Role of the Ste20 like Kinase in Muscle
Development and Muscular Dystrophy

Benjamin Pryce

Thesis submitted to the University of Ottawa in partial fulfillment of the requirements for the
PhD degree in Cellular and Molecular Medicine

Department of Cellular and Molecular Medicine
Faculty of Medicine

University of Ottawa

© Benjamin Pryce, Ottawa, Canada, 2019



Authorization

Much of the work in “Chapter 3 — Results: Effect of SLK Deficiency on Muscle Development
and Regeneration” has been adapted from the original article “Deletion of the Ste20-like kinase
SLK in skeletal muscle results in a progressive myopathy and muscle weakness” by
Benjamin R. Pryce, Khalid N. Al-Zahrani, Sébastien Dufresne, Natalya Belkina,
Cédrik Labreche, Genaro Patino-Lopez, Jérobme Frenette, Stephen Shaw and Luc A. Sabourin.
The article was published in as open access in Skeletal Muscle, 2017, 7:3 (DOI 10.1186/s13395-
016-0119-1). Adapted figures form this article are indicated in the Figure legends as “Adapted
from Pryce et al, 2017.” BioMed Central copyright and license agreement allows for derivative

works to be generated from open access publications.



Abstract

Duchenne Muscular Dystrophy (DMD) is a fatal X-linked disorder affecting 1 out of every 3500
male births. The underlying cause of DMD is mutations within the dystrophin gene resulting in
loss of protein expression, which leads to myofiber instability and damage. The constant damage
of skeletal muscle causes sustained immune infiltration, marked by increased levels of cytokines,
such as TGFp. Interestingly, TGFf can decrease the myogenic potential of satellite cells, thus
preventing muscle regeneration. Previously, our lab has shown that knockdown of the Ste20-
Like Kinase, SLK, in normal mammary epithelial cells was sufficient to delay TGFf induced
epithelial to mesenchymal transition. Therefore, we speculated that decreasing SLK levels would
be sufficient to decrease the anti-myogenic effects of TGFf both in cultured myoblasts and in a
mouse model of muscular dystrophy. In the first section of this study, we explored the effect of
muscle specific deletion of SLK on muscle development and regeneration. Skeletal muscle
specific deletion of SLK did not impair muscle development, but caused a myopathy in older
mice. Additionally, muscle regeneration was delayed, but not inhibited by SLK deletion. These
findings indicated that SLK has beneficial roles in skeletal muscle, but was not absolutely
required for optimal muscle development and regeneration. In the second section, we
investigated the potential for SLK knockdown to mitigate the anti-myogenic effects of TGFf in
vitro. Decreasing levels of SLK restored myoblast differentiation in the presence of TGFp in a
p38 dependent manner. In the final section, we determined that SLK levels are elevated in
dystrophic muscle and that subsequent deletion of SLK in the mdx mouse enhances terminal
differentiation of myoblasts without further exacerbating the pathology of the disease.
Collectively, this work demonstrates that SLK inhibition can provide a protective effect against

the anti-myogenic effects of TGFp via upregulation of p38 activity.
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Chapter 1 - Introduction



1.1 Skeletal Muscle Development and Regeneration

Skeletal muscle is a highly complex tissue making up on average 40% to total body mass in
humans (Morley, Baumgartner, Roubenoff, Mayer, & Nair, 2001). The majority of skeletal
muscles are derived from cells residing in the dorsal portion of the somite, termed the
dermomyotome [Figl.1] (Chal & Pourquie, 2017). These cells express the paired box
transcription factors Pax3 and Pax7, as well as low levels of Myf5, a basic helix-loop-helix
(bHLH) transcription factor (Gros, Manceau, Thome, & Marcelle, 2005; Kassar-Duchossoy et
al., 2005). Cells of the ventrolateral lip of the dermomyotome delaminate from the somite and
undergo extensive migration into the developing limb buds and diaphragm [Figl.1] (Pu et al.,
2013). Muscles that compose the body wall are generated by elongation of the dermomyotome
from the dorsomedial lip (Christ, Jacob, & Jacob, 1983). Specification of myogenic precursors is
controlled by the concentration of secreted morphogens (Bentzinger, Wang, & Rudnicki, 2012).
For example, both Wntl and Wnt3a, secreted from the neural tube, have been shown to be
critical for maximal expression of Pax3 and Myf5 in the developing dermomyotome (lkeya &
Takada, 1998; Parr, Shea, Vassileva, & McMahon, 1993). In contrast to Wnt, bone
morphogenetic proteins (BMPs) are secreted in opposing gradient concentrations and maintain
the undifferentiated cell state, inducing high levels of Pax3 while also preventing the expression
of Myf5 and MyoD (Pourquie, Coltey, Breant, & Le Douarin, 1995). In addition to coordinating
spatiotemporal differentiation of myogenic precursors, secreted proteins are also required to
mediate cellular migration to the site of skeletal muscle formation. The most notable pro-
migratory factor is hepatocyte growth factor, also known as scatter factor (HGF/SF) (Dietrich et
al., 1999). HGF binds to the c-Met receptor on myoblasts to stimulate cellular migration in the

direction of HGF secretion. This mechanism is involved in the delamination of cells from the
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Figure 1.1: Skeletal Muscle Development during Embryogenesis. Embryonic
myogenesis is under the control of various molecules secreted by the neural tube
(NT) and the notochord (NC). Under the action of Wnt1/3a from the neural tube
induce Myf5 expression in the in the dorsomedial lip (DML), which elongate
upward from epaxial muscles groups, such as those of the torso. Secretion of BMP4
from the Lateral Plate Mesoderm (LPM) represses differentiation and maintains
Pax3 expression, thus allowing cells to expand prior to differentiation. Secretion of
HGF from the limb bud acts as a chemoattractant for myoblasts that delaminate
from ventrolateral lip (VLL) of the dermomyotome and generate limb muscles.



dermomyotome to the developing limb buds. Mice that lack either HGF or c-Met fail to develop
limb muscles due to decreased cellular migration (Bladt, Riethmacher, Isenmann, Aguzzi, &
Birchmeier, 1995). Upon their arrival in the developing limb buds these cells begin to

differentiate to form functional skeletal muscle.

1.1.1 Myoblast Differentiation

The process of myogenesis is coordinated by a well-defined cascade of myogenic transcription
factors beginning with myogenic specification through the expression of either Pax3 or Pax7,
members of the paired-homeobox domain transcription factor family [Figl.2] (Bentzinger et al.,
2012). Pax3 is critical for embryonic myogenesis as its inactivation results in embryos lacking
hypaxial muscle groups (Tremblay et al., 1998). Additionally, Pax3 is required for MyoD
expression during myogenesis (Tajbakhsh, Rocancourt, Cossu, & Buckingham, 1997).
Interestingly, Pax7 was determined to be dispensable for the formation of skeletal muscle, but its
deletion did result in muscle defects, such as smaller myofibers and the absence of satellite cells
(Seale et al., 2000). Myogenesis proceeds past specification through the induction of two basic
helix-loop-helix proteins (bHLH); MyoD and Myf5. Both transcription factors require E-protein
heterodimerization to mediate target gene activation (Massari & Murre, 2000). Studies using
single knockouts of Myf5 or MyoD showed that at least one of these transcription factors is
required for myogenesis to proceed (Braun, Bichlmaier, & Cleve, 1992; Rudnicki, Braun,
Hinuma, & Jaenisch, 1992). However, deletion of both MyoD and Myf5 results in severe
differentiation delays indicating functional overlap between these two proteins (Rudnicki et al.,
1993). Interestingly, mice lacking Myf5 or MyoD display muscle development delays in the
epaxial and hypaxial groups respectively (Kablar et al., 1998). Developing muscles devoid of

MyoD frequently upregulated Myf5 expression, further suggesting that these factors have
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some functional redundancy (Rudnicki et al., 1992). Following the expression of MyoD and
Myf5, myoblasts undergo differentiation, characterized by the expression of the bHLH
Myogenin (MyoG) and MRF4/Myf6, as well as terminal differentiation markers, such as myosin
heavy chain (MHC) (Bentzinger et al., 2012). The co-ordinated expression of these genes is

essential to form fully differentiation and functional myofibers.

Various signaling pathways converge on myogenic transcription factors in order to mediate
myoblast differentiation. For example, expression of the dominant negative RhoA-GTPase
inhibited the expression of myoblast differentiation markers, such as MyoD (Reuveny, Heller, &
Bengal, 2004). These findings suggest that RhoA expression may be required for initiation of
myogenesis. However, other reports indicate that inhibition of the Rho-associated kinase
(ROCK) resulted in a drastic increase in myoblast differentiation (Iwasaki, Hayashi, Fujioka, &
Sobue, 2008). Interestingly, the benefits of ROCK inhibition were only observed if induced after
differentiation, whereas inhibition of ROCK in proliferating myoblasts prevented differentiation.
These findings suggest that RhoA-ROCK signaling is a finally tuned process required for the
induction of differentiation. The p38 MAPK pathway also has a distinct role in myoblast
differentiation. Phosphorylation of E47 by p38 enhances the formation of MyoD-E47
heterodimers and is essential for myoblast differentiation to proceed (Lluis, Ballestar, Suelves,
Esteller, & Munoz-Canoves, 2005). Furthermore, increased p38 activity is sufficient to drive a
myogenic transcriptional program (Puri et al., 2000). However, further research has shown that
p38 activity is required to be downregulated in order to form differentiated myotubes, also

demonstrating tight regulation of p38 (Weston, Sampaio, Ridgeway, & Underhill, 2003).
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1.1.2 Myoblast Fusion and Syncytium Formation

Differentiating myoblasts undergo extensive cell fusion to generate multinucleated functional
myofibers. The fusion of differentiating myoblasts requires appropriate cellular migration, cell-
cell recognition and cytoskeleton remodeling (Abmayr & Pavlath, 2012). Drosophila models
were initially used to characterize myoblast fusion during muscle development due to the rapid
progression of myogenesis (Bate, 1990). In contrast to mammals, each muscle in Drosophila is
composed of only a single multi-nucleated myofiber (Bate & Rushton, 1993). The process of
myotube formation in Drosophila begins with the specification of a single founder cells, which is
the fusogenic partner for proliferating myoblasts (Dutta, Anant, Ruiz-Gomez, Bate, &
VijayRaghavan, 2004). Both cells types arise from a common progenitor population and develop
in close proximity to each other (Tixier, Bataille, & Jagla, 2010). Expression of surface proteins
on both the founder cells and the fusion competent myoblasts are required for cell-cell
recognition and subsequent fusion. For example, the protein Sticks and Stone (Sns) is expressed
on the surface of myoblasts and is required to respond to Kin-of-lIrreC/Dumfounded (Kirre/Duf)
or Roughest/Irregular-optic-chiasma-C (Rst/Irre-C) expressing founder cells (Bour, Chakravarti,
West, & Abmayr, 2000; Strunkelnberg et al., 2001). This cell-cell recognition allows for fusion,
which is mediated downstream of Sns by cellular machinery regulating both cellular migration
and actin cytoskeleton turnover. Proteins involved in the remodeling of the actin cytoskeleton
include the GTPase Racl as well its downstream effector, Suppressor of CAMP Receptor/WASp
family Verprolin-homologous (Scar/Wave) (Gildor, Massarwa, Shilo, & Schejter, 2009). These
steps are precursors for the actual membrane fusion process. Membrane fusion itself is mediated
through a variety of factors downstream of the initial cascade. Following cellular recognition,

there is a rapid formation of actin rich foci in the myoblasts at the site of cellular contact



(Haralalka et al., 2011). The formation of these foci is mediated by CT10 regulator of kinase
(Crk), which localizes actin polymerizing proteins, such as Arp2/3, to the sites of cell-cell
contact (Kim et al., 2007). These foci develop into finger like protrusions, which invade the
membrane of the founder cell and generate a pore, which are the initial sites of contact between
both cell membranes (Gildor et al., 2009). Eventually, this process leads to the engulfment of the

myoblasts by the founder cell, thus forming a multi-nucleated myotube.

Similar to Drosophila, mammalian myoblast fusion requires cellular migration and cell-cell
recognition in order to proceed correctly (Abmayr & Pavlath, 2012). However, the steps of
myoblast fusion do not require the specification of a founder cell. Instead, the fusion process
occurs in two phases termed primary and secondary fusion (Hindi, Tajrishi, & Kumar, 2013).
Primary fusion occurs between two myoblasts and results in the formation of small nascent
myotubes. Secondary fusion occurs between nascent myotubes and myoblasts, which leads to the
formation of larger myotubes. In essence, the nascent myotubes take the place of a founder cell
once primary fusion has occurred. Much of the knowledge acquired on fusion mechanisms in
mammalian models are derived from in vitro culture systems, such as C2C12 and primary
myoblasts. Knockdown and knockout studies have demonstrated the importance in a variety of
genes involved in cytoskeletal dynamics as well as cellular adhesion. For example, removal of
B1 integrin results in severe fusion and sarcomeric defects (Schwander et al., 2003). Integrins are
clustered at sites of cell-cell contact and recruit downstream factors, such as Src and FAK (Hindi
et al., 2013; Lafuste et al., 2005). Deletion of FAK was found to regulate myoblast fusion
through the upregulation of 1D integrin and caveolin 3 (Quach, Biressi, Reichardt, Keller, &

Rando, 2009). Additionally, deletion of FAK within satellite cells resulted in decreased muscle
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regeneration following cardiotoxin (CTX) induced injury (Quach et al., 2009). The Rho GTPase
family has also been identified as being critical for myoblast fusion and myotube formation.
Deletion of cdc42 and Racl both decreased the extent of fusion between myoblasts (Olson,
Ashworth, & Hall, 1995). Conversely, RhoA activity is downregulated upon cellular fusion and
sustained activity blocks syncytium formation (Charrasse et al.,, 2006). These findings
demonstrate the vast array of signalling that is required to mediate maximal myoblast fusion and
that deficiencies in one or more of these proteins can have adverse effects on skeletal muscle

formation.

The identification of proteins specifically required for myoblast fusion in mammals has been a
subject of much research. Until recently, the existence of muscle specific fusogenic proteins was
not known, with regulators of myoblast fusion being expressed in both myogenic and non-
myogenic tissue. Therefore, it remained unclear as to how myoblast fusion could be induced by
these ubiquitous pathways. However, recent studies have demonstrated that myomaker, a
transmembrane protein expressed exclusively in differentiating myoblasts, was critical for the
formation of multi-nucleated myotubes (Millay et al., 2013). Myomaker null mice were born
with no formed musculature, and satellite cells lacking myomaker were incapable of
regenerating damaged muscle (Millay et al., 2013; Millay, Sutherland, Bassel-Duby, & Olson,
2014). Interestingly, differentiated myocytes were present within the myogenic compartments
indicating that myomaker deficiency had no impact on differentiation. Furthermore, ectopic
expression of myomaker in fibroblasts induced fusion to myoblasts, but not to other fibroblasts
(Millay et al., 2013). This suggested that myomaker was acting in concert with additional

myogenic factors to mediate a muscle specific cellular fusion mechanism. Indeed, three



independent follow-up studies identified a second muscle specific protein which was termed
myomerger (also known as myomixer-minion) that was mediating myoblast fusion (Bi et al.,
2017; Quinn et al.,, 2017; Q. Zhang et al., 2017). When myomerger was expressed in
combination with myomaker, fibroblasts readily fused together in multi-nucleated cells.
Furthermore, it was found that only one fusion partner required myomerger expression, whereas
myomaker was required in both cells. These findings demonstrated that muscle specific fusion

proteins exist and are absolutely essential in the mechanisms mediating muscle formation.

1.1.3 Muscle Regeneration and Satellite Cells

Satellite cells are mono-nucleated skeletal muscle stem cells that mediate muscle regeneration.
These cells arise from a Pax3 and Pax7 expressing population that is localized to the
dermomyotome during embryogenesis (Schienda et al., 2006). They take up residence around
differentiated myofibers and continue to express Pax7 (Mauro, 1961; Seale et al., 2000). Satellite
cells remain mitotically quiescent until activated by muscle damage (Schultz, Gibson, &
Champion, 1978). Skeletal muscle is most often times damaged via mechanical trauma from
either normal use or over exertion. During mechanical trauma, the plasma membrane of the
myofiber ruptures, leading to spillage of intracellular material (Hamer, McGeachie, Davies, &
Grounds, 2002). This causes an acute immune response mediating the removal of cellular debris
to stimulate the regeneration process (Tidball, 1995). The secretion of various factors such as
FGF and HGF, at or near the damaged muscle contributes to satellite cell activation (DiMario,
Buffinger, Yamada, & Strohman, 1989; Tatsumi, Anderson, Nevoret, Halevy, & Allen, 1998).
Following activation, the satellite cells undergo extensive proliferation to generate a myoblast
population capable of fusing and regenerating damaged muscle. During this phase, satellite cells

undergo either a symmetric or asymmetric cellular division (Kuang, Kuroda, Le Grand, &

10



Rudnicki, 2007). Symmetric cellular division occurs parallel to the plane of the myofiber and
leads to two identical Pax7-expressing daughter cells. These cells eventually generate enough
Pax7 expressing cells to replenish the stem cell niche upon resolution of muscle damage. In
contrast, asymmetric cellular division occurs perpendicular to the plane of the myofiber, and
results in two distinct cells; a satellite stem cell and a committed myogenic precursor. Following
expansion of these respective cell types, satellite cells return to quiescence in order to replenish

the stem cell pool while committed myoblasts fuse to repair damaged muscle.

1.2 Muscular Dystrophy

Muscular dystrophies are a group of related diseases characterised by progressive muscle
damage and loss of muscle function (Bertini, D'Amico, Gualandi, & Petrini, 2011). Initially,
muscular dystrophies were categorized based on their clinical manifestations as well as the age at
which they were diagnosed rather than the underlying mutation in the causative genes. However,
with the advent of genetic sequencing, it became clear that mutations in different genes could
have similar phenotypic outcomes, such as muscle damage and loss of ambulation (Shin,
Tajrishi, Ogura, & Kumar, 2013). Typically, mutations in genes encoding proteins critical for
myofiber stability are the underlying cause of most muscular dystrophy subtypes. In some cases,
muscular dystrophies are associated with non-skeletal muscle symptoms, such as decreased
mental capacity or gastrointestinal dysfunction (Bellini et al., 2006; D'Angelo et al., 2011). The
heterogeneity of muscular dystrophies are such that symptoms can manifest early in childhood to

late in adulthood (Bertini et al., 2011; Lewis, 1966)
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1.2.1 Duchenne Muscular Dystrophy

Duchenne Muscular Dystrophy (DMD) is the most common muscular dystrophy affecting
approximately 1 in every 3500 male births (Salmaninejad et al., 2018). DMD arises through
mutations within the dystrophin gene, located on the X chromosome (Hoffman, Brown, &
Kunkel, 1987). These mutations lead to a frame shift and subsequent disruption of the coding
sequence, which results in the loss of functional dystrophin expression (Salmaninejad et al.,
2018). Various mutations within the dystrophin gene have been reported to cause DMD with the
majority of cases being caused by duplication events. Overall, patients with DMD usually
become symptomatic in their early teens and lose ambulation before their twenties. Most DMD
patients only survive until their early twenties with the most common cause of death being either
respiratory or cardiac failure due to both decreased diaphragm function and an underlying
cardiomyopathy (Fayssoil, Nardi, Orlikowski, & Annane, 2010). Currently, no robust therapies,
asides from corticosteroids, are readily available to mitigate disease progression (Kim et al.,
2015). The closely related Becker’s Muscular Dystrophy (BMD) also arises from mutations
within the DMD gene (Akita et al., 1987; Flanigan, 2014). However, unlike DMD, the mutations
in BMD keep the reading frame intact, which result in truncated dystrophin products due to exon
skipping. BMD patients are also less symptomatic and have a longer lifespan compared to DMD

patients.

Dystrophin is required for anchoring the dystrophin-associated glycoprotein complex (DGC) to
the actin cytoskeleton [Figl.3] (Hoffman et al., 1987; Hoffman & Kunkel, 1989). When

dystrophin is absent, the lack of this attachment makes the myofiber more susceptible to
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contraction induced injury. However, other functionally related proteins, such as the dystrophin
homologue utrophin or integrin complexes, can partially restore this attachment [Figl1.3] (Heller
et al., 2013; Peladeau, Adam, & Jasmin, 2018). Overexpression of these functionally related
proteins can restore muscle function and integrity in animal models of DMD. However, the lack
of dystrophin is still severely deleterious to myofiber stability, indicating that dystrophin is
absolutely essential for mature myofiber integrity. Furthermore, deletion of these compensating
proteins severely worsens the pathology of dystrophic mice (Guo et al., 2006; McDonald,
Hebert, Kunz, Ralles, & McLoon, 2015). Recent evidence suggests that dystrophin also plays a
role in the polarity of satellite cells (Dumont et al., 2015). Satellite cells from dystrophin-
deficient mice were incapable of localizing Pard3 properly, thus leading to a lack of polarization
and improper asymmetric cell division. This effectively reduces the number of myogenic
precursors available to regenerate damaged skeletal muscle, further exacerbating the progression

of DMD.

1.2.2 Disease Progression and Aberrant Cellular Signaling in Muscular Dystrophy

In DMD, the breakdown of myofibers causes the release of intracellular material which in turn
stimulates an immune response (Jarvinen, Kaariainen, Jarvinen, & Kalimo, 2000; St Pierre &
Tidball, 1994). In acute muscle damage, there is a transient inflammatory response that is
resolved upon muscle regeneration (Chazaud et al., 2003)
. The initial infiltration consists of M1 (pro-inflammatory, iNOS+) macrophages required to
remove necrotic and damaged myofibers and stimulate myoblast proliferation, thus providing the
necessary environment for the generation of new myofibers (Villalta, Nguyen, Deng, Gotoh, &
Tidball, 2009). Following the initial infiltration there is a subsequent increase in M2 (anti-
inflammatory, CD206+) macrophages which have been shown to stimulate muscle regeneration
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Figure 1.3: Structural Proteins Mediating Myofiber Stability. Schematic
drawing of the DGC complex. Dystrophin (or utrophin) complexes with
dystroglycan, which binds to extracellular matrix proteins (laminin). Intracellularly,
dystrophin binds to actin, thus stabilizing the sarcolemma. In addition to the DGC,
integrin complexes can mediate binding to extracellular proteins and similarly
stabilize the membrane. Alterations in the composition of the DGC or the integrin
complex lead to deficiencies in myofiber integrity and increased muscle damage.
This is observed upon the loss of dystrophin or the integrin complexes.
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by secretion of cytokines, such as IL-10 (Villalta et al., 2011). However, consistent muscle
damage in muscular dystrophy causes a sustained inflammatory response without resolution, as
newly regenerated fibers are also susceptible to muscle damage (Porter et al., 2002). The
sustained immune infiltration causes an increase in anti-myogenic and pro-fibrotic cytokines,
thus leading to increased fibrosis, inhibiting muscle regeneration (N. Deconinck & Dan, 2007).
The increased fibrosis further decreases muscle function and worsens the pathology (Desguerre
et al., 2009). Interestingly, altering the immune response in favour of regeneration has a
significant benefit in reversing disease progression (Capote et al., 2016; Giordano et al., 2015;

Serra et al., 2012).

Transforming Growth Factor  (TGFB) is one of the numerous factors secreted during the initial
inflammatory response (Song et al., 2017; Zhou et al., 2006). TGFp is a member of a family of
growth factors that also includes BMPs and activin ligands (Weiss & Attisano, 2013). TGF
stimulation promotes the expression of extracellular matrix proteins and increases fibrosis in
many disease states (Taniguti, Pertille, Matsumura, Santo Neto, & Marques, 2011; Yamazaki et
al., 1994). The TGFp ligand functions by binding to its type 2 serine/threonine kinase receptor,
and causes dimerization with the type 1 receptor (Wrana et al., 1992). This leads to direct
phosphorylation of the R-Smads (ex. Smad 2/3) by the receptor kinase (Heldin, Miyazono, & ten
Dijke, 1997). Subsequent binding of the R-Smads with the Co-Smads (ex. Smad4) leads to
nuclear localization of the complex and activation of target genes (Derynck, Zhang, & Feng,
1998). An inhibitory feedback loop exists that consists of inhibitory Smads (I-Smads, Smad7)
which inhibits TGFf signalling by interacting with the receptor and preventing phosphorylation

of R-Smads (Nakao et al., 1997). This pathway of activation is similar to other cytokines of the
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TGF superfamily, and varies mainly in the receptors that mediate ligand binding, as well as the
downstream Smads that are activated. Myostatin, predominantly expressed in muscle tissue,
belongs to the TGFp cytokine superfamily and activates intracellular signalling by binding to the
activin type IlA or 1IB receptor (Lee & McPherron, 2001; McPherron, Lawler, & Lee, 1997).

The intracellular signalling cascade that occurs is similar to that of TGFf3.

TGFp signalling causes the upregulation of several downstream transcription factors, such as
Snail/2 (Miyazono, 2009). Snail is of particular importance during epithelial to mesenchymal
transition (EMT), where it binds to the promoter of E-cadherin and downregulates its expression,
leading to the mesenchymal phenotype (Cano et al., 2000). In addition to the canonical Smad
signalling pathways, TGFB can also activate various pathways, such as the RhoA-GTPase
(Bhowmick et al., 2001). Treatment of epithelial cells with TGFf leads to a rapid induction of
RhoA activity and subsequent actin stress fiber formation. This was found to be independent of
Smad2/3 activation. This is particularly interesting in myoblasts, where decreased activity of
RhoA and the downstream Rho-associated protein kinase (ROCK) increased differentiation
(Iwasaki et al., 2008). Additionally, TGFp has been shown to mediate p38 signaling (Yu, Hebert,

& Zhang, 2002).

Evidence for TGFB’s anti-myogenic effects was initially shown in cultured myoblasts, where
treatment with TGFf significantly decreased the capacity of myoblasts to differentiate (D. Liu,
Black, & Derynck, 2001; D. Liu, Kang, & Derynck, 2004). Furthermore, over-expression of
TGFp in skeletal muscle caused muscular atrophy, fibrosis and stimulation of endogenous TGFf3

expression in a feed-forward activation loop (Narola, Pandey, Glick, & Chen, 2013). In addition,

16



enhanced TGFp activity causes accumulation of fibrotic material, thus reducing muscle function.
Therefore, it is speculated that TGF( acts in two ways in muscular dystrophy; 1) by increasing
the accumulation of fibrotic material and 2) by inhibiting the activation, proliferation and
differentiation of satellite cells, thus further impeding muscle regeneration (Burks & Cohn,
2011). Mitigating TGF signalling has been effective in restoring muscle function in several
models of muscular dystrophy. For example, treatment with TGFp receptor inhibitors increased
the diaphragm function in an animal model of DMD (Nelson et al., 2011). Additionally, the
over-expression of a dominant negative TGF[ receptor in skeletal muscle improved the
pathology in &-sarcoglycan deficient mice, a model of limb girdle muscular dystrophy, by both
increasing muscle function and decreasing fibrosis (Accornero et al., 2014). Therefore, TGFpB
signaling is an important mediator of the downstream pathological features of muscular

dystrophy.

1.2.3 Animal models of DMD

Much of the knowledge acquired with regards to DMD was first established in animal models of
the disease. The spontaneous dystrophin-null mouse model, dubbed the mdx mouse, was
discovered and characterized prior to the identification of the dystrophin gene [Figl.4] (Bulfield,
Siller, Wight, & Moore, 1984; Tanabe, Esaki, & Nomura, 1986). The causative nonsense
mutation (C—>T) is located within exon 23 and prevents full length dystrophin expression
(Sicinski et al., 1989). The disease progression parallels some of the pathologies observed in
DMD, with increased serum creatine kinase levels and decreased muscle function (Kobayashi,
Rader, Crawford, & Campbell, 2012). However, mdx mice do not have the dramatic decreased

lifespan seen in DMD patients (McGreevy, Hakim, Mcintosh, & Duan, 2015). Additionally, the
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Figure 1.4: Duchenne Muscular Dystrophy (DMD). (A) Muscle sections from the
diaphragm of wildtype and mdx mice stained with heamotoxylin and eosin (top)
showing a higher proportion of central nuclei, indicating ongoing muscle regeneration.
Masson’s Trichome staining (bottom) demonstrates fibrosis and collagen deposition
(blue) in dystrophic muscle. (B) Muscles sections from wildtype and Golden Retriever
Muscular Dystrophy (GRMD) dogs show a more dramatic phenotype compared to the
mdx mouse, with fibrosis evident in both H&E and Masson’s Trichome staining. (C)
Staining for dystrophin in wildtype (left) and mdx (right) muscle sections.
Occasionally, dystrophin staining can be observed due to exon-skipping (white arrow).
(D) Schematic of the dystrophin protein, indicating locations of mutations in the mdx
and GRMD models, as well as the mutation “hot spot” for Duchenne Muscular
Dystrophy.
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pathological features are much less severe, with lower immune infiltration, fibrosis and muscle
necrosis when compared to other animal models of DMD. Functionally homologous proteins,
such as utrophin and a7 integrin, are frequently upregulated in mdx and DMD in order to
compensate for the loss of dystrophin and maintain myofiber integrity (Dowling, Culligan, &
Ohlendieck, 2002; Hodges et al., 1997). Nevertheless, there is still a considerable decrease in
muscle function in the mdx mice, making it a useful model to study DMD. A more severe animal
model has been developed in which utrophin knockout mice were crossed with the mdx strain,
generating the mdx/utrophin double knockout model (A. E. Deconinck et al., 1997). Mice lacking
both proteins had a more dramatic phenotype and reduced lifespan (Isaac et al., 2013). Similar
findings have been found using a dystrophin/a7 integrin double null animal (Guo et al., 2006;
McDonald et al., 2015). Additional spontaneous dystrophin mutations have been identified and

studied in mice, with variable phenotypic outcomes (McGreevy et al., 2015).

In addition to mouse models there are a number of canine DMD models, the most studied being
the Golden Retriever Muscular Dystrophy (GRMD) model [Figl.4] (Cooper, Valentine, Wilson,
Patterson, & Concannon, 1988; Kornegay, Tuler, Miller, & Levesque, 1988). Similar to the mdx
mouse, the GRMD model was characterized prior to the identification of the dystrophin gene.
The GRMD model is caused by a mutation within the intron six of the dystrophin gene, causing
an aberrant splice variant that results in an out of frame product (Sharp et al., 1992). However,
unlike the mdx mouse, the GRMD has a severe pathological phenotype closely related to that of
DMD patients. Decreased lifespan is sometimes noted in GRMD dogs compared to wildtype
littermates, with cardiac and respiratory failure being the primary cause of death (Ait Mou et al.,

2018). The GRMD model has been instrumental in identifying genetic modifiers of DMD, such
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as Jagged1l, and validating the reproducibility of findings in the mdx mouse model (Vieira et al.,
2015). Additionally, its use as a preclinical model has been useful in identifying biomarkers of

DMD (Barthelemy et al., 2014; Barthelemy et al., 2012).

1.2.4 Treatment Options for Duchenne Muscular Dystrophy

Current therapies for DMD are directed at alleviating some of the more severe pathological side
effects of muscular dystrophy that limit muscle function rather than correct the underlying cause
of the disease. The most commonly used therapy is corticosteroid treatment (Kim et al., 2015).
The mechanism by which steroid treatment can sustain muscle function is not well defined.
Some of the possible beneficial effects of steroids have been postulated to be increased myoblast
proliferation and decreased proteolysis in myofibers (Guerriero & Florini, 1978; Han, Yang, &
Kao, 2017). More well-known is the effect of steroid treatment on reducing the inflammatory
response in muscular dystrophy, thus preserving muscle function (Hussein et al., 2006).
However, steroid based therapy is prone to side effects, such as the induction of muscular
atrophy, and does not completely reverse disease progression (Sassoon et al., 2008; Waddell et

al., 2008). Therefore, novel therapeutic targets are required to treat DMD.

The clinical outcome of DMD and BMD differ greatly, with DMD patients showing severe loss
of muscle function at an earlier age than BMD patients (Hu et al., 1988). The difference in
disease progression is due to the retention of altered dystrophin protein products in BMD patients
compared to the complete absence of dystrophin protein expression in DMD patients. These
findings indicate that full length dystrophin is not necessarily required to retain muscle function.

It is from these observations that treatment options such as mini-dystrophin gene replacement
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and exon-skipping, were derived (Cirak et al., 2011; Li et al., 2006; Miskew Nichols et al.,
2016). These approaches have been successful in animal models of DMD in rescuing much of
the pathology associated with disease progression. For example, mini-dystrophin replacement
therapy for mdx mice greatly reduced the severity of disease progression (Li et al., 2006). The
concept of exon skipping has existed for some time and has been the subject of much research
(Miskew Nichols et al., 2016). Numerous studies have demonstrated that directed exon skipping
using antisense-oligonucleotides (AON) to remove the portion of the dystrophin gene containing
the causative mutation greatly improves disease outcome in animal models. These therapies
show promise in clinical trials with Eteplirsen (targeting exon 51 to trigger its excision) being
approved for use by the Federal Drug Administration (FDA) (Charleston et al., 2018; Irwin &
Herink, 2017; Mendell et al., 2013). This therapy is useful in patients with mutations in exon 51

and accounts for approximately 14% of DMD cases.

Arguably the most direct and possibly the most effective means to treat muscular dystrophy
would be the correction of the underlying cause of the disease. In the case of muscular
dystrophy, successful correction of the mutation within the mdx mouse using Crispr/Cas9
directed methods has been achieved (Long et al., 2016; Xu et al., 2016; P. Zhu et al., 2017). A

4% model as

recent study indicated that targeting the precise mutation within exon 53 in the mdx
well as a strategy to remove exons 52 and 53 was effective in increasing dystrophin expression
(Bengtsson et al., 2017). This approach is of particular interest as correcting the mutation would
restore dystrophin expression permanently and would not require continued treatment. However,

the appropriate delivery method is also required in order to correct the causative mutation in a

larger proportion of myogenic cells. Recent studies have taken advantage of a modified
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Cripsr/Cas9 system that leads to gene activation as opposed to DNA breaks and repair (Liao et
al., 2017). Experiments in the mdx model targeted upregulation of utrophin. Delivering this
construct using AAV vectors was capable of increasing utrophin expression and rescuing muscle
function (Liao et al., 2017). Additional experiments were conducted targeting the over-
expression of follistatin and demonstrated similar results. These will undoubtedly be the subject

of further investigations in order to restore muscle function in dystrophic patients.

An alternative approach to treat muscular dystrophy is to target upregulated pathways and
proteins contributing to disease progression. For example, deletion of several proteins
upregulated in muscular dystrophy, such as Periostin, Sacrolipin and Connective Tissue Growth
Factor (CTGF), delayed disease progression in animal models of muscular dystrophy (Lorts,
Schwanekamp, Baudino, McNally, & Molkentin, 2012; Morales et al., 2013; Voit et al., 2017).
These may represent possible therapeutic targets to alleviate the downstream pathology without
correcting the underlying defect leading to the disease. Similarly, inhibition of TGFf signalling
in animal models of muscular dystrophy showed drastic increases in muscle function and
regeneration making it a valuable therapeutic target (Accornero et al., 2014; Nelson et al., 2011).
However, attempts to utilize TGFf signaling as a clinical target have been unsuccessful (Guiraud
& Davies, 2017). Therefore, novel targets controlling TGFf signaling are required in order to

suppress its adverse effects while retaining muscle function.

1.3 The Ste20-L ike Kinase

The Ste20-Like Kinase, SLK/STK2, is a ubiquitously expressed serine/threonine kinase which is

1202 amino acids in length and consists of three distinct domains; an N-terminal kinase domain,
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a central coiled-coiled domain and a C-terminal “ATH” domain [Figl.5] (Itoh et al., 1997;
Sabourin & Rudnicki, 1999; Yamada et al., 2000). The kinase domain shares extensive
homology to the lymphocyte oriented kinase (LOK) and the Ste20 kinases MST1 and MST2
(Sabourin & Rudnicki, 1999). The kinase domain of SLK also contains the Ste20 signature motif
TPYWMAPE. SLK has been shown to be phosphorylated at Serine 189 and Threonine 183, both
of which are found within the activation segment. The central coiled-coiled domain contains a
putative SH3 binding site. The central region also contains a putative caspase 3 cleavage site
(DXXD). The C-terminal domain shares homology to the C-terminal portion of LOK.
Additionally the C-terminal region of SLK appears to be critical for the binding of co-factors,
such as Ldb1/2, which negatively regulate SLK kinase activity (Storbeck et al., 2009). In order to
be activated, SLK forms a dimer in a trans-orientation, which leads to phosphorylation on sites

S189 and T183 (Delarosa et al., 2011; Luhovy, Jaberi, Papillon, Guillemette, & Cybulsky, 2012).

1.3.1 Cellular Roles of SLK

SLK was initially characterized as a mediator of apoptosis. Over-expression of an active SLK
construct resulted in activation of c-Jun N-terminal kinase (JNK1) and actin stress fiber
dissolution (Sabourin, Tamai, Seale, Wagner, & Rudnicki, 2000). Additionally, the treatment of
multiple cell lines with apoptotic stimuli induced SLK cleavage downstream of caspase 3. SLK’s
role in apoptosis has also been revealed in vivo where overexpression of SLK in kidney
glomerular podocytes induced injury and cell death (Hao et al., 2006). Subsequent investigations
into SLK’s cellular function revealed prominent roles in both proliferation and migration.

Overexpression of the truncated dominant negative SLK construct decreased cellular
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Figure 1.5: Schematic of the Ste20-Like Kinase. (A) Full length SLK contains three
domains; an N-terminal Kinase Domain, a Central “Coiled-Coil” region and a C-Terminal
“ATH” Domain. The kinase domain contains the ATP binding site at lysine 63 (K63), the auto
phosphorylation sites (T183 and S189) as well as the Ste20 consensus sequence
(TPYWMAPE). The coiled-coil domain contains a caspase 3 cleavage site (DXXD) as well as
the putative SH3 binding domain (PXXPX). The C-terminal ATH domain is critical for
binding SLK regulatory proteins, such as Ldb1/2. (B) Mutants used in this study. The K63R
mutant replaces the lysine 63 residue with an arginine, preventing ATP binding. The YAC
mutant is the truncated kinase domain comprising amino acids 1-373, and the KAC is the
truncated kinase domain containing the K63R mutation. The SLK-LacZ fusion protein was
generated from a gene-trap allele. The C-terminal domain is replaced with LacZ after exon 10
(amino acid 24) of the SLK coding sequence and renders the kinase domain incapable of
phosphorylating substrate.
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proliferation, caused a G2/M transition block and prevented downregulation of cyclin A
(O'Reilly et al., 2005). SLK was also found to be critical for radial array microtubule localization
and dynactin localization to the centrosome (Burakov et al., 2008; Zhapparova, Fokin,
Vorobyeva, Bryantseva, & Nadezhdina, 2013). The focal adhesion kinase (FAK) was found to
be important for SLK kinase activity during cellular migration (Wagner et al., 2008). Paxillin,
another integral component of the focal adhesion complex, was found to be phosphorylated
directly by SLK (Quizi et al., 2013). This phosphorylation was essential for focal adhesion
turnover and cellular migration. Further supporting its role in cytoskeletal dynamics, SLK has
been shown to phosphorylate RhoA on serine 188, which mediates RhoA activity and
degradation (Guilluy et al., 2008). These findings indicate that SLK is controlling various aspects

of cytoskeletal dynamics and critical processes required for cellular function.

Further studies from our lab suggest that SLK has an essential role in ErbB2/HER2+ breast
cancer progression (Roovers et al., 2009). SLK activity was upregulated downstream of ErbB2
and was required for heregulin induced cellular migration and invasion. More recently, SLK
knockdown was shown to delay TGFp induced Epithelial to Mesenchymal Transition (EMT) in
normal mouse mammary epithelial cells (NMuMGs) (Conway, Al-Zahrani, Pryce, Abou-Hamad,
& Sabourin, 2017). This was later determined to be independent of the canonical TGFf
response, as Smad3 activity was unchanged following SLK knockdown. However, the
expression of several TGFf target genes were affected. Additionally, these effects were found to
be independent of SLK kinase activity. These findings require further investigation to better

understand the role of SLK in breast cancer development.
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1.3.2 SLK is Essential for Embryogenesis

A SLK knockout model was generated to better understand SLK’s role in development and
diseases such as breast cancer. This was generated through a gene-trap allele, where the C-
terminal portion of SLK was replaced with LacZ (Al-Zahrani et al., 2014). This fusion protein
rendered SLK incapable of phosphorylating exogenous substrates. Heterozygote mice for the
SLK-LacZ fusion were phenotypically indistinguishable from wildtype siblings. However,
homozygote SLK-LacZ fusion mice developed severe morphological defects between E12.5 and
E14.5 and did not survive to birth. Assessments of E14.5 embryos revealed significant lack of
expansion of various tissues. Additionally, homozygotes demonstrated decreased angiogenesis in
the placenta, which was speculated to be the cause of lethality. Therefore, active SLK appears to

be required for embryogenesis to progress normally.

1.3.3 SLK Expression and Function in Skeletal Muscle

Mouse SLK was initially identified in a yeast-two hybrid screen with MyoD (Sabourin &
Rudnicki, 1999). However, this interaction was later verified to be a false positive, as SLK and
MyoD did not bind directly to each other in subsequent assays. Additionally, it was observed that
mature skeletal muscle has lower SLK levels than other tissues (Y. H. Zhang et al., 2002).
Nevertheless, a considerable amount of work was conducted on SLK in skeletal muscle and
myoblasts. Initial investigations revealed that SLK was predominantly expressed within the
slow-twitch type 1 fibers rather than fast-twitch type 2 fibers (Storbeck et al., 2004). SLK was
localized with o actinin at the I-band and neuromuscular junctions, possibly implicating it in
neurotransmitter signalling and organization of synapses. Expression of a dominant

negative/truncated SLK construct (KAC) in C2C12 myoblasts reduced myoblast fusion and
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blocked terminal differentiation. Therefore, it was initially thought that SLK was absolutely
required for myogenesis. A transgenic animal model was designed in which the full length
inactive kinase was expressed from the human skeletal actin promoter (HSA-K63R) (Storbeck et
al., 2013). However, HSA-K63R expressing mice were viable with no overwhelming defects in
skeletal muscle development. The HSA-K63R mice also had enhanced muscle regeneration
following cardiotoxin (CTX) injections. Primary myoblasts isolated from HSA-K63R mice
demonstrated increased myoblast fusion and differentiation. Therefore, a direct role for SLK in

myoblast fusion and differentiation could not be determined based on these studies alone.

1.4 Thesis Objectives and Hypotheses

Previous work by our lab demonstrated increased SLK expression in developing skeletal muscle.
Additionally, expression of a dominant negative SLK construct blocked differentiation and
fusion of C2C12 myoblasts, but did not impair skeletal muscle development in the HSA-K63R
(Storbeck et al., 2013; Storbeck et al., 2004). Recently, we observed that SLK knockdown was
able to delay TGFp—induced EMT (Conway et al., 2017). Given that treatment of myoblasts with
TGFp inhibits myoblast differentiation, we speculated that SLK deletion may reverse this effect
(D. Liu et al., 2004; S. Zhu, Goldschmidt-Clermont, & Dong, 2004). This is relevant in the
context of muscular dystrophy, where increased TGF can inhibit satellite cell activation and
myoblast differentiation (Burks & Cohn, 2011). To test this hypothesis, we generated a muscle
specific SLK knockout using the Myf5-Cre recombinase model to assess muscle function in both

a normal and an mdx background.
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In the first objective, we determined that SLK was not essential for skeletal muscle development
or muscle regeneration. However, SLK deletion caused a mild myopathy in older mice
suggesting that it was necessary for myofiber integrity. In the second objective, we determined
that SLK knockdown was sufficient to render myoblasts resistant to the anti-myogenic effects of
TGFp through upregulation of p38 activity. Finally, in the third objective we found that SLK
levels were significantly elevated in dystrophic muscle. Furthermore, we determined that SLK
deletion in the mdx background increased the expression of terminal differentiation markers.
These results suggested that SLK inhibition is a novel means to upregulate muscle regeneration

in dystrophic muscle.
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Chapter 2 - Materials and Methods
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2.1 Antibodies

Antibodies used in this study, along with speci  :oncentrations for experiments used, as well as
manufacturer and catalogue numbers, have been listed in Table 1.

2.2 Cell Culture and Treatments

C2C12 myoblasts (ATCC) were cultured at 37°C and 5% CO2 in DMEM (Dulbecco’s
Modification of Eagle’s Medium, Thermo Fisher), supplemented with 10% fetal bovine serum
(FBS) and 200U/mL or streptomycin/penicillin (Invitrogen). For adenovirus infections, equal
multiplicity of infection (MOI) were used to infect cells at ~70% density with either AdScramble
of AdshSLK virus. Alternatively, stable shSLK lines were made using lentiviral infection and
hygromycin selection. Transfections were performed at ~70% density using lipofectamine
reagent (Invitrogen). Myoblasts were differentiated in 2% Horse Serum (HS) DMEM media for
up to 96 hours. Recombinant TGFB (Sigma) was used for treatment of cells in either 10% FBS
or 2%HS at the concentration indicated. Primary myoblast cultures were isolated as previously
described. Briefly, hind leg muscles from 6 week old mice were minced and digested in 0.1%
collagenase/dispase solution (Roche). Cells were collected and grown in Ham’s F-10 media
(Sigma-Aldrich, St Louis MO, USA). Medium was supplemented with 10ng/mL bFGF (Thermo
Fisher) and 10% FBS. For proliferation assays, cells were infected with indicated virus and
seeded at 5x10” cells/6 cm plate 48 hours post infection (Day 0). Each treatment time point had
triplicate biological samples which were counted in duplicate. Proliferation assays were repeated
three times and averaged. For Smad4 luciferase assay, the pBV-Luc Smad-Binding Element

Reporter (SBE4) or the E-box reporter in combination with the loading control pRL Renilla
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Table 1: List of Antibodies and working Dilutions for Specific Applicaitons

Antibody Manufacturer/Catalogue# Applications
SLK Custom Antibody WB 1:10000, IF 1:1000, IP 1:500
Myogenin WB 1:500, IF 1:100
Santa Cruz, sc-12732
B Catenin Sigma, C7082 IF 1:200
MF20 R&D, MAB4470 WB 1:1000, IF 1:200
MHC slow (Typel) Sigma, M8421 IF 1:1000
MHC fast (Type2) Sigma, M4276 IF 1:1000
P-GSK3g (S9) WB 1:1000
Cell Signalling, 9322
GSK3p WB 1:1000
Cell Signalling, 9315
P-ERM WB 1:1000
Cell Signalling, 3141
ERM WB 1:1000
Cell Signalling, 3142
P-Paxillin (S 250) Custom WB 1:2000
P-Paxillin (Y 118) WB 1:1000

Cell Signalling, 2541

Paxillin WB 1:2000, IF 1:250
BD Bioscience, 610569
P-YAP WB 1:1000
(s127) Cell Signalling, 4911
YAP WB 1:1000
Cell Signalling, 4912
P-FAK (Y397) WB 1:1000

Cell Signalling, 3283

FAK WB 1:1000, IF 1:200
Cell Signalling, 3285
P-JNK (T183/Y185) WB 1:1000
Cell Signalling, 9251
o tubulin Sigma, T9026 WB 1:10000
GAPDH WB 1:1000

Cell Signalling, 2118
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WB 1:1000

JNK1
Cell Signalling, 9252
P-p38 WB 1:1000
(T180,Y182) Cell Signalling, 9211
p38 WB 1:1000
Cell Signalling, 9212
Dystrophin IF 1:500
Abcam, ab15277
Laminin Abcam, ab11575 IF/IHC 1:500
Vinculin WB 1:500, IF 1:200
Santa Cruz, sc-25336
Pax7 R&D, MAB1675 IHC 1:100
Myf5 Santa Cruz, sc-518039 IHC 1:100
CD45 Biolegend, 103130 FC 1:50
CD11b BD, 563015 FC 1:50
F4/80 Biolegend, 123122 FC 1:100
CD206 Biolegend, 141719 FC 1:50
iNOS-FITC BD, 610330 FC 1:50

IF:
IHC:
WB:
IP:
FC:

Immunofluorescence
Immunohistochemistry
Western Blot
Immunoprecipitation
Flow Cytometry
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(Promega) were transfected into cells and treated with TGF[3 for 24 hours. Cells were then lysed
in a passive lysis buffer and 20uL aliquots were added to replicate wells in a black bottom 96
well plate (Corning). Cell lysates were incubated with 100uL of luciferase reagent (Promega)
and luciferase activity was read on a plate reader. The Stop&Glo (Promega) reagent was added at
a volume of 100uL/well. Luciferase activity was normalized to Renilla activity to account for
transfection efficiency. Activity of the E-box reporter was transfected into differentiating
myoblasts in combination with Renilla and analyzed similarly.

2.3 Western Blot

Skeletal muscle was isolated from mice and homogenized in RIPA buffer (150 mM NaCl, 1%
NP-480, 2mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris, pH 8.0, 1% Triton-X)
containing phosphatase and protease inhibitors. For analysis of utrophin expression in skeletal
muscle, samples were homogenized in a UREA buffer with inhibitor cocktail (7M Urea, 2M
thiourea, 4M CHAPS, 100mM DTT, 125mM Tris HCI pH 6.8). Lysates were centrifuged at
14000RPM for 5 minutes at 4°C in a micro centrifuge to clear isolated protein. Protein
concertation was measured using Bradford reagent (Bio-Rad, Mississauga, ON, Canada).
Equivalent amounts of protein were boiled in SDS loading buffer and then run on
polyacrylamide gels and subsequently transferred onto a polyvinylidene difluoride (PVDF)
membrane (Millipore). Membranes were then probed with indicated primary antibody (Table 1)
diluted in 5%BSA/0.1% TBS-T for either 1 hour at room temperature or overnight at 4°C.
Membranes were washed with 0.1% TBS-T for 15 minutes and incubated with HRP-conjugated
secondary antibodies (Bio-Rad). Following second wash, membranes were incubated with

Enhanced chemiluminescence reagent for 1 minutes and exposed to X-Ray film.
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2.4 SLK Immunoprecipitation and Autoradiography Kinase Assay

Assessment of SLK activity was performed using in vitro kinase assays. 0.4mg of isolated
protein was immunoprecipitated using 25uL of protein A beads (GE healthcare) and 1uL of
custom SLK antibody (2 hours at 4°C with rotation). Beads were was 3 times with NETN buffer
(250mM NaCl, 5mM EDTA, 50mM Tris-HCI, 0.5% NP-40). Following the last wash, cells were
incubated in kinase buffer (0.25 mM NaVO3, 20 mM Tris, pH 7.4, 1 mM NaF, 10 mM j-
glycerophosphate, 1 mM dithiothreitol, 15 mM MgCI2) and 1uL [32P]yATII (5 mCi/mL) for 30
minutes at 30°C. Following incubation, 10uL 4XSDS loading buffer was added to the samples
and boiled for 5 minutes. Samples were centrifuged briefly and loaded onto polyacrylamide gel
and transferred onto a PVDF membrane. Membranes were exposed overnight to X-ray film for

visualization. Following autoradiography, SLK was blotted to ensure even loading.

2.5 RNA Extraction and Quantitative PCR

Skeletal muscle samples or cells were homogenized in Trizol reagent (Life Technologies) and
0.2mL of chloroform was added. Samples were spun at 13000g for 15 minutes. The upper
aqueous phase was added to 0.5mL isopropanol, incubated at room temperature for 10 minutes
and spun at 13000G for 10 minutes. RNA pellet was washed with 75% ethanol and spun at
8500G. All centrifugation steps were performed at 4°C. RNA was then dissolved in 100uL of
RNase Free Water. Samples were then run through an on column RNA cleanup protocol
(RNeasy kit, Qiagen) and subjected to on column DNase digestion to remove any contaminating

DNA. Concentrations of RNA samples were analyzed using a nanodrop. 500ng of RNA was
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Table 2: List of OPCR Targets and Primers

Target Fwd Rev

SLK ACCGAGATCTAAAAGCTGGCA ACCCAGGGACCAAACATCAG

a7 integrin ACTGTCCGAGCCAATATCACCGT ACCAGTAGTCCCGCCAGCACA
B1integrin CATCCCAATTGTAGCAGGCG CGTGTCCCACTTGGCATTCAT

B1D integrin CATCCCAATTGTAGCAGGCG GAGACCAGCTTTACGTCCATAG
dystrophin GTGGGAAGAAGTAGAGGACTGTT AGGTCTAGGAGGCGTTTTCC
Atroginl CGGCAAGTCTGTGCTGGTGGG GCACACAGGCAGGTCGGTGA
MuRF1 TTTCCGTTGCCCCTCGTGCC GCACATCGGGTGGCTGCCTT
Periostin AAGTTTGTTCGTGGCAGCAC TTCTGTCACCGTTTCGCCTT

eMHC GCATAGCTGCACCTTTCCTC GGCCATGTCCTCAATCTTGT

1d3 TGCTACGAGGCGGTGTGCTG AGTGAGCTCAGCTGTCTGGATCGG
Collagenlll GCGGAATTCCTGGAAAGGTGATGCTG GCGGGATCCGAGGGTTCCCCATTATG
CTGF GCGTGTGCACCGCCAAAGAT CAGGGCTGGGCAGACGAACG
Fibronectin GCCCAGTGATT TCAGCAAAGG ATGTGGACCCCTCC TGATAGT
Vimentin CACATCGATCTGGACATGCTGT CGGAAAGTGGAATCCTTGCA
GAPDH CATCACCATCTTCCAGGAGCG GAGGGGCCATCCACAGTCTTC




used for cDNA synthesis using SuperSciprt3 (Life Technologies) and oligiodT primers

(Invitrogen). Indicated targets were amplified using gene specific primers (Table 2) and SYBR

Green Reagent (Bio-Rad). Reactions were carried out on an Applied Bioscience 7500 Fast-Real-

Time PCR System. Primers used for Q-PCR are listed in Table 2.

2.6 Immunohistochemistry and Immunofluorescence on Tissue

Muscles were excised from sacrificed mice and either flash frozen in isopentane (cooled in liquid
nitrogen) and fixed in OCT or fixed in 10% formalin overnight for paraffin embedding.
Following embedding, tissues were sectioned (5um thick). Paraffin sections with deparaffinised
in xylene for 15 minutes, followed by decreasing concentrations of ethanol (2x 100%, 2x 95%
and 1X 80% for 5 minutes at each wash). Frozen sections were fixed 10 minutes in 4%PFA.
Sections were boiled in pressure cooker for 10 minutes in 10mM citrate buffer for antigen
retrieval, followed by 15 minute incubated in 3%H,0, (for histochemistry only). Sections were
blocked for 1 hour in 5% donkey serum diluted in PBS. Primary antibody was diluted in 5%
donkey serum and left overnight at 4°C. Sections were rinsed 3 times in 1XPBS, and incubated
with secondary antibodies for 1 hour (HRP-conjugated for IHC or alexa fluro antibodies for IF,
Dako/abcam). For IHC, sections were incubated with DAB reagent to visualize secondary
binding, counter stained with haematoxylin and dehydrated prior to mounting in organic
mounting media. Slides were scanned using an Aperio imager (ImageScope; Aperio, Vista, CA,
USA). For IF, sections were immediately mounted in agueous mounting media with DAPI and
visualized under the microscope. For haemotoxylin and eosin staining alone slides were
deparaffinised, incubated in haemotoxylin for 30 seconds and submerged in 0.5% acid alcohol
followed by 0.1% ammonia water. Slides were then counter stained in eosin and dehydrated in

ethanol and xylene.
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2.7 Evan’s Blue Uptake

Evan’s Blue Dye (Sigma) was dissolved in PBS at a concentration of 10mg/mL. Mice were
injected with 0.1mL/10g of body weight of the EBD mixture via intraperitoneal injection. Mice
were sacrificed 24 hours later and skeletal muscles were extracted. Muscles were weighed and
then homogenized in n n-dimethylformamide and rotated at room temperature for 24 hours.
Absorbance of each samples was measured and total amount of EBD in the sample was

calculated based on a standard curve. These values were then normalized to muscle weight.
2.8 Cardiotoxin Induced Injury

Mice were given a dose of buprenorphine 1 hour prior to injury. Before cardiotoxin injections,
mice with anesthetized with isoflurane. The Tibialis Anterior muscle was injected with 30uL of
10uM cardiotoxin (CTX, Sigma-C9759). Contralateral TA muscles were injected with
equivalent volumes of PBS. Mice were sacrificed and muscles were extracted for paraffin
sections at 7, 10 and 21 days post injected (DPI). Cross sectional area was measured on H&E

stained sections.
2.9 Central Nuclei, Fiber Diameter and Area Calculation

Fiber size was measured using Aperio Imaging software. Cross sectional area and diameter were
measured where indicated. For the soleus, the entire muscle section was measured (~100
fibers/muscle). For the diaphragm and TA muscle, >600 fibers/muscle were counted. Central
nuclei were quantified by analyzing >600 fibers/muscle and calculating percentage of fibers with

a central nuclei in all fields of view analyzed.

37



2.10 X-gal Staining of Embryo Sections

Embryos were extracted at E12.5 and E14.5 and fixed for 2 hours in 2%PFA/0.2 Glutaraldehyde,
0.01% NP40. Embryos were washed for staining solution for 2 hours at room temperature (2mM
MgCl,, 0.01% Sodium deoxycholate, 0.02% NP40 dissolved in 1XPBS). Embryos were then
stained in staining solution overnight in the dark (5mM potassium ferrocyanide, 5mM potassium
ferricyanide and 1mg/mL of X-gal dissolved in staining buffer). Following staining, embryos

were frozen and sectioned. Tail clippings were taken for DNA extraction and genotype analysis.

2.11 Immunofluorescence on Cultured Cells

Cells were cultured on coverslips for the duration of the experiment. Cells were washed in
1XPBS and fixed and 4% PFA for 10 minutes. Cells were washed again and permeablized in
0.3% Triton-X for 5 minutes. Following permeablization, cell were blocked in 5% donkey serum
for 1 hour, followed by incubation with primary antibody for 1 hour. Secondary antibody
incubations were performed in the dark for 1 hour. Cells were washed and mounted in aqueous
mounting media with DAPI. For cellular fusion index, Fusing myoblasts were fixed and stained
with MF20 and counter stained with DAPI. The fusion index was calculated by counting the
number of nuclei within a cell containing 3 or more nuclei (constituting a syncytium). The
number of nuclei within a syncytium were then divided by the total number of nuclei counted to
obtain the percentage of fused cells. Three independent samples were taken, and at least 10 fields

of view were quantified from each sample.

2.12 Isometric Muscle Contractions

Mice were first injected with buprenorphine (i.p. 0.1 mg/kg) and then anesthetized with

pentobarbital sodium (i.p. 50 mg/kg) 15 min later. The right soleus (Sol) and extensor digitorum
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longus (EDL) muscles were dissected and incubated in vitro in a buffered physiological salt
solution (Krebs-Ringer) supplemented with glucose (2 mg/mL) and a constant bubbling of
carbogen (5% CO2, 95% 02) at 25°C. After 15 min of equilibration at optimal length (LO) the
following contractile properties were measured: time-to-peak twitch tension (TPT, ms) with 0.2
ms square-wave pulses of supramaximal voltage (~25 V) through two platinum electrodes, half-
relaxation time (1/2 RT, ms), twitch tension (Pt, g) and maximum tetanic tension (PO, g) for 700
ms at frequencies of 10, 20, 50, 80, 100 and 120 Hz using the Dual-Mode Lever Arm System
305B-LR controlled by the Dynamic Muscle Control and Data Acquisition software (Aurora
Scientific Inc. Aurora, Ontario, Canada). At the end of the contractile properties measurements,
tendons were removed and muscles were weighed. The cross-sectional areas were estimated by
dividing the wet weight by the optimal muscle length multiplied by the muscle density

(1.06g/cm®) multiplied by the fiber-to-muscle length ratio for Sol and EDL muscles.
2.13 Eccentric Muscle Contractions

Following isometric contractile property measurements, the muscles are subjected to 7
consecutive eccentric contractions. The muscles are stimulated at 150 Hz for 700 ms. Five
hundred ms into the tetanic stimulation, the muscles are lengthened to 10% of Ly at 0.5 Lo/s for

200 ms using the 305B-LR dual mode muscle level system (Aurora Scientific Inc.).
2.14 Transmission Election Microscopy

Skeletal muscle samples were fixed in 2.5% glutaraldehyde for 2 hours, rinsed in 50mM Sodium
Cacodylate buffer and incubated in 2% Osmium Tetroixide. Samples were dehydration in

ethanol and suspended in acetone, then embedded in Spurr’s Resin and polymerized overnight at
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65°C. 80nm sections were stained with uranyl acetate and lead citrate and imaged on Hitachi H-

7100 TEM. Magnification of images indicated in appropriate figure legends.

2.15 Generation of SLK Knockout Model

The conditional SLK knockout model was generated by inserting a FRT-flanked Neomycin
cassette downstream of exon 2 with loxP sites flanking exons 2 and 6 of the murine SLK locus.
Chimeras were bred for germline transmission and maintained on a C57 background. Mice were
first crossed with B actin-Flp recombinase to remove the neomycin cassette and obtain the SLK
flox mice. Mice were bred to the B actin Cre recombinase line and the Myf5-Cre recombinase
line to generate a global and muscle specific deletion respectively (Jacksons Lab). Myf-Cre SLK
flox mice were bred into the mdx strain to generate muscle specific deletion in the dystrophic

model.

2.16 Genotyping

Ear clips from weanling mice were subjected to proteinase K digestion and DNA was extracted
using an on column method (Qiagen, Mississauga, ON, Canada). SLK flox mice were genotyped
using primers flanking the 3’ loxP site, where the insertion the loxP sites shifts the wildtype band

from 437bp to 471bp. Genetic recombination was analyzed on DNA from skeletal muscle using

an additional forward primer upstream of the 5’ loxP site. The product size of the uncombined

SLK allele was >5000bp, which was not readily amplified. Upon recombination, the product dize

was 501bp. Cre was genotyped using sequence specific genes. The mdx strain was genotyped

using a method previously described using primer competition. Briefly, a common forward
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Table 3: Genotyping Primers

Reaction Forward Reverse Size
SLK TGAGGACCTGGGGAGATTGCT ATGCAGCTGTATCTTCACAAG 437bp (WT)
471bp (flox)
SLK TTGGGGGATGGCTTCGTGCTT ATGCAGCTGTATCTTCACAAG 471bp
Recombo (uncombined)
501bp
(recombined)
mdx (WT) GCGCGAAACTCATCAAATATGCGTGTT GATACGCTGCTTTAATGCCTTTAGTCACTCAGATAGT | 134bp
AGTGT TGAAGCCATTTTG
mdx (MT) GCGCGAAACTCATCAAATATGCGTGTT GTCACTCAGATAGTTGAAGCCATTTTA 117bp
AGTGT
Cre GGATTGCTTATAACACCCTGTTACG TATTCGGATC ATCAGCTACACCAGAG 213bp
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primer was used in conjunction with a wildtype and mutant specific primer. The wildtype
specific primer contained a guanine in the last position, in addition to a non-homologous 5’ end
that was 23bp larger than the mutant primer. The mutant primer contained an adenine in the 3’
position to match the mutation in the mdx model. The wildtype and mutant bands were resolved

on 2% agarose gel. Genotyping primers are listed in Table 3.
2.17 Flow Cytometry

Cells were stained with Zombie NIR Fixable Viability Dye (BiolLegend) as per the
manufacturer’s instructions, followed by incubation with blocking solution (anti-CD16/CD32,
BD Biosciences for 20 minutes at 4°C. The cells were then stained with the following
fluorescently-labeled antibodies (or appropriate isotype antibodies) for 20 minutes at 4°C in
FACS buffer (DPBS + 0.5% BSA): PerCP anti-mouse CD45, Alexa Fluor 647 anti-mouse F4/80,
PE-Cy7 anti-mouse CD206 (BioLegend); and BV605 anti-mouse CD11b (BD Biosciences).
Cells were fixed and permeabilized using FoxP3/Transcription Factor Staining Buffer Set
(eBioscience) as per the manufacturer’s instructions. The cells were stained intracellularly with
FITC anti-mouse iINOS (BD Biosciences). Stained cells were re-suspended in FACS buffer, and
analyzed by flow cytometry. 100,000 — 500,000 events were recorded for each sample on a BD
LSR Fortessa. Data analysis was performed using FlowJo software (TreeStar Inc.). Macrophages
were classified as CD45" F4/80" CD11b"; iNOS and CD206 expression was assessed on this

macrophage population. Cells stained with isotype controls were used to set gates.
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2.18 Golden Retriever Muscular Dystrophy
Diaphragm lysates from the GRMD model were provided by Dr. Joe Kornegay’s laboratory at

Texas A&M University, College Station, Texas. The breeding of the GRMD dogs and
subsequent necropsy and biopsy procedure were done in accordance with National Research

Council Guide for the Care and Use of Laboratory Animals.

2.19 Statistical Analysis and Data Collection

In vitro experiments were conducted in at least three independent experiments and averaged.
Errors bars are represented as standard error of the mean. P-values are calculated between groups
using two-tailed unpaired student’s t-test analysis. Significance was determined by a p-
value<0.05 (* p<0.05, ** p<0.01). For quantification on IHC, multiple muscle samples from
individual mice were sectioned and stained with indicated antibody. At least 10 field of views
from each section were used for quantification, with the exception of the soleus muscle, in which
the entire muscle was analyzed. For force generation, data were analyzed by two-way ANOVA
to determine whether the variations among the experimental groups were significant (InStat
software, version 3). When a significant F ratio was obtained, a posteriori test was performed
(Tukey’s protected least-significant differences test) to determine whether there were any

specific differences (p<0.05).
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Chapter 3- Results:

Effect of SLK Deficiency on Muscle Development
and Regeneration
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3.1 Introduction and Rationale

Previously, our lab has demonstrated a complex role for SLK in myogenesis and skeletal muscle
regeneration. The over expression of the truncated kinase dead mutant (KAC) inhibited C2C12
myoblast fusion and differentiation (Storbeck et al., 2004). Conversely, in vivo expression of the
full length kinase dead mutant driven by the HSA promoter (HSA-K63R) in FVB/N mice
enhanced muscle regeneration and myoblast fusion (Storbeck et al., 2013). These conflicting
results suggest specific roles for SLK during the differentiation process. Therefore, to better
understand the role of SLK in muscle development, we conducted SLK knockdown studies in
vitro and generated a muscle specific SLK knockout model using the Myf5-Cre Recombinase

strain and a novel SLK conditional knockout mouse.
3.2 SLK Expression, Activity and Localization during Myogenesis

To begin our assessment of SLK’s function during myogenesis, we assayed SLK activity by in
vitro kinase assay as well as expression levels across a differentiation time course in C2C12
myoblasts. SLK expression was similar at each day along the differentiation assay [Fig3.1].
However, SLK kinase activity was decreased as myoblasts differentiated, determined by
autoradiography. SLK localized to the lamellipodia and cytosol of proliferating myoblasts and
was present throughout the cytosol of fused myotubes [Fig3.1]. Co-staining with B-catenin
revealed that SLK was excluded from sites of cellular contact [Fig3.1]. These initial findings
alone indicated that SLK activity is decreased during differentiation. Furthermore, localization to
the leading edge of proliferating cells suggested that SLK might be regulating focal adhesion
turnover and myoblast migration prior to differentiation, similar to its established role in

fibroblasts.
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Figure 3.1: SLK Activity is reduced during Myoblast Differentiation. (A)
C2C12 myoblasts were induced to differentiate in 2% Horse Serum. Equivalent
amounts of SLK was immunoprecipitated (IP) from samples at each time point
and subjected to kinase assays using *?P labelled ATP. Equivalent loading was
determined by blotting membrane with SLK. SLK autophosphorylation was
reduced as myoblasts differentiated. SLK kinase activity was determined by
performing densitometry and calculating the average from three independent
experiments. Intensity of autoradiography band was divided by the intensity of the
SLK loading band to determine relative activity. Whole cell lysates (WCL) were
probed MyoG to assess differentiation and SLK to determine relative expression.
SLK expression was determined by normalizing SLK levels to tubulin. No
alterations in SLK levels were observed as MyoG levels increased. (B-J) C2C12
myoblasts were plated on coverslips and stained for SLK and B catenin. SLK
localized to the leading edge in cycling cells (B-D) and throughout the cytosol in
all samples. SLK could not be readily co-localized with B catenin at sites of
cellular contact, (E-F).

47



3.3 Decreased SLK leads to Reduced Cellular Migration and Proliferation

Previously, we have identified that reduced SLK signalling can decrease both cellular migration
and proliferation in various cell lines. Both proliferation and migration of myogenic precursors
are essential for optimal muscle regeneration, as the progenitor population needs to both expand
as well as localize to the site of muscle damage to mediate myofiber repair. We investigated
whether SLK was also mediating either these functions in myoblasts. To test this, we knocked
down SLK using adenovirus for short hairpin RNA. As in previous studies, we observed a
reduction in the number of cells at each time point in a proliferation assay following SLK
knockdown [Fig3.2A]. SLK knock down also resulted in a significant decrease in the migratory
capacity of myoblasts [Fig3.2B]. Therefore, SLK knockdown decreases both proliferation and

migration of myoblasts.

3.4 SLK Knockdown Decreases Myoblast Fusion without Affecting Myoblast

Differentiation

Previously, expression of a dominant negative SLK construct resulted in decreased fusion of
myoblasts. We predicted that an SLK knockdown would have a similar phenotype. Cells were
infected with either a scramble control or a shSLK expressing adenovirus and induced to
differentiate for 48 hours. We assessed the levels of myogenic genes for up to 3 days in a
differentiation assay by western blot. Interestingly, the myogenic transcriptional program was
unaffected by SLK knockdown, as levels of Myogenin and Myosin Heavy Chain (MHC) were

comparable between wildtype and knockdown cells [Fig3.3A]. We next assessed myoblast
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Figure 3.2: SLK Knockdown decreases both Proliferation and Migration of
Myoblasts. (A) Myoblasts were seeded at 5x10* cells/plate (D0) and grown for 4
days (D1-D4). Cells were counted at each day across the time course. SLK
knockdown significantly decreased the growth rate of myoblasts. A t-test was
performed at each timepoint to determine significant differences in the number of
cells at each day (p<0.05). (B) Myoblasts were plated in serum free media in the
top chamber of a transwell plate (5x10° cells/plate) and 10% FBS was placed in
the bottom chamber. Myoblasts were allowed to migrate for 8 hours. Migrated
cells were stained with haematoxylin and enumerated. Migrated cells were
normalized to AdScr controls. A t-test was used to determine significance
(p<0.05). SLK deficient cells had significantly reduced migration rate compared to
control cells.
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Figure 3.3: Myoblast Fusion, but not Differentiation, is decreased following
SLK Knockdown. (A) AdScramble and AdshSLK infected myoblasts were
differentiated for three days and blotted for myogenin (MyoG) and myosin heavy
chain (MHC). Loss of SLK did not affect the activation of differentiation markers.
(C-G) Myoblasts were stained with MHC and fused cells were enumerated. Fusion
was defined as a cell containing three or more nuclei. The number of nuclei in a
fused cells was divided by the total number of nuclei counted (n=3
coverslips/timepoint, 10 fields of view averaged for each coverslip for each n
value). A t-test was used to determine significant difference in fusion (* p<0.05, **
p<0.01, *** p<0.005). SLK deficient cells showed a significant reduction in
myoblast fusion at all timepoints compared to controls.
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fusion by staining with MHC and counting the number of nuclei in a fused myotube [Fig3.3B-E].
We observed a significant decrease in the capacity of AdshSLK infected cells to fuse into
multinucleated myotubes compared to AdshScramble infected cells. Control cells fused at ~60%
and AdshSLK cells displayed less than 10% fusion four days after differentiation was induced
[Fig3.3F]. These results suggest that SLK is not required for myogenic differentiation, but does

play a role in myoblast fusion.
3.5 Generation of Muscle Specific SLK Knockout Model

Previously, we have shown that SLK expression is elevated within the developing neuronal and
myogenic compartments of the embryo. Our early work had showed conflicting results as to the
role of SLK signaling in skeletal muscle. Dominant negative SLK expression resulted in opposite
phenotypes depending when it was expressed during differentiation. Our attempts to generate a
global SLK-null model using our SLK-LacZ gene trap animals demonstrated that global
inhibition of SLK signaling was embryonic lethal. Therefore, we generated a conditional SLK
knockout model, dubbed SLK™ mice, in order to mediate deletion of SLK in specific tissues.
Breeding with the skeletal muscle specific Myf5-Cre recombinase would mediate SLK deletion

within the myogenic lineage.

The conditional SLK knockout model was designed by flanking exons 3 and 6 of SLK with
LoxP sites [Fig3.4A]. The recombination of exons 3-6 with Cre results in the deletion of a large
portion of the kinase domain and causes a frame shift mutation. The resultant frame shift
mutation generates a stop codon (TAA) following exon 3 [Fig3.4B]. Genotyping was performed

by amplifying a PCR product with primers flanking the 3> LoxP site, causing a band shift in the
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presence of the LoxP site [Fig3.4C]. This allows us to correctly identify SLK*"*, SLK*" and
SLK™ mice. The conditional SLK knockout mice were first crossed with the global B actin-Cre
recombinase strain. As in the SLK-LacZ gene trap mice, the early global deletion of SLK results
in no viable SLK knockout animals, demonstrating a critical role for SLK during embryonic

development [Table 4].
3.6 Muscle Specific Deletion of SLK does not Result in Embryonic Lethality

We next crossed the SLK™ mice into a muscle specific Cre recombinase model as well as the
Rosa26R-LacZ reporter strain. The Myf-5-Cre knock-in strain was used as a driver of Cre
mediated deletion due its expression in embryonic and adult myoblasts. This would recombine
the SLK allele during development as well as during muscle regeneration. Due to the decreased
fusion of SLK-deficient myoblasts in vitro, we initially anticipated a defect in skeletal muscle
development in our Myf5-Cre/SLK™™ mice. However, analysis of knockout embryos revealed no
alterations in the expansion of Myf5-Cre expressing cells or the myogenic compartments, as
determined by LacZ and MF20 staining at day E10.5 [Fig3.5A-D]. The formation of nascent
myotubes was also similar between wildtype and knockout mice at E13.5, with no obvious
decrease in fusion [Fig3.5E&F]. Furthermore, knockout mice were born at expected Mendelian
ratios based on genotyping analysis, indicating no decrease in survival in SLK knockout mice.
Therefore, we conclude that SLK expression is not absolutely required for the proliferation and

fusion of myoblasts during skeletal muscle development.

Adult skeletal muscles from knockout mice were analyzed for Cre mediated deletion of SLK.

Recombination of the SLK allele was determined by using the 3” LoxP genotyping primers, in

54



Table 4: Genotypes from B actin Cre x SLK™". Global B actin Cre expression SLK+/fl males
and females were bred together to generate wildtype, heterozygotes and knockout mice. No
homozygotes were observed upon weaning.

Actual Expected
Heterozygote (SLK +/fl) 80/116 (69%) 58/116 (50%)
Wild Type (SLK +/+) 36/116 (31%) 29/116 (25%)
Knockout (SLK fl/fl) 0/116 (0%) 29/116 (25%)
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Figure 3.5: Myogenesis occurs normally in SLK Muscle
Knockout Embryos. (A&B) [B-galactosidase histo-chemistry on
cross sections of E12.5 embryos from a wildtype (WT) and SLK-null
(KO) embryo into the ROSA26R background. The location of
neural tube is indicated (*). (C&D) MF20 immunofluorescence
staining to identify differentiated skeletal muscle tissue within
developing E12.5 embryos. The neural tube is indicated (*). (E&F)
E14.5 embryos were stained for MF20. Differentiated myotubes
were observed in both control and knockout muscles. Figure adapted
from Pryce, et al 2017.
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Figure 3.6: Conditional Deletion of SLK in Adult Skeletal Muscles using
the Myf5-Cre Recombinase Mice. (A) Genomic DNA PCR on Heart and
Skeletal Muscle from wildtype and knockout mice using the primers
flanking 3° LoxP sites. Recombination product is only observed following
Cre-mediated deletion (500bp). The 3’F and 3’R primers detect the non-
recombined DNA strand (471bp). The 5’F and 3’R only generate a product
following recombination, whereas the non-recombined allele (>5Kbp) could
not be amplified by the 5’F and 3’R primers. (B) Western blot analysis of
adult TA muscle lysates from wildtype and knockout mice. Anti-SLK
staining of TA muscles from (C) wildtype and (D) knockout mice.
Prominent staining was observed in fibers from wildtype (indicated with
white arrows) but not in knockout. Figure adapted from Pryce, et al 2017.
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addition to a second forward primer upstream of the 5’ LoxP site. As expected, the
recombination product was only observed in the knockout muscle samples and not in samples
from DNA extracted from the heart. The non-recombined product was also observed in DNA
extracted from knockout skeletal muscle and was likely being contributed from a non-myogenic
cellular population. Additionally, western blot and immunofluorescence demonstrated a
reduction in the levels and staining of SLK in knockout muscle fibers. However, a residual SLK
signal within knockout muscles was observed, likely being by other cell types, as this has been
observed in similar knockout models. Immunofluorescence verified that SLK was deleted within

the myofiber.

3.7 Muscle Specific SLK Deficiency Results in Mild Myopathy in Older Mice

We next assessed adult mice for any abnormalities following the deletion of SLK in skeletal
muscles. Body weight and muscle fiber diameter was also analyzed at different ages. We
observed a slight decrease in body mass in SLK knockout mice as well as a decrease in myofiber
size within the TA muscle of 24 week old knockout mice [3.7A&B]. However, there was no
upregulation of markers of muscular atrophy, such or active GSK3p or levels of Atrogin-1 and
MuRF1, [Fig3.7C&D]. Analysis of fiber type distribution did not reveal any obvious differences
between wildtype and knockout mice in either distribution or size of either slow of fast twitch
fibers within the Soleus muscle [Fig3.8]. Therefore, we conclude that skeletal muscle does not

have any aberrant fiber type distribution or severe atrophy due to SLK deletion.
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Figure 3.7: Muscle Specific Knockout of SLK Reduces Body Weight and
Fiber Size in Older Mice. (A) Body mass of wildtype and knockout
littermates was measured from 4 weeks to 22 weeks (n=5/genotype).
Knockouts showed a slight decrease in body mass, which was resolved as they
aged. (B) Fiber cross sectional area of the TA muscle was measured in
wildtype and knockout mice at 3, 12 and 24 weeks (n=5/genotype, students t-
test * p<0.05). Older mice demonstrated a small but significant decrease in
fiber size. (C) Western blot for GSK3p did not show any alterations that would
suggest increase atrophy. (D) QPCR for Atroginl and MurF were unchanged,
indicating no increase in muscle atrophy signalling (n=4/genotype, p<0.05).
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Interestingly, analysis of skeletal muscle from 6 month old mice revealed an increase of the
proportion of centrally located nuclei within the TA muscle of knockout mice that was not
observed in 3 month old mice [Fig3.9A-E]. Additionally, electron micrographs revealed
alterations in mitochondria stability, as swollen mitochondria were observed throughout the
myofibers [Fig3.9F&G]. These results suggest that, although skeletal muscle can develop
normally, the deletion of SLK has adverse effects on myofiber integrity. As in the case of
muscular dystrophy, muscle damage and central nucleation are often times associated with
increase fibrosis and collage synthesis. However, Masson Trichrome staining did not reveal any

significant collagen deposition in SLK knockout muscle [FigH&].

Central nuclear myopathies are commonly associated with decreased force generation.
Therefore, we conducted isometric force tests on wildtype and knockout mice. We analyzed both
the soleus and EDL muscle, as they are comprised of predominately Type 1 and Type 2 fibers
respectively. The average weight of each muscle group was comparable between wildtype and
knockout mice [Fig3.10]. Consistent with the central nucleation observed, both muscle groups
showed a significant decrease in the maximal force generation, with the soleus muscle having a
greater change compared to the EDL [Fig3.10]. These data show that SLK deletion in skeletal

muscle is leading to a myopathy in adult mice.

3.8 Alterations in Focal Adhesion Protein Localization in SLK Knockout Muscles

A plethora of signalling pathways can affect muscle stability, as well as be activated downstream
of muscle damage. We interrogated a number of these signalling pathways by analyzing the

activity of their key regulators. We first assessed several postulated targets of SLK, such as
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Figure 3.10: Isometric Force is Decreased Following SLK Knockout.
The Soleus and EDL muscle fibers were subjected to force measurement
assays (7 wildtypes, 10 knockouts). (A) The mass of the EDL was
unchanged between groups. (B&C) Maximal specific force was
significantly decreased in SLK knockout EDL muscles. (D) Mass of the
Soleus was similarly unaffected by SLK deletion. (E&F) Maximal specific
force was also significantly decreased in SLK knockout Soleus muscles.
The data were analyzed by two-way ANOVA to determine whether the
variations among the experimental groups were significant (* p<0.05).
Figure adapted from Pryce, et al 2017.
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ERM, serine 250 on paxillin and serine 127 on YAP. However, none of these markers were
changed in SLK null muscles [Fig3.11]. A large body of work performed on SLK by our lab has
focused on its role as a mediator of focal adhesion turnover. This is particularly important during
myoblast fusion as well as in myofiber integrity. As SLK has been shown to be activated
downstream of FAK and functions upstream of Paxillin to mediate turnover, we analyzed the
localization and activation status of both of these proteins. The localization of several key
mediators of myofiber structural integirty, such as dystrophin, laminin, and vinculin, did not
change following SLK knockout [3.11A-F]. However, we observed altered localized of both
FAK and Paxillin in a large proportion of myofibers from SLK knockout mice [Fig3.12G-]].
Levels of dystrophin and integrins complexes remain unchanged between the two genotypes as
determined by QPCR [Fig3.12K-N]. This suggests that the loss of SLK induces the redistribution
of these focal adhesion proteins to the periphery of the fiber. While not as critical for myofiber
stability as dystrophin and other members of the DGC, the loss of Paxillin and FAK at the
membrane of myofibers can lead to instability and decreased muscle function. Interestingly,
activity and levels of both Paxillin and FAK remained unchanged [Fig3.120]. A more directed
approach, such as conditional knockouts of these proteins, would be required to conclusively
determine their function in myofiber integrity. Additionally, identification of the mechanisms

regulating their localization would also be necessary to further validate this hypothesis.

3.9 SLK Knockout Delays Muscle Regeneration

Another critical component of skeletal muscle homeostasis is the ability to properly regenerate

upon damage. Perturbations in the ability of satellite cells to activate, proliferate, migrate and
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Figure 3.11: Activation Status of Specific Pathways in SLK-null
Muscles. Various pathways previously shown to be modulated by
SLK, such as Paxillin, and ERM, were analyzed by Western Blot for
altered activity in wildtype and SLK knockout muscles. YAP was also
assessed due to its activation being modulated by MST1/2, a closely
related homologue of SLK.

65



noxoouy

adfipim

st

00
| unoy
— S0
oA -= oL
IM -e-
su

Sl

uubajul aid

uljjixed TTRENTY

uoissaidx3y aAneey

su

uubayul g

uoissaidx3g aanedy

= 00

S0

FO'L

'L

su Loz
uubajul 2»

uoissaidx3 dAneRY

s
L 00
S0
oL
su S’
uiydonsAg

/N

/ P
ulydou

1sAg

uoissaidxg aAneRy

noxo0uy

adfipim

66



Figure 3.12: Localization of Paxillin and FAK is altered in SLK-null
Muscle. Dystrophin (A&B), Laminin (C&D), Vinculin (E&F), Paxillin
(G&H) and FAK (1&J) were stained on muscle sections from wildtype and
knockout mice. Both Paxillin and FAK showed aberrant localization in
SLK knockout muscles. (K-N) Q-PCR analysis was used to determine the
relative mMRNA levels of dystrophin, a7 integrin, B1 integrin and 1D
integrin. (O) Phosphorylation status of FAK and Paxillin were analyzed in
both wildtype and knockout samples (n=3/genotype, p<0.05). Both proteins
were similarly activated in wildtype and knockout muscles. Figure adapted
from Pryce, et al 2017.
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finally fuse into newly generated myofibers can severely impair the ability to restore muscle
function following traumatic injury. Given that SLK deficiency resulted in reductions in
proliferation, migration and fusion we hypothesized that muscle regeneration would be impaired

following SLK deletion.

We first analyzed SLK expression following muscle damage. Wildtype mice were injected with
cardiotoxin in the TA muscle and samples were collected 7 days post injection (DPI).
Interestingly, SLK levels were significantly elevated in smaller regenerating myofibers
[Fig3.13A-C]. Additionally, we observed an increase in total SLK protein levels at 3 and 7 DPI
by western blot [Fig3.13D]. These observations suggest that SLK may be playing a prominent

role in muscle regeneration.

In order to assess muscle regeneration in SLK deficient muscles we injected cardiotoxin into the
TA muscle of 12 week old wildtype and knockout mice. Mice were then sacrificed at 7, 10, and
21 days post injection and TA muscles were collected and sectioned. Sections were stained with
H&E and myofiber cross sectional areas were calculated. Analysis of 7 DPI samples revealed
that there was a reduction in fiber size distribution and myofiber size, indicating a decrease in
regenerative potential in knockout muscles [Fig3.14A-C]. However, analysis of later time points
showed no difference between the two groups [Fig3.14D-I]. Furthermore, assessment of the
percentage of Myf5 and Pax7 positive nuclei revealed that satellite cells were activated similarly

between the two groups [Fig3.15]. Therefore, although there is an initial decrease in myofiber
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Figure 3.13: SLK Expression is induced in Regenerating
Muscles. TA muscle from wildtype mice were injected with
cardiotoxin. (A-C) Sections were stained for SLK and MF20.
Smaller regenerating fibers had more intense SLK staining (white
arrows, A) than neighbouring undamaged fibers. (D) Western blot
analysis on whole muscle extracts revealed a significant increase in
SLK levels 3 and 7 days post injection of cardiotoxin compared to
non-injected controls.
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Figure 3.14: Knockout of SLK Results in Delayed Muscle Regeneration. TA
muscles from 10-12 week old mice were injected with cardiotoxin. Hematoxylin
and Eosin staining was performed on cross sections of cardiotoxin injected TA
muscles from 7 (A&B), 10 (D&E), and 21 (G&H) DPI. The myofiber cross
sectional area from each time point was calculated (n=5/genotype/day, * p<0.05,
** P<0.01, *** P<0.005,). (C) Day 7 samples showed a significant reduction in
the cross sectional area, which was undetectable in 10 (F) and 21 day (I) samples,
indicating an initial delay in muscle regeneration. Figure adapted from Pryce, et al

2017.
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Figure 3.15: Proportion of Myf5 and Pax7 Expressing Cells is
unchanged Following SLK Deletion. Cross sections from 7 DPI samples
were stained for Myf5 (A&B) and Pax7 (D&E). The percentage of Myf5+
(C) and Pax7+ (F) nuclei were unchanged relative to wildtype controls
(n=3/genotype, p<0.05). Figure adapted from Pryce, et al 2017.
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size, SLK deficient muscles regenerate to the same capacity as wildtype controls, with no

apparent inhibition in fusion or decrease in number of activated progenitor cells.

3.10 Discussion and Interpretation of Results

We assessed the role of SLK in myogenesis by performing knockdown studies in vitro as well as
a skeletal muscle specific knockout of SLK. In our cell culture experiments, we demonstrate a
role for SLK in the fusion of myoblasts. Although cellular fusion still occurred, it was greatly
reduced across a differentiation time course. Interestingly, this effect was independent of the
genetic response, as genes such as myogenin and MHC were still induced in SLK knockdown
samples. This phenotype has been reported previously for a number of other proteins. The most
striking example of fusion and differentiation decoupling is the deletion of myomaker (Millay et
al., 2013; Millay et al., 2014). In myomaker null myoblasts, cellular fusion in completely
ablated, but the genetic program is left intact. This leads to fully differentiated mononuclear
myocytes comprising the entirety of the muscle compartment. These findings, along with
numerous other reports, indicate that myoblast fusion and differentiation are two distinct
processes. More relevant to SLK, the deletion of FAK from myogenic precursors also led to a
reduction in myoblast fusion, but did not completely inhibit syncytium formation (Quach et al.,
2009). Therefore, SLK-deficient myoblasts have a reduced capacity to form multi-nucleated
myotubes in vitro. However. SLK deletion in vivo down not affect myogenesis or muscle repair.
Although beneficial to myoblast formation and myofiber integrity, proteins such as SLK and
FAK are dispensable for the formation of skeletal muscle. Many loss of function studies have
shown a benefit of these proteins in muscle regeneration and myoblast fusion, but few other than

studies on myomaker have demonstrated an absolute dependence for myoblast fusion to occur.
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Therefore, based on our observations, we conclude that SLK is a dispensable for myogenesis and

muscle regeneration but is required for myofiber integrity in vivo.
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Chapter 4 — Results:

Decreased SLK Signaling can Alter the Anti-
Myogenic Effects of TGF

74



4.1 Introduction and Rationale

Previously, we have shown that knockdown of SLK in normal mammary epithelial cells
delayed TGFB induced EMT, suggesting that SLK deletion antagonizes TGFf signaling
(Conway et al., 2017). This effect was found to be independent of the canonical TGFp signaling
pathway, as Smad3 was activated in SLK deficient cells. Exposure of myoblasts to TGFf can
significantly impair myoblast differentiation (D. Liu et al., 2001; D. Liu et al., 2004). This is
relevant in the context of muscular dystrophy, as sustained levels of TGF3 promotes fibrosis and
inhibits myoblast differentiation. Blocking TGFp signalling in mouse models of muscular
dystrophy decreased the progression of the disease (Accornero et al., 2014; Nelson et al., 2011).
Therefore, inhibiting TGFp signaling may be a therapeutic strategy in treating various muscle
disorders, including muscular dystrophy. Given that SLK knockdown was sufficient to delay
TGFp induced EMT, we hypothesized that its deletion would block the anti-myogenic effects of

TGFp in myoblasts and restore myoblast differentiation.

4.2 Knockdown of SLK Protects Myoblasts from Anti-Myogenic Effects of TGFp

We first tested the effect of SLK deletion on the anti-myogenic effects of TGFp by
knocking down SLK in C2C12 myoblasts under differentiation conditions in the presence of
TGFp. As before, both AdScramble and AdshSLK-infected cells did not shown any alterations
in the induction of the myogenic transcriptional program following 4 days in differentiation
media [Fig4.1A, lanel&2]. AdshScramble-infected cells treated with TGFp showed a significant
reduction in the expression of myogenin and myosin heavy chain, consistent with previous

reports [Fig4.1, lane3]. Interestingly, SLK depleted cells had significantly higher levels of
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Figure 4.1: SLK Knockdown Protects Myoblasts from the Inhibitory Effect of
TGFB. (A) C2C12 myoblasts were infected with AdshScramble or AdshSLK virus and
differentiated in the presence of 5ng/uL of TGFP. Western blot analysis was used to
assess expression of myogenic markers such as MF20 and MyoG. (B) SLK was knocked
out of primary SLK™ using AdCre myoblasts and differentiated with in the presence of
TGFp. In both cases (A&B), SLK deficiency increased the expression of MyoG and
MHC following treatment with TGFB. (C-F) MyoG levels were assessed on TGFj
treated and untreated cells. SLK knockdown samples treated with TGFf had significantly
more MyoG+ nuclei than treated controls (* p<0.05). (G) Quantification of MyoG+
nuclei from 3 independent experiments. (H) E-box luciferase reporter activity was
decreased in the presence of TGFf, but was rescued upon SLK knockdown averaged
from 3 separate experiments (* p<0.05).
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myogenic gene expression compared to treated Adshscramble controls [Fig4.1, lane4]. Similarly,
SLK knockout in primary myoblasts restored myogenin levels in the presence of TGFp
[Fig4.1B]. Myogenin positive nuclei were similarly increased following SLK knockdown
[Fig4.1C-G]. Consistent with these findings, we find that SLK knockdown cells can activate an
E-box luciferase reporter in the presence of TGF compared to treated control cells [Fig4.1H].

Therefore, reducing SLK levels restores myogenic differentiation in the presence of TGFp.

4.3 SLK Knockdown does not affect Canonical TGFp Signalling

The canonical TGFp signaling pathway has been shown to inhibit myogenic differentiation.
Following phosphorylation, Smad3 binds to MyoD and MEF2C, preventing their association
with co-activators and binding to their respective target sequences. We therefore assessed the
activation of the canonical TGFB signaling pathway following both AdshScramble and
AdshSLK infections. Analysis of TGF stimulated cells showed no detectable changes in the
activation of Smad2 or Smad3 following SLK knockdown [Fig4.2A]. Furthermore, Snail and
Periostin were both induced similarly by TGFp [Figd.2A&B]. Activity of the Smad Binding
Element (SBE) luciferase reporter was also not affected following SLK knockdown [Fig4.2C].
We then explored the possibility that SLK was responding to TGFf stimulation. However, SLK
kinase activity was unchanged following TGFf stimulation [Fig4.2D]. Together, our data show
that SLK does not respond to TGF@ stimulation and its knockdown does not prevent the

activation of canonical TGFp signalling and target gene expression.
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Figure 4.2: Canonical TGFp Signaling is unaffected by the loss of SLK. (A) C2C12
myoblasts were infected with AdshScr or AdshSLK treated with TGFf and samples were
taken every 15 minutes for up to 1 hour. Canonical TGF[ pathway activity was determined by
analyzing phospho-Smad2/3 levels as well as Snail expression. (B) Periostin levels were
analyzed following 4 days of TGFp treatment. Postn was similarly activated by TGFp in
AdshScr and AdshSLK samples. (C) Smad Binding Element (SBE) luciferase activity was
activated by TGFB similarly in both control and knockdown cells suggesting that no
alterations TGFp activation by SLK knockdown. (D) SLK kinase activity was normalized to
levels immunoprecipitated from each sample. Activity was unchanged following treatment
with TGFp as determined by autoradiography.
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4.4 RhoA-GTPase Activity and Phosphorylation are altered by SLK Levels

Previously, it has been shown that SLK can phosphorylate the RhoA-GTPase in smooth muscles
cells downstream of angiotension Il stimulation (Guilluy et al., 2008). RhoA has a complex role
in myogenesis, with reports showing both a positive and negative effect on myogenic gene
transcription (Carnac et al., 1998; Castellani, Salvati, Alema, & Falcone, 2006; Iwasaki et al.,
2008; Wei et al., 1998). We speculated that SLK may be regulating RhoA phosphorylation in
myoblasts, which may be contributing to the observed the enhanced differentiation of SLK-

deficient cells

We first assessed normal RhoA Activity in cultured myoblasts. Upon SLK knockdown, we
observed a significant reduction in RhoA activity [Figd.3A]. Additionally, SLK depletion
significantly reduces RhoA phosphorylation on serine 188 [Fig4.3A]. However, overexpression
of an active SLK construct (YAC) was insufficient to increase RhoA phosphorylation. Contrary
to findings in smooth muscle, we could not readily detect binding between SLK and RhoA in

proliferating or differentiating myoblasts [Fig4.3C].

The observation that SLK knockdown results in a significant downregulation in RhoA activity
suggest that its inhibition enhances myogenesis in the presence of TGFp. We predicted that over
activation of RhoA would revert the rescue of myogenesis following SLK knockdown.
Interestingly, the overexpression of the RhoA-N19 dominant negative mutant was sufficient to
restore myogenin levels in the presence of TGFp [Fig4.4A, Lane9]. However, overexpression of

the active RhoA-V14 could not revert the rescue of differentiation following SLK knockdown
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Figure 4.3: RhoA Activity and Phosphorylation is Decreased Following SLK
Knockdown. (A) RhoA phosphorylation on serine 188 is reduced following SLK
knockdown as determined by Western blot analysis. Rhotekin pulldown revealed
decrease in RhoA activity in SLK deficient cells. (B) Overexpression of active and
inactive SLK did not alter RhoA activity. (C) SLK IP in proliferating (10%FBS) and
differentiating (2%HS) C2C12 samples. RhoA could not be co-immunoprecipitated in
either sample indicating no binding between the two proteins in myoblasts.
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SLK Knockdown. (A) Overexpression of a dominant negative RhoA (N19) was
sufficient to increase differentiation. However, expression of an active RhoA (V14)
could not reverse the rescue conferred by SLK knockdown. (B) Overexpression of
RhoA-188A could not restore differentiation in TGFf treated cells. (C) ROCK
inhibition using Y27632 increases expression of Myogenin and MHC in normal
cells, but could not increase its expression following treatment with TGFf. (D)
Expression of ID3 is unchanged in SLK deficient cells, suggesting no alterations in
ROCK activity (** p<0.01).
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[Fig4.4A]. Additionally, overexpression of a RhoA-188A mutant was also insufficient to
increase myogenin levels following TGF( treatment [Fig4.4B]. Pharmacoloigcla inactivation of
the RhoA kinase ROCK using Y27632 (ROCK:Ii) was previously shown to improve myogenic
differentiation. We speculated that knockdown of SLK and the observed decrease in RhoA
activity would also reduce ROCK activity in myoblasts to enhanced myogenic differentiation in
the presence of TGFB. Although ROCK inhibition alone was sufficient to improve myogenic
differentiation, it could not restore the expression of myogenin or myosin heavy chain in the
presence of TGFp [Fig4.4C]. The promyogenic effects of ROCK inhibition has also been linked
to the expression of 1d3. However, SLK deficient myoblasts had no alterations in 1d3 levels
compared to controls [Fig4.4D]. Together, our data show that, although SLK knockdown leads
to decreased RhoA activity, expression of active RhoA cannot to reverse the pro-myogenic effect

of SLK knockdown following treatment with TGFB. This also suggests that RhoA is not

regulating myogenin expression downstream of TGFp.
4.5 SLK Knockdown Increases p38 Activity in C2C12 Myoblasts
It was previously shown that SLK over-expression increased p38 activity in an ASK1 dependent

manner. However, assessment of muscle lysates from SLK knockout mice revealed that SLK

deficiency increases in p38 activity [Fig4.5A]. Many studies have shown a beneficial role for

p38 in regulating myogenesis. For example, direct phosphorylation of E47 by p38 causes the

formation of a MyoD-E47 heterodimer, activating genes involved in myoblast differentiation.
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Figure 4.5: Activity of p38 is enhanced in SLK Knockout and
Knockdown Samples. (A) Wildtype and SLK knockout muscles
were blotted for active p38. Levels were significantly higher in SLK
knockout, with wildtypes showing undetectable levels of active p38.
(B) C2C12s were differentiated for 3 days following infected with
AdshScramble or AdshSLK. Total Increase phosphor p38 was
observed in SLK knockdown samples compared to controls,
suggesting an increase in activity.
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Therefore, we tested the effect of SLK deletion on p38 activity and myoblast differentiation. We|
assessed p38 activity in SLK deficient cells by knocking down SLK in differentiating myoblasts.
Control cells showed high levels of phospho-p38 in proliferating cells, which steadily decreased
over time in differentiation medium [Fig4d.5A]. As seen in vivo we observed a significant
increase in p38 phosphorylation across the time course following SLK knockdown [Fig4.5B].
These data suggest that SLK deficiency increases p38 activity in both cultured myoblasts and

skeletal muscle.
4.6 Inhibition of p38 Blocks Myogenic Rescue in SLK Deficient Myoblast

Previous studies have shown that increased p38 activity can promote myogenic differentiation.
Conversely, inhibition of p38 signaling impairs myoblast differentiation. Therefore, we tested
whether increased p38 activity in SLK-deficient cells was responsible for the enhanced
myogenic differentiation in the presence of TGFf. We inhibited p38 using SB203580 in the
presence or absence of TGFP. The inhibition of p38 alone was sufficient to decrease
differentiation in both AdScramble and AdshSLK infected cells [Fig4.6A]. More importantly,
the inhibition of p38 was sufficient to prevent SLK deficient cells from differentiating in the
presence of TGFB. These findings suggest that the increased p38 activity following SLK
knockdown plays a role in mediating the induction of differentiation in the presence of TGFp.
We next overexpressed active MKKG6, an upstream activator of p38, and assessed differentiation.
MKKG6 expression on its own was sufficient to increase myoblast differentiation [Fig4.6B].
Interestingly, MKKG6 expression was also sufficient to restore differentiation in the presence of
TGFp, suggesting that an increase in p38 activity can enhanced myogenesis in the presence of

TGFp. Furthermore, we analysed utrophin expression, as it has been previously shown to be
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regulated by p38 (Amirouche et al., 2013; Hadwen et al., 2018). Interestingly, levels of utrophin

were elevated in SLK knockdown myoblasts [Fig4.6C].
4.7 Discussion and Interpretation of Results

TGFp has been shown to inhibit myoblast differentiation. This is an important observation in
muscular dystrophy, where elevated levels of TGF can contribute not only to fibrosis, but also
function to inhibit muscle regeneration. Here, we show that the deletion of SLK is sufficient to
overcome some of the anti-myogenic effects of TGFp. Furthermore, we showed that SLK
deletion results in an increase in p38 activity. Inhibition of p38 was sufficient to reverse the
beneficial effects of SLK deletion. Additionally, activation or p38 by MKK6 was sufficient to
restore differentiation in the presence of TGFpB. These findings will be beneficial in identifying

new therapies for the treatment of muscular dystrophy.
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Chapter 5 — Results:

SLK Expression and Function in Dystrophic
Muscle
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5.1 Introduction and Rationale

SLK deletion in cultured myoblasts results in a reduction in myoblast fusion without affecting
the myogenic transcriptional program. Furthermore, deletion of SLK in skeletal muscle delays,
but does not impair muscle regeneration. These results suggest that SLK is not absolutely
essential for skeletal muscle formation or regeneration. Further work revealed that the
knockdown of SLK can restore myogenic differentiation in the presence of TGFf, suggesting
that SLK is required for the TGF response. This observation is relevant in the context of
muscular dystrophy, in which excess TGFp signalling increases fibrosis and decreases myoblast
differentiation. Therefore, we speculated that Myf5-Cre mediated deletion of SLK in the
dystrophic mdx mouse model would increase myoblast differentiation and decrease the
pathology associated sustained TGFf signalling in muscular dystrophy. In order to test this, we
examined the expression pattern of SLK in dystrophic muscle as well as the effect of crossing

our muscle-specific SLK knockout with the mdx mouse strain.

5.2 SLK Levels are elevated in Regenerating Myofibers of Dystrophic Animals

To investigate the role of SLK in muscular dystrophy we analyzed the relative expression of
SLK within the diaphragm of mdx muscles. Interestingly, SLK protein levels were elevated in
mdx muscle compared to wildtype C57 controls, with no change in SLK kinase activity, as
determined by autophosphorylation [Fig5.1A]. When diaphragm samples of the Golden
Retriever Muscular Dystrophy (GRMD) animal model were analyzed similar increased levels of
SLK were also observed, indicating that this phenomenon is translatable to different models of
dystrophy and was not specific to the mdx mouse model [Fig5.1B]. SLK mRNA is also elevated

in mdx muscle compared to C57 controls [Fig5.1C]. Throughout this analysis, the levels of
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Figure 5.1: Elevated SLK Expression in Regenerating
Myofibers of Dystrophic Muscle. (A) SLK was
immunoprecipitated from control and mdx muscle and subjected to
in vitro kinase assays. No alterations in Kkinase activity were
observed. Analysis of the WCL revealed that total SLK levels were
elevated in mdx muscles. Periostin was used as a control to
demonstrate the dystrophic phenotype. (B) Similar to mdx, muscles
from GRMD have elevated SLK levels compared to wildtype
controls. (C) Q-PCR analysis revealed a 2-fold increase in SLK
MRNA, compared to 10 and 80-fold increase in eMHC (D) and
Periostin (E), respectively (* p<0.05, *** p<0.005). Five
independent samples were used for Q-PCR analysis. Co-staining
for eMHC and SLK in the mdx (F-H) and GRMD (I-J) showed co-
expression of both proteins.
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embryonic Myosin Heavy Chain (eMHC) and Periostin (Postn) were consistently elevated in
dystrophic muscle, demonstrating the induction both muscle regeneration and fibrosis [Fig5.1A,

D&E].

The dystrophic muscle environment is composed of various cell types, such as regenerating
myogenic cells as well as infiltrating immune cells and fibroblasts. Our prediction was that
decreased expression of SLK in myoblasts would inhibit the anti-myogenic effects of TGF,
increase myogenesis and thus enhance muscle function. As the increased SLK expression
observed in the dystrophic muscle could be due to either regenerating myofibers or alternative
cell populations of non-myogenic origin, we performed immunocytochemistry on tissue sections
from mdx and GRMD muscle samples for SLK and eMHC. Interestingly, the most prominent
staining for SLK was mostly co-localized with eMHC in both the mdx and GRMD models
suggesting that regenerating fibers were the major cell type contributing to the increased
expression levels of SLK [Fig5.1F-K]. Together, these results suggest that SLK is highly

expressed within regenerating myofibers of dystrophic animals.
5.3 SLK Deletion in the mdx Background does exacerbate the Dystrophic Phenotype

After demonstrating that SLK was expressed within the myogenic tissue of dystrophic muscle
sections we began crossing the SLK muscle knockout model with the mdx strain. As the deletion
of SLK within skeletal muscle is sufficient to induce a mild myopathy, one possibility is that
SLK ablation will exacerbate the pathology in mdx mice. This may then result in lethality, as is
observed in other double knockout models of muscle dystrophy, such as the utrophin/dystrophin

double knockout model. Conversely, the rescued myogenic differentiation observed downstream
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Figure 5.2: Deletion of SLK on an mdx Background. SLK muscle knockout
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that deletion was efficient in Cre positive mice. SLK knockout was confirmed by
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Figure 5.3: Myofiber Degeneration and Satellite Cell Activation are unchanged
by SLK Deletion in mdx Mice. (A) Evan’s blue dye (EBD) was injected into mice
via intraperitoneal injection (n=4 C57, 8 mdx, 9 mdx:SLKmKO). Diaphragm muscles
were ground and weighed and the amount of EBD was measured using absorbance.
No differences were observed between mdx and mdx:SLK mKO. (B&C)
Representative laminin stain on mdx and mdx:SLK mKO diaphragm sections. These
images were used to calculate central nuclear fibers (%CNF) (D) and fiber diameter
(E) (n=5/genotype). Fiber sizes were binned into groups to assess fiber size
distribution (F). (G-I) Pax7 IHC on muscle sections for enumeration of Pax7+ nuclei
were enumerated (n=5/genotype). No differences were observed between the
genotypes, indicating no alteration in satellite cell activation in mdx:SLK mKO
(0<0.05).

94



of TGFB following SLK knockdown suggests that SLK deficient myoblasts may display
enhanced differentiation compared to normal myoblasts, thus making SLK deletion beneficial to

mdx muscle.

We first assessed the viability of a muscle specific deletion of SLK in the mdx background. We
bred our Myf5-Cre SLK fl/fl mice into mdx background and assessed SLK deletion in adult
muscle tissue. Recombination PCR performed on DNA extracted from skeletal muscle of Myf5-
Cre/SLK™ mdx mice (here after referred to as mdx:SLK mKO) showed the presence of the
recombined PCR product [Fig5.2A]. Additionally, SLK protein and mRNA levels were
significantly reduced in the mdx/SLK null mice compared to mdx alone [Fig5.2B&C]. The
mdx:SLK mKO mice showed no alterations in viability and no indications of decreased lifespan
and mice were born at the predicted ratios. These results indicate that SLK deficiency does not

reduce survivability in mdx mice or exacerbate the madx phenotype.

5.4 Terminal Differentiation is enhanced in mdx:SLK mKO mice

Myofiber degeneration in muscular dystrophy stimulates satellite cell activation and muscle
regeneration. This progressive damage results in immune infiltration and fibrosis. Additionally,
there is enhanced cytokine secretion in dystrophic muscle, such as higher levels of TGFp. It has
been shown that the increased levels of TGFp in the dystrophic environment can inhibit satellite
cell activation, proliferation and differentiation. Given that SLK knockdown restored myogenesis
following TGFf treatment in cultured myoblasts, we speculated that muscle regeneration would

be improved following SLK deletion on an mdx background.
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Figure 5.4: Markers of Terminal Differentiation are Elevated in mdx:SLK
mKO. (A) Diaphragm muscle lysates form 3 month old mdx and mdx:SLK
mKO mice were blotted and probed for Myogenin. Elevated levels of
Myogenin were observed in mdx:SLK mKO muscle. (B) Similarly, elevated
levels of eMHC were observed in the Soleus muscle of mdx:SLK mKO
muscle. (C) EDL muscle lysates showed no marked difference between the
genotypes in the levels of eMHC. (D-F) Myogenin IHC on diaphragm sections
from mdx and mdx:SLK mKO mice (n=5/genotype). The number of MyoG
positive nuclei was significantly elevated in sections from mdx:SLK mKO. (G-
1) Similarly, the number of eMHC positive fibers was increased in mdx:SLK
mKO compared to mdx muscle (n=5/genotype, * p<0.05).
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We first characterized myofiber integrity of the mdx:SLK mKO using Evan’s Blue Dye (EBD)
uptake. Both mdx and mdx:SLK mKO showed a significant increase in the uptake of EBD
compared to C57 controls, indicating enhanced permeability of the myofibers. However, the mdx
and mdx:SLK mKO were not statistically different from each other, suggesting that there was no
alteration in myofiber membrane integrity and myofiber necrosis between the two groups. We
then assessed muscle regeneration by staining cross sections of diaphragms from both mdx and
mdx SLK mKO with laminin [Fig5.3B&C]. These images were then used to calculated myofiber
diameter and central nuclear fibers (CNF) [Fig5.3D-F]. Interestingly, both fiber diameter and
number of CNF were similar between the groups in both the diaphragm [Fig5.3D&E]. No
changes in fiber size distributions were noted between the groups [Fig5.3F]. The sections were
stained for Pax7 and the number of Pax7-positive satellite cells were enumerated within each
muscle section [Fig5.3G-1]. No significant changes were found in the percentage of cells
expressing Pax7, indicating that satellite cells were activated and expanded in both groups. These
results indicate that the satellite cell compartment and myofiber degeneration were not affected

by SLK deletion.

In addition to inhibiting satellite cell activation, TGFf also impairs myoblast differentiation. We
therefore speculated that mdx:SLK mKO muscles may have a differentiation advantage
compared to mdx alone. Therefore, we assessed the levels of the differentiation markers
myogenin (MyoG) and embryonic myosin heavy chain (eMHC). Total levels of MyoG in the

diaphragm were markedly elevated by western blot analysis in mdx:SLK mKO mice [Fig5.4A].
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Additionally, the Soleus but not the EDL showed increased expression of eMHC compared to

mdx controls [5.4B&C]. Supporting this, the number of MyoG positive cells was significantly

increased in the mdx SLK mKO mice compared to mdx, suggesting a greater number of
differentiating cells within these muscles [Fig5.4D-F]. Furthermore, the number of eMHC
myofibers was also significantly elevated [Fig5.4G-I], suggesting that SLK-deficient myoblasts

may have an increased differentiation potential in an inflammatory environment.

5.5 Immune Infiltration, but not Fibrosis, is Reduced in mdx:SLK mKO Mice

A decrease in committed myogenic progenitors is a hallmark of dystrophic muscles. However,
more deleterious aspects of the pathology, such as immune infiltration and fibrosis, contribute
greatly to decreased muscle function in muscular dystrophy. Given that we observed an increase

in regenerating fibers in mdx SLK:mKO mice we assessed fibrosis and immune infiltration.

Fibrosis was analyzed by Masson Trichome staining to visualize collagen deposition within
skeletal muscle. As previously reported, mdx mice had significant collagen deposition (stained
blue) [Fig5.5A]. However, surface area covered by collagen was unaffected in mdx:SLK mKO
when compared to mdx controls at both 3 and 6 months of age [Fig5.5A-D]. We also analyzed
levels of fibrotic markers (such as Perisotin and Vimentin) by Western blot [Fig5.5E], as well as
additional markers by Q-PCR, such as collagen, connective tissue growth factor and fibronectin
[Fig5.5F]. No significant differences in any of these markers were found between mdx and mdx

SLK mKO muscles, indicating that SLK deletion in mdx mice does not decrease fibrosis.
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Immune infiltration was assessed by immunohistochemistry for CD45 on diaphragm sections
from mdx and mdx SLK mKO mice [Fig5.6A&B]. A significant reduction in the total number of
CD45+ cells was observed in mdx:SLK mKO compared to mdx alone, indicating reduced
infiltration of total leukocytes [Fig5.6C]. The overall proportion of macrophages (F480/CD11b
double positive) present in the CD45+ cells in both mdx and mdx SLK mKO mice was not
statistically different [Fig5.6D]. Studies have demonstrated that macrophage polarization has a
significant impact on the inflammatory response and regeneration capacity. However, we did
observe not any changes in the proportion of M1 or M2 positive cells between the two groups
within the CD45+ population [Fig5.6E&F]. Therefore, although the total number of CD45+ cells
is reduced in mdx SLK mKO mice, the proportion of total macrophages in each population, as

well as the polarization, remains unchanged.

5.6 SLK Deficiency Protects the Soleus, but not EDL, from Contraction Induced Injury

Consistent muscle degeneration and fibrosis in muscular dystrophy leads to a reduction in
muscle function. As we observed an increase in the amount of regenerating myofbers in the madx
mKO, we speculated that this would translate into improved of force generation. To analyze
muscle force generation we dissected both the Soleus and EDL muscle, to evaluate muscle

strength and integrity in both Type 1 and Type 2 muscle groups.
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Figure 5.6: Decreased Leuocyte Infiltration in mdx:SLK mKO.
(A-C) Diaphram mdx and mdx:SLK mKO muscles were stained for
CD45 and the total number of positive cells were enumerated.
mdx:SLK mKO had a significant reduction in the number of
CD45+ cells (n=5/genotype, p<0.05). (D) Muscles were digested in
collagenase B and flow cytometry was used to isolate
CD45+/F4/80+/CD11b+ cells (p=5/genotype). (D) The proportion
of CD45+ cells that were F4/80+/CD11b+ (macrophages) was
unchanged between C57, mdx and mdx:SLK mKO mice.
Macrophages were further characterized for M1 and M2
polarization by iINOS and CD206 staining (n=3/genotype) (E&F).
Both mdx and mdx:SLK mKO showed similar polarization profiles
of macrophages in 3 month old mice.
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Consistent with previous findings, the EDL muscle from the mdx showed a significant increase
in mass compared to wildtypes, which was also observed in the mdx SLK mKO [Fig5.7A]. As
expected, EDL muscles from mdx mice had a significant reduction in isometric force compared
to C57 control mice [Fig5.7B]. Isometric force measurements in mdx SLK mKO EDL muscles
were similarly reduced from C57 controls, indicating no improvement in muscle function
following SLK deletion [Fig5.7B]. We next performed eccentric muscle contraction analysis.
Muscles were subjected to 7 consecutive contractions and maximal force production was
measured at each time point. The EDL muscle from mdx showed a significant reduction at each
contraction compared to wildtype controls [Fig5.7C]. EDL muscles from mdx SLK mKO were
similarly affected, indicating that there was no protection from contraction induced injury.In
contrast to the EDL, there was no observable alteration in Soleus muscle mass compared to non-
dystrophic mice [Fig5.7D]. Although there was a significant reduction in force generation in the
mdx Soleus the mdx:SLK mKO Soleus was not statistically different from mdx [Fig5.7E].
Similar to the Soleus, repeated eccentric contractions reduced the force generation in the mdx
compared to C57 controls [Fig5.7F]. Surprisingly, in contrast to the EDL, repeated contraction in
the mdx:SLK mKO did not show a reduction in force generation [Fig5.7F]. Collectively, these
results demonstrate that SLK deficiency does not alter maximal specific force, but can protect
some muscle groups from contraction induced injury. Other contractile properties remained

unchanged between the genotypes [Table 5&6].
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Figure 5.7: Soleus Muscle from mdx:SLK mKO are protected from
Eccentric Contraction Induced Injury. (A) EDL muscles were isolated
from C57, mdx and mdx:SLK mKO mice and weighed. Mdx and mdx:SLK
mKO had a similar increase in weight compared to C57 controls. (B)
Isometric force was measured for the three genotypes. Both mdx and
mdx:SLK mKO were similarly reduced compared to C57 controls (n=. (C)
Eccentric contraction induced injury similarly reduced maximal force
generation in mdx and mdx:SLK mKO. (D) Soleus muscles were weighed,
with no observable change in weight between the genotypes. (E) Isometric
force generation was significantly reduced in the mdx background compared
to controls. Mdx:SLK mKO mice were not statistically different from either
group. (F) mdx mice showed a dramatic decrease in maximal force generation
following eccentric contraction induced injury which was not observed in
mdx:SLK mKO, suggesting that mdx:SLK mKO soleus muscles are protected
from eccentric contraction induced injury. Muscle weight and isometric force
data are presented as +/- standard error of the mean (*P < 0.05, **P < 0.01, ***P <
0.005 and ****P < 0.001). Eccentric contraction data are presented as means +/-
standard errpr pf the mean. Significance denoted as * mdx significantly different
from C57BL/10J , # mdx-SLK-mko significantly different from C57BL/10J and ¢
mdx significantly different from mdx-SLK-mko.
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Table 5. Contractile and physical properties of EDL muscles.
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Genotype |n|Muscle@massgmg) 135D |Body@veightdg) *3D | LO@mm)& 3D | TPTms) +BD | 1/2RTEms) *BD
C57 8 114 .8 30.1 2.9 129 +@.8 24 B 19 fa)
MDX 8 139 7.0 31.3 7.8 124  £@.5 25 R 27 7

MDXBLKEnko | 8 13.2 7.8 30.3 3.4 125 @.6 27 B 28 |




Table 6. Contractile and physical properties of Sol muscles.
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Genotype |n|Muscle@nassdmg) +3D |Body@veightdg) 3D [ LOgmm)E +BD | TPTAms) 3D | 1/2RTEms) *BD
C57 8 9.7 0.5 30.1 2.9 12.3 +@D.8 51 +B 51 B
MDX 8 10.6 0.9 31.3 .8 12.2 tA.0 60 ¥ 72 179

MDXBLKEnko | 8 9.3 .4 30.3 8.4 124 +D.8 62 7 68 23



5.7 RhoA Activity is decreased in mdx:SLK mKO mice

Our previous data showed a reduction in RhoA activity and phosphorylation following SLK
knockdown in C2C12 myoblasts. Although this did not contribute to the increased myogenesis
observed following SLK knockdown, we investigated whether RhoA activity was affected in
mdx:SLK mKO mice. Interestingly, in both mdx and GRMD muscle samples, RhoA levels and
phosphorylation were elevated compared to controls [Fig5.8A&B]. Surprisingly, mdx:SLK mKO
muscles showed decreased phosphorylation at Serine 188 and decrease total RhoA, but did not

show any marked changes in RhoA GTPase activity [Fig5.8C].

5.8 Activity p38 is elevated in mdx SLK mKO mice

We have previously shown that SLK deletion in skeletal muscle leads to increased activity of
the p38 kinase. Interestingly, inhibition of p38 prevents the induction of MyoG imparted by SLK
knockdown in the presence of TGFB. Given that we observed an increase in the myogenin and
eMHC in mdx:SLK mKO muscles, we speculated that there was a similar increase in p38 activity
in mdx:SLK mKO mice. Similar to previous findings, we observed elevated activity of p38 in
skeletal muscle from the mdx and GRMD models [Fig5.9A&B]. Interestingly, total levels of p38
appeared to be higher in GRMD muscles compared to controls. We used western blot to analyze
protein lysates from mdx and mdx:SLK mKO diaphragms. Our data show a significant increase
in p38 activity in mdx:SLK mKO muscles compared to mdx controls, suggesting that the
increased activity of p38 may be contributing to the enhanced regeneration [Fig5.9C].
Additionally, levels of utrophin were also elevated in mdx:SLKmKO muscle [Fig5.9D]. An
increase in P-p38/MyoG double positive nuclei in the mdx:SLK mKO compared to mdx alone

was also observed [Fig5.9E-F]. These findings demonstrate and increase in p38 activity.
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Figure 5.8: RhoA S188 Phosphorylation is decreased in mdx:SLK mKO.
(A) RhoA phosphorylation and total levels are elevated in mdx muscle
compared to wildtype control. (B) Similar to mdx, GRMD muscles also showed
a dramatic elevation in both S188 phosphorylation and total levels of RhoA.
(C) mdx:SLK mKO muscles had a decrease in both S188 phosphorylation and
total levels of RhoA, but no alteration in RhoA-GTPase activity.
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muscles compared to mdx. (E) IF for P-p38 and MyoG showing increased double
positive nuclei (white arrows) in mdx:SLK mKO compared to mdx. (F)
Quantification for percentage of double positive nuclei in (E) (* p<0.05).
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5.9 Discussion and Interpretation of Results

Previously, we found that the knockdown of SLK was able to rescue differentiation in C2C12
and primary myoblasts treated with TGF in a p38 dependent mechanism. We speculated that
this effect could be translated into the mdx model, where high levels of TGFp impairs the
myogenic potential of activated satellite cells. Prior to deleting SLK in the mdx model, we first
analyzed SLK expression to ensure that it was indeed expressed within the myogenic precursors
of mdx muscle. Surprisingly, we observed a dramatic increase in the levels of SLK which was
found to be predominantly localized to regenerating myofibers. Deletion of SLK in the mdx
background results in a significant increase in the levels of terminal differentiation markers, with
no changes in myofiber damage or force generation. These findings suggest that the increase in
terminal differentiation is not due to increase myofiber necrosis following SLK deletion, as
uptake of EBD is not elevated by SLK deletion. Although fibrosis was unchanged in mdx:SLK
mKO mice, the total level of CD45+ leukocytes was reduced suggesting an improvement in the
pathological features of muscular dystrophy. Therefore, we concluded that muscle specific

deletion of SLK could not fully restore muscle function in a dystrophic environment.
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Chapter 6 — Discussion
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6.1 Summary of Major Findings

Duchenne Muscular Dystrophy is a fatal X-linked inherited disorder characterized by severe
muscle damage and loss of function (Flanigan, 2014). The underlying cardiomyopathy and
respiratory problems associated with the disease lead to a dramatically decreased lifespan in
patients suffering from the disorder. Identifying pathways regulating muscular dystrophy is
required in order to develop novel therapies. Treatments targeting pathologies such as impaired
muscle regeneration, increased immune infiltration and fibrosis have been shown to greatly
enhance muscle function in DMD (Falzarano, Scotton, Passarelli, & Ferlini, 2015; Guiraud &
Davies, 2017; Kim et al., 2015; Salmaninejad et al., 2018). In this study, we investigated the
effect of a muscle specific SLK deletion on muscle development and regeneration as well as the
potential for SLK deletion to restore terminal differentiation in muscular dystrophy. We
observed that decreased levels of SLK protected myoblasts from the anti-myogenic effects of
TGFB, a cytokine elevated in DMD muscle. We have shown that SLK expression is significantly
elevated within regenerating muscle tissue from both mdx and Golden Retriever Muscular
Dystrophy models. Furthermore, we demonstrated that the deletion of SLK did not exacerbate
the pathology of the mdx mouse, but rather increased myoblast differentiation and protected
specific muscle groups from eccentric contraction induced injury. Here, we discuss the relevance
of the major findings of this study as well as avenues of research that require future study to

unravel the role of SLK in skeletal muscle physiology.

6.2 SLK in Myoblast Fusion and Muscle Regeneration

The differentiation of myoblasts into skeletal muscle requires a co-ordinated transcriptional
response as well as the fusion of mono-nucleated cells into multi-nucleated myofibers (Hindi et

al., 2013). The cascade of transcription factors is well defined and consists of various muscle
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specific proteins such as MyoD and Myf5 and later the critical transcription factor myogenin
(Bentzinger et al., 2012). Although the mechanisms regulating the differentiation of myoblasts
into mature myofibers are well understood, the processes of myoblast fusion in mammalian cells
are less characterized. In this study, we demonstrated that SLK deficiency results in decreased
myoblast fusion and delayed muscle regeneration, but did not affect myoblast differentiation
[Fig3.1&Fig3.14]. Many studies have identified various signalling kinases as being critical for
myoblast fusion through knockdown and genetic knockout experiments. Examples of kinases
shown to be involved in myoblast fusion are the Focal Adhesion Kinase (FAK) and Protein
Kinase C Theta (PKC 0) (Madaro et al., 2011; Quach et al., 2009). Similar to SLK deletion, the
reduction in the expression of both FAK and PKC 6 results in decreased myoblast fusion without
impacting the differentiation genetic program. These studies demonstrate that the processes of
myoblast differentiation and fusion are two independent and parallel processes. Additionally, the
deletion of these proteins from myoblasts only reduces and not completely inhibits cell-cell
fusion, as evidenced by the sustained levels of syncytium formation in deleted myoblasts. In vivo
deletion also decreased muscle regeneration and formation, but does not completely inhibit either
process, similar to the genetic deletion of SLK. Given that SLK, FAK and PKC 8 are not
exclusively expressed in myogenic cells, and that their deletions do not completely inhibit
cellular fusion, it is likely that their roles in myoblast fusion are not directly involved in
syncytium formation itself. A more likely explanation is that these proteins mediate cytoskeletal
remodeling and other processes such as cell migration, turnover of membrane proteins or gene
expression that are not absolutely required for myoblast fusion. Indeed, the deficiency in FAK

led to a reduction in B1D integrin and caveolin 3 expression, which were found to partially
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mediate myoblast fusion (Quach et al., 2009). Further studies are required to determine the exact

roles play by these proteins during myoblast fusion.

More recently, with the discovery of the muscle specific proteins Myomaker and Myomerger, it
has become clear that cellular fusion-specific processes and proteins exist (Millay et al., 2013;
Millay et al., 2014; Quinn et al., 2017). In contrast to SLK, deletion of Myomaker and
Myomerger resulted in the complete absence of myoblast fusion as compared to a reduction.
Although their specific functions remain somewhat elusive, the eventual identification of
downstream pathways will no doubt clarify the role of many other proteins in the fusion process.
Although SLK appears to be critical for myoblast fusion in vitro, muscle development and
regeneration are not hindered by its deletion, suggesting that it is not essential for myoblast

fusion in vivo.

Muscle regeneration is delayed, but not inhibited in SLK-null muscles [Fig3.14]. In addition to
its role in myoblast fusion, we also demonstrated that SLK-deficient myoblasts show both
decreased proliferation and migration compared to controls cells [Fig3.2]. One explanation for
the decreased fiber size observed at 7 days post injury could be decreased proliferation of
myogenic progenitors. However, the number of Pax7+ cells is not affected in SLK knockout
muscles [Fig3.15]. In addition to proliferation, myoblast migration was also impaired following
SLK knockdown. Therefore, SLK deficient muscle progenitors may be delayed in their
recruitment to sites of injury, thus leading to the delayed muscle regeneration observed in SLK

knockout muscles. As SLK has been shown to mediate various cellular functions, SLK could
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also play a role in recognition, adhesion or membrane fusion depending on its cellular

localization.
6.3 SLK’s Role in Muscle Development and Myofiber Integrity

Previously, our lab generated a global SLK knock out model by replacing the 3’ region of SLK
with a LacZ fusion protein (gene trap) (Al-Zahrani et al., 2014) [Figl.5]. This rendered SLK
functionally null, as it could no longer phosphorylate target proteins. Mutant embryos
homozygous for this allele were developmentally normal until E12.5. Beyond this time point,
significant morphological defects were observed in mutant embryos. Cellular compartments such
as the developing nervous system and skeletal muscles were smaller and less organized than
wildtype controls. These findings made it difficult to determine the underlying cause of the
developmental defects. Interestingly, we observed a significant decrease in placental
vascularization, suggesting that SLK deficiency abrogates placental formation, essentially
starving the mutant embryos. In our conditional Myf5-Cre:SLK™ mice, Cre expression is
detected early on during myogenic commitment and therefore the early muscle compartment
would be deficient in SLK expression. Interestingly, in contrast to the global null model, there
was no developmental delay in the expansion of the myogenic compartments as evidenced by
staining with LacZ and Myosin Heavy Chain in ROSA26R reporter mice [Fig3.5]. These
findings eliminate the possibility that the early embryonic deletion observed in our global null
model was due to a deficiency in SLK within the myogenic compartment. Therefore, SLK

expression is not required for the embryonic development of skeletal muscle.
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The molecular mechanisms of SLK signalling have been predominantly studied in fibroblasts. In
these cells, a role for SLK at the leading edge of migrating cells has been established. SLK has
been shown to be activated downstream of FAK and Src signalling and to play a role in cell
migration following scratch wounding in vitro (Wagner et al., 2008). In addition, SLK has been
demonstrated to phosphorylate the adapter paxillin to induce focal adhesion turnover, a process
necessary for cell motility (Quizi et al., 2013). This is of particular importance in developing
myofibers as the components of the focal adhesion complex play a pivotal role not only in
myoblast fusion, but also in the development and integrity of the costameres and attachment
tendon (Peter, Cheng, Ross, Knowlton, & Chen, 2011; Quach & Rando, 2006). Costameres are
active sites for signaling and sarcomere attachment to the ECM. Interestingly, our previous
studies indicated that SLK localized with o actinin, a critical mediator of myofiber stability
within the costamere (Storbeck et al., 2004). A more recent study supported these observations
by demonstrating that SLK binds directly to o actinin-4 (Jaberi et al., 2015). Deletion or
mutations of costamere-associated proteins result in an increase in central nuclei, decreased force
generation and, in some cases, lethality. Our studies show that SLK-deficient muscles display
altered localization of FAK and Paxillin, two important costamere proteins [Fig3.12].
Interestingly, vinculin localization was not affected, suggesting that SLK deletion might affect
only a subset of costameric proteins. Nevertheless, this is likely to affect costameric signaling
and to result in weaker attachment of the MTJ and the sarcomere. Based on our findings, SLK
appears to be a regulator of myofiber integrity and stability. However, the phenotype observed
following SLK deletion was much less severe than for other cytoskeletal regulators such as Talin
and integrin linked kinase (ILK) (Conti, Monkley, Wood, Critchley, & Muller, 2009; Gheyara et

al., 2007). This may be in part due to compensation from an alternative pathway that remains to
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be uncovered. Nevertheless, SLK deficiency results in similar mis-localization of focal adhesion
proteins within the myofiber. Further work is required in order to understand exactly how SLK

contributes to the stability of this complex.

6.4 SLK Kinase Activity is required during Myoblast Differentiation

We have previously reported that over-expression of the truncated/inactive mutant of SLK, KAC,
prevents the fusion of C2C12 myoblasts (Storbeck et al., 2004). However, muscle-specific
overexpression of a full length dominant negative SLK driven by the human skeletal actin
promoter (HSA-K63R) results in enhanced muscle regeneration as well as an increase in the
fusion index of isolated primary myoblasts (Storbeck et al., 2013). As SLK phosphorylation and
activation requires homo-dimerization, binding of wildtype SLK to the K63R mutant would
render the dimer inactive, suggesting that the K63R functions in a dominant negative fashion
(Cybulsky, Guillemette, Papillon, & Abouelazm, 2017; Delarosa et al., 2011). Supporting this,
HSA-K63R mice show reduced overall kinase activity. The conflicting results from the studies
using the KAC and K63R models made it necessary to design a muscle specific knockout of SLK
to investigate the effect of SLK deficiency on skeletal muscle formation. The Myf5-Cre
recombinase model was used to generate SLK muscle knockout mice in early muscle progenitors
(E8.5 in the core muscles and 10.5 in limb muscles) (Sabourin & Rudnicki, 2000). Additionally,
Pax7+ satellite cells arise from embryonic myoblasts, most of which express Myf5 during
development (Gros et al., 2005). Therefore, our Myf5-Cre model would mediate deletion of SLK
during early embryogenesis and in adult satellite cells. Surprisingly, deletion of SLK had no
apparent effect on embryonic development, but caused a delay in muscle regeneration following
cardiotoxin induced injury. These observations are in stark contrast to the enhanced regeneration

observed in the HSA-K63R model, but similar to the decreased fusion observed after KAC
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overexpression in C2C12s. Similarly, SLK deletion significantly reduced primary myoblast

fusion in vitro, while the HSA-K63R mice had an increased fusion index.

One possible explanation for these apparent inconsistencies is the expression pattern of the
promoters used to drive K63R or Cre expression. Our in vitro and in vivo experiments
performed here demonstrate that deletion of SLK prior to differentiation results in decreased
myoblast fusion and delayed muscle regeneration, similar to the expression of the KAC mutant
(Storbeck et al., 2004). However, the HSA promoter is activated much later during
differentiation and thus would not drive expression of K63R until terminal differentiation is
initiated (Storbeck et al., 2013). These differences suggest that SLK activity is required in the
early stages of differentiation, but needs to be downregulated as differentiation proceeds. In line
with this observation, we have observed that levels of SLK are significantly lower in
differentiated skeletal muscle compared to actively regenerating skeletal muscle [Fig3.13]. In
addition, our assessment of SLK kinase activity in differentiating C2C12 myoblasts showed a
decrease across a differentiation time course, further suggesting that SLK activity needs to be
downregulated during myogenesis [Fig3.1]. Therefore, we would predict that deletion of SLK
using the HSA-Cre recombinase would have a similar phenotype as that of the HSA-K63R. The
generation of an inducible SLK knockout model using both the Pax7-Cre™" and the HSA-Cre™"
would allow us to induce SLK deletion within the satellite cells and myofibers, respectively upon
tamoxifen injection. Furthermore, the ability to induce SLK deletion would allow us to maintain
its expression during embryonic development, thus allowing a more direct assessment of its

functional role in adult tissue to be studied.
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An alternate possibility for these divergent phenotypes is that SLK plays both kinase-dependent
and -independent roles during the differentiation and the maturation process. Kinase-independent
roles may include localization of binding partners to specific sub-cellular areas. The expression
of a full length kinase dead SLK in differentiating cells would still allow any potential molecular
scaffolding functions in the HSA-K63R model. However, in the SLK knockout model, both
kinase-dependent and independent processes would be impaired during development and repair.
The loss of possible scaffolding functions in the SLK knockout muscles likely leads to anchoring
defects of focal adhesion proteins, as these were not observed in the HSA-K63R model.
Additionally, there was no obvious increase in centrally located nuclei in the HSA-K63R model,
indicating that there was no progressive muscle damage. We have previously shown that SLK
knockdown, but not K63R overexpression, results in a decrease in TGFB-mediated EMT
demonstrating that kinase-independent roles for SLK exist (Conway et al., 2017). Recently, our
lab has developed K63R knock-in mutation. This was designed using Crispr/Cas9 mediated
editing of the SLK locus, with homologous recombination using a template DNA containing
mutations necessary to generate the K63R mutant. To date, we have observed that heterozygous
mice harbouring the K63R mutation are viable with no apparent defects. Assessing embryonic
development of K63R homozygotes will begin to delineate between kinase-dependent and
independent functions of SLK. If SLK primarily plays kinase independent functions within
skeletal muscle we would not expect to see the myopathy observed in the Myf5-Cre:SLK™™
model. However, if its primary function in skeletal muscle is dependent on its kinase activity

then we would anticipate a similar phenotype to develop.
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6.5 SLK Inhibition in the Treatment of DMD

Current treatment options for muscular dystrophy alleviate the symptoms of DMD such as
inflammation without correcting the underlying cause of the disease (Kim et al., 2015).
However, recent advances in the field of genetic engineering have provided new tools for
development of clinical therapies. For example, mini dystrophin replacement was effective at
increasing muscle strength in mdx mice (Li et al.,, 2006). Clinical trials are currently in
development for exon-skipping technologies with encouraging results (Charleston et al., 2018).
More recently, Crispr/Cas9 mediated repair of mutations in mouse and dog models of muscular
dystrophy have been successful at restoring dystrophin expression and reverting disease
progression (Amoasii et al., 2018). Modified Crispr vectors have been designed to upregulate
utrophin in mdx mice and curb disease progression without causing DNA damage, thus
eliminating the possibility of aberrant repair occurring following Cas9 cleavage (Liao et al.,
2017). However, patients suffering from DMD have progressive muscle wasting that is
characterized by persistent immune infiltration and fibrosis, which itself can prevent the
activation of endogenous satellite cells and muscle repair that cannot be readily reversed.
Therefore, simply repairing the underlying mutation using approaches such as Crispr/Cas9 may

not be useful alone and should therefore be performed in combination with additional therapies.

As SLK inhibition protects myoblasts from the anti-myogenic effects of TGF and increased
differentiation in mdx mice, the therapeutic targeting of SLK within the myoblasts of DMD
patients could provide the same beneficial effects. Modifying these cultured myoblasts using
Crispr/Cas9 repair dystrophin mutations as well as rendering them deficient in SLK expression

would therefore allow these cells to not only be resistant to the fibrotic environment via SLK
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deletion, but also re-introduce dystrophin to DMD patients. Similar techniques could also be
used to treat other muscular dystrophies using appropriate guide RNA sequences. Alternatively,
transient downregulation of SLK activity using SLK specific inhibitors may also prove to be
beneficial in increasing myoblast differentiation. However, prior to the use of broad SLK
inhibitors in muscular dystrophy, the effect of SLK deletion on other cell types need to be
examined. A large body of evidence suggests that SLK deficiency causes a decrease in cell
motility and proliferation (O'Reilly et al., 2005; Wagner et al., 2008). Therefore, the use of an
SLK inhibitor may be sufficient to reduce both of these properties in invasive cells types, such as
fibroblasts and immune cells. Further in vivo experiments with specific inhibition of SLK in
macrophages and fibroblasts will be useful to elucidate the possible side effects of SLK

inhibitors in the dystrophic muscle.

SLK deletion in skeletal muscle resulted in a central nuclear myopathy characterised by
decreased force generation. Therefore, inhibition of SLK in muscular dystrophy may affect
myofiber stability. However, our results demonstrated that deletion of SLK using Myf5-Cre
recombinase in the mdx model did not increase muscle degeneration, as myofiber permeability
and force generation were not affected. These findings demonstrate that although normal muscle
is affected by the loss of SLK, mdx mice do not show a compounded effect following SLK
deletion. Myf5-Cre mediates deletion of SLK within developing skeletal muscles, thereby
rendering the entire myogenic lineage, including myofibers, deficient in SLK expression. It is
possible that the deletion of SLK early during embryogenesis affects myofiber stability.
Therefore, satellite cell specific deletion of SLK using the Pax-Cre®" in lieu of the Myf5-Cre

model would allow us to specifically delete SLK in muscle progenitor cells and preserve SLK
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expression in the myofiber. The prediction would be increased myogenic differentiation without
any effect on myofiber integrity. Additionally, using an inducible Pax7 and HSA Cre drivers
would allow us to further delineate between a progenitor cell and myofiber effect of SLK

deletion that cannot be readily delineated using the Myf5-Cre model.

Interestingly, we observed that SLK deletion in the mdx mouse protected the Soleus, but not the
EDL, from contraction induced injury. A previous study by our lab showed that SLK was
predominantly expressed within Type 1 fibers (Storbeck et al., 2004). Given that the Soleus is
composed of mostly Type 1 fibers, one possibility is that SLK deletion in muscle groups
expressing high levels of SLK is beneficial or more apparent. The EDL composed predominantly
of fast twitch type Il fibers may not display any obvious benefits. However, analysis of muscle
groups from mdx mice revealed that there was no difference in expression of SLK between
different muscle groups. Therefore, the difference in resistance to contraction induced injury may
not be solely be attributed to differential fiber type expression of SLK. Another possibility is that
the Soleus is less affected than the EDL in muscular dystrophy (Moens, Baatsen, & Marechal,
1993). This phenomenon had been previously reported by others. This would make the beneficial
effects of SLK deletion more apparent in the Soleus. We observed a significant increase in the
expression of embryonic myosin heavy chain (eMHC) in the soleus and diaphragm, but not the
EDL, suggesting increased terminal differentiation in those muscle groups. Alternatively, the
resistance to contraction induced injury observed may also be due to elevated utrophin
expression observed due to increased p38 signalling. Nevertheless, SLK deletion renders some

muscle groups resistant to injury in the mdx model.
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6.6 SLK and p38 Signalling in Muscular Dystrophy

The activity of p38 has been shown to be critical for myoblast differentiation. Exogenous
expression of p38 in rhabdomyosarcoma cells increased MyoD and MEF2 transcriptional
activity, which stimulated terminal differentiation (Puri et al., 2000). In contrast, treatment of
myoblasts with p38 inhibitors or specific deletion of p38a. also decreased the expression of
terminal differentiation markers (Wu et al.,, 2000; Zetser, Gredinger, & Bengal, 1999).
Collectively, these results demonstrate that p38 activity has a pro-myogenic function. In addition
to its role in myogenesis, p38 also upregulates cellular stress and apoptotic signaling (Wissing et
al., 2014). As for muscle-specific deletion of SLK in vivo, the activity of p38 is also enhanced in
cultured myoblast deficient for SLK, suggesting that enhanced p38 activity may enhanced
terminal differentiation in SLK deficient myoblasts [Fig4.5]. Indeed, inhibition of p38 using
SB203580 blocked myogenic induction conferred by SLK deletion in the presence of TGFp
[Fig4.6]. Similarly, enhancing p38 activity via the expression of an over-active MKK6 construct
rescued myogenesis downstream of TGFf, similar to an SLK knockdown [Fig4.6]. Together,

these data suggest that SLK deficiency upregulates p38 activity, enhancing myogenesis.

Consistent with our results, a previous study reported enhanced levels and activity of p38 in
animal models of muscular dystrophy (Wissing et al., 2014). However, this study determined
that upon p38 deletion in the mdx mouse there was a significant reduction in fibrosis and
improvement of many of the pathologies associated with the mdx mouse. Furthermore,
overexpression of the active of MKKG6 severely exacerbated the pathology of the mdx mouse.

These results initially appear to conflict with our findings, in which p38 activity appears to be
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beneficial to mdx muscles. However, this study also demonstrated a significant decrease in the
activity of downstream apoptotic pathways following p38 deletion. Additionally, over activation
of p38 through muscle specific expression of an active MKK6 construct increased myofiber
necrosis as well as increased the activation of apoptotic pathways. The authors concluded that
the decreased apoptosis downstream of p38 deletion was responsible for the rescue of the disease
phenotype. Previous studies have demonstrated that increased SLK signalling results in increased
apoptosis through various pathways (Cybulsky et al., 2010; Hao et al., 2006; Sabourin &
Rudnicki, 1999; Sabourin et al., 2000). Therefore, SLK deletion may also decrease myofiber
susceptibility to cell death. . In addition, the deletion of p38 in this model is driven by myosin-
light chain Cre, which would inactivate p38 in myofibers but not in myoblasts. Therefore, p38
activity in myofibers may be primarily mediating a stress response, whereas its role in
proliferating myoblasts is to mediate cellular differentiation. The expression of MKKG6 was also
driven on the same promoter, which could also explain the lack of beneficial effects of MKK6
expression of myogenesis. Finally, this study showed that treatment of mice with a p38 inhibitor,
SB731445, resulted in similar effects as p38 deletion. However, given that drug treatments
would not be selective to myoblast populations alone, these effects could be attributed to
decreased p38 activity in infiltrating immune cells. Indeed, the activity of p38 has been shown
play a role in the immune response, such as macrophage polarization. Therefore, although direct
inhibition of p38 within myoblasts may be detrimental to muscle regeneration, inactivation in
other cells types may actually promote muscle repair and restore muscle function. These studies
highlight the necessity to consider both temporal and spatial activation of Cre-recombinase and

inhibitors when designing and interpreting experimental results.
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In addition to its role in apoptosis, p38 signalling has also been shown to be responsible for the
self-renewal of satellite cells (Bernet et al., 2014). In aged skeletal muscles, satellite cells lose
their capacity to expand and renew the stem cell population, leading to impaired muscle
regeneration. This process was determined to be a cell autonomous effect as satellite cells from
older mice transplanted into younger skeletal muscles failed to rescue the expansion defect. The
activity of p38 in aged satellite cells was found to be elevated compared to satellite cells from
younger mice. Partial inhibition of p38 using a low dose of SB203580 restored aged satellite
cells asymmetric cellular division, whereas a higher dose blocked asymmetric division.
Therefore, although necessary for myoblast differentiation, over activation of p38 results in
decreased asymmetric cell division and reduces the expansion of the satellite cell compartment.
Therefore, inhibition of SLK may lead to increase p38 activity, which could result in exhaustion
of the satellite cell pool, thus exacerbating the disease state of muscle dystrophy. This could be
further explored in vivo by performing repeated cardiotoxin injections in mice and assessing the
repopulation of the satellite cell niche following resolution of muscle injury. Previous reports
have shown that utrophin expression can be modulated through P-p38 activity via the
stabilization or utrophin mRNA. Consistent with this, we observed an increase in utrophin levels

possibly mediated through the same mechanism.

6.7 Indirect Role for SLK in TGF Signalling in Myoblasts

Previously, we demonstrated that SLK downregulation inhibited TGFp induced EMT (Conway
et al., 2017). This effect was found to be independent of the canonical Smad2/3 pathway.
Similarly, SLK knockdown in C2C12 myoblasts blocked myogenic inhibition by TGFp
treatment independent of Smad2/3 phosphorylation [Fig4.1&Fig4.2]. SLK kinase activity was
not altered by TGFB stimulation, suggesting that SLK was not contributing to or directly
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responding to a TGFp induced response [Fig4.2]. One explanation for the rescue of myoblast
differentiation in the presence of TGF(B is that SLK deletion independently increases p38
activity. This increased activity in p38 could stimulate the pro-myogenic effects without
perturbing TGFB signalling Indeed, activation of p38 signalling independently of SLK
knockdown was sufficient to observe a similar phenotype and blocking p38 activity reverted the
rescue conferred by SLK knockdown. Therefore, SLK might function to decrease myoblast
differentiation through repression of a p38 signaling axis that, when activated, is sufficient to

increase myoblast differentiation.

6.8 Uncovering Novel Phosphorylation Targets for SLK

Several SLK substrates have been identified. However, few have been physiologically validated.
For example, our analysis of Paxillin phosphorylation on Serine 250, a previously identified
target of SLK in fibroblasts, did not reveal any significant change between wildtype and
knockout mice (Quizi et al., 2013). The phosphorylation of RhoA on Serine 188 was proposed
to reduce RhoA-GTPase activity. However, in C2C12 myoblasts, decreased phosphorylation of
Serine 188 leads to a reduction in RhoA activity (Guilluy et al., 2008). Decreased RhoA activity
could be due to enhanced turnover of RhoA, as a decrease in Serine 188 phosphorylation also
makes active GTP bound RhoA more susceptible to proteasome breakdown (Rolli-Derkinderen
et al., 2005). Finally, another group has shown that SLK is capable of phosphorylating ASK1,
an upstream regulator of p38 (Hao et al., 2006). The same group also found that SLK over
expression increases ASK1 phosphorylation on a yet undetermined residue, and that this increase
p38 phosphorylation. This is in direct contrast to what was observed in SLK knockout muscles

where SLK deficiency led to a dramatic increase in p38 activity. One possibility is that the
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phosphorylation of ASK1 may be inhibitory and thus deleting SLK enhances ASK1 and p38

activity, driving myoblast differentiation.

In an effort to uncover novel phosphorylation targets of SLK, our lab has recently designed
mutations of the ATP binding pocket to accept an analogue of ATP (Y. Liu, Shah, Yang,
Witucki, & Shokat, 1998). These mutations were previously characterized to accept a bulky N6-
benzyl moiety. Essentially, only a kinase domain with the appropriate mutation can use this ATP
analogue to phosphorylate substrate. The same N6-benzyl analogue has a thio-labelled tertiary
phosphate. In this way, targets of the mutant SLK will be tagged with the thio-labelled
phosphate, which can be detected using mass spectrometry. This method will be a useful tool to
begin to elucidate novel phosphorylation targets of SLK in vitro. The findings of this study will
no doubt yield results useful in determining new pathways regulated by SLK and will be

essential in understanding its biological function.

6.9 Conclusion

In this study, we explored the role of SLK in skeletal muscle using a genetic knockout in early
embryonic myoblasts. Our results demonstrate that SLK plays a role in myofiber stability and
muscle regeneration, but is dispensable for overall skeletal muscle formation. Furthermore, we
show that SLK deficiency is capable of restoring differentiation in the presence of TGFf, which
is in part mediated through a p38 dependent mechanism [Fig6.1]. Finally, we found that levels of
SLK were elevated in dystrophic muscle and that muscle specific deletion of SLK in mdx mice

was sufficient to increase terminal differentiation. These finds suggest that SLK inhibition may
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be a useful therapeutic means to restore myoblast differentiation in skeletal muscle disorders

where myoblast differentiation is impaired, such as muscular dystrophy and cachexia.
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Figure 6.1: Model for Restoration of Differentiation following SLK Knockdown.
(A) In wildtype myoblasts, treatment with TGFb increased both canonical Smad4 gene
activation and inhibits myogenic differentiation through Smad3 association with MyoD.
SLK maintains low activity of p38, possibly through inhibition of ASK1/TAK1. (B)
Upon SLK knockdown, inhibition on p38 is relieved, resulting in increased
phosphorylation of E47, leading to heterodimerization with MyoD. This leads to
increased differentiation. However, the canonical role of Smad signalling is intact.
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