibrosis of the
inferior and inferolateral walls of the left ventricle. From about 14 years
old patients often develop supraventricular and ventricular arrhythmias
increasing the risk of sudden death (Rajdev and Groh 2015) and left
ventricle ejection fraction declines. By 18 years of age, dilated
cardiomyopathy with extensive cardiac fibrosis become overt in DMD

patients (van Bockel, Lind et al. 2009).
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Becker patients present similar electrocardiographic and
echocardiographic impairments but with an average age of onset of 27

years.

1.3.2 Cardiac impairments in mdx23 and mdx>®¥ mouse models
Since 1984 several mouse models for DMD have been characterised,
each of them carries different point mutations and similar clinical
presentation. For this project, mdx23 (Bulfield, Siller et al. 1984) and
mdx>® mice have been used. The mdx?® mouse model is the most widely
used, it carries a spontaneous nonsense point mutation in exon 23 of the
Dmd gene (Figure 6) that abolishes the expression of full-length
dystrophin in skeletal and cardiac muscle (Sicinski, Geng et al. 1989).
However, mdx?® mice show presence of rare revertant myofibres
(dystrophin-positive) and revertant cardiomyocytes in skeletal and
cardiac muscle respectively, accounting for less than 1% (Hoffman,
Morgan et al. 1990, Danko, Chapman et al. 1992, Nicholson 1993).
Revertant myofibres or cardiomyocytes contain dystrophin due to the
skipping of the mutated dystrophin exon during the transcriptional
process restoring the open-reading frame (Lu, Morris et al. 2000). The
percentage of revertant fibres in muscle biopsies from Duchenne patients
spans from 0.1% to 7% (Fanin, Danieli et al. 1992, Angelini, Fanin et al.
1996). Mdx?3 mice show a peak of skeletal muscle damage such as
necrosis and regeneration at about 4 weeks of age that plateaus
thereafter (Dangain and Vrbova 1984). Significant severe symptoms of
skeletal muscle disease are only visible by 2 years of age with the
accumulation of fat and fibrosis and muscle weakness (Pastoret and

Sebille 1995). Initially, mdx?® mouse have normal cardiac function that
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later evolves in a dilated cardiomyopathy, and they share many features
with DMD patients, although the pathology is less severe. At 8 weeks of
age, they have normal echocardiograms and normal ventricular cytosolic
function (Quinlan, Hahn et al. 2004). However, when put under cardiac
mechanical stress by the administration of the 3 adrenoceptor agonist
isoproterenol, 8 week old mice show sarcolemmal injury and contractile
dysfunction (Danialou, Comtois et al. 2001). Between 12 and 17 months
of age they develop cardiac fibrosis and moderate changes of
echocardiographic and electrocardiographic (ECG) parameters (Quinlan,
Hahn et al. 2004). At 21 months of age, the equivalent of 62 year old
human (Chamberlain, Metzger et al. 2007, Bostick, Yue et al. 2008)
mdx?3 mice have myocardial fibrosis and calcification, abnormal
enlargement of the left ventricle and the ECG shows the changes
observed in DMD patients such as the reduction of the PR interval, a
prolonged QT interval, and deep Q waves. They also show
hemodynamic changes such as increases in both end-systolic and end-
diastolic volume as a result of reduced contractility and chamber dilation
leading to reduced ejection fraction, stroke volume and cardiac output
(Bostick, Yue et al. 2008). Lifespan is reduced by 17% in female mice
and 19% in male mice (approximately 22.5 months) compared to wild-
type and they die of natural causes and not as a direct effect of the loss

of dystrophin (Chamberlain, Metzger et al. 2007).

The other dystrophin deficient mice used for my PhD project are the
mdx>® mice (Im, Phelps et al. 1996). They carry a mutation in exon 10 of
the dystrophin gene (Figure 6) that disrupts the expression of full-length
dystrophin in both skeletal and cardiac muscle (Im, Phelps et al. 1996,

Filareto, Maguire-Nguyen et al. 2018, Wang, Marrosu et al. 2021).
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Compared to mdx?® , mdx®¢ mice have a 10-fold lower frequency of
revertant fibres and cardiomyocytes (Danko, Chapman et al. 1992)
making them a more suitable model for studies involving sensitive
biochemical techniques such as co-immunoprecipitation using antibodies
against the dystrophin protein. They also show a more severe skeletal
muscle dysfunction than mdx?® mice, such as a more severe exercise-
induced fatigue (Beastrom, Lu et al. 2011). Mdx®¢" mice show some of
the conduction abnormalities that have been seen in DMD patients such
as tall R waves. Shortened PR intervals mean they are also likely to
experience accelerated atrioventricular conduction, and they show a mild
increased vulnerability to ventricular arrhythmia. In terms of
echocardiographic features, by 6 months of age mdx®¢V mice exhibit
cardiac fibrosis and cardiomyocyte hypertrophy (Wang, Marrosu et al.
2021). Mdx?® and mdx®°¢V mice have a less severe cardiac phenotype and
a slower progression of the cardiac disease. than DMD patients. Despite
these differences, they represent a good model to study DMD
cardiomyopathy as they recapitulate the majority of the cardiac
impairment observed in DMD patients, they share the same genetic
defect as DMD patients, and in addition they are easy to handle and

readily available.

1.3.3 Rat model of DMD

The DMD rat model (DMD™ rat) was generated in 2014 by Larcher and
colleagues using transcription activator-like effector nucleases (TALEN)
targeting exon 23 of the dystrophin gene (Larcher, Lafoux et al. 2014)
(Figure 6). These rats do not express full-length dystrophin in either
skeletal or cardiac muscle. They exhibit muscle fibre necrosis and

interstitial fibrosis in skeletal muscle that results in decreased muscle
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force and reduced locomotor activity (Larcher, Lafoux et al. 2014). Very
recently, Szabo and colleagues (Szabo, Ebner et al. 2021) characterized
the cardiovascular phenotype of the DMD™ rat finding several
similarities between their cardiac dysfunction and those observed in
DMD patients. DMD™ rats show a reduction in the ejection fraction by 3
months of age, and lower left ventricular pressure, dP/dtmax and
dP/dtmin (that are the maximum and minimum rates of ventricular
pressure development; they also develop contractile dysfunction
(reduced ejection fraction) and progressive dilatation. Moreover, between
7 and 9 months of age they show left ventricular dilatation, cardiac
inflammation, and fibrosis (Szabo, Ebner et al. 2021). The cardiovascular
phenotype of DMD™ rats is more severe and develops quickly (by 3
month of age) compared to the mouse models that develop dilated
cardiomyopathy at 21 months of age, making the DMD™¥ rats a suitable

animal model for the study of cardiomyopathy in DMD.

1.3.4 Dog models of DMD

The golden retriever muscular dystrophy dog (GRMD) is the most
studied DMD canine model for cardiomyopathy; it carries a naturally
occurring splice site mutation in intron 6 of the dystrophin gene causing
the loss of full-length dystrophin in both skeletal and cardiac muscle
(Sharp, Kornegay et al. 1992). It shows electrocardiogram abnormalities
similar to DMD patients such as sinus tachycardia, shortened PR
interval, prolonged QT interval, reduction of the Q/R ratio (Fine, Shin et
al. 2011). Echocardiographic findings in these dogs are remarkably like
the ones found in DMD boys including myocardial fibrosis, left ventricle
systolic and diastolic disfunction, and the enlargement of the left ventricle

chamber, which are all symptoms of a progressive cardiomyopathy. In
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this thesis | used cardiac sections from a different DMD dog model: the
deltaE50-MD dog. The deltaE50-MD dog carries a mutation in exon 50
(Figure 6) that was initially found as a spontaneous mutation in Cavalier
King Charles spaniels (Walmsley, Arechavala-Gomeza et al. 2010) and
iIs now maintained on a beagle background (Amoasii, Hildyard et al.
2018). The advantage to choose the deltaE50-MD dog over the GRMD is
mostly due to their smaller size, making them easier to handle and less
expensive to maintain. The cardiac evaluation of the deltaE50-MD dogs
is ongoing at the Royal Veterinary College by Professor Richard Piercy’s

group, and the data generated in my thesis will be added to their work.
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Figure 6. Dystrophin mutations affecting the DMD animal models
used for my PhD thesis.

A. Dystrophin exons affected by the different mutations in DMD mouse,

dog, and rat models with the corresponding affected protein domains (B).

48



1.4 Pharmacological cardiac therapies and AAV gene therapy

1.4.1 Pharmacological therapies for dilated cardiomyopathy

The available pharmacological therapies intend to control symptoms,
delay the onset of dilated cardiomyopathy and improve the quality of life.
One of the therapeutic strategies used to prevent early symptoms of
dilated cardiomyopathy in DMD children is the use of perindopril.
Perindopril is an angiotensin-converting enzyme inhibitor (ACEi) and its
efficacy have been tested in a 5 year multicentre study involving 57
children, showing its efficacy in preventing DCM in terms of reducing left

ventricle dysfunction (Duboc, Meune et al. 2005).

The combined used of ACEi (perindopril) and eplerenone have been also
found to have a cardioprotective effects in a placebo-controlled trial
(Raman, Hor et al. 2015). Eplerenone is an aldosterone antagonist type
of potassium-sparing diuretic, used to reduce fluid around the heart and
decrease blood pressure, which is elevated in patients with DMD. ACEi
are widely used in clinical practice for DMD compared to eplerenone that
is less available and more expensive (Birnkrant, Bushby et al. 2018,

Raman, Hor et al. 2019).

Another drug that is routinely used for heart failure treatment in adults
are B-blockers, that are used to specifically decrease the heart rate and
reduce cardiac stress. In children, the effectiveness of B-blockers has
been tested in several studies, in particular the use of B-blockers in
combination with ACEi showed 5 years increased survival rate in DMD
patients with heart failure, particularly in asymptomatic patients with

ventricular dysfunction (Ogata, Ishikawa et al. 2009). In another two

49



studies, the beneficial effects of 3-blockers were not seen (Saito,
Matsumura et al. 2001, Viollet, Thrush et al. 2012) and these conflicting
results contributed to their delayed initiation in DMD patients (Adorisio,
Mencarelli et al. 2020). Currently, the followed treatment strategies for
DCM in Duchenne and Becker patients are in line with the ones used to
treat heart failure endorsed by the 2018 DMD Care Considerations
(Birnkrant, Bushby et al. 2018). None of the pharmacological treatments
used are able to prevent dilated cardiomyopathy: they only delay the

onset of the disease.

1.4.2 Rationale for AAV gene therapy constructs

Adeno-associated virus (AAV) gene therapy is a promising approach to
treat DMD, aiming to deliver a cDNA coding for a functional dystrophin.
The chosen vehicle to deliver a functional dystrophin cDNA in skeletal
and cardiac muscle is the AAV vector. AAV is a 25 nm virus from the
Parvoviridae family and its genome consists of a linear single-stranded
DNA of 4.7 kilo-bases (Naso, Tomkowicz et al. 2017). The advantages of
using AAV vectors include their capacity to infect dividing and non-
dividing cells allowing the infection of a wide range of cell types
(Podsakoff, Wong et al. 1994) and low rates of off-target genomic
integration that could lead to tumorigenesis (Chandler, Sands et al.
2017). Depending on the chosen serotype, AAV can be delivered via the
vascular system for body wide gene delivery and they are not pathogenic
(Balakrishnan and Jayandharan 2014). Moreover, depending on their
serotype, AAV vectors can transduce different types of tissues
(Podsakoff, Wong et al. 1994). One of the limitations in the use of AAV
vectors to deliver a functional dystrophin gene is their packaging

capacity. In fact, AAV vectors can accommodate a maximum 5 kb
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(Srivastava, Lusby et al. 1983) and at 14 kb the size of dystrophin cDNA
exceeds this capacity. (Naso, Tomkowicz et al. 2017). This limitation is
addressed by designing a shorter dystrophin gene that can fit in an AAV
vector and that carries the dystrophin domains needed for skeletal and
cardiac muscle function. This idea of creating a shorter but functional
dystrophin came from a discovery made by England and colleagues in
1990 (England, Nicholson et al. 1990), who found a family in which one
member showed a very mild BMD (still ambulant at the age of 61)
despite having a deletion in the central part of the dystrophin gene
leading to a half-sized dystrophin protein, called A17—-48 mini-dystrophin.
This discovery showed that parts of the dystrophin protein can be omitted
with minimal impact on its function. The therapeutic potential of the mini-
dystrophin genes was subsequentially confirmed by several genotype-
phenotype correlation studies that will be described in the next
paragraphs (Harper, Hauser et al. 2002, Li, Kimura et al. 2006, Lai,

Thomas et al. 2009, Wasala, Shin et al. 2018).

1.4.3 Genotype phenotype correlation of cardiomyopathy in Becker
muscular dystrophy patients

Since the packaging capacity of AAV vectors is 5 kb (Srivastava, Lusby
et al. 1983) and the size of dystrophin cDNA is 14 kb (Naso, Tomkowicz
et al. 2017), the choice of the dystrophin exons to be included in gene
therapy constructs is crucial as they must be functional for both skeletal
and cardiac muscle. The genotype-phenotype correlation studies are a
very useful tool for the design of the micro and mini-dystrophin
constructs. The micro-dystrophin constructs are about 4 kb while the
mini-dystrophin constructs are 6 kb length. Therefore, they cannot be

packed into an AAV vector. Recently Zhou and colleagues performed a
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meta-analysis of 18 studies performed in 9 countries on crucial genotype
parameters of cardiomyopathy in BMD, finding that mutations affecting
exons 45 and 46 are highly associated with cardiac dysfunction in these
patients (Zhou, Fu et al. 2021). Exons 45 and 46 encode for repeats 17
and 18. Studies in dystrophin-null mdx mice expressing a mini-dystrophin
lacking the region from exon 45 to exon 49 but with an intact Hinge 3
showed a complete rescue of skeletal muscle pathology but only a partial
improvement of cardiac function, suggesting that this dystrophin region is
particularly important for cardiac function and not for skeletal muscle
function (Bostick, Yue et al. 2009). Another study published by
Montanaro and colleagues analysed the impact of this mutation (exons
45 to 49) on the dystrophin protein structure (Kaspar, Allen et al. 2009).
They found that different combinations of exon deletion can preserve or
disrupt the known spectrin-like repeat pattern (Cross, Stewart et al. 1990)
that, when disrupted, is associated with an earlier onset of dilated
cardiomyopathy. This is because the physical boundaries of each
spectrin-like repeat do not correlate with the exon boundaries. They
found that BMD patients with mutation in the rod domain that disrupt the
spectrin-like repeat pattern as well as patients with deletion in the N-
terminal actin binding domain develop cardiomyopathy at an early age
(Kaspar, Allen et al. 2009). Another study performed by Tandon and
colleagues on 247 DMD and BMD patients found the association
between the presence of the C-terminus with a milder cardiac phenotype
(Tandon, Jefferies et al. 2015) but there seems to be no correlation with
skeletal muscle pathology (Crawford, Faulkner et al. 2000). The exact
correlation between specific mutations and the onset and severity of

cardiomyopathy is still unclear, but an understanding of this is crucial in
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order to design a micro-dystrophin construct that includes dystrophin

domains that are effective in both skeletal and cardiac muscle.

1.4.4 Optimization of micro-dystrophin construct design for
functional rescue of skeletal and cardiac muscle

So far, around 40 micro-dystrophin constructs have been tested in
animal models but the cardiac rescue potential of the micro-dystrophin
constructs have been assessed only in few studies and mostly with the
AR4-R23/ACT micro-dystrophin (Yue, Li et al. 2003, Gregorevic, Allen et
al. 2006, Townsend, Blankinship et al. 2007, Bostick, Yue et al. 2008,
Bostick, Shin et al. 2011, Shin, Nitahara-Kasahara et al. 2011, Bostick,
Shin et al. 2012, Wang, Marrosu et al. 2021).

Currently three AAV gene therapy constructs (Figure 7) have been
utilised for clinical trial from Pfizer

(https://clinicaltrials.gov/ct2/show/NCT04281485), Sarepta

(https://www.clinicaltrials.gov/ct2/show/NCT03375164) and Solid

Biosciences (https://www.clinicaltrials.gov/ct2/show/NCT03368742).

All three constructs are under the control of a muscle specific promoter to
avoid off target expression of the constructs in non-muscle tissue.

The construct from Pfizer is driven by the muscle creatine kinase (MCK)
promoter (Wang, Li et al. 2008). The Pfizer clinical trial was paused in
September 2021 for three serious adverse events that led them to
change the patient inclusion criteria.

Sarepta’s construct is driven by the murine muscle creatine kinase (CK)
and the cardiac enhancer a-myosin heavy-chain genes (MHCK?

promoter) (Salva, Himeda et al. 2007).
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Solid Bioscience chose the CK8 promoter that is the MHCK7promoter
with two copies of the MCK enhancer instead of the a-myosin heavy-
chain enhancer (Hakim, Wasala et al. 2017).

It was decided to insert the N-terminus that is essential for the binding
with the actin cytoskeleton (Norwood, Sutherland-Smith et al. 2000) in all
of them. As mentioned in 1.4.3, the presence of the N-terminal is also
important for cardiac function and studies in the skeletal muscle of
transgenic mice expressing micro-dystrophin constructs lacking the N-
terminus showed myofiber degeneration and the inability of these to
correctly localise at the skeletal muscle fibres (Banks, Gregorevic et al.
2007). Hinge 1 and the first repeats were inserted in all the constructs in
order to avoid misfolding of the N-terminus (Acsadi, Moore et al. 2012).
Moreover, spectrin-like repeats 1-3 were shown to be important for
dystrophin interaction with the sarcolemma in a study that compared the
membrane localisation of constructs including different spectrin-like
repeats expressed in dystrophin-null mdx23 mice skeletal muscle (Zhao,
Kodippili et al. 2016). The construct used for Sarepta’s clinical trials also
includes hinge 2 but this may not be the best choice, as hinge 2 contains
a polyproline site that in the mdx?® mouse influenced the functional
capacity of micro-dystrophin (Banks, Judge et al. 2010). In particular,
Banks and colleagues found that the insertion of hinge 2 in this micro-
dystrophin construct reduces myofiber size, alters the normal structure of
both muscle tendentious and neuromuscular junctions and also
contributes to the formation of abnormal ring-shaped myofibers. In their
mouse study they tested another construct that did not carry hinge 2 but
instead carried hinge 3 that improved these impaired parameters (Banks,

Judge et al. 2010). In support of these data, a study from 2002 with
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mdx?3 mice expressing two similar constructs, one with hinge 3 and the
other without hinge 3, revealed the amelioration of the muscle pathology
and muscle force in mice expressing the construct with hinge 3 (Harper,
Hauser et al. 2002). The discussion on the insertion of the central hinges
in the micro-dystrophin construct is still ongoing and is quite
controversial. In fact, Harper and colleagues (Harper, Hauser et al. 2002)
compared transgenic mdx23 mice expressing a micro-dystrophin
construct without hinge 2 and hinge 3 with mdx?® mice expressing
another micro-dystrophin construct with hinge 3, finding that the removal
of hinge 3 resulted in an efficient restoration of the histological and
functional parameters (less fibre degeneration and higher force). Another
study, this time on DMD and BMD patients, revealed that mutations
causing the loss of hinge 3 lead to a significantly milder disease
progression (Carsana, Frisso et al. 2005).

Moving further, the construct used for the Solid Biosciences clinical trials
carries the spectrine-like repeats 16 and 17 that have been shown to be
involved in the interaction of dystrophin with nNOS in skeletal muscle.
Studies in mouse and dog models for DMD expressing micro-dystrophin
constructs carrying these repeats show improved skeletal muscle
pathology (Lai, Thomas et al. 2009, Shin, Pan et al. 2013, Hakim,
Wasala et al. 2017).

All the clinical trial constructs carry the cysteine-rich domain that is
essential for the interaction between dystrophin and the sarcolemma in
both skeletal and cardiac muscle (Bies, Caskey et al. 1992, Anderson,
Rogers et al. 1996, Ayalon, Davis et al. 2008). None of the clinical trial
constructs carry the C-terminal domain, and this decision was made

based on a study that Crawford and colleagues (Crawford, Faulkner et
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al. 2000) made on mdx?® mice expressing a C-terminus truncated
dystrophin construct. They found that muscle histology and the muscle
force of these transgenic mice was identical to wild-type mice,
suggesting that the C-terminus was not crucial for skeletal muscle
function. However, as mentioned in 1.4.3, the C-terminus might be
important for the cardiac muscle function (Tandon, Jefferies et al. 2015).
Moreover, studies in mice and DMD patients suggest that the C-terminus
could be also important to preserve cognitive function (Daoud,
Candelario-Martinez et al. 2008, Ricotti, Mandy et al. 2016).

Taken together, these studies show how challenging it is to find the best
micro-dystrophin design that includes all the domains that are important
for both skeletal and cardiac muscle function (Harper, Hauser et al. 2002,
Yue, Li et al. 2003, Bostick, Shin et al. 2011, Shin, Nitahara-Kasahara et
al. 2011). The results from these three clinical trials will give new
knowledge about their therapeutical capacity in humans. Unfortunately,
of all these clinical trial constructs, only the one from Sarepta, AR4-
R23/ACT micro-dystrophin, has been studied for its ability to rescue both
skeletal and cardiac muscle impairments in mdx23 mice (Yue, Li et al.
2003, Gregorevic, Allen et al. 2006, Townsend, Blankinship et al. 2007,
Bostick, Yue et al. 2008, Bostick, Shin et al. 2011, Bostick, Shin et al.

2012).
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Figure 7. AAV gene therapy constructs currently on clinical trial.

Graphic representation of the of the proteins encoded by the Pfizer,
Sarepta and Solid Bioscience micro-dystrophin constructs currently in
clinical trial. N-terminus (NT), hinges (H1, H2, H3, H4), Cysteine-rich
domain (CR), C-terminus (CT), spectrin-like repeats (light blue numbered

ovals).

1.5 Dystrophin expression and its molecular association in the
heart

My PhD thesis focuses on the cardiac aspect of DMD, therefore, in the
next sections | will go through what is known about dystrophin in the

heart according to the literature.

1.5.1 Cardiac sub-cellular distribution of dystrophin

The sub-cellular distribution of dystrophin in cardiac muscle is not
identical to skeletal myocytes. Full-length dystrophin is localised at the
sarcolemma in both cardiomyocytes (Stevenson, Rothery et al. 1997,
Stevenson, Cullen et al. 2005) and skeletal muscle fibres (Torelli, Ferlini
et al. 1999). However, only in cardiac muscle full-length dystrophin and
the shorter dystrophin isoform Dp71 are found at the t-tubules (Klietsch,
Ervasti et al. 1993, Fabbrizio, Nudel et al. 1994, Masubuchi, Shidoh et al.
2013). The t-tubules are invagination of the membrane where ion

channels are highly expressed. In fact, the majority of the calcium influx
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triggering the release of intracellular calcium enters across the t-tubular
fraction (Scriven, Dan et al. 2000). T-tubules are crucial for the
excitation—contraction coupling (the process whereby an action potential
triggers a myocyte to contract, followed by subsequent relaxation)
(Orchard, Pasek et al. 2009) suggesting that dystrophin in the heart plays
additional roles compared to skeletal muscle. Dystrophin is also
expressed at the intercalated discs (Anastasi, Cutroneo et al. 2009, Di
Mauro, Gaeta et al. 2009) that connect adjacent cardiomyocytes to each
other allowing the cell-to-cell propagation of action potentials. The sub-
cellular distribution of dystrophin is not the only difference between

cardiac and skeletal muscle.

1.5.2 Cardiac dystrophin new binding partners

In 1.4.4 the lack of correlation between skeletal and cardiac muscle
disease in patients with BMD has been described. This raises questions
on the cause of the different effect that mutation of the dystrophin gene
can have on skeletal and cardiac muscle disease. One of the reasons
why this happens may lie in the possibility that in the heart, dystrophin
associates with different or additional proteins that are not present in the
skeletal muscle dystrophin protein complex. In this regard Montanaro
and colleagues performed proteomic analysis to compare the dystrophin
interactome of skeletal and cardiac muscle (Johnson, Zhang et al. 2012).
They found that dystrophin in the heart establishes associations with
proteins that are not present in skeletal muscle DGC. In the heart,
dystrophin associates with 32-syntrophin and a3-dystrobrevin, and four
proteins that are important for cardiac function: ahnak1, cypher, aB-
crystallin, and cavin-1. Mutations affecting ahnak1, cypher, aB-crystallin,

and cavin-1 are associated with arrhythmias, long QT syndrome and
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contractile dysfunction (Vatta, Mohapatra et al. 2003, Haase, Alvarez et
al. 2005, Rajab, Straub et al. 2010, Shastry, Delgado et al. 2010,
Sacconi, Féasson et al. 2012, Mahmoodzadeh, Koch et al. 2021) also
observed in DMD and BMD patients (Chenard, Becane et al. 1993,
Ashford, Liu et al. 2005, Khan, Almashham et al. 2013). This discovery
suggests a direct relation between dystrophin and cardiac function. In
fact, Johnson and colleagues also found that ahnakl and cavin-1 were
present in dystrophin immunoprecipitations of human cardiac biopsies.
Ahankl and cavin-1 were absent from the immunoprecipitations of
mdx>* hearts performed using B-dystroglycan that instead was
preserved at the cardiomyocyte membrane of mdx>®" mice (Johnson,
Zhang et al. 2012). During my PhD thesis | have explored more in-depth
the link between cavin-1 and dystrophin as well as the link between
dystrophin and other cavin family members - cavin-2 and -4. Cavin-1, -2
and -4 are all key protein components of membrane structures called
caveolae (Rothberg, Heuser et al. 1992) that are in crucial for cardiac

function and disease

1. 6 Cardiac dystrophin association with caveolar proteins

In 1.1.2 proteins that comprise the dystrophin glycoprotein complex have
been described, but the study of the dystrophin interactome is ever-
changing. New dystrophin binding partners in skeletal and cardiac
muscle have been discovered in the last decade (1.5.2). Since my PhD
focuses on the cardiac aspect of DMD and the molecular interactions
that are disrupted due to dystrophin loss in the heart specifically, the
following 1.6.1 aims to address the new findings in terms of cardiac
dystrophin protein binding partners that could be involved in the DMD

patient’s cardiac impairments.
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1.6.1 Caveolae and caveolar proteins

Caveolae are 50-100nm omega-shaped invaginations of the plasma
membrane present in the cells of wide variety of tissues. Before 1992
caveolae were only described for their morphology until the discovery of
a marker that allowed scientists to separate caveolae from other lipid-
rafts, a protein that was named caveolin (Rothberg, Heuser et al. 1992).
This finding led to the discovery that caveolins are 3 distinct proteins
called caveolin-1 (CAV1), caveolin-2 (CAV2) and caveolin-3 (CAV3).
Caveolin-1 and caveolin-2 are both expressed in different cell types
including endothelial cells and fibroblasts (Schubert, Frank et al. 2001,
Wheaton, Sampsel et al. 2001) while caveolin-3 is the only caveolin that
IS muscle-specific and is component of the sarcolemma found to co-
precipitate with dystrophin and the DGC (Tang, Scherer et al. 1996).
Caveolin-1 and -3 are both expressed in cardiac cells (Song, Scherer et
al. 1996, Cho, Chow et al. 2010). Caveolins are synthesised in the
endoplasmic reticulum and via their three C-terminal palmitoylation site
are rapidly transported to the Golgi complex (Parat, Stachowicz et al.
2002), then transported to the plasma membrane in vesicular carriers
where they meet other caveolar proteins called cavins (Hayer, Stoeber et
al. 2010) (Figure 8). Cavin-1, -2 and -3 are expressed in a wide variety
of cells such as endothelial cells (Hansen, Shvets et al. 2013) while
cavin-4 is expressed exclusively in smooth (Ogata, Ueyama et al. 2008)
and striated muscles (Tagawa, Ueyama et al. 2008). Cavins are
characterised by 2 basic (coiled-coil) helical regions (HR) flanked by
acidic disordered regions (DR) (Figure 8). The first helical region (HR1)
is responsible for the formation of the trimers, consisting in 2 molecules

of cavin-1 associated with one molecule of cavin-2 or cavin-3, but cavin-2
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and cavin-3 do not associate with each other (Gambin, Ariotti et al. 2013,
Ludwig, Howard et al. 2013, Kovtun, Tillu et al. 2014). Cavins interact
with the membrane phospholipids with their two helical regions (Kovtun,
Tillu et al. 2014) and are not interchangeable proteins: cavin-1 plays a
crucial role in the biogenesis of caveolae, and cavin-1 knock-out animal
models have a complete loss of caveolae in all tissues (Hill, Bastiani et
al. 2008, Liu, Brown et al. 2008, Taniguchi, Maruyama et al. 2016).
Cavin-4 also associates with caveolae by binding cavin-1 and is not
essential for caveolar formation but plays a role in caveolar morphology
in cardiomyocytes (Ogata, Naito et al. 2014). Moreover, when the heart
is under stress cavin-4 plays an important role in mediating cardio-
protective signalling via the a1-adrenergic receptors, recruiting the
extracellular signal-regulated kinase 1/2 (ERK) to caveolae where it can
be phosphorylated following activation of a1-adrenergic receptors by
catecholamines. Then cavin-4 and the phosphorylated ERK translocate
to the nucleus to allow gene activation for preventing cardiomyocyte
apoptosis and activating adaptive cardiomyocyte hypertrophy to preserve
contractile strength (Ogata, Naito et al. 2014). Cardiac caveolae and the
proteins related to them play important roles such as cardiac protection
from mechanical stress (Patel, Tsutsumi et al. 2007, Cheng, Mendoza-
Topaz et al. 2015). They are involved in calcium signalling (Balijepalli,
Foell et al. 2006), cardiac conduction (Tyan, Turner et al. 2021), and

cardiac contraction (Grivas, Gonzalez-Rajal et al. 2020).

61



\Eé Cavin-1 Cavin-2 Cavin-3 Cavin-4
% J\K Caveolin-3
oligomer

= )
F oyt
) 4 h A
; P 4
Golgi
Y ¢

N Cytosol

Figure 8. Schematic representation of the formation of a muscle
caveola.

A. After being synthesised in the endoplasmic reticulum, caveolins are
transported to the Golgi apparatus and then transferred to the plasma
membrane. B. Schematic representation of cavin-1, -2, -3 and -4 with
their 2 helical regions (HR1 and HR2) and the disordered regions (DR).
Caveolin-3 oligomer. As the real number of cavin-4 involved in each
trimer is not known, this diagram is meant only to be a schematic

representation of cavin trimer formation.

1.6.3 Caveolar proteins and cardiac disease

Several studies found that mutation in the genes encoding for cavin-1
and cavin-4 are associated with cardiac disease. Specifically, studies in
mice link the deficiency of cavin-1 with a cardiomyopathic phenotype,
with cardiomyocyte hypertrophy, cardiac fibrosis, and
electrocardiographic abnormalities (Taniguchi, Maruyama et al. 2016).
Moreover, the loss-of-function mutation of cavin-1 in human patients
causes congenital generalized lipodystrophy type 4 and some of these

patients show cardiac impairments such as long-QT syndrome and fatal
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cardiac arrhythmia (Rajab, Straub et al. 2010). Molecular genetic studies
on human patients (Nouhravesh, Ahlberg et al. 2016) as well as in vitro
studies (Rodriguez, Ueyama et al. 2011) found an association between

loss-of-function cavin-4 mutations and dilated cardiomyopathy.

1.7 Research Hypothesis and Aims

The molecular principles behind DCM associated with DMD mutations
are poorly understood and current cardiac therapies show limited
efficiency due to their lack of specificity. This project arose from the
findings that dystrophin associates with cavin-1 in the heart, suggesting
the existence of cardiac-specific functions of dystrophin that are currently
undefined, and also reinforced from the evidence that cavin-1 mutations
cause cardiac disease. My hypothesis is that the association of
dystrophin and cavin-1 is critical for optimal cardiac function and that
dystrophin mutations that disrupt the binding site of dystrophin for cavin-1
lead to the loss of proper cavin-1 expression and localisation in the heart
of patients with DMD and BMD. As mentioned in 1.6.1 cavin-1 is part of a
complex that includes also other proteins such as cavin-2, -3, -4 and
caveolins. Cavin-4 has also been shown to be causative in DCM.
Therefore, characterising the effect of the loss of dystrophin on caveolar
proteins will be beneficial for understanding mechanisms of cardiac
disease in DMD and BMD patients. Further to this, my thesis aimed to
narrow down the number of potential dystrophin domains known to be
critical in the binding of caveolar proteins. This knowledge will be
fundamental in guiding the design of the next generation of gene therapy

constructs.
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To test this hypothesis, | proposed the following aims. To:

¢ Investigate the effect of loss dystrophin on caveolar proteins in
Duchenne mouse models (mdx?® and mdx®®), and also in rats and
dogs Duchenne animal models that showed several cardiac
disease similarities with DMD and BMD patients.

e Test different micro and mini-dystrophin constructs for their
capacity to bind with caveolar proteins and also use them as a tool
to narrow down the dystrophin domains involved in the binding

with caveolar proteins.

Combine the data collected from the studies of caveolar protein
localisation in wild-type animal models with the ones collected from
human heart to understand which animal model best mirrors the human

caveolar proteins localisation.
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Chapter 2. Materials and methods

2.1 Animal work

For my PhD thesis, multiple mouse strains and animal models have been
used. Described below is the establishment of the mdx>® and the AR4-
R23/ACT micro-dystrophin mouse colonies. For these live mice, breeding
and experimental procedures were carried out at the UCL Biological
Service Unit in accordance with the Animals (Scientific Procedures) Act
1986. For other transgenic mice and DMD animal models, we received
and processed post-mortem cardiac samples from our collaborators.
These animals were maintained by our collaborators at their institutions

under their animal licenses following country-specific guidelines.

2.1.1 Establishment of the mdx>¢V mouse colony

Cryopreserved embryos of B6Ros.Cg-Dmdmdx-5Cv/J (Stock No:
002379) were obtained from the Jackson Laboratories and the colony
was established by UCL Biological Services. Female embryos were
heterozygous for the DMD™-5¢V mytation (1.3.2), and all male embryos
were wild-type. After the first generation was born and genotyped (2.2),
wild-type males were crossed with heterozygous females. From this
second generation, males carrying the DMD™-5¢V mytation were
identified by genotyping and bred with heterozygous females for the
DMD™MdX-5¢v mytation in order to generate homozygous DMD™Mdx-5¢v
females to establish the mdx>® colony. Wild-type males and females
generated during the mdx®¢’ colony establishment were kept and bred to

be used as a control strain-matched line.
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2.1.2 AR4-R23/ACT micro-dystrophin mice

The AR4-R23/ACT micro-dystrophin mice used for this project were
generated in the transgenic core facility of the University of Missouri.
Very briefly, the sequence of the AR4-R23/ACT micro-dystrophin
construct was inserted in a multi-cloning vector between the a-myosin
heavy chain promoter and the bovine growth hormone polyadenylation
signal. Transgenic mice were created via fertilized egg pronuclear
injection, embryo culture and transplantation into FVB mice (University of
Missouri Transgenic Core). The micro-dystrophin transgene was
transferred onto the mdx®® background by crossing transgenic males
with mdx>® female mice for 6 generations. The choice of transferring the
transgene onto the mdx®>®" (1.3.2) background was made for the purpose
of studies involving a high sensitivity method such as the proteomic
based on the evidence that mdx>® mice have a 10-fold lower frequency
of revertant fibres compared to wild-type mice (Danko, Chapman et al.
1992). Cardiac samples from the mdx>®V AR4-R23/ACT micro-dystrophin
mice (mdx>®-uDys) were transported on dry ice to the Great Ormond
Street Institute of Child Health and kept at -80°C. A live colony of mdx®°cV-
pMDys mice was then established de novo at UCL (see section 2.1.3

below)

2.1.3 Generation of AR4-R23/ACT micro-dystrophin mouse colony
B10.Cg-Dmdmdx Tg(Myh6-DMD*)47Dua/Mmjax cryopreserved sperm
was purchased from the Jackson Laboratories and an in vitro fertilization
procedure was performed on C57BL/6 females by UCL Biological
Services. The cryopreserved sperm is from an mdx®°¢®V mouse carrying
the AR4-R23/ACT micro-dystrophin construct driven by the a-myosin

heavy chain promoter. From the first generation, males positive for the
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AR4-R23/ACT transgene were selected by genotyping (2.2.1) and

crossed with mdx>¢¥ female mice and vice versa.

2.1.4 Other transgenic mice

Other transgenic mice used in this project for immunohistochemical
analysis, were kindly provided by Dr. Dongsheng Duan’s research group
at the University of Missouri School of Medicine. Each of these mice
carry 4 different micro and mini-dystrophin constructs (Figure 9), the
AR4-R23 micro-dystrophin (Harper, Crawford et al. 2002), the AH2-
R19/ACT mini-dystrophin (Li, Kimura et al. 2006), AH2-R19 mini-
dystrophin (Li, Kimura et al. 2006) and the AH2-R15 mini-dystrophin (Lal,
Thomas et al. 2009, Wasala, Shin et al. 2018). The AR4-R23 micro-
dystrophin, the AH2-R19 and the AH2-R19/ACT mini-dystrophins are
expressed on mdx? mice that are on C57BL/10 background (4.3). The
AH2-R15 mini-dystrophin is expressed on mdx23 mice that are on a FVB
background. All of these constructs are described in detail in sections

4.3.
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Figure 9. Schematic representation of the micro and mini-

dystrophin constructs used for this project.

Orange boxes represent the N-terminus, yellow boxes are hinges (H1,
H2, H3, H4), the red boxes represent the cysteine-rich domain (CR), C-
terminus represented by the green boxes (CT), spectrin-like repeats
(light blue numbered ovals). These constructs contain the N-terminus,
hinge 1 and the first 3 spectrin-like repeats. Hinge 2 is included only in
the AR4-R23/ACT and the AR4-R23 constructs but they do not contain
Hinge 3. All the constructs include hinge 4, the cysteine-rich domain and
only the AR4-R23/ ACT and the AH2-R19/ACT do not have the C-
terminus. The AH2-R15 also contains spectrin-like repeats 16-19.
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2.1.5 Cardiac samples from different DMD animal models

The wild-type and DMD™ rat cardiac tissues used for the
immunohistochemical experiments in chapter 5 were provided by Dr.
Caroline Le Guiner from the University of Nantes, and they were all
obtained from 7-month-old rats. DMD™ rats carry an out-of-frame
mutation in exon 23 of the dystrophin gene (Larcher, Lafoux et al. 2014,
Szabo, Ebner et al. 2021). The samples were shipped on dry ice and
once arrived were mounted with OCT before being sectioned with an
OTF5000 Cryostat (Bright Instruments) for immunofluorescence
experiments (2.4.2). The 3 month-old wild-type and the AE50-MD dog
cardiac tissue samples were provided by Professor Richard Piercy and
Dr John Hildyard from the Royal Veterinary College and were used to
generate the data presented in 6.2. The AE50-MD dogs carry a mutation
in exon 50 and are described in detail in 1.3.4. Dr John Hildyard
prepared the sections of cardiac tissue from both wild-type and AE50-MD

dogs and | performed the immunostaining.

2.1.6 Human cardiac samples

The human cardiac samples used for the immunohistochemistry
experiments in chapter 5 were collected by a colleague from a pediatric
patient affected by Tetralogy of Fallot (Gualandi, Trabanelli et al.) during
corrective surgery. Tetralogy of Fallot is a combination of four congenital
abnormalities (ventricular septal defect, pulmonary valve stenosis, an
overriding aorta and a thickened right ventricular wall). These patients do
not show any dystrophin defect in the heart. Therefore, | have used them
to visualize the cardiomyocyte localization of caveolar proteins and to

investigate any differences between human and animal models.
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2.2 Mdx®¢¥ mouse genotyping

DNA was extracted from ear biopsies collected from each mouse. The
ear samples were incubated in a sterile 1.5ml centrifugation tube
(Fisherbrand) with 40uL lysis buffer (NaOH 25mM, EDTA 0.2mM made
up in distilled water) for 1 hour at 100°C. The ear biopsies and the lysis
buffer were centrifugated at 16000 g for 30 seconds at room temperature
and then cooled on ice for 5 minutes. The neutralisation buffer (40mM
Tris-HCI made up in distilled water, pH 7.5) was added to stop the lysis.
DNA concentration was measured with the NanoDrop 1000 (Thermo
Fisher). A polymerase chain reaction (PCR) was performed according to
Chamberlain’s published protocol (Banks, Combs et al. 2010), detailed

below.

2.2.1 Polymerase chain reaction

Two hundred nanograms of DNA were used for the polymerase chain
reaction (PCR). The primers for the DNA amplification were designed
according to Bank’s paper (Banks, Combs et al. 2010) in order to amplify
the region of exon 10, of the DMD gene where the mdx®¢®¥ mutation is
situated (Im, Phelps et al. 1996).The sequence of the forward primer was
ATTTGGAAGCTCCCAGAGAC and the sequence of the reverse primer
was TGCTTTAGCTTCAGAAGTCA. Primers were ordered from
Invitrogen and shipped as desalted stocks. Primer stock was diluted in
RNAase and DNAase free water to a concentration of 100 uM and stored
at -20°C. The reaction mix was prepared with 10uM of each primer,
200ng DNA and 12,5uL of Q5 Hot Start 2x master mix (BioLab,
M0494S). The PCR was performed under the following conditions: 94°C
for 5', followed by 35 cycles of 94°C for 30", 60°C for 30" and 72°C for

30" followed by an extension of 72°C for 3' on a thermocycler and a final
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4°C step (Applied Biosystems Veriti 96-Well). A negative control was
prepared substituting the volume corresponding to the samples with

distilled water.

2.2.2 PCR product purification

In order to verify that the correct PCR product of 221 bp was amplified,
5ul of each PCR product was run on a 1.25% agarose gel for 30 minutes
at 100V. The agarose gel was prepared adding 1.25g of UltraPure™
Agarose (Invitrogen, 16500500) to 198.75mL of Tris-Borate-EDTA buffer
(1.25%) (Merk, T4415) and 10uL of SYBR® Safe (Invitrogen S33102).
The PCR product were purified using the Qiaquick PCR purification kit
(Qiagen, 28104) and measured with the NanoDrop 1000 (Thermo

Fisher).

2.2.3 Sanger sequencing

5 ng/ul of DNA was required for sequencing performed by Source
BioScience UK. The chromatogram shows a single peak corresponding
to an adenine nucleotide for wild-type mice and a single peak
corresponding to a thymine nucleotide for mdx>¢" mice. A double peak
was only detected in DNA samples from heterozygous female mice

(Figure 10).
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Figure 10. Example of chromatogram resulting after Sanger

Point mutation representative chromatogram from wild-type,

seguencing.

heterozygous and mdx>® mice. The red rectangle indicates the mutated

nucleotide and the correspondent green peak for wild-type and red peak

for mdx>cV. The heterozygous shows both peaks.
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2.2.4 AR4-R23/ACT micro-dystrophin mouse genotyping

DNA was extracted and measured as described in 2.2. The mdx®®V-uDys
mice genotyping was performed with a forward primer designed against
exon 16 that corresponds to the spectrin-like repeat 3 and a primer
reverse designed against exon 59 that corresponds to spectrin-like
repeat 24 (Figure 1 A and Figure 11 A) producing a band of 300bp
used to distinguish mice carrying the transgene from wild-type mice that
express full-length dystrophin (Figure 11 B). The reaction mix was
prepared with 200ng of the extracted DNA, forward and reverse primers
(Figure 11 A) (10pM) and 13 pL of Q5 Hot Start 2x master mix (BioLab,
M0494S) and incubated in a thermocycler (Applied Biosystems Veriti 96-
Well) with the following programme:1 cycle at 95°C for 10 minutes,
followed by 35 cycles at 95°C for 30 seconds, 61°C for 30 seconds, 72°C
for 1 minutes and finished by an extension cycle at 72°C for 7 minutes.
The electrophoresis gel was made with 1.25g of UltraPure™ Agarose
(Invitrogen, 16500500) and 198.75mL of Tris-Borate-EDTA buffer
(1.25%) (Merk, T4415) and 10uL of SYBR® Safe (Invitrogen S33102) in
order to label and visualise the PCR product. The first lane of the
agarose gel was used to load the 100bp ladder from Promega (G2101),
5 uL of the PCR product were run on the agarose gel for maximum of 40
minutes at 100V (Figure 11 B). The samples that did not show the
300bp product (named as 5cv in Figure 11 B) were tested with a set of
primers for an internal control in order to verify the presence of DNA and

validate the negative results, namely mdx®¢¥ mice.

73



PRIMER SEQUENCES
FORWARD GTCAGTGACCCAGAAGACGGAAGC
REVERSE CTCATCCGTGGCCTCTTGAAGTTCC

F R

AR4-23/AC micro-dystrophin

= pDysuDysuDys uDys uDys

Figure 11. AR4-R23/ACT micro-dystrophin mice genotyping.
Schematic representation of full-length dystrophin and the AR4-R23/ACT

micro-dystrophin, the letters F and R in green represent the Forward
primer and the Reverse primer. B. Representative example of
genotyping results in an electrophoresis gel. The bands at 300bp
represent the AR4-R23/ACT micro-dystrophin samples (uDys). Negative
control, last well labelled with N. The 100 bp ladder from Promega was

run alongside the samples
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2.3 Western Blot

2.3.1 Samples preparation for western blot
The cardiac lysate from wild-type (C57BL/6J) and mdx>® cardiac muscle

was made using the following protocol:

1) Hearts from wild-type (C57BL/6J) and mdx>® mice were prepared as
described in 2.4.3 and 30 sections of 25um were cut using OTF5000
Cryostat (Bright Instruments) and place in labelled 1.5mL sterile tubes
(Fisherbrand). Tubes with cryosections were kept in dry ice during this

process.

2) The lysis buffer was prepared by dissolving at room temperature one
tablet of protease inhibitor (Pierce, 88668) in 500ul of distilled water in a
1.5mL sterile tube (Fisherbrand). Separately, a mix of Tris (Sigma E17-
1321-01) 125mM (the pH was adjusted at 6.8 with HCI 37%), urea 4M,
SDS 4% in distilled water was prepared and 50ul of the previously

prepared protease inhibitor was add to the mix.

3) Keeping the 1.5mL tubes with the cryosections in dry ice 150yl of lysis
buffer were add to each tube. The tubes with cryosections and the lysis
buffer were quickly mixed using a vortex and placed into sonicating water
bath (filled with wet ice to keep the temperature down) for 5-10 minutes
or until lysates showed low viscosity. During the 5-10 minutes the tubes
were mixed using a vortex for a few seconds and then placed again in

the sonicating water bath.

4) The tubes with the cardiac lysate were incubated in a heat block for 3

minutes at 95°C and then centrifugated for 15 minutes at 15,000 g at

75



4°C. Then the supernatant was collected in a clean 1.5mL tube and kept

on wet ice until protein quantification.

The protein quantification of the cardiac lysates was performed using the
DC™ (detergent compatible) protein assay (Bio-Rad) according with

manufacturer protocol and a plate reader.

2.3.2 Western blot protocol and antibodies

The western blot results for the DGC members showed in chapter 3
(Figure 24) were generated by my colleague Ms Charlotte Scott. Briefly,
the cardiac lysate from wild-type (C57BL/6J), mdx>® and mdx>¢V-uDys
mice was prepared as described in 2.3.1. In each lane of a in NUPAGE™
bis-tris protein gels (Invitrogen) 30ug protein were loaded and run for 1
hour at 200V using NuPAGE™ MOPS SDS running buffer (Invitrogen,
NPO0001). The protein transfer stage was performed using a 0.45-micron
nitrocellulose membrane run for 1.5 hours at 30V. The nitrocellulose
membrane was then blocked for 1 hour at room temperature with 5%
milk in wash buffer (20mM Tris-HCL pH 7.5, 150mM NacCl, and 0.1%
Tween-20). The primary antibodies for the detection of the DGC
members (Table 2) were incubated in blocking buffer solution with 5%
milk at 4°C overnight. The next day the nitrocellulose membrane was
incubated with the appropriate secondary antibodies conjugated to HRP
for 30 minutes at room temperature. The ChemiDoc XRS+ machine (Bio-
Rad) has been used to visualise the signal. The densitometric analysis
was performed using the Image™ Lab 6.0 Software (Bio-Rad) and the
intensity of each band of interest was normalised to the loading control

probed with GAPDH or cardiac troponin on the same membrane. The
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wild-type samples (N=4) run on the same membrane were used to

normalise the relative band intensity.

Table 2. Summary of the antibodies using for western blot analyses.

TARGET PROTEINS VENDOR CAT # HOST SPECIES | DILUTION WB
B-dystroglycan
DSHB MANDAG2 Mouse 1:500
(B DG)
B-sarcoglycan
Abcam ab83699 Rabbit 1:500
(B SARC)
al-syntrophin
Abcam ab11187 Rabbit 1:500
(ol SYN)
a-Dystrobrevin o
BD Biosciences 610766 Mouse 1:500
(DTNA)
diact i
cardiac troponin Abcam ab47003 Rabbit 1:400
(cTN)
GAPDH Millipore MAB374 Mouse 1:5000

2.4 Immunofluorescence

2.4.1 Antibodies produced from hybridoma cells

MANEX1011B and MANDY S1 antibodies against dystrophin N-terminus

and dystrophin rod domain respectively, were produced from hybridoma

cell lines from the Developmental Studies Hybridoma Bank (DSHB)

following three steps:

1) Culture of hybridoma cells in serum free medium (SFM) to avoid

introduction of non-relevant immunoglobulins. The cells were rapidly

thawed in 37°C water bath and then transferred to a 15mL conical tube

(Applewood, 352097). Ten millilitres of SFM (Invitrogen 12045-076) were

add slowly to the thawed cells. The cells suspended in the SFM were

then transferred to a T-75 flask (Appleton Woods, BC301) with another

10 ml of SFM (20 ml total). The cells were grown for 2 days in an

incubator set at 37°C and 5% CO: at which point 80 mL of SFM was
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added. The lid of the T-75 flask was place on a 100mm petri dish to

avoid the SFM touching the filter of the T-75 flask lid.

..,.\"
e’
o
7]
=

SFM

Figure 12. Graphic representation of how the hybridoma cells were

grown in the incubator.

After 10 days without changing the SFM medium, the cells and the
medium were transferred to two 50 mL conical tubes and centrifuged for
10 minutes at 1500 g to remove cells and any debris, the pellet was
discarded, and the supernatant was used for the second step of the

antibody production.

2) The supernatant was added to an Amicon™ Ultra-15 Centrifugal Filter
Units (Millipore, 10781543) to harvest the culture medium and
concentrate it from 80ml down to 5ml. The membrane cut-off of the
Amicon™ Ultra-15 Centrifugal Filter Units was 30,000 kDa molecular
weight too ensures a highly concentrated preparation of antibody was
obtained (MANEX1011B and MANDY'S have a molecular weight of

50kDa). The culture medium was centrifuged for 10 minutes at 3000 g.

3) Quantification of immunoglobulins in the preparation using a Western

Blot assay as described below (Johnson, Zhang et al. 2012).

A standard curve was created using a MANEX1011B previously

produced by a colleague with a known concentration of 3.84ug/ul (called
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reference antibody). A stock solution of 0.6ug/ul of the reference
antibody was made and a standard curve was created diluting the stock
solution from 0.5ug/ul to 0.1ug/pl. Different volumes of the stock solution
of MANDYS1 and MANEX1011B with unknown concentration were
loaded in the same gel with the reference antibody (Figure 13). All the
antibodies were suspended in Laemmli sample buffer (Bio-rad, 1610737)
and boiled at 95°C for 5 minutes before being loaded in the 4-12%
NuPAGE™ bis-tris protein gel (Invitrogen) and then run for 1 hour at
200V. The 4-12% gel was chosen to separate a wide range of molecular
weight proteins. Proteins were transferred for 1.5 hours at 30V to a
0.45um nitrocellulose membrane and probed over night with an anti-
mouse immunoglobulin antibody conjugated to horse radish peroxidase
at 4°C in a cold room in the dark (1:2000, Stratech). The membrane was
washed 3 times for 15 minutes in wash buffer on shaker at room
temperature and then incubated for 5 minutes at room temperature with
the Supersignal West Pico Plus ECL (Thermofisher 34579). Images of
the nitrocellulose membrane were acquired using a ChemiDoc XRS+
machine (Bio-Rad) with exposures from 2 to 30 seconds (Figure 13).
Subsequently, the intensity of protein bands at 50kDa corresponding to
the IgG heavy chain were quantified using Chemidoc image analysis

software (Image lab version 6.0).

79



N R
N AN N AN A

50kDa e - ‘ - - & . 50kDa

25kDa 25kDa

Reference antibody MANEX1011B MANDYS1

Figure 13. Western blot quantification for antibodies produced form
hybridoma cells (MANEX1011B and MANDYS1) and reference
antibody.

The reference antibody was diluted from 0.5ug/ul to 0.1ug/ul to create a
standard curve and MANEX1011B and MANDYS1 were loaded at
different volumes in a 4-12% bis-tris protein gel. The resulted 50kDa
bands correspond to the molecular weight of the reference antibody,
MANEX1011B and MANDYSL1.
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Using the intensity values of the 50kDa band of the reference antibody,
standard curve was generated based on the absorbance and the

concentration of the reference antibody (Figure 14).

a
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y =7,235,584.25x + 268,325.57

3500000 :
R*=1.00
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0 0.1 0.2 03 0.4 0.5 0.6

Reference antibody concentration

Figure 14. Standard curve generated using the reference antibody.

The reference antibody stock solution (0.6ug/ul) was serially diluted for
the western blot analysis to create a standard curve and the equation

y=mx+b.

Using the resulting equation (Figure 14), the concentration of MANDYS1

and MANEX1011B in ug/ul was calculated and multiplied by the dilution

factor (Table 3).
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Table 3.Calculation of the concentrations of MANEX1011B and
MANDYS1 produced from hybridoma cells.

MANEX1011B
Intensity 3802545| 2529390| 2118960
Concentration of sample ug/il 051 033 0.27
from curve
Dilution factor 0.08 0.06 0.04
Concentration of antibody pg/ul 6.42 5.44 6.65 Average 6.17
MANDYS1
Intensity 2887320| 2151735| 1454400
Concentration of sample
\ 0.38 0.27 0.17
from curve he/k
Dilution factor 0.06 0.04 0.02
Concentration of antibody pg/ul 6.32 6.77 8.40 Average 6.54

The intensity of each volume of MANEX1011B and MANDYS1 was
added to the equation resulting in their concentration in ug/ul. This
concentration was then multiplied for the dilution factor to deduct the
original stock concentration. This determined that MANEX1011B had a
concentration of 6.169125 ug/ul whilst MANDYS1 was 6.542336 ug/ul.

Once the concentrations of MANEX1011B and MANDYS1 were
determined the next step was to test both antibodies for their ability to
recognize dystrophin. A Western blot analysis was performed using

cardiac lysate of wild-type (C57BL/6J) and mdx>" mice (2.3.1) The

cardiac lysates were also probed with a commercially available antibody

against the C-terminus of dystrophin (Abcam, Ab15277) used as a

positive control.
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Table 4. Information of the different dystrophin antibodies used for

the western blot analyses.

TARGET PROTEINS VENDOR CAT # HOST SPECIES | DILUTION WB
Dystrophin C-terminus Abcam Ab15277 Rabbit 1:50
Dystrophin N-terminus DSHB MANEX1011B Mouse 1:2000
Dystrophin rod domain DSHB MANDYS1 Mouse 1:2000

The western blot was performed with 10ug of protein of each sample.
Samples were mixed with reducing sample buffers (RSB) buffer up to
10uL and boiled for 5 minutes at 95°C and then loaded in 4-12%
NuPAGE™ bis-tris protein gel (Invitrogen) with the BenchMark™ pre-
stained protein ladder (6 to 180 kDa, Invitrogen 10748010). The gel was
run in 1X NuPAGE™ MOPS SDS running buffer (Invitrogen, NP0001) for
1 hour at 200V. Proteins were then transferred for 1.5 hours at 30V on a
0.45um nitrocellulose membrane using a transfer buffer prepared with
50mL of MOPS SDS Transfer Buffer 20X (Invitrogen, NPO006-1), 100mL
of methanol 100% and 850mL of MilliQ water. After the transfer the
membrane was blocked for 1 hour at room temperature with a blocking
buffer prepared with 5% milk in 20mM Tris (the pH was adjusted at 7.5
with HCI), 150mM NaCl and 0.1% Tween-20. The membrane was cut in
to 3 pieces, each piece contained 2 lanes, one with the proteins
transferred from wild-type cardiac lysate and one with the proteins
transferred from mdx>® cardiac lysate. This was made to probe the wild-
type and the mdx®® samples separately with MANEX1011B, MANDYS1
and dystrophin C-terminus antibody (Abcam, Ab15277). Each piece of
membrane was placed in a 15mL conical tube (Applewood, 352097) and
incubated with MANEX1011B and MANDYS1 at 1:2000 in blocking

buffer and with the Ab15277 at 1:500 in blocking buffer, overnight in a
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cold room at 4°C in the dark. After the overnight incubation, membranes
were washed 3 times for 15 minutes in wash buffer at room temperature
on shaker in dark small plastic boxes. Then were placed in a 15mL
conical tube (Applewood, 352097) covered with aluminum foil to keep
them in the dark and incubated with the secondary antibodies conjugated
with horseradish peroxidase (1:2000, Stratech) in blocking buffer for 1
hour on a tube roller. Following incubation, the membrane was washed 3
times for 15 minutes in wash buffer on shaker at room temperature. The
membrane was then incubated for 5 minutes at room temperature with
the Supersignal West Pico Plus ECL (Thermofisher 34579) before the
image acquisition. Images of the membranes were acquired using a
ChemiDoc XRS+ machine (Bio-Rad) (Figure 15). In the wild-type heart
protein extract, the commercial dystrophin C-terminus antibody
(Ab15277) recognises bands at 427kDa, around 230kDa, around 140kDa
and at 71-75kDa (Figure 15), indicating a complex pattern of dystrophin
isoform expression in the wild-type mouse heart (Figure 1 B). In the
mdx>c" protein extract, the 427kDa full length dystrophin is absent as
expected due to the mutation in exon 10 of the Dmd gene. Some of the
lower molecular weight bands are also missing, indicating that additional
dystrophin isoforms are disrupted in the mdx®>® heart, although their
promoters lie downstream of the mutation (Im, Phelps et al. 1996). In
samples probed with MANEX1011B and MANDYS1, a single high
molecular weight band at approximately 430kDa was present only in
wild-type samples, as expected. The 50kDa band in the lanes probed
with MANEX1011B and the MANDYS1 antibodies correspond to the
heavy chain of the immunoglobulins detected by the goat anti-mouse IgG

secondary antibody (Figure 15).
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Figure 15. Western blot characterization of the MANEX1011B and
MANDYS1 antibodies produced from hybridoma cells in
comparison with the commercially available Abcam antibody to the

C-terminus of dystrophin.

Cardiac lysates from 8 month old mdx®¢v and wild-type (C57BL/6J) male
mice probed with the Abcam 15277 antibody that recognises multiple
dystrophin isoforms in wild-type mice, some of which are preserved in
mdx>¢V cardiac lysate and MANEX1011B and MANDYS1 antibodies.
MANEX1011B and MANDYS1 only recognise full length dystrophin in

wild-type cardiac lysate.

MANDYS1 and MANEX1011B were also tested for their ability to detect
dystrophin by immunohistochemistry on heart sections from wild-type,
AR4-R23/ACT micro-dystrophin and mdx®V mice. Both showed a clear
staining at 1:200 concentration. On tissue sections from wild-type mice,
MANEX1011B and MANDY S1 staining was visible at the cardiomyocyte

lateral membrane (Figure 16). As expected, there was no staining on
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cardiac sections from mdx®>¢V mice due to the absence of dystrophin and
AR4-R23/ACT micro-dystrophin protein (Figure 16).

On sections from AR4-R23/ACT micro-dystrophin hearts (Figure 16),
MANEX1011B labelled the cardiomyocyte membrane, as its epitope is
located on the N-terminus of the protein that is present on the micro-
dystrophin construct. In contrast, when MANDYS1 was tested on AR4-
R23/ACT micro-dystrophin hearts, there was no staining, except for a
nonspecific light background. MANDYSL1 is a good antibody to
discriminate micro-dystrophin from full-length dystrophin as its epitope is

on exon 32 (rod domain) that is absent in micro-dystrophin.
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Figure 16. MANEX1011B immunolabelling showed dystrophin in
wild-type and mdx®°¢V-uDys hearts and MANEX1011B and MANDYS1

immunolabelling showed no revertant fibers in mdx®>®¥ hearts.

Immunolabelling for MANEX1011B and MANDYS1 both at 1:200 of
cardiac sections from wild-type (C57BL/6J) (figure A and D), mdx>cV
(figure B and E) and AR4-R23/ACT micro-dystrophin mice (Figure C and
F). 40X magnification, scale bar 300um.

2.4.2 Antibody optimization

In order to choose the appropriate sample preparation and antibody
conditions for the immunohistochemistry experiments with antibodies
against cavin-1, -2, -4 and full-length dystrophin (MANEX1011B) several
conditions were tested (Table 5). With the aim of preserving these
membrane associate proteins, cardiac sections were fixed with 2%

paraformaldehyde in PBS 1X for 15 minutes at room temperature and
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then permeabilized with 0.1% Triton-X for 5 minutes at room

temperature.

Table 5. List of different concentrations and conditions tested in

order to obtain optimal immunofluorescence results for cavin-1,
cavin-2, cavin-4 and dystrophin N-terminus (MANEX1011B)

antibodies.
Antibody optimisations
TARGET PROTEIN CONDITIONS TESTED CONCENTRATIONS TESTED
PFA 2%
CAVIN-1 Triton-X 0.1% 1:50, 1:100
No PFA 1:50, 1:100
Triton-X 0.1%
Fresh frozen 1:50
CAVIN-2 PFA 2%
Triton-X 0.1% 1:50,1:100
Fresh frozen 1:50
PFA 2%
CAVIN-4 Triton-X 0.1% 1:50, 1:100
Fresh frozen 1:50
PFA 2%
MANEX1011B Triton-X 0.1% 1:50, 1:100, 1:200
Fresh frozen 1:200

The conditions that allowed a clear visualization of caveolar proteins and
dystrophin was the fresh frozen protocol where the cardiac sections were
not fixed and permeabilized before incubation with the blocking buffer
(described in detailed in 2.3.4) The optimal concentration for cavin-1
(Ab48824, Abcam), cavin-2 (NBP1-44090, Novus Biological) and cavin-4
(Ab121647, Abcam) was 1:50 in blocking buffer and for MANEX1011B

1:200 in blocking buffer (2.3).Using these conditions, cavin-1 and cavin-2
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are clearly visible at the cardiomyocyte lateral membrane, indicated with

a white arrow in figure 17 C and 17 F and at the capillaries (yellow arrow

figure 17 C and 17 F).
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Figure 17. Optimisation of cavin-1, cavin-2 and dystrophin N-
terminus (MANEX1011B) antibodies.

Cardiac tissue from an 8-month-old C57BL/6J male mouse stained with
antibodies against cavin-1 (green A, B, C) cavin-2 (green D, E, F) and
dystrophin N-terminus (red A, B, C, D, E, F). Cardiac tissue sections A
and D were treated with PBS 1X for 15 minutes at room temperature and
then permeabilized with 0.1% Triton-X for 5 minutes at room
temperature. Cardiac tissue sections B and E were stained fresh frozen.
(C) Enlarged picture from B, white arrows point to cardiomyocyte
membranes and yellow arrows point to capillaries. (F) Enlargement of
picture D, cardiomyocyte membrane indicated by white arrows and
capillaries by yellow arrows. Nuclei stained with DAPI which labels
nucleic acid structures are shown in blue. 40x magnification, scale bar
25um (A, B, D, E) and 10um (C and F).

When fixed and permeabilised, the cardiac tissues stained with cavin-4
had a diffuse intracellular staining and a faint membrane stained of both
cavin-4 and MANEX1011B (Figure 18 A). A strong membrane staining
of cavin-4 and MANEX1011B was instead achieved on fresh frozen

cardiac sections (Figure 18 B).

Dystrophin N-term

PFA 2%
Triton 0.1%

Fresh
frozen
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Figure 18. Cavin-4 antibody optimization.

Cardiac tissue from an 8-month-old C57BL/6J male mouse stained with

antibodies against cavin-4 (green) and dystrophin N-terminus (red).

Cardiac tissue sections in A were treated with PBS 1X for 15 minutes

and then permeabilized with 0.1% Triton-X for 5 minutes at room

temperature. Cardiac tissue sections in B were stained fresh frozen.

Nuclei stained with DAPI are shown in blue (merge). 40X magnification,

scale bar 25 um.

Table 6 below shows all the commercial antibodies used, except for

cavin-1, -2, -4 and MANEX1011B, they did not necessitate special

optimisation but only concentration adjustments. In table 3 the optimal

concentration of each used antibody is identified as “DILUTION IF”.

Table 6. Detailed list of the antibodies used for this project

TARGET PROTEINSs VENDOR CAT # SII:-’lEc::SI;S DILL:IION DILLJUT;ON
CAVIN-1 Abcam ab48824 Rabbit 1:50 -
CAVIN-2 Bi;‘;‘;‘;ls NBP1-44090 | Rabbit 1:50 -
CAVIN-4 Abcam ab121647 Rabbit 1:50 -
CAVEOLIN-3 BD Biosciences BD 601420 Mouse 1:50 -
LAMININ-A2 Sigma L0663 Rat 1:500 -
N-CADHERIN Proteintech 22018-1-AP Rabbit 1:100

B-CATENIN R&D systems AF1329 Goat 1:200

DYSTROPHIN N-TERMINUS DSHB MANEX1011B Mouse 1:200 1:2000
DYSTROPHIN C-TERMINUS Abcam ab15277 Rabbit 1:50 1:50
DYSTROPHIN ROD DOMAIN DSHB MANDYS1 Mouse 1:200 1:2000
A-DYSTROBREVIN BD Biosciences BD610766 Mouse 1:200 -
A1-SYNTROPHIN Abcam ab11187 Rabbit 1:100 -
B-DYSTROGLYCAN DSHB MANDAG2 Mouse 1:200 -
B-SARCOGLYCAN Abcam ab83699 Rabbit 1:50 -
UTROPHIN Goat 1:100 -
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The secondary antibodies were purchased from Jackson

ImmunoResearch Laboratories (Table 4) and were all used at 1:200 in

blocking buffer (table 7 and Figure 19). All the immunofluorescence

experiments were designed and performed including one cardiac section

in each slide stained only with the secondary antibodies used for the

experiment. This was done in order to be sure that the observed labelling

was exclusively due to the binding of the secondary antibody with the

primary antibody.

Table 7. List of secondary antibodies used for immunofluorescence

analysis.

SECONDARY ANTIBODY

CONJUGATE

VENDOR

Donkey anti-mouse IgG (H+L)

Alexa Fluor® 594

Jackson ImmunoResearch
Laboratories

Donkey anti-rabbit IgG (H+L)

Alexa Fluor® 488

Jackson ImmunoResearch
Laboratories

Donkey anti-rat1gG (H+L)

Rhodamine Red™-X

Jackson ImmunoResearch
Laboratories

Donkey anti-goat IgG (H+L)

Alexa Fluor® 488

Jackson ImmunoResearch
Laboratories

92
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Figure 19.Secondary antibody staining on cardiac sections from

wild-type, mdx°>®Y and mdx>°V-uDys mice.

Cardiac sections from wild-type, mdx>® and mdx><V-uDys mice stained

only with secondary antibodies listed in table 4. Sections stained with the

donkey anti-mouse 594 were incubated with the FAB fragment after the

incubation with blocking buffer as described in 2.3.4. Pictures taken at
40X magnification and acquired with the maximum exposure time

(500ms). Nuclei stained with DAPI in blue, scale bar 25um.
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2.4.3 Sample preparation for immunohistochemistry experiments
Mice were killed by a schedule 1 procedure (cervical dislocation). After
spraying the mouse chest with 70% ethanol the chest was opened with a
longitudinal incision. The heart was lifted with curved forceps and a cut
was made close to the superior vena cava with small scissors to excise
the heart. Once the heart was removed it was squeezed very gently to
remove excess blood and dabbed with a clean tissue paper. Then the
atria were removed, and the heart was mounted on oak chucks using 7%
tragacanth gum. The tragacanth gum (Sigma G1128-500) was prepared
days before the heart collection dissolving it in sterile water (6% w/v) for
4 hours and heated overnight at 60°C in a water bath. Then it was
allowed to cool, and stored at 4°C. Once mounted in the oak chucks, the
hearts were frozen in isopentane cooled in liquid nitrogen for 18 seconds
and then transferred to dry ice. The samples were then stored in labelled

boxes at -80°C until needed.

2.4.4 Immunohistochemistry

Serial 5uym cryosections were cut on an OTF5000 Cryostat (Bright
Instruments) and transferred to a room temperature microscope slide
(Superfrost® Plus slides, VWR). The slides were stored in a plastic box
at -80°C until needed.

Frozen sections were ringed with a ImmEDGE™ hydrophobic barrier pen
(Fisher scientific, H4000), a 30uL drop of blocking buffer containing 5%
heat inactivated horse serum in 1X PBS was added to each section and
then incubated in a humidified chamber for 1 hour at room temperature.
When a primary antibody made in mouse was used, the blocking buffer
incubation was followed by a 2-hour incubation in a humidified chamber

with 0.1mg/ml donkey-anti-mouse Fab fragments (Jackson
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ImmunoResearch Laboratories) in 1X PBS in order to block endogenous
immunoglobulins. Sections were then incubated overnight at 4°C with the
primary antibodies diluted in blocking buffer. On the following day, after 3
washes of 5 minutes in 1X PBS at room temperature, sections were
incubated at room temperature in a dark humidified chamber for 1 hour
with the appropriate secondary antibodies. The sections were then
washed 3 times for 5 minutes in 1X PBS and stained for 5 minutes with
4', 6-diamidino-2-phenylindole (DAPI 1ul/10mL dilution in double-distilled
water) to identify the nuclei, at room temperature. Sections were then
quickly rinsed in double-distilled water and mounted with n-propyl-gallate
mounting medium (NPG mounting medium). The NPG mounting medium
was prepared following the protocol from Jackson ImmunoResearch
Laboratories

(https://www.jacksonimmuno.com/technical/products/protocols/anti-fade).

Briefly, a stock solution of 20% (w/v) NPG in dimethyl sulfoxide (Sigma
D2650) was prepared. Nine parts of glycerol (ACS grade 99-100% purity,
Sigma) were mixed with 1 part of 10X PBS and then 0.1 part of 20%
NPG were slowly added to this mix stirring it rapidly. The NPG mounting
medium was kept at -20°C before use and on ice during the slide
mounting step. A borosilicate glass coverslip (Thermo Fisher Scientific)
was applied on top of the sections covered by NPG mounting medium.
Nail polish was applied around the coverslip to seal it. Immunolabelled
sections were viewed under the Leica DMR fluorescence microscope
and images were acquired using Metamorph software (Universal
Imaging). Exposure settings for each antibody were fixed based on the
wild-type sample signal and then used for the other dystrophin deficient

and micro or mini-dystrophin samples.
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2.5. Cardiac perfusion for electron microscopy

Mice were anesthetized with a combination of fentanyl-fluanisone and
midazolam mixed in equal volume in sterile water (10mL/kg). Once the
mouse was fully anesthetized (no reaction to foot pinch), it was culled by
a schedule 1 procedure (cervical dislocation). Then the chest of the
mouse was sprayed with 70% ethanol and a longitudinal incision was
made to open the chest and expose the heart. Using curved forceps, the
heart was grasped and lifted in order to create a space to cut the
superior vena cava with small scissors, being extra careful to not
damage the aorta. The heart was then immersed in Hank’s balanced salt
solution at room temperature and the fat trimmed away under an inverted
microscope to reveal the aorta. A small incision was made in the aortic
arch to insert an 18G blunt cannula (Covidien). The aorta was grasped
with two pairs of fine forceps to carefully pull the opening of the aorta
over the cannula. Then the aorta was secured to the cannula by tying 2
loops of silk suture thread size 6/0 (Fine Science Tool, 18020-60) around

the aorta (Figure 20).
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Figure 20. Cannulation of the aorta.

Picture of a mouse heart during cardiac perfusion. The 18G cannula is

inserted in the aorta and secures with 2 loops of silk suture thread.

The cannula was connected with a micro tube to a peristaltic pump
(Eyela MP3 Microtube) that allows the perfusion buffer to enter the heart
via the coronary vasculature. The buffer used for the first experiments
was 2.5% potassium citrate in Hank’s balanced salt solution which has
been used to arrest hearts in diastole (Dae, Heymann et al. 1982). The
heart was then placed in a fixation solution of 0.1M sodium cacodylate
and 3% EM grade glutaraldehyde in distilled H20 at 4°C. After 2 hours,
the heart was bisected transversally in order to visualize the ventricles
(black line Figure 21 B). Then a sagittal cut was made on each half (red
line Figure 21 B). After these two steps, the heart was cut in 4 pieces
and each quarter was cut again in a small piece (approximately 2mm)
(green areas Figure 21 B). This procedure was used in order to collect

the upper and the lower part of each ventricle (Figure 21 B).

97



Figure 21. Heart after the first transversal cut and diagram of the
cuts.

Heart after the first transversal cut. The left ventricle (LV) and the right
ventricle (RV) are dilated after the diastolic buffer perfusion (A). Diagram
of the cuts made for the sample preparation. In green the areas used for
the EM (B).

2.5.1 Samples preparation for electron microscopy
After cardiac perfusion and fixation the cardiac samples were processed
at the EM facility at the UCL Queen Square Institute of Neurology (ION)

by the technical manager Kerrie Venner.

2.6 RNA extraction and quantification
All the microcentrifuge tubes (Fisherbrand) used for the RNA extraction

and quantification were autoclaved at 120°C for 1 hour.

Thirty cardiac tissue sections of 20pm were cut with the OTF5000
Cryostat (Bright Instruments) and placed in a sterile 1.5mL
microcentrifuge tube (Fisherbrand) kept on dry ice. 500uL of TRIzol™
(ThermoFisher cat no. 15596026) were added to each microcentrifuge
tube containing the frozen cryosections. The mixture of TRIzol™ and

cryosections was brought to room temperature and vortexed for a few
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seconds. The microcentrifuge tubes were then centrifuged at 17000 g for
1 minute at room temperature to remove tissue debris. Then, the
supernatant was collected and mixed thoroughly with an equal volume of
ethanol (95-100%) (500uL). RNA purification was performed using the
Direct-zol RNA kit (Zymo Research; R2062) according to the
manufacturer’s protocol. The mixture was then placed in a Zymo-Spin™
IC Column and centrifuged for 30 seconds at 17000 g. The flow-through
was discarded and 400uL of RNA PreWash buffer were added to the
column and centrifuged for 30 seconds at 16000g. This step was
repeated once and then, after discarding the flow-through, 700uL of RNA
Wash Buffer were placed into the column. The column was centrifuged at
16000 g for 1 minute to achieve the complete removal of the buffer. After
discarding the flow-through, the column was placed in a sterile 1.5 mL
microcentrifuge tube and the RNA was eluted by placing 50uL of
DNase/RNase-free water into the column and centrifuging for 30
seconds at 16000 g. The RNA was measured with the NanoDrop 1000
Spectrophotometer (Fisher Scientific) and then stored at -80°C until

needed.

2.6.1 cDNA preparation

cDNA was prepared using the High-Capacity RNA-to-cDNA kit (Applied
Biosystems; 4387406) from 800ng of RNA, 10uL of RT Buffer, 1uL of RT
enzyme in a total volume of 20uL. All the reagents were kept on ice and
the RNA was kept on dry ice until needed. The mix was prepared in
100uL sterile polypropylene tubes (Starlab) and incubated in a thermal
cycler (Applied Biosystems) for 1 hour at 37°C and then for 5 minutes at

95°C.
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2.6.2 TagMan probes for DAPC and quantitative RT-PCR

Quantitative real-time PCR (QRT-PCR) performed to assess possible
changes in the expression of the DGC mRNA in mdx®>® and AR4-
R23/ACT micro-dystrophin hearts compared to wild-type mice was
conducted using the cDNA (cDNA preparation described in 2.6.1)
prepared from hearts of 3 wild-type, 3 mdx>® and 3 AR4-R23/ACT micro-
dystrophin mice. The TagMan method was chosen for this purpose for its
high sensitivity (Tajadini, Panjehpour et al. 2014). Predesigned assays
from Integrated DND Technologies (IDT) were used for the gRT-PCR,
consisting of two primers and a hydrolysis probe for each gene of
interest. The genes of interest encode members of the DGC (3.3.1),
Dagl (B-dystroglycan), Dtna (a-dystrobrevin), Stnal (a1-syntrophin),
Sgcb (B-sarcoglycan) (Table 8). HPRT1 (hypoxanthine
phosphoribosyltransferasel) was chosen as housekeeping gene for its
stable expression and similar Ct values with the gene of interests.
Moreover, HPRT1 has also stable expression during heart failure
(Molina, Jacquet et al. 2017) to normalize the gene of interest. Each
probe for the genes of interest was labelled with FAM (6-
Carboxyfluorescein) and the HPRT1 probe was labelled with VIC (2'-

chloro-7'phenyl-1,4-dichloro-6-carboxyfluorescein) (Table 8).
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Table 8. Pre-designed primers and probes used for the gRT-PCR

experiments.

TARGET GENE | FLUORESCENT DYE CAT # VENDOR
Dag1 FAM Mm.PT.58.5524327 IDT
Dtna FAM Mm.PT.58.12547497 IDT
Stna1 FAM Mm.PT.58.32407120 IDT
Sgcb FAM Mm.PT.58.1305984 IDT
Hprt vic Mm00446968_m1 IDT

Each set of primers and probe was validated separately (singleplex) by

preparing a dilution series (6 points) from the cDNA prepared from RNA

extracted from the heart of an adult wild-type (C57BL/6J) male mouse.

The amplification efficiency of each gene assay was between 94 and

111% (Figure 22) and calculated by the StepOnePlus™ Software v2.3

(Applied Biosystem).
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Figure 22. Amplification efficiency of each gene assay.

Graphic representation of the 6 dilution points for each pre-designed set

of primers and probe and the resulting amplification efficiency

percentage for each of them.
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Multiplexed quantitative RT-PCR was performed with a total of 20ng of
cDNA from each sample as template, mixed with the Tagman Fast
Advanced Master Mix (Life Technologies) and the primers and probes of
the gene of interest and of HPRTL1 in a total of 10uL volume. The mix
was incubated in a StepOne Plus Real-Time PCR machine (Applied
Biosystem) for 2 minutes at 50°C, for another 2 minutes at 95°C and for
40 cycles at 95°C for 1 second each, followed by 20 seconds at 60°C.
The analysis was performed with StepOnePlus™ Software v2.3 (Applied

Biosystem) (2.6.1).

2.7 Data analyses

2.7.1 AACt comparative gPCR analysis

The aim of the qRT-PCR experiments was to assess whether the loss of
dystrophin could have an impact on the amount of the mRNA transcript
of the DGC members compared to wild-type levels. For this purpose, the
AACt method was used to analyse the qRT-PCR data and calculate the
gene fold expression change. First, the average of the Ct values for the
target genes and the housekeeping gene was calculated for the wild-
type, the mdx®>® and micro-dystrophin mice. Then the difference between
the averaged Ct of genes of interest and the housekeeping gene was
calculated, to arrive at the ACt values of the wild-type (control), mdx>V
and micro-dystrophin samples. The AACt was calculated as the
difference between the ACt values of the mdx®¢V and micro-dystrophin
and the ACt values of the wild-type samples. In order to get the
expression fold change, data were transformed by applying the formula

2"-(AACt) as Cts are in logarithm base 2.
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2.7.2 Quantification of Cavin-4 positive nuclei

The cardiac sections were stained with cavin-4 and laminin-a2
antibodies, nuclei were stained with DAPI (4.2.2 and Figure 36 B).
Laminin-a2 antibody was chosen in order to visualize the basal lamina of
the cardiomyocytes (Klietsch, Ervasti et al. 1993) and to avoid the
counting of the nuclei present in the interstitial spaces in which
dystrophin (Figure 30) and cavin-4 are not expressed.

Four random but not overlapping pictures for each cardiac sample were
taken with a 20X objective and the exposure time was fixed based on the
wild-type samples. Using the ImageJ counter tool, a minimum of 200
nuclei localized in the cardiomyocytes were counted for each sample

(N=3 mice/group).

2.7.3 Quantification of membrane fluorescence intensity

The quantification of the cardiomyocyte lateral membrane fluorescence
intensity was performed according to Arechavala-Gomeza'’s protocol
(Arechavala-Gomeza, Kinali et al. 2010).

The immunostaining for the fluorescence intensity quantification was
performed on cardiac tissue sections stained with antibodies against the
protein of interest and against laminin-a2. Laminin-a2 fluorescence
intensity values were chosen as a normalisation factor as it did not show
any significant expression differences among the 3 groups (wild-type,
mdx>® and AR4-R23/ACT micro-dystrophin) (Figure 23). Three samples
for each group were used to reach statistical significance (3 wild-type, 3
mdx®¢ and 3 AR4-R23/ACT micro-dystrophin). After staining 4 images of
each sample were taken at 20X magnification with the same exposure
settings, using MetaMorph software. Following acquisition, 10 random

circular regions of interest containing 30 pixels were acquired for each
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picture, a total of 40 regions were selected for each sample of each
group in order to have 120 selected regions per mouse group (N=3
mice/group). When the random region was on interstitial spaces, it was
manually adjusted to be placed on the nearest section of cardiomyocyte
lateral membrane. Two values were measured for both laminin-a2 and
the protein of interest, the minimum and the maximum fluoresce
intensity. The maximum fluorescence intensity was taken from the
staining present at the cardiomyocyte lateral membrane and the
minimum fluorescence intensity was the background from the nearest
cytoplasm.

e The measurements of the minimum fluorescence intensity were
subtracted from the measurements of maximum fluorescence
intensity.

e The average of the resulted values from the subtraction was
calculated for each sample for both laminin-a2 and protein of
interest.

e The average of the laminin-a2 values for each sample was
calculated.

e The average of the values of laminin-a2 from the control samples
were used to calculate the “normalization factor” of each sample
from each group dividing the control average with the average of
the laminin-a2 values of each sample from each group.

e The “normalization factor” was used to normalize all the protein of
interest intensity measurements, by dividing the values of the
protein of interest for the “normalization factor” of the

corresponding sample.
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Figure 23. Measurements of laminin-a2 fluorescence intensity
showed no significant difference between wild-type, mdx5cv and

micro-dystrophin hearts.

Comparison of the laminin-a2 fluorescence intensity between the 3 wild-
type, 3 mdx>¢V and 3 micro-dystrophin cardiac samples. Each dot
corresponds to each measurement taken for each mouse, mixed-effect
model was applied. Although, there were significant differences between
individual mice, there were not significant genotype specific changes
(P=0.0512). The blue bar represents means + SEM.
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2.8 Statistics

Non-normally distributed data were analysed using the non-parametric
Kruskal-Wallis (comparison between three groups or more) analysis
followed by the Dunn’s test for pair-wise comparisons. Normally
distributed data were analysed using a one-way ANOVA followed by a
Bonferroni test for pair-wise comparisons. A two-way repeated measure
ANOVA was used for SuperPlots involving nested measurements of
membrane fluorescence intensity for n=3 mice per group. The
SuperPlots were created to visualise the distribution of the entire dataset
where the large, coloured symbols represent the samples belonging to a
specific genotype (circles for wild-types, squares for mdx>® and triangles
for mdx>¢V-uDys), the small, coloured symbols correspond to each
measurement took for each mouse. Statistical significance was set at P-

values below 0.05.
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Chapter 3. Characterisation of the AR4-R23/ ACT

micro-dystrophin mouse.

3.1 Background and objectives

The work presented in this chapter intends to characterise the main
transgenic mouse model that | used for this PhD project, the AR4-R23/
ACT micro-dystrophin mouse (mdx°®V-uDys). The AR4-R23/ACT micro-
dystrophin construct lacks hinge 3, almost the whole rod domain and the
C-terminus domain (Figure 24 A). Mice expressing this construct carry
the mdx® mutation in exon 10 of the gene coding for dystrophin and
therefore lack expression of Dp427. The construct is only expressed in
cardiomyocytes under the control of the a-myosin heavy chain (aMHC)
promoter. The choice of this construct was initially made because it fully
restores membrane integrity but only partially rescues cardiac function in
the mdx23 mouse model (Bostick, Shin et al. 2012). Therefore, it was
important to ask whether this micro-dystrophin construct can associate
with the newly-identified cardiac-specific DGC proteins, some of which
are involved in cardiac disease.

The characterisation of the AR4-R23/ACT micro-dystrophin mouse was
carried out by Dr. Hong Wang, Ms Charlotte Scott and myself. Dr. Wang
showed that expression of this micro-dystrophin prevented the
development of cardiac fibrosis, decreases in capillary density,
cardiomyocyte hypertrophy and also normalised electrocardiogram
parameters (Wang, Marrosu et al. 2021). These results confirmed that
this transgenic mouse model expresses a functional micro-dystrophin. In
this chapter, | describe my contribution to the characterisation of the

AR4-R23/ ACT micro-dystrophin mouse.
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My specific objectives were to:

1- test that the micro-dystrophin protein is correctly expressed at the
cardiomyocyte lateral membrane.

2- assess its ability to restore membrane expression of DGC
proteins.

3- determine the effects of loss of dystrophin and of micro-dystrophin
expression on the mRNA transcript levels of DGC components in

the heart.

For the protein localization studies, | used semi-quantitative
immunohistochemical analyses (Arechavala-Gomeza, Kinali et al.
2010). My transcript analyses by quantitative RT-PCR were
accompanied by quantifications of total protein expression of DGC
components and dystrophin/micro-dystrophin in heart protein lysates
performed by Ms. Scott. These biochemical protein analyses are
included in section 3.3 with her consent to provide a richer context for
my RNA and immunohistochemical analyses and facilitate discussion
of the data that | collected. The results in this chapter were recently

published (Wang, Marrosu et al. 2021).

3.2 Expression and localisation of the AR4-R23/ ACT micro-
dystrophin protein at the cardiomyocyte membrane of transgenic
mdx>¢V mice

To assess whether the AR4-R23/ ACT micro-dystrophin protein (Figure
24 A) is correctly localised at the cardiomyocyte membrane,
immunohistochemical analyses were performed on cardiac sections from
wild-type (C57BL/6J), and AR4-R23/ ACT micro-dystrophin mice (mdx>¢'-

pDys) using the MANEX1011B antibody (Figure 24 B). MANEX1011B
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recognizes both full-length dystrophin and micro-dystrophin as its epitope
is located in spectrin-like repeat 1 (R1) that is present in both proteins.
(Figure 24 A). Mdx>® were used as a negative control, as these mice do
not express either dystrophin (Im, Phelps et al. 1996) or micro-
dystrophin. The AR4-R23/ ACT micro-dystrophin protein showed a
continuous and strong immunostaining in mdx>¢-uDys cardiac sections
similar to dystrophin in wild-type mice. As expected, no dystrophin
staining was detected in sections of mdx®¢" hearts (Figure 24 B). The
dystrophin and AR4-R23/ ACT micro-dystrophin protein staining can be
seen also in cardiac longitudinal sections (Figure 24 D) where the lateral
membrane is visible along the cardiomyocyte length. The staining of
longitudinal cardiomyocytes allows the visualisation of dystrophin and
AR4-R23/ACT micro-dystrophin protein at the intercalated discs where
they overlap with N-cadherin (Kostetskii, Li et al. 2005), a marker for the
intercalated discs (schematically represented in Figure 24 C). | also
quantified the membrane fluorescence intensity of dystrophin and AR4-
R23/ACT micro-dystrophin protein. | used laminin-a2 together with
MANEX1011B not only to delineate the basal lamina of the
cardiomyocytes but also to use it as a normalisation protein in all the
three groups (wild-type, mdx>¢®V and AR4-R23/ACT micro-dystrophin)
(2.6.3) (Arechavala-Gomeza, Kinali et al. 2010). Quantification of
fluorescence intensity at the cardiomyocyte lateral membrane of wild-
type and mdx>®-uDys mice revealed a difference in the expression of
full-length dystrophin and the AR4-R23/ACT micro-dystrophin protein.
Specifically, the AR4-R23/ACT micro-dystrophin protein had a 1.7-fold
higher expression at the cardiomyocyte lateral membrane of mdx>¢V-uDys

mice compared to full-length dystrophin in wild-type mice (Figure 24 E).

110



A MAN E_X1011 B

(2000 Z0000000000000000/ 2000050 mw BLCLt

- 2000 2 s | 8Ra-28/0C micro-dystrophin
VANEX10118 C /—Lateralmembrane

@ .\0
Intercalated_/ Nucleus

discs

Wild type @

O

Wild-type AR4-R23/ ACTuDYS

mdx5cv

E
=
o
o
bt
=
174
>
(a]

)
bl
=z

£

T

@
=
©

©

Q

7
=

AR4-R23/0CT
micro-dystrophin

Merge

m

3500

3000

2500

Intensity units
s
1% (=]
[=] }=3
8 8

1000 &

500

Figure 24. Characterisation of the AR4-R23/ ACT micro-dystrophin
mouse

A. Diagram representing full-length dystrophin and the AR4-R23/ ACT
micro-dystrophin constructs expressed by the AR4-R23/ ACT micro-
dystrophin mice. The line indicates the epitope recognized by the
MANEX1011B antibody. B. Immunolabelling of full-length dystrophin on
cardiac sections from 8-month-old male wild-type (C57BL/6J), mdx>¢v
and AR4-R23/ ACT micro-dystrophin mice. There was no dystrophin
staining in the mdx®¢v hearts. 40X magnification, scale bar 300um. C.
Schematic representation of cardiac cells, with labelled lateral
membrane, nuclei and intercalated discs. D. Immunolabelling of cardiac
tissue sections from wild-type (C57BL/6J) mouse with full-length

dystrophin (red) and AR4-R23/ ACT micro-dystrophin (red) and N-
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cadherin (green) (C57BL/6J male mouse, 8 months old). White arrows
pointing to intercalated discs where dystrophin, AR4-R23/ ACT micro-
dystrophin and N-cadherin are co-localised. Nuclei stained with DAPI
(blue), 40X magnification, scale bar 20um. E. Quantification of the
dystrophin and micro-dystrophin staining fluorescence intensity at the
cardiomyocyte lateral membrane of wild-type (C57BL/6J), mdx>¢V and
AR4-R23/ ACT micro-dystrophin mice represented with a Superplot. 40
measurements were taken for each of the 3 mice used for each group
(C57BL/6J , mdx>ev and uDys) and are identifiable with the small,
coloured dots. The bigger dots represent the mean of the measurements
taken for each mouse (N=3). * p<0.05; ** p<0.01; *** p<0.005. Two-way
repeated measures ANOVA followed by a Bonferroni test adjusted for

multiple comparisons.
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3.3. Protein analysis of the members of the DGC in wild-type, mdx>¢V
and mdx>¢V-uDys hearts

Previous studies showed that the AR4-R23/ACT micro-dystrophin
construct is able to restore the dystrophin-glycoprotein complex (DGC) in
the heart of mdx?® mice (Yue, Li et al. 2003, Townsend, Blankinship et al.
2007). Therefore, | wanted to assess the condition of the cardiac DGC in
the hearts from mdx>® and mdx>¢V-uDys mice. Firstly, | assessed the
total protein expression levels of the DGC using western blot and as
mentioned in 3.1 these data were generated by my colleague Ms
Charlotte Scott (Wang, Marrosu et al. 2021). In addition, | also wanted to
investigate the cellular localisation of the DGC members in mdx®¢V mice
expressing the AR4-R23/ACT micro-dystrophin construct and compared
them with wild-type and mdx>® mice to have a better understanding of
the status of the DGC in these mice.

The western blot analyses (Figure 25 A) were performed on cardiac
lysates of male wild-type, mdx>® and mdx®¢V-uDys mice between 6 and
12 months of age. The densitometric quantification of the levels of the
DGC protein expression (B-dystroglycan, 3-sarcoglycan, a1-sytrophin
and a-dystrobrevins) in the mdx®® cardiac lysate showed a significant
reduction compared to wild-type mice (Figure 25 B). Analysing the
expression of the same DGC proteins in the mdx®¢V-uDys hearts revealed
that, compared to wild-type, the expression of B-dystroglycan and -
sarcoglycan were significantly increased in mdx>V-uDys mice. The
expression of a1-sytrophin and al, a2 and a3-dystrobrevins in mdx>¢V-
pMDys hearts were significantly increased compared to wild-type levels
(Figure 25 B). These results indicate that the protein expression of DGC

members is disrupted in the mdx>® heart, and that the AR4-R23/ACT
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micro-dystrophin protein is able to restore their expression up to and
above wild-type levels. However, it was important to assess whether
these proteins were correctly localised at the cardiomyocyte membrane

of mdx>¢V-uDys mice.
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Figure 25. Total protein expression of cardiac DGC in wild-type,
mdx>®Y and AR4-R23/ACT micro-dystrophin mice.

(B) Densitometric quantification of western blot (A) obtained probing
cardiac lysates from male wild-type (C57BL/6J), mdx°® and AR4-
R23/ACT micro-dystrophin (uDys) mice between 6 and 12 months of age
for B-dystroglycan (BDG), B-sarcoglycan (BSG), a1-sytrophin (STNA1)
and a-dystrobrevin (DTNAL, A2, A3). The values of mean * standard

deviations are normalised to wild-type. * p<0.05, *** p<0.001, one-way
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ANOVA. Experiment performed by Ms Charlotte Scott. WT (N=5-7),
mdx3¢v (N=8-13) and mdx>®-uDys (N=5-6) hearts.

To do this, | performed immunohistochemistry and membrane
fluorescence intensity quantifications for antibodies against -
dystroglycan, B-sarcoglycan, a1-syntrophin and a-dystrobrevin. Cardiac
sections from 8-month-old wild-type, mdx>® and mdx®°¢V-uDys mice were
stained with laminin-a2 and the same DGC antibodies used for the
western blots (Figure 25 A). The immunofluorescence quantification
confirmed that there was a significant reduction of 3-dystroglycan, 3-
sarcoglycan and a1-syntrophin at the cardiomyocyte membrane of
mdx>® mice compared to wild-type mice, reflecting the decreased protein
expression observed in the western blot analysis (Figure 26). However,
a1-syntrophin showed a consistently diffuse intracellular staining in
cardiomyocytes from mdx>¢ mice (Figure 26 C).

Western blot showed a significant decreased in the expression of a2-
and a3-dystrobrevins in mdx®® compared to wild-type mice. Using an
antibody that recognises all a-dystrobrevins, | could not detect a
significant difference in a-dystrobrevin fluorescence intensity at the
cardiomyocyte membrane between wild-type and mdx>® mice (Figure 26
E).

In the mdx®¢V-uDys hearts, the membrane fluorescence intensity of B-
dystroglycan was significantly increased above wild-type levels in
agreement with the western blot results (Figure 25).

The protein expression of B-sarcoglycan was increased above wild-type
level in mdx>®-uDys mice (Figure 25) but this increase is not visible at
the membrane level where B-sarcoglycan immunofluorescence intensity

does not reach the wild-type levels. The presence of B-sarcoglycan in
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mdx>¢V-uDys hearts is probably not directly dependent on the micro-
dystrophin construct but it may be due to the presence of B-dystroglycan
that is reported to bind to the sarcoglycans (Chan Y. M. 1998).

The membrane fluorescence intensity quantification of a1-sytrophin on
mdx>¢V-uDys hearts is in line with the western blot results showing a
significant normalisation of this protein at membrane level. However, a1-
syntrophin was still predominantly seen in the cardiomyocyte cytoplasm
in the mdx>®-uDys hearts (Figure 26 C), meaning that even if in the
mdx®>-uDys hearts a1-sytrophin protein expression is normalised at
wild-type level by the AR4-R23/ACT micro-dystrophin construct, the
membrane localisation is not completely restored by this construct.
Finally, a-dystrobrevin fluorescence intensity was not significantly
increased at the cardiomyocyte membrane of mdx>®-uDys mice.

Taking together the results of the protein expression and the membrane
expression/localisation of the DGC, only B-dystroglycan showed the
same level of increase in its protein expression and membrane

fluorescence intensity in the cardiomyocytes of mdx>¢V-uDys mice.
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Figure 26. Membrane immunofluorescence quantification of the

dystrophin glycoprotein complex.

A, B, C, D. Immunolabelling for laminin-a2 in red, and B-dystroglycan
(BDG), B-sarcoglycan (BSG), a1-sytrophin (STNAL1) or pan-dystrobrevin
(DTNA) in green on cardiac tissue sections from 8 months old male wild-
type, mdx>v and AR4-R23/ ACT micro-dystrophin (uDYS) mice
(N=3/group). Nuclei were stained with DAPI (blue), 40X magnification,
scale bar 15um. E. Quantification of the B-dystroglycan, B-sarcoglycan,
a1-syntrophin and pan-dystrobrevin fluorescence intensity at the
cardiomyocyte lateral membrane of wild-type, mdx>® and the AR4-R23/
ACT micro-dystrophin mice represented using Superplots. The small

dots represent the measurements (n=40) taken for each mouse of each
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group (wild-type, mdx>®¥ and AR4-R23/ ACT micro-dystrophin), the
bigger dots are the mean of the 40 measurements took for each mouse
(N=3 per group). The grand mean t standard deviation is indicated by
the lines. * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001, two-factor

repeated measures ANOVA

3.3.1 AR4-R23/ACT micro-dystrophin normalizes expression levels
of DGC mRNA transcripts in the heart

After analysing the protein expression and the localisation of the
members of the DGC, | next investigated whether the total protein
overexpression of the members of the DGC on mdx>®V-uDYS was due to
MRNA overexpression by the AR4-R23/ACT micro-dystrophin construct.
To quantify the mRNA transcript of each member of the DGC quantitative
RT-PCR analysis was performed using pre-designed assays that consist
of a primer pair and a probe. The TagMan method was chosen for its
high sensitivity (Tajadini, Panjehpour et al. 2014) and HPRT1 was
chosen as reference gene for its stable expression and similar Ct values
with the gene of interests (2.5.2). The mdx®® mice showed an increase
of 1.5-fold-change in the mRNA expression for all the analysed genes
except for a-dystrobrevin compared to wild-type (Figure 27). The pre-
designed assay for a-dystrobrevin is not designed to distinguish between
the different isoforms. In mdx>¢V-uDY'S mice, the expression of DGC
transcripts is normalised to wild-type levels (Figure 27). Overall, these
results indicate that there is not a correlation between the increased
amount of mMRNA transcript for B-dystroglycan, p-sarcoglycan and a1-

syntrophin and the corresponding protein expression.
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Figure 27.Quantitative RT-PCR analysis of the DGC mRNA
transcripts in hearts from WT (wild-type), mdx>®¥ and AR4-R23/ACT
micro-dystrophin (uDYS) mice.

The AACt method was used to quantify the transcript amounts for Dagl
(B-dystroglycan), Sgcb (B-sarcoglycan), Stna1 (a1-syntrophin) and Dtna
(a-dystrobrevin) in hearts from WT, mdx®® and uDYS mice. The mRNA
transcript levels were normalized to HPRT and are expressed as a fold-
change relative to the wild-type levels. Statistical analysis: two-way
ANOVA followed by the Tuckey test with correction for multiple
comparisons. * p<0.05; ** p<0.01; *** p<0.005. WT (n=5), mdx>¢ (n=3)
and uDYS (n=3).
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3.4 Discussion

Transgenic mice expressing AR4-R23/ACT micro-dystrophin in their
hearts showed that the AR4-R23/ACT micro-dystrophin protein has the
same localisation pattern observed for dystrophin in cardiomyocytes from
wild-type mice. Both full-length dystrophin and the AR4-R23/ACT micro-
dystrophin protein are localised at the cardiomyocyte lateral membrane
and at the intercalated discs. The only difference between full-length
dystrophin and the AR4-R23/ACT micro-dystrophin proteins is the
expression level, in fact this micro-dystrophin had a 2-fold increased
expression at the cardiomyocyte lateral membrane of AR4-R23/ACT
micro-dystrophin compared to wild-type mice. This is likely to be due to
the fact that the AR4-R23/ ACT micro-dystrophin expression is driven by
the aMHC promoter that has been shown to boost the transgene
expression in the heart (Salva, Himeda et al. 2007). These results
showed the AR4-R23/ ACT micro-dystrophin construct to be expressed
and correctly localised in the heart of mdx>® transgenic mice.

| used different experimental approaches to characterize the DGC status
in the heart of mdx®¢®¥ and mdx>*V-uDYS mice. One of the major findings
is that there is no correlation between the levels of MRNA and the levels
of DGC proteins in mdx>® and mdx>®-uDYS hearts. In fact, the
decreased levels of B-dystroglycan, 3-sarcoglycan and a1-syntrophin in
mdx>® hearts quantified by immunofluoresce are not reflected by their
mMRNA levels. The increased DGC mRNA levels in mdx®>® hearts could
be attributable to a compensatory mechanism triggered by the loss of
full-length dystrophin. This mechanism has been already described for
utrophin in mdx23 mice as a compensatory response to dystrophin

deficiency (Chen, Chin et al. 2017). AR4-R23/ ACT micro-dystrophin
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improves the stabilisation of the sarcolemma of mdx?? hearts (Yue, Li et
al. 2003) , the normalisation of the DGC mRNA levels | observed in
mdx>¢V-uDys hearts could be in part due to membrane stabilisation. A
possible explanation is that the membrane damage caused by the loss of
dystrophin in mdx>® mice could triggers transcription factors that regulate
the expression of the DGC proteins. In other words, it is possible that in
mdx>¢¥ hearts the DGC proteins are degraded when they cannot bind
dystrophin at the cardiomyocyte membrane (as reflected in the low or
unchanged protein expression seen in Western blot analysis). However,
such changes could trigger increased transcription of genes encoding the
DGC proteins, which may be reflected in increased mRNA levels. These

are only speculations and they must be further investigated.

These results are in partial contrast with what Turk and colleagues
observed in the skeletal muscle of mdx23 mice where they found a
downregulation of the mRNA levels of B-dystroglycan and B-sarcoglycan

but an upregulation of a-dystrobrevin (Turk, Sterrenburg et al. 2005).

As | mentioned 3.1, the AR4-R23/ACT micro-dystrophin construct does
not have the C-terminus domain, that is involved in the binding with a1-
syntrophin, a-dystrobrevins. The data | collected from the
immunofluorescence quantifications showed that even if the dystrophin
C-terminus is not included in the AR4-R23/ACT micro-dystrophin
construct, a1-syntrophin is brought back to the cardiomyocyte membrane
of mdx>¢V-uDys mice. However, mdx>V-uDys mice show the same

intracellular staining observed in mdx®¢®V mice indicating a non complete
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rescue of its localisation from the AR4-R23/ACT micro-dystrophin

construct.

Stevenson showed a close interaction of B-dystroglycan with the C-
terminus and the cysteine-rich domain of dystrophin (Stevenson, Rothery
et al. 1998). In agreement with this | observed total protein expression
levels and membrane intensities of B -dystroglycan in mdx>¢V-uDys mice
were higly increased above wild-type levels. Therefore, the presence of
the cysteine-rich domain is enough to bring B-dystroglycan to the
cardiomyocyte membrane of mdx®¢V-uDys mice confirming what was
seen by Yue and colleagues in mdx?® mice expressing the same
construct, but only using immunofluorescence analysis (Yue et al 2003).
The total protein expression of B-sarcoglycan was increased in mdx>cV-
pMDys mice beyond wild-type levels but expression at the membrane of
mdx>¢V-uDys mice though increased compared to mdx®°®V mice was below
wildtype levels. . Alpha-dystrobrevin, a DGC member that is known to
bind with the C-terminus of dystrophin shown to be increased at protein
expression level in mdx>®V-uDys mice but did not show any significant
changes at the cardiomyocyte membrane of both mdx>® and mdx>¢v-

pDys mice.

In conclusion, the AR4-R23/ ACT micro-dystrophin protein is correctly
expressed at the cardiomyocyte lateral membrane of trangenic mice and
normalise the DGC mRNA levels and it increases their total protein
expression. However, it shows differences in the membrane rescue

efficacy of some DGC members.
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Chapter 4. Cavin membrane localisation is
disrupted in transgenic mouse hearts expressing

different micro and mini-dystrophin constructs

4.1 Background and objectives

As mentioned in 1.4.4, among the micro-dystrophin constructs currently
in clinical trial, only the AR4-R23/ACT micro-dystrophin (Figure 7) has
been studied for its capacity to rescue the impaired cardiac parameters
of dystrophin deficient mice (mdx23). Yue and collaborators showed that
this construct stabilises the DGC at the membrane of mdx?® hearts and
restores sarcolemma integrity (Yue, Li et al. 2003). However, this
construct is not able to restore all affected cardiac parameters
(Townsend, Blankinship et al. 2007, Bostick, Shin et al. 2011, Bostick,
Shin et al. 2012). The AR4-R23/ACT micro-dystrophin construct lacks
hinge 3, almost the whole rod domain and the C-terminus domain. The
molecular basis for the incomplete cardiac rescue provided by AR4-
R23/ACT micro-dystrophin is currently unknown. Therefore, a deeper
understanding of the molecular interactions of dystrophin in the heart is
needed in order to design more efficient constructs in the future. Johnson
and colleagues discovered that the cardiac DGC includes a set of
proteins that are absent in the skeletal muscle DGC and are important for
cardiac function and disease (ahnak1, cypher, aB-crystallin, and cavin-1)
(Johnson, Zhang et al. 2012). Among these proteins, cavin-1 has been
described as essential for the formation of caveolae (Taniguchi,
Maruyama et al. 2016). As mentioned in 1.6.1, caveolae and the proteins
related to them play an important role protecting the heart from

mechanical stress (Patel, Tsutsumi et al. 2007, Cheng, Mendoza-Topaz
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et al. 2015). They are involved in calcium signalling (Balijepalli, Foell et
al. 2006), cardiac conduction (Tyan, Turner et al. 2021), and cardiac
contraction (Grivas, Gonzalez-Rajal et al. 2020).

In addition to cavin-1, other key accessory proteins have been identified,
which include cavin-2 and -3 and the muscle-specific cavin-4 that is
expressed in smooth, skeletal and cardiac muscle (Ogata, Ueyama et al.
2008). Interestingly, both cavin-1 and cavin-4 are associated with cardiac
disease. Specifically, studies in mice link the deficiency of cavin-1 with a
cardiomyopathic phenotype, with cardiomyocyte hypertrophy, cardiac
fibrosis, and electrocardiographic abnormalities (Taniguchi, Maruyama et
al. 2016). Moreover, the loss-of-function mutation of cavin-1 in human
patients causes congenital generalised lipodystrophy type 4 and some of
these patients show cardiac impairments such as long-QT syndrome and
fatal cardiac arrhythmia (Rajab, Straub et al. 2010). Molecular genetic
studies on human patients (Nouhravesh, Ahlberg et al. 2016) as well as
in vitro studies (Rodriguez, Ueyama et al. 2011) found an association
between loss-of-function cavin-4 mutations and dilated cardiomyopathy.
These observations leave some open questions:

e Since cavin-1 is part of the cardiac DGC (Johnson, Zhang et al.
2012), does it localise with dystrophin at the cardiomyocyte lateral
membrane?

e Do the other cavins share the same membrane localisation?

¢ |s their localisation disrupted when full-length dystrophin is not
expressed?

e Which dystrophin domains are involved in the association with

cavins?
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e Do the micro and mini-dystrophin constructs contain the binding
domain for the cavins?

In this chapter | aim to answer to these questions by:
-Characterising the localisation of cavin-1, -2, -3 and -4 in wild-type
hearts.
-Investigating whether the sub-cellular localisation of these proteins is
disrupted in mdx®® and mdx?3 hearts (in which full-length dystrophin is
not expressed).
-Investigating the localisation of cavins in the heart of mdx®® and mdx?3
mice expressing different micro and mini-dystrophin constructs (Figure
28).
The use of mdx®® and mdx23 transgenic mice expressing different micro
and mini-dystrophin constructs could also help with the identification of

dystrophin domains that may be involved in binding with cavins.
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Figure 28. Graphic representation of the full-length dystrophin and

the micro and mini-dystrophin proteins.

Orange boxes represent the N-terminus (NT), hinges are represented by
the yellow boxes (H1, H2, H3, H4), the red boxes represent the cysteine-
rich domain (CR), C-terminus represented by the green boxes (CT),

spectrin-like repeats (light blue numbered ovals).
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4.2 Results

4.2.1 Cavin-1, -2 and -4 are lost or disrupted at the mdx>c
cardiomyocyte lateral membrane and are not rescued by AR4-R23/

ACT micro-dystrophin

. Cavin-1

The distribution of cavin-1 in heart has not been studied in detail, as
studies assessing an involvement of cavin-1 in cardiac disease did look
at the localisation of this protein with immunofluorescence only in blood
vessels (Rajab, Straub et al. 2010, Hansen, Shvets et al. 2013,
Taniguchi, Maruyama et al. 2016, Kaakinen, Reichelt et al. 2017). Here, |
investigated the cardiac distribution of cavin-1 using immunofluorescence
(Figure 29) finding that in wild-type (C57BL/6J) hearts, cavin-1 localises
at the cardiomyocyte lateral membrane with a continuous and
homogenous staining. The overlapping of cavin-1 staining and the
laminin-a2 staining became an orange staining at the cardiomyocyte
lateral membrane of wild-type mice membrane (Figure 29 B, white
arrow). Consistently with the abundance of caveolae in the vascular
endothelial cells (Hansen et al. 2013), cavin-1 is also present at the
capillaries that are located outside the laminin-a2 boundary (Figure 29
B, yellow arrows). In mdx>® hearts, where full-length dystrophin is
absent, cavin-1 is lost from the cardiomyocyte lateral membrane and this
membrane localisation is not rescued by expression of AR4-R23/ACT
micro-dystrophin. The absence of full-length dystrophin does not have
any effect on the presence of cavin-1 at the capillaries (Figure 29 B) due

to the fact that dystrophin is not expressed in the capillaries (Figure 30).
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Cavin-1 is also localised at the intercalated discs of wild-type, mdx®¢ and
mdx>¢V-uDys mice (Figure 31). The loss of cavin-1 from the
cardiomyocyte lateral membrane of mdx® and mdx>¢V-uDys hearts is
confirmed by the quantification of cavin-1 membrane fluorescence
intensity when compared to the wild-type levels (Figure 29 C). The
membrane intensity quantification was performed by staining sections
from 3 wild-type (C57BL/6J), 3 mdx>¢ and 3 mdx>®V-uDys mouse hearts
with cavin-1 and laminin-a2 (as in Figure 29 A and B). The fluorescence
intensity measurements of cavin-1 were normalised to the intensity of
laminin-a2 (Materials and Methods, Figure 23) showing the decreased
cavin-1 fluorescence at the cardiomyocyte lateral membrane of both
mdx>® and mdx>®V-uDys mice. These data show that the cardiomyocyte
membrane localisation of cavin-1 depends on the presence of full-length
dystrophin at the cardiomyocyte membrane, confirming previous
biochemical findings (Johnson, Zhang et al. 2012) that showed that
cavin-1 is a member of the DGC in the heart. Moreover, these data show
that the AR4-R23/ACT micro-dystrophin construct does not rescue the

membrane localisation of cavin-1 in mdx>-uDys mice.
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Figure 29.Cavin-1is lost from the mdx®¢V and uDys cardiomyocyte

lateral membrane.

A, B. Cardiac tissue cryosections from 8-month-old male C57BL/6J
(WT), mdx®¢V and uDys mice stained with cavin-1 and laminin-a2 (red).
Nuclei stained with DAPI (blue). 40X magnification, scale bar: 25um.
(N=3 mice/group) B. Enlargements of the immunostainings showed in A.
Cardiomyocyte lateral membranes are indicated with white arrows.
Capillaries are surrounded by laminin-a2 (red) and indicated with yellow
arrows in the merged pictures. Scale bar: 10um. C. Superplot of cavin-1
fluorescence intensity at the cardiomyocyte lateral membrane normalised
for the membrane fluorescence intensity of laminin-a2. The small dots

represent the 40 measurements taken for each of the 3 mice used for
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each group (WT, mdx>v and uDys). The mean of the measurements for
each mouse is depicted by the bigger dots (N=3/group). The mean *

standard deviation is indicated by the lines. *** p<0.005.
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Figure 30. Full-length dystrophin is not expressed in capillaries.

A. Representative image of cardiac sections from an 8-month wild-type
(C57BL/6J) male mouse immunolabelled with cavin-1 and dystrophin N-
terminus antibodies. Dystrophin staining is visible only at the lateral
membrane of the cardiomyocytes and is not present at the capillaries.
White arrows pointing to capillaries stained with cavin-1. Nuclei stained
with DAPI. 40x magnification, Scale bar 10um B. Enlarged pictures of the
areas delineated by the yellow boxes in A where cavin-1 staining at the
capillaries, as well as the absence of dystrophin, is more visible. Scale
bar = 5um. C. Immunolabelling of cardiac section from an 8-month wild-
type (C57BL/6J) male mouse immunolabelled with cavin-1 and
dystrophin N-terminus antibodies. Yellow arrow point to a longitudinal
capillary stained with cavin-1. 40X magnification, scale bar 25um. D.
Enlarged pictures of C, white arrows pointing to cavin-1 membrane
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staining in overlap with dystrophin and yellow arrows pointing a
longitudinal capillary stained with cavin-1 and not dystrophin. 40X
magnification, scale bar 10um.

Cavin-1 B-catenin Merge

MDX5CV

Figure 31. Cavin-1 is expressed at the intercalated discs of wild-
type, mdx®>V and AR4-R23/ACT micro-dystrophin mice.

Double labelling of cardiac tissue sections from wild-type, mdx>® and
AR4-R23/ACT micro-dystrophin mice for cavin-1 (green) and -catenin
(red). White arrows pointing to intercalated discs positive for cavin-1 and
B-catenin. Nuclei stained with DAPI (blue). 40X magnification. Scale bar:
25um. (N=3 mice/group).
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° Cavin-2

Experiments on cavin-1 knock-out mice show that the loss of cavin-1 in
the myocardium is accompanied by the loss of cavin-2 (Ogata, Ueyama
et al. 2008, Taniguchi, Maruyama et al. 2016). The studies of Ogata and
Taniguchi were made on cardiac lysate from wild-type (C57BL/6J) and
cavin-1 knock out mice, but they did not study cavin-2 protein localisation
in these mice. The immunofluorescence results reported in Figure 29
show the loss of cavin-1 at the cardiomyocyte membrane of mdx>¢ and
AR4-R23/ACT micro-dystrophin hearts. Therefore, it was worth asking
whether the loss of cavin-1 at the cardiomyocyte membrane level was
followed by the loss of cavin-2. Using immunofluorescence (Figure 32
and 33) the presence of cavin-2 at the cardiomyocyte membrane was
first assessed in the heart from wild-type (C57BL/6J) mice, revealing the
expression of cavin-2 at the membrane and at the capillaries (Figure 32
B, white arrows indicating the cardiomyocyte membrane and yellow
arrows pointing to the capillaries). When full-length dystrophin is absent
from the membrane of mdx>® cardiomyocytes, cavin-2 appears to be
discontinuous and punctate at the membrane and diffuse in the
cytoplasm (Figure 32 B). In the hearts of mice expressing the cardiac
AR4-R23/ACT micro-dystrophin construct, cavin-2 staining remains
disrupted at the membrane. As per cavin-1, cavin-2 localisation is
preserved at the capillaries (Hansen, Shvets et al. 2013) of mdx>" and
mdx>®'-uDys mice where dystrophin and micro-dystrophin are not
expressed (Figure 30). Overall, cavin-2 membrane localisation seems to
be affected by the loss of full-length dystrophin appearing punctate and

discontinuous. It was not possible to quantify cavin-2 membrane
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fluorescence intensity, due to the increased intracellular staining in

cardiomyocytes from mdx> and mdx>°¢V-uDys mice.

A Cavin-2 Laminin-a2 Merge

WT

MDX5¢v

uDYS

MDX5¢V
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Figure 32.Disruption of cavin-2 cardiomyocyte lateral membrane
localisation in absence of full-length dystrophin.

A. Immunostaining of cardiac cryosections from 8-month-old male
C57BL/6J, mdx>¢V and uDys mice with antibodies against cavin-2 and
laminin-a2 (red). 40X magnification, scale bar: 25um. (N=3/genotype
group). B. Enlarged pictures of figure A with cardiomyocyte lateral
membranes indicated with white arrows and capillaries indicated with
yellow arrows. 40X magnification, scale bar: 15um. Nuclei stained with
DAPI (blue).

135



Cavin-2 Laminin-a2

m

uDYS

Figure 33.Cavin-2 staining is discontinuous at the cardiomyocyte

lateral membrane of mdx®®¥ and yDys mice.

A, C and E. Immunolabelling for cavin-2 (green) and laminin-a2 (red) on
cardiac sections from 8-month-old male C57BL/6J (WT), mdx>¢ and
uDys mice. Nuclei stained with DAPI (blue). 40X magnification, scale bar:
15um. B, D and F. Enlarged pictures of A with yellow arrows pointing to
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cardiomyocyte membrane. Nuclei stained with DAPI (blue). 40X

magnification, scale bar: 10um (N=3/genotype group).
o Cavin-4

Cavin-4 is the only muscle-specific cavin and is expressed in smooth,
skeletal, and cardiac muscle (Ogata, Ueyama et al. 2008). Although it
has been described as a dispensable protein for the formation of
caveolae it appears to have a role in their morphology (Ogata, Naito et
al. 2014). Ogata and colleagues showed the capacity of cavin-4 to
increase the area of cardiac caveolae of transgenic mice that over
express cavin-4 compared to wild-type mice (Ogata, Naito et al. 2014).
Moreover, it has been reported that in the heart, cavin-4 is involved in
signalling pathways affecting calcium homeostasis (Malette,
Degrandmaison et al. 2019), cardiac function and conduction disturbance
(Ogata, Ueyama et al. 2008) and the gene encoding for cavin-4 is also
been associated with dilated cardiomyopathy (Nouhravesh, Ahlberg et al.
2016). An association between cavin-2 and cavin-4 has been reported
(Ogata, Ueyama et al. 2008). None of the studies reported above
assessed the cardiac localisation of the cavin-4 protein. As shown in
Figure 32 and 33 cavin-2 is located at the cardiomyocyte membrane of
wild-type (C57BL/6J) mice and is disrupted when full-length dystrophin is
not expressed in mdx>® and mdx®®V-uDys hearts. As well as cavin-1 and
cavin-2, cavin-4 is localised at the cardiomyocyte lateral membrane of
wild-type (C57BL/6J) mice, exhibiting a strong and homogenous staining.
The cavin-4 staining diminishes appreciably at the cardiomyocyte
membrane of mdx>®" and mdx®>¢V-uDys mice (Figure 34 A and B). Cavin-
4 is localized at the intercalated discs of wild-type, mdx>®V and mdx><V-

pMDys mouse hearts (Figure 35) suggesting that its localisation is not
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dependent on full-length dystrophin that is not expressed in mdx>¢ and
mdx>¢V-uDys hearts. The quantification of cavin-4 fluorescence intensity
shows a >2-fold reduction of cavin-4 staining at the cardiomyocyte
membrane of mdx>® and mdx>¢V-uDys mice confirming that the loss of
full-length dystrophin is associated with the disruption of cavin-4 at the

sarcolemma.
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Figure 34. Cavin-4 membrane expression is lost in mdx®¢V and uDys
hearts.

A. Immunolabelling of cardiac cryosections from 8-month-old male WT,
mdx>¢¥ and micro-dystrophin mice for cavin-4 (green) and laminin-a2
(red). Nuclei stained with DAPI (blue). 40X magnification, scale bar:

25um. B. Magnified pictures of panel A showing in more detail the cavin-
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4 staining at the WT cardiomyocyte lateral membrane (white arrows) and
its disruption in the mdx>® and uDys lateral membrane. Scale bar: 15um.
C. Cavin-4 membrane intensity quantification represented by superplots
where the small dots depict the 120 measurements taken for each of 3
sample of each group (groups= C57BL/6J, mdx>®v and AR4-R23/ACT
micro-dystrophin). The mean of the measurements for each mouse is
depicted by the bigger dots (N=3/group). The mean * standard deviation
is indicated by the lines. *** p<0.005.

Cavin-4 B-catenin

WT

Figure 35. Cavin-4 is expressed at the intercalated discs of wild-
type, mdx®>V and AR4-R23/ACT micro-dystrophin mice.

Double labelling of cardiac tissue sections from wild-type, mdx>¢ and
AR4-R23/ACT micro-dystrophin mice for cavin-4 (green) and B-catenin
(red). White arrows pointing to intercalated discs positive for cavin-4 and
B-catenin. Nuclei stained with DAPI (blue). 40X magnification. Scale bar:

25um. (N=3 mice/group).
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4.2.2 Cavin-4 abnormal peri-nuclear localisation in mdx®®and AR4-
R23/ACT micro-dystrophin mice

Another interesting finding arose from my observations of cardiac tissue
sections from wild-type (C57BL/6J), mdx>¢®V and mdx>¢V-uDys mice
stained for cavin-4 and DAPI to visualize the nuclei. Cavin-4 appears to
be abnormally localized in the peri-nuclear region when full-length
dystrophin is absent (Figure 36 A). Using DAPI and laminin-a2 in order
to identify nuclei present inside the cardiomyocytes and to distinguish
them from the nuclei present in the interstitial space (Figure 36 B), the
number of nuclei stained with cavin-4 found inside the cardiomyocytes
were counted. Two hundred nuclei were counted for each sample of
each of the 3 genotype groups (N=3/group) (Figure 36 C). In wild-type
mice, cavin-4 is present in 26% + 6 of nuclei while in mdx>® 67% + 10 of
nuclei had cavin-4 staining. In the hearts of mdx®¢V-uDys mice, cavin-4 is
present in 85% + 3 of nuclei. These results suggest that the cavin-4 peri-
nuclear localization is associated with its loss from the cardiomyocyte

membrane.
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Figure 36. Peri-nuclear abnormal localisation of cavin-4 in hearts of

mdx°°¥ and micro-dystrophin mice.

A. Cardiac sections from 8-month-old male mice wild-type, mdx® and
micro-dystrophin mice stained with cavin-4 with nuclei stained with DAPI
(red). White arrows indicate nuclei stained with cavin-4. 40X
magnification, scale bar 10um. B. Triple staining of wild-type, mdx®¢V and
micro-dystrophin hearts for laminin-a2 (light blue), cavin-4 and nuclei
stained with DAPI (red). White arrows indicate only the nuclei located

within cardiomyocytes. 40X magnification, scale bar 25um. C.
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Quantification of nuclei stained with cavin-4 relative to the total number

of nuclei located within the cardiomyocyte. N=3 mice/group.

4.2.3 Evaluation of caveolae by Electron Microscopy

In 4.2.1, | assessed the effect that the loss of full-length dystrophin has
on the cardiac localisation of cavin-1, -2 and -4. | showed that the
expression of full-length dystrophin at the cardiomyocyte membrane is
necessary for the membrane localisation of the cavins. This begs the
question of how the loss of the cavins at the cardiomyocyte membrane
impact caveolae in the heart. In fact, electron microscopy studies on the
heart from cavin-1 knock-out mice revealed an almost flat cardiomyocyte
membrane in these mice (Taniguchi, Maruyama et al. 2016)
demonstrating the essential role of cavin-1 in the biogenesis of caveolae.
It is fair to hypothesise that the disruption of cavin-1 at the cardiomyocyte
membrane of mdx®®¥ mice could cause the reduction or a disruption of
caveolae in their hearts. To visualise the ultrastructure of caveolar in wild-
type and mdx®®’ mice and to assess potential changes in the number
(reduction) and the shape (disruption) of caveolae per cardiomyocyte |
have performed electron microscopy (EM) experiments. During the
systolic phase the cardiac muscle is contracted to pump the blood out of
the heart whereas during the diastolic phase the heart is relaxed, and the

cardiac chambers are filled with blood (Figure 37).
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Relaxed

Figure 37. Diagrammatic representations showing the morphology

of the heart during systole and diastole.

Diagram of the hearts during systole and diastole showing that during
systole the cardiac muscle is contracted and during diastole the cardiac

muscle is relaxed, and ventricles are dilated.

The morphology of the membrane changes when the cardiac muscle is
contracted during systole and is stretched during diastole (Hanft, Korte et
al. 2008). Studies on rabbit (Pfeiffer, Wright et al. 2014) and mouse
(Kohl, Cooper et al. 2003) hearts showed a decreased number of
caveolae when the heart is relaxed and cardiomyocytes are stretched
(diastole) and an increased number of caveolae during cardiac
contraction when cardiomyocytes are shortened (systole). Moreover,
during cardiac contraction and relaxation, the sarcomere length changes
from ~1.8 um to 2.3 um respectively (Wu, Cazorla et al. 2000, Hanft,

Korte et al. 2007).

The first experiments | performed were conducted in order to find the
best cardiac preparation for the electron microscopy experiments, to
visualise caveolae in the heart of wild-type and mdx®®" mice. Therefore,

two different buffers were used to achieve systolic and diastolic cardiac
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arrest in wild-type mice (2.5 materials and methods) and the sarcomere
length was measured to assess the relaxed or contracted status of the
hearts. The buffers were administered by intra-aortic infusion (Figure 38)

(2.5 materials and methods).

Figure 38. Heart during the perfusion with the diastolic buffer.

Picture showing heart perfusion. The heart was placed on a petri dish
filled with the perfusion buffer. An 18G cannula is inserted in the aorta

and secured with 2 loops of black silk suture thread

Cutting the heart transversally (Figure 39) gave me the possibility to
check the relaxed or contracted status of the ventricles in order to assess

the efficacy of the diastolic and systolic buffer.
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Figure 39. Transversal cut of the perfused hearts to assess their

status.

Cardiac arrest in diastole (A) were the left and right ventricles (LV and
RV) are dilated and in systole (B) where the ventricles are contracted
following perfusion with the diastolic and systolic buffer.

The first sets of cardiac sample preparations for EM were performed by
the UCL Electron Microscopy Laboratory Core Facility that processed the
whole perfused heart. Because of the impossibility to cut the heart
transversally and check the status of the hearts before the sample
processing for EM, | have assessed the systolic and diastolic arrest
directly on EM measuring the sarcomere length (Figure 40). Measuring
the sarcomere length, | found no differences between the measurements
of the hearts arrested with the diastolic and the systolic buffers (~2.5um)
and | concluded that while the diastolic arrest was consistently
achievable, the systolic arrest was not achievable with consistency

(Figure 40).
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Figure 40. Calculation of sarcomere length between Z-discs using

the ImageJ software.

(A) The sarcomere length was calculated as the distance between two Z-
lines. (B) No difference was detected in the sarcomere length of the

samples perfused with the diastolic and the systolic buffers.

Therefore, | opted for perfusing the hearts with a diastolic buffer and then
compered the number of caveolae in wild-type and mdx®¢¥ hearts. | have
used a buffer made with 2.5% potassium citrate in Hank’s balanced salt
solution to arrest the mouse heart in diastole (Dae, Heymann et al.
1982). These second attempts at cardiac perfusion were performed by
the UCL Queen Square Institute of Neurology (ION) where the technical

manager Kerrie Venner and her group prepared the hearts for electron
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microscopy acquisitions that | conducted after being trained. After
perfusion, the heart was placed in fixative solution (2.4 materials and
methods) for two hours at 4°C and sent to the EM facility. | observed
signs of good perfusion such as the absence of blood into the capillary
lumen (Figure 41 A). A good tissue preservation was achieved as the Z-
lines (Z) that delineate the sarcomeres and the mitochondria (M)
between the myofibrils were clearly visible (Figure 41 B). However, | was
not able to consistently achieve well preserved cardiomyocyte

membranes necessary to clearly visualize the caveolae (Figure 41 B).

Figure 41. Cardiac section from wild-type mouse acquired with the
EM.

(A and B). No blood was present into the capillary lumen indicating a
good perfusion (A). Membrane damage (arrows) on the cardiac EM
preparation. Z-lines (Z) and mitochondria (M) (B).

| was not able to carry on with these experiments because of the covid-
19 pandemic. Due to the lockdown, a limited access to the EM facility
was imposed. The following steps would have focused on finding a
fixation method in order to preserve the membrane integrity. | wanted to
add paraformaldehyde (Roth, Bader et al.) to the fixation buffer as
suggested by Karnovsky (Karnovsky 1965). The addition of PFA to the
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glutaraldehyde and cacodylate in the fixation buffer have been described
as an optimal solution to improve the quality of fixation in terms of

avoiding tissue distortions (Shah, Johansson et al. 2015).

4.2.4 Loss of cavin-1 and cavin-4 in mdx>®¥ cardiomyocytes before
the onset of cardiac pathological changes

The mice used for the experiments in section 4.2.1 and 4.2.2 were 8
months of age. Data published from our group showed that mdx>¢V hearts
develop cardiac pathological changes by 6 months of age. Specifically,
we reported fibrosis and immune cell infiltration in mdx>® mice between 6
and 12 months of age (Wang, Marrosu et al. 2021). The results of 4.2.1
on mdx>®¥ hearts, showed a disruption of cavin-1 and cavin-4 at 8 months
of age, when the heart has already been subject to damage caused by
the loss of dystrophin at the plasma membrane (Han, Bansal et al. 2007).
Therefore, it was important to assess whether the loss of cavin-1 and
cavin-4 observed in mdx®® hearts at 8 months of age when the
cardiomyocyte membrane is damaged could be attributed to the loss of
dystrophin, or as consequence of the membrane fragility. The mdx>
mice show late onset of cardiac fibrosis, similar to the mdx?3 mice
(Gavillet, Rougier et al. 2006, Dorchies, Reutenauer-Patte et al. 2013).
Therefore, in order to investigate the localisation of cavin-1 and cavin-4
before the onset of cardiac histopathology, hearts from wild-type
(C57BL/6J) and mdx>® mice of 9 weeks of age were immunolabelled for
cavin-1 and cavin-4 (Figure 42). Mdx®>® showed the same cavin-1 and -4
impairment observed in older mdx>® mice (8 months of age) (Figure 29
and 34). These data are also in agreement with the immunofluorescence

analysis (4.2.1) showing that mdx>®V-uDys hearts have a disruption in
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cavin-1 and cavin-4, even though this construct is able to prevent cardiac

pathological changes (Wang, Marrosu et al. 2021).
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Figure 42. Cavin-1 and cavin-4 are disrupted before the onset of
cardiac histopathology in mdx®¢" mice.

A and B. Triple staining of cardiac tissue sections from 9-week-old male
wild-type and mdx®¢V mice for cavin-1 (green) and laminin-a2 (red).
Nuclei stained with DAPI (blue). B. Enlargements of figure A showing the
cavin-1 lost at the cardiomyocyte lateral membrane (white arrows) of
mdx>Y mouse. Cavin-1 is preserved at the capillaries (white asterisks) in
mdx>¢V hearts. Scale bar 10um. C and D Immunolabelling for cavin-4 and
laminin-a2 (red) on cardiac tissue sections from 9-week-old wild-type and
mdx>% mice. Nuclei stained with DAPI (blue). D. Enlarged pictures from
panel C where the loss of cavin-4 from the mdx>¢v cardiomyocyte lateral
membrane is appreciable. Scale bar 10um. A and C. 40X magnification;

Scale bar 25um.

4.3 Hinge 2, Hinge 3, repeats 20-24 and the C-terminus of
dystrophin are not involved in the binding with cavin-4

The data collected on transgenic mice expressing the cardiac AR4-
R23/ACT micro-dystrophin revealed its inability to restore cavin-1, cavin-
2 and the muscle specific cavin-4 membrane localisation (4.2). The
cause of this lack of restoration of the cavins could be attributed to the
possibility that this dystrophin construct does not have specific domains
that are involved in the binding with the cavins. These findings leave
open the question concerning the identification of the dystrophin binding
site for caveolar proteins in the heart. In order to narrow down the
possible dystrophin domain involved in the link between cavin-1 and the
muscle specific cavin-4, | performed immunohistochemical analyses in
transgenic mice expressing different micro- and mini-dystrophin
constructs (Figure 43). The four transgenic mdx2® mouse lines (Figure

43) were generated by Dr Duan’s lab at the University of Missouri and
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express the following constructs under the control of the cardiac myosin
promoter:

1. The AR4-R23 micro-dystrophin (Harper, Crawford et al. 2002)
that is identical to the AR4-R23/ACT micro-dystrophin, except that
it includes the unique C-terminus of dystrophin.

2. The AH2-R19/ACT mini-dystrophin that, compared to AR4-
R23/ACT micro-dystrophin, lacks hinge 2 but includes hinge 3 and
spectrin repeats 20 to 23.

3. The AH2-R19 mini-dystrophin (Li, Kimura et al. 2006) that is
identical to AH2-R19/ACT mini-dystrophin (Li, Kimura et al. 2006)
except that it includes the C-terminal domain.

4. The AH2-R15 mini-dystrophin (Lai, Thomas et al. 2009, Wasala,
Shin et al. 2018) that carries the C-terminus domain and spectrin

repeats 16-19.
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Figure 43. Schematic representation of the micro and mini-

dystrophin constructs used for this project.

Orange boxes represent the N-terminus, hinges in yellow (H1, H2, H3,
H4), the red boxes represent the cysteine-rich domain, C-terminus
represented by the green boxes, spectrin-like repeats (light blue

numbered ovals).
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4.4 The disruption of cavin-1 and cavin-4 is influenced by the
genetic background of mdx? mice.

These transgenic mice expressing the constructs represented on figure
43 are mdx?3 (1.3.2), on C57BL/10 background except for the AH2-R15
mini-dystrophin that are mdx?® on the FVB background. Therefore, | first
checked whether | could detect the same cavin-1 and cavin-4 mis-
localisation observed in mdx®® on the C57BL/6J background and
whether the different genetic background of the mdx?® (C57BL/10 and
FVB) could differently affects cavin-1 and cavin-4 localisation.

| first performed immunofluorescence experiments on C57BL/10 and
FVB hearts (Figure 44 A and B) to assess any difference in the cavin-1
localisation. Cavin-1 is expressed at the cardiomyocyte lateral membrane
and at the capillaries in both C57BL/10 and FVB mice.

In mdx?3 mice on an FVB background, cavin-1 is not lost at the
cardiomyocyte membrane and preserved at the capillaries (Figure 44 C
and D). In the heart from mdx?® mice on a C57BL/10 background, cavin-
1 is lightly diffuse in the cytoplasm and a faint staining is visible at the

cardiomyocyte membrane (Figure 44 C and D).
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Figure 44. Different disruption levels of cavin-1 in hearts from mdx?3
mice on C57BL/10 and FVB background.

A and B. Cardiac sections from C57BL/10 and FVB mice stained for
cavin-1 (green) and laminin-a2 (red). A. White arrows pointing to the
membrane staining of cavin-1 and the yellow arrows pointing to cavin-1
at the capillaries. Capillaries are surrounded by the laminin-a2 staining.
Nuclei stained with DAPI (blue). 40X magnification. Scale bar 15 um (A),
10um (B). C. Cardiac sections from mdx2® mice on C57BL/10 and FVB
background stained for cavin-1 (green) and laminin-a2 (red). Membrane
staining of cavin-1 pointed with white arrows and capillaries pointed with
yellow arrows. D. Cardiac sections from mdx23 mice on C57BL/10 and
FVB background stained for cavin-1. Nuclei stained with DAPI (blue).
40X magnification. Scale bar 15 um (C), 10um (D).

Cavin-4 (Figure 45 A and B) staining is visible at the cardiomyocyte
lateral membrane of both C57BL/10 and FVB mice. In the hearts from
mdx?3 mice on C57BL/10 background (Figure 45 C and D), a residual
staining of cavin-4 is visible at the cardiomyocyte lateral membrane and
also appears to distribute in the cytoplasm of mdx23 mice in straight
striations reminiscent of the t-tubules. This peculiar cytoplasmic
distribution is not seen in mdx?3® mice on an FVB background. These data
showed a different disruption of cavin-1 and -4 in the heart of mdx?3 mice
that are on a different genetic background. Comparing them with the
immunofluorescence data for cavin-1 and -4 collected from mdx®® mice
(C57BL/6J background), in the mdx?® mice both cavin-1 and -4 are
disrupted but not to the same extent as mdx®®'. The mdx°®V mice share
the same pattern of disruption of cavin-1 and -4 staining with the mdx?3
mice that are on the FVB background where the loss of full-length
dystrophin at the cardiomyocyte membrane is accompanied by the

complete loss of both cavin-1 and -4 at the cardiomyocyte membrane.

154



Moreover, neither mdx®® mice nor mdx?® (FVB background) showed the
striated cavin-4 staining observed in the cytoplasm of mdx?3 mice
(C57BL/10 background). These differences should be taking in account
when choosing the best DMD mouse model for the study of caveolar

proteins.
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Figure 45. Different disruption levels of cavin-4 in hearts from mdx?3
mice on C57BL/10 and FVB background.

A and B. Cardiac sections from C57BL/10 and FVB mice stained for
cavin-4 (green) and laminin-a2 (red). A. White arrows pointing to the
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membrane staining of cavin-4 Nuclei stained with DAPI (blue). 40X
magnification. Scale bar 15 um (A), 10um (B).C. Cardiac sections from
mdx?23 mice on C57BL/10 and FVB background stained for cavin-4
(green) and laminin-a2 (red). Membrane staining of cavin-4 pointed with
white arrows. D. Cardiac sections from mdx?3 mice on C57BL/10 and
FVB background stained for cavin-4. Nuclei stained with DAPI (blue).
40X magnification. Scale bar 15 um (C), 10um (D).

The constructs showed in figure 43 contain dystrophin regions that are
not present in the AR4-R23/ACT micro-dystrophin construct. Three of
them contain Hinge 3 and the C-terminus that are not present in the
AR4-R23/ACT micro-dystrophin and one of them contains the spectrin
repeats 16-19 that are candidates for a cardioprotective function (Kaspar,
Allen et al. 2009) (Figure 43). The first three constructs were
investigated only by immunofluorescence for cavin-4, due to insufficient
samples being available to me, while the fourth construct (AH2-R15) was
tested for both cavin-1 and cavin-4.

The wild-type samples (C57BL/10) showed a strong cavin-4 staining at
the lateral membrane of the cardiomyocytes co-localizing with full-length
dystrophin (Figure 46 B and C). In the mdx?® hearts (C57BL/10), cavin-4
is present at the intercalated discs and, unlike mdx>® mice where cavin-4
is barely visible at the cardiomyocyte lateral membrane, in the mdx?3 it is
fainter and discontinuous compared to the control mice (C57BL/10). In
hearts expressing AH2-R19/ACT mini-dystrophin and AH2-R19 mini-
dystrophin, cavin-4 seems to be localised at the cardiomyocyte lateral
membrane. However, at higher magnification (Figure 46 C), it was
observed that cavin-4 localised at the end of structures, potentially T-
tubules, instead of being uniform at the cardiomyocyte membrane as in

wild-type (C57BL/10). Hearts from AR4-R23 micro-dystrophin have a
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speckled and faint cavin-4 staining at the lateral membrane of the
cardiomyocytes similar to the AR4-R23/ACT micro-dystrophin mice
(Figure 46 B and C).

These results led me to exclude the possible involvement of the C-
terminal domain of dystrophin in the binding with cavin-4. Moreover, the
presence of hinge 2 and hinge 3 as well as the region between repeats

20-24 seems to be necessary for the binding with cavin-4.
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Figure 46.Cavin-4 membrane localisation is disrupted in the hearts

of mini and micro-dystrophin mice.

A. Diagram representing full-length dystrophin and the micro and mini
dystrophin constructs used for the immunohistochemistry experiments.
B. Immunolabelling for cavin-4 (green) full-length dystrophin (red) of
cardiac tissue sections from male wild-type (C57BL/10), mdx23, AH2-
R19/ACT and AH2-R19 mini-dystrophin and AR4-R23 micro-dystrophin.
Nuclei stained with DAPI (blue). Scale bar 50 um. C. Enlargements from
images of panel B that help the visualisation of the cardiomyocyte lateral

membrane. 40X magnification, scale bar 5um.

Twenty one-week-old mice expressing the AH2-R15 mini-dystrophin
construct (Figure 47 A) had a correction of the end-diastolic volume,
normalisation of all the aberrant electrocardiogram changes and an
improvement of the hemodynamic parameters such as the normalized
the end-systolic volume, end-diastolic volume, dP/dt maximum, and
ejection fraction. (Wasala, Shin et al. 2018). These mice express the
AH2-R15 mini-dystrophin construct under the control of the cardiac
specific a-myosin heavy chain (aMHC) promoter. The decision of Wasala
and colleagues to add the spectrin-like repeats 16-19 was based on the
clinical evidence that patients with deletions in the R16-19 region often
show a more severe or early-onset cardiac disease (Kaspar, Allen et al.
2009). The reason why this region might be important for cardiac function
is unknown, but Adams and colleagues showed that in skeletal muscle
R17 is involved in binding with a1-syntrophin (Adams, Odom et al. 2018).
They also showed that in skeletal muscle, a1-syntrophin is involved in
binding with neuronal nitric oxide synthase nNOS (Adams, Odom et al.
2018). In cardiac muscle, nNOS is not part of the DGC, so adding R17

and bringing back a1-syntrophin could clarify whether a1-syntrophin is
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involved in binding with caveolar proteins in the heart. Wasala and
collaborators decided to express the AH2-R15 mini-dystrophin construct
in homozygous mdx?3 female mice (FVB background) (Wasala, Shin et
al. 2018), justifying this choice with the evidence that mdx?? females at
22 month of age display severe end-stage dilated cardiomyopathy not
observed in male mdx?3 mice (Bostick, Yue et al. 2010). In order to
investigate whether there is a caveolar protein binding site in this region
of dystrophin, | performed immunofluorescence analyses on wild-type,
mdx?® and AH2-R15 mini-dystrophin hearts using cavin-1 and laminin-a2
antibodies (Figure 47 B). While in wild-type hearts (FVB) cavin-1
localises at the cardiomyocyte lateral membrane, in mdx?® and AH2-R15
mini-dystrophin hearts, cavin-1 is absent from the membrane and is

expressed only in the capillaries (Figure 47 B and C).
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Figure 47. Cavin-1 membrane expression is not seen at the
membrane of AH2-R15 mini-dystrophin cardiomyocytes.

A. Diagram representing the domains of the full-length dystrophin and
the AH2-R15 mini-dystrophin. B. Immunolabelling for cavin-1 and
laminin-a2 (red) of cardiac sections from 21-month-old female wild-type
(FVB), mdx?® and AH2-R15 mini-dystrophin mice. (N=3) 40X
magnification, scale bar 20um C. Enlarged pictures from panel B, where
the cardiomyocyte lateral membrane is indicated by the white arrows and
the asterisks indicate the capillaries. Scale bar 10um. B and C. Nuclei
stained with DAPI (blue).
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The disruption of cavin-4 occurs in mdx?3 and AH2-R15 mini-dystrophin
hearts, where cavin-4 is absent from the cardiomyocyte lateral

membrane (Figure 48 A and B).
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Figure 48.Cavin-4 membrane localisation is not rescued by the AH2-

R15 mini-dystrophin construct.

A. Immunolabelling for cavin-4 (green) and laminin-a2 (red) of cardiac
tissue sections from 21-month-old female wild-type (FVB), mdx?® and
AH2-R15 mini-dystrophin mice. 40X magnification, scale bar 20um (N=3)
B. Enlarged pictures from panel B where the cardiomyocyte lateral
membrane is indicated by the white arrows. Scale bar 10um. A and B.
Nuclei stained with DAPI (blue).
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4.5 Discussion

The first questions asked in this chapter concerned the localisation of
cavin-1, -2 and -4 in the hearts of wild-type mice expressing full-length
dystrophin and whether the loss of full-length dystrophin in mdx®® mice
influenced their localisation. Immunofluorescence experiments performed
on wild-type (C57BL/6J) hearts showed that cavin-1, -2 and -4 are
expressed at the cardiomyocyte membrane. In mdx®>® mice, cavin-1 is
not detectable at the cardiomyocyte lateral membrane and cavin-2 and
cavin-4 appeared to be severely disrupted. Then, | asked whether the
AR23/ACT micro-dystrophin construct was able to restore the membrane
localisation of the cavins in mdx>®V-uDys finding that none of the cavins
were brought back at the cardiomyocyte membrane of these mice. These
data suggest that the expression of full-length dystrophin at the
cardiomyocyte membrane is necessary for the correct localisation of the
cavins at the membrane and that probably, the AR23/ACT micro-

dystrophin construct does not have the binding domain for the cavins.

| then asked whether the loss of cavin-1 and the disruption of cavin-4 that
are involved in cardiac disease were impaired in mdx®® as a
consequence of the cardiac pathological changes that happen in mdx>c
by 6 months of age. The immunofluorescence analysis performed on 9-
week mdx®®¥ hearts showed the loss of cavin-1 and the disruption of
cavin-4 at the cardiomyocyte membrane. These results suggest that the
loss of cavin-1 and the severe disruption of cavin-4 are directly
associated with the loss of full-dystrophin. Cavin-4 also showed an
abnormal peri-nuclear localisation in hearts from mdx®®V and mdx>®-uDys

mice. The nuclear accumulation of cavin-4 has been also described in
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skeletal muscle of cavin-1 knock-out mice (Lo, Nixon et al. 2015). The
cavin-4 data on mdx®® and the mdx>¢-uDys mice are in agreement with
the findings of Lo and colleagues. In fact, mdx>® and the mdx>¢V-uDys
mice are not knock-out for cavin-1 but they do not express cavin-1 at the
membrane as a consequence of the dystrophin loss leading to an
abnormal peri-nuclear localisation of cavin-4. The mis-localisation of
cavin-4 needs to be further investigated and will be discussed in the final

discussion of my PhD thesis.

The other question concerned the identification of dystrophin domains
potentially involved in the binding with cavin-1, -2 and -4. To answer this
question mdx?3 transgenic mice expressing different micro and mini-
dystrophin constructs were used for immunofluorescence analysis. The
results from my analyses of hearts from these transgenic mice did not
answer this question. However, the use of transgenic mice expressing
different mini and micro-dystrophin constructs allowed me to identify
dystrophin domains that are not involved in the binding with the cavins or
that alone are not enough to bring cavins at the cardiomyocyte
membrane. Specifically, the C-terminus, spectrin repeats 16-19, spectrin
repeats 20-24 and hinges 2 and 3 are not involved in the binding with the
cavins or they might need the insertion of another dystrophin domain to

correctly bind with the cavins in the heart.

These data open the possibility that dystrophin plays additional roles in
the heart and suggest a role of cavins in cardiac disease caused by loss
of dystrophin. These findings will be crucial in enabling the design of the
next generation of micro-gene therapy constructs that will almost

certainly need to include the cavin binding site. Moreover, these data
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could also point towards new research directions for finding targeted

therapeutic drugs for DCM in DMD patients.

Another important discovery showed in chapter 4 were the differences in
disruption to cavin-1 and cavin-4 in mdx?® mice on different backgrounds.
Specifically, the mdx?® mice on FVB background showed the same
pattern of disruption for cavin-1 and cavin-4 observed in mdx®® mice
(C57BL/6J background) with the complete loss of cavin-1 at the
cardiomyocyte membrane and a severe membrane disruption of cavin-4
accompanied by diffuse intracellular staining. In contrast, mdx23 mice on
C57BL/10 background, showed a light cavin-1 staining at their
cardiomyocyte membrane and a membrane disruption of cavin-4 that is
accompanied by an abnormal intracellular distribution. Cavin-4 in mdx23
mice on C57BL/10 background is distributed in striations that resemble

the t-tubules.

The differences in cavin-1 and cavin-4 disruption between mdx23 and
mdx®® mice could be attributed to the effect that the different dystrophin
mutations have on the expression of the dystrophin isoforms. In fact, in
the mdx?3 hearts Dp71 was described to be expressed in the t-tubules
(Masubuchi, Shidoh et al. 2013) while there are not studies assessing
dystrophin isoforms expressed in the mdx®® hearts. However, the mdx>¢"
and the mdx?® mice used for my PhD thesis are also on different genetic
backgrounds, C57BL/6 and C57BL/10, FVB respectively. The different
genetic background could be also the cause of the difference in the
cavin-1 and cavin-4 disruption observed in mdx?® mice on C57BL/10 and
FVB backgrounds. These hypotheses will be discussed in depth in the

final discussion (Chapter 6).
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Chapter 5. Study of caveolar proteins across

different species and different DMD animal models

5.1 Background and objectives

Part of chapter 4 was dedicated to determining the distribution of cavin-1,
-2 and -4 in the heart of wild-type and DMD murine models. In wild-type
mice, cavin-1, -2 and -4 are expressed at the cardiomyocyte lateral
membrane and at the intercalated discs. Only cavin-1 and cavin-2
localise at the capillaries. When full-length dystrophin is not expressed,
the membrane localisation of cavin-1, -2 and -4 is severely disrupted and
a qualitative difference in the mis-localization of cavin-4 in the hearts of
different strains of mdx?® mice was observed. Since mouse models of
DMD do not develop cardiac disease as severe as DMD patients, the
use of dystrophin-deficient rats and dog models of DMD has increased in

recent years for testing of treatments targeting the heart.

As in the mdx%® mouse, the DMD™ rat model (1.3.3) carries a mutation
in exon 23 of the dystrophin gene leading to the loss of full-length
dystrophin (Larcher, Lafoux et al. 2014). However, compared to the
mdx?3 mouse, the DMD™ rat develops a more severe cardiac
phenotype, similar to the one observed in DMD boys (Szabo, Ebner et
al. 2021). The deltaE50-MD dog (1.3.4) carries a mutation in exon 50,
initially found in Cavalier King Charles spaniels (Walmsley, Arechavala-
Gomeza et al. 2010) and currently maintained on a beagle background
(Amoasii, Hildyard et al. 2018). The cardiac evaluation of these dogs is
ongoing at the Royal Veterinary College by Professor Piercy’s group.

However, previous cardiac evaluations on GRMD (1.3.4) and on Beagle-
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based canine X-linked muscular dystrophy in Japan (CXMD;) (Shimatsu,
Katagiri et al. 2003) found that the DMD dogs have a much stronger

cardiac disease than mdx?3 mice and better recapitulate the DMD patient
cardiac phenotype (Valentine, Cummings et al. 1989, Moise, Valentine et

al. 1991, Yugeta, Urasawa et al. 2006, Fine, Shin et al. 2011).

It is therefore important to investigate whether the localisation of cavins is
conserved in wild-type rat and dog hearts and whether their localisation
is affected by the loss of full-length dystrophin. The localisation of cavins
was investigated via immunofluorescence experiments on cardiac
sections from wild-type rats and dogs and on cardiac sections from

DMD™X rats and deltaE50-MD dogs.

The last part of this chapter is dedicated to the study of the distribution of
cavin proteins in human cardiac samples. The human cardiac samples
are from a paediatric patient affected by Tetralogy of Fallot (Gualandi,
Trabanelli et al.) (Karl 2008) (2.1.6), | have used them to visualize the
cardiomyocyte localization of caveolar proteins and to investigate any
differences between human and wild-type animal models as TOF
patients do not have any dystrophin mutation.

The data generated for this chapter add important pieces of information
regarding the effect that loss of dystrophin has on cavin proteins in DMD
animal models that show a more severe cardiac disease than DMD
mouse models. Moreover, the comparison of the cardiac localisation of
cavins in animal models and in humans could help choosing the more
appropriate animal model that best recapitulate the human phenotype for
future studies of cardiac caveolae and cardiac disease associated with

cavin mutations.
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5.1.1 Wild-type and DMD™ rats express cavin-1 at the
cardiomyocyte lateral membrane

Immunofluorescence analyses performed on cardiac tissue sections from
wild-type and DMD™ rats at 4 months of age showed the presence of
cavin-1 at the cardiomyocyte lateral membrane (Figure 49 B white
arrows). Cavin-1 is also present at the capillaries (Figure 49 B yellow
arrows) and at the intercalated discs (Figure 49 C white arrows). Wild-
type and DMD™ rats (Figure 49) showed the same cavin-1 cardiac
distribution observed in wild-type (C57BL/6J, C57BL/10 and FVB) mice
where cavin-1 is expressed at the cardiomyocyte lateral membrane, at
the intercalated discs and at the capillaries (Figure 29, Figure 49 A and
D). The DMD™ rat carries the same mutation occurring in the madx23
mouse (exon 23 of the dystrophin gene) and showed a similar disruption
of cavin-1 at the cardiomyocyte membrane (Figure 49), where cavin-1 is
not completely undetectable as in mdx>® mice (Figure 29), but a faint
membrane staining is visible (Figure 49 A and D). Thus, the localisation
of cavin-1 at the DMD™ rat cardiomyocyte membrane is not severely

affected by the loss of full-length dystrophin.
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Figure 49. Wild-type and DMD™M? rats express cavin-1 at the

cardiomyocyte lateral membrane.

(A and B). Immunolabelling for cavin-1 on cardiac tissue sections from
male rats of 4 months of age. (B) Enlargement of the yellow boxes in
figure A. White arrows pointing to the cardiomyocyte lateral membranes
and yellow arrows pointing to the capillaries. Nuclei stained with DAPI
(blue). 40X magnification. Scale bar 25um (A), 10um (B), 20um (C). (D)
Cardiac sections from mdx?23 mice on C57BL/10 background stained for
cavin-1 (green). Nuclei stained with DAPI (blue). 40X magnification.

Scale bar 15um.

5.1.2 Low level disruption of cavin-4 at the cardiomyocyte lateral
membrane of DMD™ rats

Cavin-4 showed a continuous and sharp staining at the cardiomyocyte
lateral membrane of wild-type rats (Figure 50 A and B) and is also
expressed at the intercalated discs visible in longitudinal cardiac sections
(Figure 50 C intercalated discs indicated with white arrows). In the
hearts of DMD™ rats, cavin-4 staining appears to be less sharp at the
cardiomyocyte membrane compared to the wild-type staining and is also
appreciably diffuse in the cytoplasm (Figure 50 A, B and C). The
distribution of cavin-4 in the cytoplasm is not only diffused but is also
organised in striations similar to t-tubules (Figure 50 C). This peculiar
organisation of cavin-4 in the cytoplasm was also observed in the hearts
from mdx?® mice on C57BL/10 background (Figure 44 and Figure 50 D)
but is not visible in the hearts from mdx23 on FVB background (Figure

44) and mdx®®¥ mice (Figure 34).
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Figure 50. DMD™dx rats show a disrupted cavin-4 staining at the
cardiomyocyte lateral membrane.

(A and B). Cardiac sections from male wild-type and DMD™% rats of 4
months of age immunolabelled for cavin-4. (B) Pictures of yellow boxed
areas in figure A. (C) Longitudinal cardiac sections from wild-type and
DMD™Mdx rats of 4 months of age immunolabelled for cavin-4. White
arrows indicating intercalated discs. Nuclei stained with DAPI (blue). 40X
magnification. Scale bar 25um (A) and 10um (B and C). (D) Cardiac
sections from mdx22® mice on C57BL/10 background stained for cavin-4
(green). Nuclei stained with DAPI (blue). 40X magnification. Scale bar
15um.

5.1.3 DMD™M rats do not express full-length dystrophin but express
shorter dystrophin isoforms at the cardiomyocyte lateral membrane
In the literature there are no immunofluorescence studies performed in
the heart of wild-type and DMD™ rats. Larcher and colleagues (Larcher,
Lafoux et al. 2014) showed the absence of full-length dystrophin in the
heart of 7-month-old DMD™ rats, by performing western blot using
MANEX1011C that has its epitope in the N-terminus domain of
dystrophin (exon 10/11). They also performed immunohistochemistry on
wild-type and DMD™X hearts using MANDYS110 that has its epitope in
the rod domain (exon 38/39). The MANDYS110 antibody can detect only
full-length dystrophin and the isoform Dp260. They found no expression
of either full-length or Dp260 dystrophin at the cardiomyocyte lateral
membrane of DMD™ rats (Larcher, Lafoux et al. 2014). However, since
DMD™ rat and the mdx23 mouse share the same dystrophin mutation in
exon 23 and has been found that the mdx?® mice express Dp71 in their
heart (Masubuchi, Shidoh et al. 2013) it is plausible that the DMD™ rat

express Dp71 in their heart. Starting from this hypothesis, the
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immunofluorescence experiments for this section have been performed
with two different antibodies against dystrophin on cardiac tissue
sections from wild-type and DMD™ rats. The first antibody used was the
MANEX1011B that has its epitope in the N-terminus domain of
dystrophin. Therefore, this antibody is able to recognize full-length
dystrophin but not the shorter dystrophin isoforms (Figure 1 B). Wild-
type rats showed cardiomyocyte membrane expression of full-length
dystrophin whereas DMD™ rats had no full-length dystrophin in their
hearts (Figure 51), confirming previously reported data (Masubuchi,

Shidoh et al. 2013, Larcher, Lafoux et al. 2014).

Dystrophin N-term Dystrophin N-term/DAPI

WT

DMDmdx

Figure 51.DMD™% rats do not express full-length dystrophin.

Cardiac tissue sections from wild-type and DMD™% male rats of 4
months of age (N=3) stained with a dystrophin antibody against the N-
terminal domain. Nuclei stained with DAPI (blue). 40X magnification,

25um scale bar.

Using another antibody against dystrophin (Table 6) that is able to

recognize all the dystrophin isoforms (as it has its epitope in the C-
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terminal domain) (Figure 1 B) the wild-type (Figure 52 A and B) rats
show dystrophin at the cardiomyocyte membrane and at the intercalated
discs (Figure 52 B intercalated discs indicated with white arrows).
Staining also appear to be localised in structures similar to t-tubules.
Interestingly, shorter dystrophin isoforms detected by the dystrophin C-
terminus antibody, in the DMD™ hearts appear disrupted but not
completely absent as they are distributed in the cytoplasm in straight

striations like the t-tubules as observed for cavin-4 and preserved at the

intercalated discs (Figure 52 B).
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Figure 52.Dystrophin isoforms distribution in wild-type and DMD™Md
hearts.

(A and B) Cardiac sections from wild-type and DMD™d male rats of 4
months of age stained with a dystrophin antibody against the C-terminus
domain. (B) Enlarged pictures of the yellow boxed areas in A. White
arrow pointing the intercalated discs. Nuclei stained with DAPI (blue).
40X magnification, scale bar 25um (A) 10um (B). (N=3/group).

The observation that shorter dystrophin isoforms are expressed at the t-
tubules of mdx?3 mice on C57BL/10 background (Masubuchi, Shidoh et

al. 2013) and DMD™ hearts, is potentially associated with the presence
of cavin-4 at the t-tubules of DMD™ rat hearts, and hearts from mdx23

mice on C57BL/10 background.

These results show that wild-type rats share the same cardiac
localisation of cavin-1 and cavin-4 observed in wild-type mice. The
disruption of cavin-1 and cavin-4 observed in DMD™¥ rats is very similar
to the one observed in mdx23 mice on a C57BL/10 background. It is very
likely that the Dp71 expressed in mdx?3 mice (C57BL/10 background)
and the shorter dystrophin isoforms expressed in DMD™ rat hearts
influence the cardiac localisation of cavin-1 and -4. mdx>® mice show the
total loss of cavin-1 and a more severe cavin-4 disruption that is not
characterised by the cytoplasmic cavin-4 distribution. This could be due
to the different mutation that mdx®¢ mice carry in the dystrophin gene
(exon 10), but also because of their different genetic background
(C57BL/6). Overall, these results showed that DMD™ rats share the
same cardiac disruption of cavin-1 and cavin-4 observed in mdx?® mice

on C57BL/10 background.
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5.2 Cavin-1is expressed at the cardiomyocyte lateral membrane of
wild-type and AE50-MD dogs

The AE50-MD canine model of Duchenne Muscular Dystrophy harbours
a mutation in exon 50 corresponding to a mutational “hotspot” in the
human DMD gene (Bladen, Salgado et al. 2015). This model is still under
investigation at the Royal Veterinary College and the cardiac parameters
are not available yet. Currently there are no studies on the localisation of
caveolar proteins in the heart of wild-type and AE50-MD dogs. For these
studies 2 wild-type and 2 dystrophin deficient male dogs (AE50-MD) of 3
months of age were used. Cavin-1 in heart sections from healthy dogs
was present at the cardiomyocyte lateral membrane, the capillaries
(Figure 53 A and B), and also at the intercalated discs (Figure 53 C). In
the hearts of AE50-MD dogs, cavin-1 staining is visibly reduced at the
lateral membrane and is more diffuse in the cardiomyocyte cytoplasm but
is preserved at the capillaries (Figure 53 A and B) and at the
intercalated discs (Figure 53 C) as observed in DMD™ rats (Figure 49)
and mdx?3 mice (C57BL/10 background) (Figure 44). Further
experiments should be performed using specific markers for capillaries
and intercalated discs, these experiments were not performed due to

limited time.
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A Cavin-1 Cavin-1/DAPI

Cavin-1/DAPI

WT

AE50-MD
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AE50-MD

Cavin-1/DAPI

Figure 53.Cavin-1 expression in hearts from wild-type and DMD
dogs.

(A, B and C). Cardiac sections from male wild-type and DMD dogs
(AE50-MD) of 3 months of age stained with cavin-1 antibody (N=2 per
genotype). (B) Enlarged pictures of figure A where with arrows indicate
cavin-1 staining at the cardiomyocyte membrane and the yellow arrows

indicate cavin-1 at the capillaries. (C) Red arrows indicating intercalated
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discs. Nuclei stained with DAPI (blue), 40X magnification. Scale bar
25um (A) and 10um (B and C).
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5.2.1 AE50-MD dogs and mdx?® mice share the same cavin-4 cardiac
impairment

In healthy dogs, cavin-4 localised at the cardiomyocyte lateral membrane
and at the intercalated discs (Figure 54 A and B). At the membrane of
wild-type dogs, cavin-4 staining is homogeneous as previously observed
in wild-type mice (Figure 34 and Figure 45) and rats (Figure 50). In
AES50-MD dogs, cavin-4 staining appeared diffuse within the
cardiomyocyte cytoplasm and localised in structures similar to the t-
tubules (Figure 54 A and B) as has been seen in mdx?3® mouse on a
C57BL/10 background (Figure 45) and DMD™ rat hearts (Figure 50).
The increased brightness of cavin-4 in AE50-MD hearts (Figure 54)
could be due to the mislocalisation of cavin-4 in striations as a
consequence of the loss of full-length dystrophin or to histological
changes caused by the cardiac disease of these DMD dog models. The
cardiac disease evaluation of the AE50-MD dogs is still ongoing at the

Royal Veterinary College.
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Cavin-4 Cavin-4/DAPI

AE50-MD

B Cavin-4 Cavin-4/DAPI

Figure 54.Cavin-4 cardiomyocyte membrane localisation is

disrupted in DMD dogs.

WT

AE50-MD

(A and B). Immunolabelling for cavin-4 on cardiac tissue sections from
male wild-type and DMD dogs (AE50-MD) of 3 months of age (N=2 per
genotype). (B) Enlarged pictures of the areas surrounded by the yellow
boxes in figure A. White arrows pointing to cardiomyocyte lateral
membranes and yellow arrows pointing to intercalated discs. Nuclei
stained with DAPI (blue) 40X magnification, scale bar 25um (A) and
10um (B).
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Moreover, in dystrophic dogs (Figure 55) cavin-4 staining is also present
in the peri-nuclear region as observed in mdx®¢V mice (Figure 36) and

this will be further investigated in future work.

A Cavin-4 Cavin-4/DAPI

AE50-MD

AE50-MD

Figure 55.Cavin-4 peri-nuclear localisation in the heart of

dystrophin deficient dog.

(A and B) Cardiac tissue sections from male AE50-MD dogs of 3 months
of age, stained for cavin-4 (green), nuclei stained with DAPI (blue) (N=2
per genotype). (B) Enlarged pictures of the areas surrounded by the
yellow boxes in figure A where yellow arrows are pointing the nuclei
stained with cavin-4. 40X magnification, scale bar 25um (A) and 10um

(B).
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5.3 Commonalities of cavin-1 cardiac localisation in human and
animal models.

In order to study the localisation of cavin-1, cavin-2 and cavin-4 in a
human heart, a cardiac ventricular biopsy sample from a paediatric
patient affected by tetralogy of Fallot was used (2.1.6). As observed in
mice, dogs and rats, cavin-1 in the human heart is present at the
cardiomyocyte lateral membrane where it co-localizes with full-length
dystrophin (Figure 56 B). Cavin-1 is also clearly visible at the

intercalated discs colocalising with B-catenin (Figure 56 B).

A Cavin-1 Dystrophin N-term

C Cavin-1 B-catenin Merge

D Cavin-1 B-catenin Merge
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Figure 56. Cavin-1 localises to the cardiomyocyte lateral membrane

and at the intercalated discs in human cardiac tissue sections.

(A and B). Immunolabelling for cavin-1 (green) and full-length dystrophin
(red) on cardiac tissue section from a TOF patient. (B) Enlarged area of
figure A, where white arrows point to cavin-1 and full-length dystrophin at
the cardiomyocyte lateral membrane. The membrane colocalisation of
cavin-1 and full-length dystrophin is also visible as the cardiomyocyte
membrane turns orange in the merge picture of figure B. (C and D)
Cardiac tissue sections from a TOF patient stained with cavin-1 (green)
and -catenin (red). (D) Enlarged area of figure C, intercalated discs
indicated with white arrows. (A, B, C, D) Nuclei stained with DAPI (blue),
40X magnification. Scale bar 25um (A), 5um (B), 20um (C) and 10um
(D). (N=1).

As observed in wild-type mice (Figure 32), in human heart cavin-2 is
localised at the cardiomyocyte lateral membrane where it colocalises

with full-length dystrophin and at the capillaries (Figure 57 A and B).

In human heart (Figure 57 C and D), as in wild-type mouse (Figure 34
and 45) and dog hearts (Figure 54), cavin-4 is present at the
cardiomyocyte lateral membrane co-localising with full-length dystrophin

(Figure 57 C and D).
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A Cavin-2

Dystrophin N-term Merge

Dystrophin N-term

C Cavin-4 Dystrophin N-term _ Merge

-
S %

Cavin-4 Dystrophin N-term Merge

Figure 57.Cavin-2 and cavin-4 cardiomyocyte membrane

localisation in human hearts.

(A and B). Cardiac tissue sections from a TOF human patient stained for
cavin-2 (green) and full-length dystrophin (red). (B) Enlarged areas of the
yellow marked area in figure A where the yellow arrow is pointing at a
capillary and the white arrows are pointing to the cardiomyocyte
membrane. (C and D). Immunolabelling for cavin-4 (green) and full-
length dystrophin (red) on cardiac tissue sections from a TOF human
patient. (D) Enlarged areas of figure C, white arrows indicate cavin-4 and
full-length dystrophin at the cardiomyocyte membrane. (A, B, C, D)
Nuclei stained with DAPI (blue), 40X magnification. Scale bar 25um (A
and C), 10um (B and D), 20um (C). (N=1).
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5.4 Conclusions

The purpose of this chapter was to investigate the cardiac distribution of
cavins in different mammalian species in order to look at possible
similarities between them and compare them with the distribution of the
cavins in human heart. Studying the cardiac distribution of the cavins
across different species becomes important when choosing the animal
model to study cardiac caveolae, but also to study the cardiac
impairments due to mutations in one of the cavin genes in order to
choose the animal model that best recapitulates the distribution of these
proteins in the human heart. Moreover, the study of cavins in different
DMD animal models offered the possibility to assess the effects that the
loss of full-length dystrophin has on cavin protein localisation in animal
models that show cardiac disease similar to that which is observed in

DMD patients.

The major new findings reported in this chapter are that cavin-1 shares
the same membrane localisation in the hearts of wild-type rats, dogs and
humans and is also expressed at the intercalated discs of all of them.
The localisation of cavin-1 found in these species is the same as in wild-

type mice (C57BL/6J, C57BL/10 and FVB).

Cavin-4 cardiac localisation is also conserved across the species
examined, being present at the cardiomyocyte lateral membrane of rats,
dogs, and humans. In rat and dog hearts cavin-4 also localises at the
intercalated discs and | cannot exclude the same localisation in humans,
because in the samples at my disposal, it was difficult to visualise
longitudinal cardiomyocytes due to their small size. Further

immunohistochemical studies should be conducted in human cardiac
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samples using confocal microscopy to gain more detailed information.
Taken together, these data show that cavin-4 localisation is shared by

dog, rat, human and mice.

Cavin-2 was found at the cardiomyocyte membrane and at the capillaries
of human hearts as observed in wild-type mice. Studies on cavin-2
cardiac localisation were performed only in humans as | did not find an

antibody against rat and dog cavin-2.

The other aim of the experiments showed in this chapter was to
investigate the effect of the loss of full-length dystrophin on cavin
proteins in cardiac samples from different animal species. Both DMD™*
rats and AE50-MD dogs did not show the same severe cavin-1 disruption
observed in mdx>¢Y mice. In DMD™ hearts the localisation of cavin-1 is
almost identical to wild-type rats, and it seems that the loss of full-length
dystrophin does not have any effect on cavin-1 localisation. In AE50-MD
dogs, the loss of full-length dystrophin does have a very mild effect on
the localisation of cavin-1 especially compared to the effect that the loss

of full-length dystrophin has on mdx>* mice.

Cavin-4 in both DMD™¥ rats and AE50-MD dogs lose the homogenous
staining at the cardiomyocyte membrane compared to wild-type dogs
and rats. Instead, cavin-4 was found into the cytoplasm of both DMD™d*
rats and AE50-MD dogs organised in straight striation similar to the t-
tubules. The same cytoplasmic localisation was observed in mdx2® hearts
that are on BL10 background but was not seen either in mdx23 on FVB
background nor in mdx®¢ mice that carry a different dystrophin mutation

(exon 10) that are also on a different background (C57BL/6J). Moreover,
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the DMD™¥ rats do not express full-length dystrophin as anticipated from
their mutation in exon 23 but they express shorter dystrophin isoforms. In
fact, using an antibody against the C-terminus of the dystrophin protein,
dystrophin was found into the cytoplasm of DMD™ rats. The expression
of shorter dystrophin isoforms in the cytoplasm of these rats could be
associated with the cytoplasmic localisation of cavin-4 and also with the

presence of cavin-1 at their cardiomyocyte lateral membrane.

It would be beneficial to investigate which dystrophin isoforms are
expressed in the heart from DMD™ rats and AE50-MD dogs using
western blot analysis with a C-terminus dystrophin antibody. This
information would be useful in the investigation of the dystrophin

domains potentially involved in the binding with caveolar proteins.
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Chapter 6. General discussion and future work

6.1 Background

Patients with Duchenne Muscular Dystrophy lack sufficient expression of
a functional dystrophin protein in all striated muscles, resulting in the loss
of ambulation by 12 years of age, progressive respiratory insufficiency
and dilated cardiomyopathy (Khirani, Ramirez et al. 2014, Yiu and
Kornberg 2015). Currently, cardiac failure is the leading cause of
mortality in DMD (Eagle M. 2002) with available treatment options having
only limited efficacy due to their lack of specificity. The molecular
principles behind DCM are poorly understood and current cardiac
therapies show limited efficacy due to their lack of specificity. One of the
most promising therapeutic approaches is AAV gene therapy that aims to
deliver a functional dystrophin cDNA to skeletal and cardiac muscle. The
packaging capacity of the AAV vectors (4.7 kilo-bases) (Naso,
Tomkowicz et al. 2017) is not enough to fit the whole dystrophin cDNA
(14 kilo-bases). Therefore, several miniaturised versions of dystrophin
have been created for insertion into AAV vectors and tested in animal
models. These miniaturised versions of dystrophin, called mini and
micro-dystrophins contains different combinations of the dystrophin
domains and showed various disease pathology rescue effects. The
AR4-R23/ACT micro-dystrophin, has been well characterised for its
capacity to rescue both skeletal and cardiac muscle impairments in
mdx?3 mice (Yue, Li et al. 2003, Gregorevic, Allen et al. 2006, Townsend,
Blankinship et al. 2007, Bostick, Yue et al. 2008, Bostick, Shin et al.
2011, Bostick, Shin et al. 2012) and is currently in a phase 1/2a clinical

trial (Duan 2018, Mendell, Sahenk et al. 2020). In mdx?® mice, this
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construct showed a complete rescue of skeletal muscle pathology
(Bostick, Yue et al. 2009) but only a partial rescue of the impaired
cardiac parameters (Townsend, Blankinship et al. 2007, Bostick, Shin et
al. 2011, Bostick, Shin et al. 2012). The incomplete rescue of the cardiac
parameters by the AR4-R23/ACT micro-dystrophin construct needs to be
elucidated starting from the investigation of molecular interactions that
dystrophin establishes in the heart that are potentially not rescued by this
construct. The discovery made by Johnson and colleagues that
dystrophin establishes cardiomyocyte specific protein associations
suggested the existence of cardiac-specific functions of dystrophin
(Johnson, Zhang et al. 2012). Cavin-1 is one of the proteins that was
found by Johnson et al to be part of the DGC only in the heart and is part
of a complex that also includes cavin-2, -3, -4. Mutations in cavin-1 as
well as cavin-4 are associated with cardiac disease. The main hypothesis
is that the association of dystrophin and cavin-1 is important for cardiac
function and that this association is impaired by the loss of dystrophin in
DMD patients. Since cavin-1 is part of a complex, it is fair to hypothesise
that cavin-2, -3 and cavin-4 also interact with dystrophin and that they
are affected by the loss of dystrophin contributing to cardiac disease in
DMD patients. It was also important to assess whether the AR4-
R23/ACT micro-dystrophin construct was able to associate with cavin-1
as full-length dystrophin and potentially with the other cavins. This
molecular characterisation is beneficial for several reasons:

-It will add information in terms of the role of dystrophin in the heart.

-It will be informative for the design of the future gene therapy construct.
-It will be beneficial for finding new targeted cardiac therapies for DCM in

DMD patients.
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In this chapter the results will be consolidated and discussed for their

potential contribution in treating DCM in DMD patients.

6.1.1 Characterisation of the AR4-R23/ACT micro-dystrophin
mouse.

In chapter 3, the transgenic mdx®¥ mouse expressing the AR4-R23/ACT
micro-dystrophin construct (Harper, Hauser et al. 2002) was
characterised in terms of the efficiency of this construct to be expressed
in cardiomyocytes and for its ability to rescue the members of the DGC.
Among other micro and mini-dystrophin constructs, the AR4-R23/ACT is
the most studied in terms of its capacity to rescue impaired cardiac
parameters in mdx?3 mice. Townsend and colleagues found that mdx?23
mice expressing the AR4-R23/ACT construct under the murine
cytomegalovirus (CMV) promoter/enhancer showed a restoration of the
normal diastolic volume and did not have cardiac pump failure during
induced cardiac stress in vivo. However, it was not able to correct the
systolic pressure that is attenuated in mdx?3 heart, and it did not correct
cardiac force development (Townsend, Blankinship et al. 2007). It also
been reported that this construct improves the electrocardiographic
profile but did not normalise the cardiomyopathy index in mdx23 mice
(Bostick, Yue et al. 2008). The cardiomyopathy index was the calculated
value of QT interval (the time in which the ventricles are repolarised)
divided by the PQ segment (the time in which the action potential is
transmitted from the atria to the ventricles) (Nigro, Comi et al. 1990) and
was found reduced compared to mdx?3 mice but not normalised to wild-
type level (Bostick, Yue et al. 2008). The AR4-R23/ACT construct also
improved cardiac fibrosis in 24 weeks mdx?® mice (Shin, Nitahara-

Kasahara et al. 2011) but not in aged mdx?3 mice (21 months) (Bostick,
191



Shin et al. 2012). Bostick and colleagues also showed that mdx?® mice
expressing the AR4-R23/ACT construct had a normalised PR interval
and QRS duration but did not show improvement in other
electrocardiographic parameters such as the cardiomyopathy index, the
QT interval, and the Q amplitude. These studies highlight the high
therapeutical potential of this construct in rescuing skeletal muscle
disease and some cardiac parameters but also its limitations. The reason
why this construct is more efficient in rescuing skeletal muscle, but not
cardiac disease is still unknown. However, a study from Johnson and
colleagues (Johnson, Zhang et al. 2012) found that the cardiac DGC
includes proteins that are not present in the skeletal muscle DGC. This
suggests that dystrophin carries out different or additional roles in the
heart that probably involve dystrophin domains that are not included in

the AR4-R23/ACT micro-dystrophin construct.

The AR4-R23/ACT micro-dystrophin construct (Harper, Hauser et al.
2002) contains the N-terminal domain that is essential for dystrophin to
bind with the actin cytoskeleton (Norwood, Sutherland-Smith et al. 2000),
it also contains hinge 1 with spectrin repeats 1-3 in order to avoid the
misfolding of the N-terminus (Acsadi, Moore et al. 2012). Spectrin
repeats 1-3 are also essential for the dystrophin interaction with the
sarcolemma (Zhao, Kodippili et al. 2016). It lacks almost all the rod
domain and the choice to remove most of the rod domain from this
construct was made as in-frame deletions in the rod domain are often
found in milder BMD patients (England, Nicholson et al. 1990, Yazaki,

Yoshida et al. 1999). The C-terminus was removed based on the
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assumption that is not critical for skeletal muscle function (Corrado K.

1996, Crawford G. E. 2000).

The results reported in chapter 3 show that the AR4-R23/ACT micro-
dystrophin protein in the heart of mdx>¢ transgenic mice is correctly
expressed at the cardiomyocyte lateral membrane and at the intercalated
discs as in wild-type (C57BL/6J) mice. Moreover, | showed that the
micro-dystrophin protein is expressed 1.7-fold higher than dystrophin at
the cardiomyocyte lateral membrane of transgenic mdx>®" mice
compared to wild-type mice. The high expression of the AR4-R23/ ACT
micro-dystrophin in transgenic mdx> is attributable to the cardiac
muscle-specific alpha-myosin heavy chain (aMHC) promoter that drives
the expression of this construct (Molkentin, Jobe et al. 1996, Salva,
Himeda et al. 2007). As mentioned in 1.1, dystrophin fulfils its biological
function when associated with the other members of the DGC. Yue at al.
assessed the capacity of the AR4-R23/ACT micro-dystrophin construct to
restore the dystrophin-glycoprotein complex in the heart of mdx?3 mice
(Yue, Li et al. 2003) performing immunofluorescence of only [3-
sarcoglycan and B-dystroglycan. | looked at the members of DGC (B-
dystroglycan, B-sarcoglycan, a1-syntrophin, a-dystrobrevins) in mdx>
and mdx>® expressing AR4-R23/ACT micro-dystrophin using three
different approaches. Firstly, my colleague (Ms Charlotte Scott)
quantified protein expression levels of the DGC in cardiac lysate from
wild-type, mdx>® and AR4-R23/ACT micro-dystrophin mice (Wang,
Marrosu et al. 2021) finding that mdx>V mice have a significant reduction
in the expression levels of a1-syntrophin, and a-dystrobrevins, and a
trend for reduced expression of B-dystroglycan and -sarcoglycan

compared to wild-type mice.
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In mdx>¢-uDYS hearts, the levels of B-dystroglycan and B-sarcoglycan
were increased above wild-type levels (>2-fold), while expression of a1-
syntrophin and a-dystrobrevins was normalised to wild-type levels.

| proceeded with the investigation of the members of the DGC and tested
whether the protein expression levels matched with their levels of
membrane expression, using immunofluorescence and then quantifying
the DGC members fluorescence intensity of wild-type, mdx>® and AR4-
R23/ACT micro-dystrophin mice. The mdx®¢ mice showed a significant
decrease for all DGC proteins at the cardiomyocyte membrane
compared to wild-type, with the exception of a-dystrobrevin. Additionally,
a1-syntrophin consistently showed diffuse intracellular
immunofluorescence in mdx>® cardiomyocytes. In mdx>¢V -uDYS hearts,
membrane expression of B-dystroglycan and a1-syntrophin were
increased beyond and up to wild-type levels respectively, in agreement
with western blot quantifications. However, diffuse intracellular
immunofluorescence was still present for a1-syntrophin in mdx>® -uDYS
cardiomyocytes. Furthermore, although membrane expression of 3-
sarcoglycan was significantly increased by mdx®°¢V -uDYS compared to
mdx> mice, it remained significantly lower than wild-type
cardiomyocytes in contrast to our western blot results. The last approach
| used to study the cardiac DGC in mdx>® and mdx®® -uDYS mice was
chosen to assess whether the protein expression of the members of
DGC was correlated with the levels of mMRNA. | found that whether the
loss of dystrophin in in mdx>®" hearts leads to reduction of the DGC
protein expression compared to wild-type their mRNA was significantly
upregulated in mdx>® mice with the exception of a-dystrobrevin that did

not show any significant change. The upregulation of B-dystroglycan, -
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sarcoglycan and a1-syntrophin in mdx®® suggest a compensatory
mechanism triggered by the loss of full-length dystrophin activated only
at mRNA level and not at translational level. As regards of AR4-R23/ACT
micro-dystrophin mice, | found that the AR4-R23/ACT construct
normalised the transcripts of the DGC members at wild-type level.

Taken together these data showed that in mdx>¢ hearts there is a
correlation between the levels of protein expression of the members of
the DGC and the effective protein localised at the membrane of the
cardiomyocyte where they are needed. However, these data also tell that
looking at the mRNA level is not the best way to study the DGC in mdx®®V
hearts as the levels of MRNA of the DGC members does not correlate
with their protein expression and localisation. More importantly, these
data showed that AR4-R23/ACT construct normalised the level of the

DGC members at the cardiomyocyte membrane of mdx>" mice.

The AR4-R23/ACT construct includes the cysteine-rich domain that
appeared to be enough to bring B-dystroglycan at the cardiomyocyte
membrane of mdx®¢ heart and is also able to restore a1-syntrophin and
a-dystrobrevin although this construct does not have their binding site (C-
terminus). This effect of the AR4-R23/ACT construct was also seen in a
study performed in the skeletal muscle of transgenic mice mdx?23 (Yue,
Liu et al. 2006). According with the immunoprecipitation studies on
knockout mice performed by Yoshida and colleagues the sarcoglycan-
sarcospan complex associates with a-dystrobrevin and a1-syntrophin in
skeletal muscle (Yoshida M. 2000). It would be interesting and useful to

see whether this association occurs also in cardiac muscle.
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Overall, the AR4-R23/ACT construct normalizes transcript levels of the
DGC in mdx®¢-uDYS mice and increases the total protein expression
levels and membrane localisation of DGC proteins in transgenic mdx>°¢V-
MDYS cardiomyocytes. However, there are differences in the efficacy of
rescue at the protein level for different DAPC proteins. From these
results, | also conclude that an approach that uses multiple techniques to
analyse data from different point of views (protein expression,
localisation and transcription) is more efficient in order to better evaluate

the real rescuing capacity of this or other constructs.

6.1.2 Cavins are disrupted at the cardiomyocyte membrane of
mdx>¢¥ mice and AR4-R23/ACT micro-dystrophin does not restore
their physiological cardiac localisation

The AR4-R23/ACT micro-dystrophin construct showed its partial ability to
restore the impaired cardiac parameters in mdx?® mice (Townsend,
Blankinship et al. 2007, Bostick, Shin et al. 2011, Bostick, Shin et al.
2012). The reason of this partial restoration still needs to be investigated.
The discovery that the DGC includes cavin-1 only in the heart and not in
skeletal muscle opened to the possibility that dystrophin plays additional
roles in the heart (Johnson, Zhang et al. 2012). The co-
immunoprecipitation data generated by Johnson and Zhang published
recently showed that not only cavin-1 is part of the cardiac DGC in wild-
type mice but also cavin-2, and -4 co-purified with dystrophin and were
found significantly decreased in AR4-R23/ACT micro-dystrophin mice
(Wang, Marrosu et al. 2021). The immunofluorescence data | reported in
chapter 4 showed that in the heart of wild-type mice cavin-1, -2 and -4
are expressed at the cardiomyocyte membrane. To my knowledge, the

immunofluorescence data generated for chapter 4 report for the first time
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the expression of cavin-1, -2 and -4 at the intercalated discs. Only
caveolin-1 and -3 were found to be localised at the intercalated discs of
monkey (Macaca fascicularis) heart (Hagiwara, Nishina et al. 2002)
suggesting a role for cavins in the electrical or mechanical connections
between cardiomyocytes.

In mdx>® mice where full-length dystrophin is not expressed, cavin-1 is
lost from the cardiomyocyte membrane and cavin-2 and cavin-4 are
severely disrupted. The fluorescence quantification of cavin-1 and cavin-
4 showed the significant reduction of these proteins in mdx>® hearts
compared to wild-type. The immunofluorescence studies of cavin-1, -2
and -4 in AR4-R23/ACT micro-dystrophin mice showed that the
disruption of the cavins observed in mdx®>® hearts is not rescued by the
expression of this construct. These data not only showed that inability of
the AR4-R23/ACT micro-dystrophin construct to restore the
cardiomyocyte membrane localisation of cavin-1 and -4 but also gave
important information on the possible dystrophin binding domains
involved with the cavins in the heart. In fact, the domains chosen to be
inserted into this construct are very likely not involved in the binding with
cavin-1, -2 and -4. | have also found that when full-length dystrophin is
not expressed (mdx®®Y and AR4-R23/ACT micro-dystrophin mice) cavin-4
underwent localisation into the cardiomyocyte nuclei. Because Cavin 4
mediates cardioprotection in response to adrenergic stress (Ogata et al),
these findings laid the foundation for another study conducted by my

colleagues on ERK signalling (Wang, Marrosu et al. 2021).

Because cavin-1 and cavin-4 loss-of-function mutations have been

associated with cardiac diseases (Rajab, Straub et al. 2010, Rodriguez,
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Ueyama et al. 2011, Taniguchi, Maruyama et al. 2016) finding the
dystrophin domains involved in the binding with cavin-1 and -4 could help
the design of the next gene therapy constructs and for targeted cardiac

therapies.

6.1.3 The C-terminus, spectrin repeats 16-19, spectin repeats 20-24
and hinges 2 and 3 of dystrophin do not associates with cavins.

The use of different transgenic mice expressing different constructs
helped me to narrow down the dystrophin domain possibly associated
with cavin-1 and -4 (constructs showed in figure 9). In fact, from the
immunofluorescence data | collected | have been able to conclude that
the C-terminus, spectrin repeats 16-19, spectin repeats 20-24 and hinges

2 and 3 are no involved with cavin-1 and cavin-4.

6.2 The genetic background of DMD mice and their dystrophin
mutations should be taken in account for the cardiac study of
cavin-1 and -4.

The mini and micro-dystrophin constructs that | tested during my PhD
project (Figure 9) are expressed in mdx?® on C57BL/10 background, one
of them is expressed in mdx?® mice on FVB background (the AH2-R15)
and another one (the AR4-R23/ACT) is expressed in mdx®°¢®V on C57BL/6
background. The mdx?® mice on FVB background showed the same
pattern of disruption for both cavin-1 and cavin-4 observed in mdx>c
mice (C57BL/6J background) with the complete loss of cavin-1 at the
cardiomyocyte membrane and a severe membrane disruption of cavin-4
accompanied by diffuse intracellular staining. The mdx?® mice on
C57BL/10 background, did not show the loss of cavin-1 at their
cardiomyocyte membrane, but did display a slight decrease in staining
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and a membrane disruption of cavin-4 with an abnormal intracellular
distribution that resemble the t-tubules. The differences in the cavin-1
and cavin-4 disruption between mdx23 and mdx®® mice could be due to
the different dystrophin mutations leading to differential expression of
smaller isoforms. For example, Dp71 was described to be expressed at
the t-tubules of mdx2® mice (Masubuchi, Shidoh et al. 2013) while there

are no reports of dystrophin isoforms expressed in the mdx>®" hearts.

The different genetic background of the mdx?3, specifically the C57BL/10
and the FVB may also be the cause of the difference in the cavin-1 and
cavin-4 disruption observed in mdx?3 mice.

Duan and colleagues studied the skeletal muscle of these two mdx23
mice and showed that the dystrophic phenotype did not change
dramatically between them (Wasala, Zhang et al. 2015). However, an
evaluation of the cardiac parameters of the mdx?3 with different
backgrounds have never been done. The only cardiac comparison made
on mdx?3 mice with different backgrounds has been done in two studies
where the authors compared the C57BL/10 with the DBA/2J background.
They found a more severe cardiac phenotype in the mdx?® with the
DBA/2J background that the authors attributed to the presence of genetic
modifier loci in the DBA/2J background (Coley, Bogdanik et al. 2016, van
Putten, Putker et al. 2019). A similar comparative study should be also
done to assess whether mdx?3 on FVB and C57BL/10 backgrounds show
differences in cardiac physiology and response to cardiac stress.
Previous studies already demonstrated both genetic (McClive, Huang et
al. 1994, Slingsby, Hogarth et al. 1996) and behavioural (Deacon,

Thomas et al. 2007) differences between C57BL/10 and C57BL/6J. It will
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also be interesting to directly compare the cardiac phenotype of the
mdx23 and the mdx®® mice to confront the two different mutations and
the different genetic backgrounds. This would be useful in order to find

the most suitable mouse model for DMD cardiac studies.

6.3 Cavins have a conserved localisation across different species
The immunofluorescence studies of cavins in other DMD animal models
gave me the opportunity to expand the body of knowledge on caveolar
proteins expression and localisation in the heart, it offered me also the
possibility to consolidate or confront the results obtained in mice with
DMD animal models that show cardiomyopathy symptoms that better
recapitulate the DMD patient phenotype. The immunofluorescence data |
generated in these DMD animal models were also compared with the
immunofluorescence data obtained from samples of human heart. One of
the major findings was that cavin-1 and cavin-4 showed the same
cardiac localisation in all the studied species, including humans making
all these animal models suitable for the study of cavins. | also generated
interesting results in terms of the effect that the loss of full-length
dystrophin has on cavins in dog (AE50-MD) and rat (DMD™%) DMD
models. | first found that cavin-1 is not dramatically disrupted in DMD™
rats and AE50-MD dogs as observed in mdx?3 mice on C57BL/10
background. | also found that cavin-4 has the same abnormal striated
cytoplasmic distribution observed in mdx?® mice on C57BL/10
background. This could be due to the expression of shorter dystrophin
isoforms in DMD rat and dog cardiomyocytes such as Dp71 that was

found to be expressed in mdx?® hearts (Masubuchi, Shidoh et al. 2013).
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| have tested the cardiac samples from DMD™ rats with an antibody
able to recognise shorter dystrophin isoforms and | found that they are
expressed and distributed as the dystrophin isoform Dp71 was in the
study of Masubuchi on cardiomyocytes of mdx?® mice on C57BL/10
background (Masubuchi, Shidoh et al. 2013). The observation that cavin-
4 in both AE50-MD dogs and in DMD™ rats shows the same pattern of
disruption observed in mdx?® (C57BL/10) hearts leads me to hypothesise
that cavin-4 localisation could be influenced by shorter dystrophin
isoforms. Cardiac tissue from AE50-MD dogs should be tested for the
expression of shorter dystrophin isoforms as | did for DMD rats in order
to assess the expression of Dp71. This was not done because of the

limited amount of AE50-MD dog cardiac sections.

In conclusion, the cardiac localisations of cavins are conserved across
different species making all of these models suitable for the study of
cavins in the hearts. The DMD rat and dog models showed the same
cardiac disruption of cavin-1 and cavin-4 observed mdx?® mice on
C57BL/10 background. It is difficult to conclude which is the best DMD
animal model for the study of DCM since currently there are no data
concerning the effect of dystrophin loss on caveolar proteins in DMD

patients.

6.4 Future work
The observations and the findings collected from my PhD thesis leaved
some open questions that need to be answered to achieve a deeper

understanding on the role of dystrophin in the hearts.
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The first question concerns the impact that the loss of full-length
dystrophin has on cardiac cavin localisation in DMD patients. It would be
useful to investigate whether the loss of full-length dystrophin causes the
same disruption of cavin-1 and cavin-4 as observed in DMD animal
models. From a clinical standpoint, it would be interesting to compare
caveolae-associated cardiomyopathies with cardiac disease in DMD but
also in BMD patients. Whether caveolar protein localisation is impaired in
DMD patients the management of cardiac disease for patients with
caveolar dysfunction might provide useful insights to treat DCM in DMD
and BMD patients. For this purpose, repeating the same study | did for
my PhD on DMD animal models in DMD and BMD patient cardiac

samples would be very informative.

The second question concerns the impact that the loss of full-length
dystrophin has on the ultrastructure of caveolae in DMD animal models.
It would be crucial to perform electron microscopy experiments in DMD
animal models since studies on the heart of cavin-1 knock-out mice
(Taniguchi, Maruyama et al. 2016) showed the loss of caveolae at the
cardiomyocyte membrane. The DMD animal models | studied during my
PhD showed a partial or complete loss of cavin-1 at the cardiomyocyte
lateral membrane, possible changes in the number and shape of
caveolae due to the disruption of cavin-1 at the cardiomyocyte lateral
membrane of the examined DMD animal models can be detected with

electron microscopy.

Future work should also focus on better characterising the association
between dystrophin and the cavins. For this purpose, co-

immunoprecipitation using antibodies against cavin-1, cavin-2 and cavin-
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4 should be used to test whether they co-purify with dystrophin, thereby

clarifying how they interact.

It would be also interesting to study the distribution of different dystrophin
isoforms in mdx®¢ and mdx?3 on both C57BL/10 and FVB backgrounds
performing western blot and immunofluorescence using dystrophin C-
terminus antibodies and acquiring images with the confocal microscopy

to gain a more detailed picture of their cardiac distribution.

It would be also interesting to investigate which dystrophin isoforms are
still expressed in the hearts of DMD™ rats and AE50-MD dogs in
relation to the abnormal distribution of cavin-4 | observed. Potentially,
this would reveal new insights as to the nature of cavin-4 binding sites on
dystrophin in relevant models providing additional information on the

value of comparative studies in DMD research.

6.5 Concluding remarks

The study | conducted during my PhD, has increased the knowledge on

the following key areas:

1. It highlighted an association between dystrophin and cavin-1, -2
and -4 that are impaired by the dystrophin loss.

2. Itidentified previously unrecognised cardiac limitations of the
AR4-R23/ACT micro-dystrophin gene therapy construct in fully
rescuing membrane expression of cavins-1, -2 and -4 as well as a
subset of core proteins of the cardiac dystrophin-associated
proteins complex (namely B-sarcoglycan and a1-syntrophin). This

information is extremely important in understanding the molecular
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context for the partial rescue of cardiac hemodynamic parameters
by this micro-dystrophin.

. None of the tested micro and mini-dystrophins will likely rescue
cavins in the heart and may suffer from the same functional

limitations as AR4-R23/ACT micro-dystrophin.

. The cardiac localisation of the cavins is the same in humans and

the tested animal models. Moreover, cavins localisation is affected
in all the tested DMD models due to the loss of full-length

dystrophin.
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