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Abstract
Regulation of Myoblast Fusion by Creatine Kinase B and its Interacting Partners
By Adriana Simionescu Bankston

Myoblast fusion is critical for proper muscle growth and regeneration. During
myoblast fusion, the localization of some molecules is spatially restricted, however the
exact reason for such localization is unknown. Creatine kinase B (CKB), which
replenishes local ATP pools, localizes near myotube ends. To gain insights into the
function of CKB at the ends of myotubes, we sought to identify CKB interacting proteins
using a yeast-two hybrid screen. We identified molecules with a broad diversity of roles,
including actin polymerization. Given the importance of actin polymerization for
myoblast fusion, we focused on the interaction between CKB and various actin isoforms,
as well as actin regulatory proteins. Using co-immunoprecipitation, we identified a-
skeletal-actin and a-cardiac-actin, two predominant skeletal muscle actin isoforms, as
novel CKB interacting partners, which also colocalized with CKB in cultured mouse
myotubes. Importantly, inhibition of CK activity by cyclocreatine treatment led to
depolymerized F-actin in myotubes, as well as reduced myotube size and number,
suggesting that CKB may be an essential factor for myotube formation by interacting
with and modulating the actin cytoskeleton. However, CKB did not directly interact with
a-skeletal-actin by co-sedimentation, indicating that intermediary proteins likely mediate
the interaction between CKB and the actin cytoskeleton. CKB could therefore regulate
actin dynamics indirectly via actin regulatory proteins, such as the N-BAR domain
protein, Bridging integrator 3 (Bin3), which we also identified as a CKB interacting
partner. We found that Bin3 regulated myofiber size in vitro and in vivo, as well as
migration of differentiated muscle cells, where it colocalized with F-actin in lamellipodia.
In addition, Bin3 formed a complex with Racl and Cdc42, Rho GTPases involved in
actin polymerization, and regulated their activity in differentiated muscle cells. Overall,
these results suggests a Bin3-dependent pathway is a major regulator of actin dynamics in
differentiated muscle cells, which may, in turn, be modulated by the ability of CKB to
provide ATP for actin polymerization.
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Chapter 1: Introduction

Skeletal muscle myogenesis is fundamental to muscle growth and regeneration.
During myogenesis, satellite cells, the adult muscle stem cells, are mitotically quiescent.
In response to trauma or muscle injury, however, satellite cells proliferate, giving rise to
progeny myoblasts. Myoblasts then differentiate into myocytes, which migrate, adhere
and fuse to one another or to existing myofibers to restore the muscle tissue architecture
(Relaix and Zammit 2012). In vitro studies have allowed researchers to mimic to muscle
regeneration process in the absence of other cell types. In this context, satellite cells
proliferate, differentiate, migrate, adhere to one another and fuse, giving rise to nascent
myotubes in vitro, which are small and have few nuclei; after subsequent rounds of
fusion, mature myotubes form, which are large and have many nuclei (Abmayr and
Pavlath 2012). Migration and fusion, two major points of focus in this dissertation, are
essential for both muscle growth and repair. Thus, identifying the molecules that regulate
these two processes can provide insights into the fundamental mechanisms of
myogenesis, as well as provide avenues for therapeutic strategies to improve muscle
growth and regeneration following injury.

Myotube formation requires extensive membrane and actin dynamics. In this
dissertation, we concentrated on identifying novel regulators of myotube formation
among molecules controlling actin dynamics. Therefore, the central goal of this
dissertation was to discover novel proteins involved in myotube formation through
regulation of actin polymerization. Actin polymerization, which is crucial for myotube
formation, is an ATP-dependent process (Lodish et al. 2000). Creatine kinase (CK)

enzymes replenish the local ATP pool (Wyss and Kaddurah-Daouk 2000). Previous data



show CK may be important for myotube formation (O'Connor et al. 2008). To define the
mechanisms by which CK may contribute to myotube formation, our first goal was to
find novel CK interacting proteins. We hypothesized that CK may provide ATP for
actin polymerization during myotube formation. However, a direct connection between
CK and actin dynamics during myogenesis has not been previously established. Our data
identify a-skeletal-actin and a-cardiac-actin, two predominant skeletal muscle-specific
actin isoforms, as novel binding partners of the cytosolic CK enzyme brain-type creatine
kinase (CKB) (Simionescu-Bankston, et al., unpublished). Additionally, we show the
activity of cytosolic CK enzymes is necessary for regulating actin polymerization in
muscle cells (Simionescu-Bankston, et al., unpublished). Chapter 4 outlines CKB as a
regulator of ATP-dependent actin polymerization during myotube formation.
During our studies of CKB interacting proteins, we identified the N-BAR domain
protein Bridging integrator 3 (Bin3). BAR domain proteins regulate membrane and actin
dynamics (Frost et al. 2009, Ren et al. 2006), likely ATP-dependent processes. Thus,
CKB could provide ATP for Bin3-dependent actin regulation during myotube formation.
Therefore, our second goal was to identify the role of Bin3 in myogenesis. We show
Bin3 is a novel regulator of myofiber size and branching in vivo (Simionescu-Bankston et
al. 2013). Although the exact mechanism regulating myofiber branching is unknown,
migration and fusion are likely to contribute. Our in vitro studies further suggested that
Bin3 is involved in migration of differentiated muscle cells, as well as in myotube
formation (Simionescu-Bankston et al. 2013). Thus, our third goal was to determine
the mechanism of Bin3 action in muscle cells. Our findings indicated Bin3 is involved

in both muscle cell migration and formation of lamellipodia, which are actin-based



protrusions associated with motility (Simionescu-Bankston et al. 2013). Importantly, our
results further suggest a Bin3-dependent pathway is a novel regulator of Ras-related C3
botulinum toxin substrate 1 (Racl) and Cell division control protein 42 (Cdc42) activity
in differentiated muscle cells (Simionescu-Bankston et al. 2013).As Racl and Cdc42 are
small GTPases associated with myotube formation and actin polymerization, Bin3 may
drive actin-dependent processes during myogenesis in a small GTPase-dependent
manner. Chapter 5 outlines Bin3 as a regulator of myotube formation by controlling
actin polymerization via small GTPases in muscle cells.

The research presented in this dissertation identifies CKB and its interacting
partners, a-skeletal-actin, a-cardiac-actin and Bin3, as novel regulators of myotube
formation. These findings suggest CKB may provide ATP for a-skeletal-actin, a-cardiac-
actin and/or Bin3-dependent regulation of muscle cell migration and fusion. Overall, our
data provide insights into the regulation of myotube formation via a CKB-dependent
pathway. This work could have important implications in finding therapies for muscle

diseases where myotube formation is greatly impaired.
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Chapter 2: Background and Significance

2.1 Skeletal Muscle

Skeletal muscle is a complex and highly organized tissue that comprises 40-50%
of total body weight, and is critical for locomotion, breathing and posture (Powers and
Howley 1997). Skeletal muscle is susceptible to injury after direct trauma, or resulting
from neurological dysfunction or innate genetic defects. These injuries may lead to loss
of muscle mass, locomotive deficiency, and in the worst cases lethality. However, adult
skeletal muscle possesses remarkable regenerative capacity. Upon muscle injury, a set of
cellular responses is activated, resulting in the regeneration of a well-innervated, fully
vascularized, and contractile muscle apparatus (Charge and Rudnicki 2004). Thus,
understanding the mechanisms of skeletal muscle repair is critical for developing

therapeutic strategies for muscle diseases.

2.1.1 Skeletal Muscle Structure and Function

Each skeletal muscle is tethered to skeletal bone and surrounded by a layer of
connective tissue called the epimysium. Muscles are composed of fascicles/bundles of
muscle fibers, or myofibers, which are multinucleated muscle cells (Fig. 2.6.1). A tough
connective tissue layer known as the perimysium surrounds each fasciculus, and it is
through this layer that nerves and blood vessels are found. While the nerves are involved
in muscle contraction as described later, the extensive vascularization of the muscle
tissue provides essential nutrients for muscle function. Each muscle fiber is surrounded
by a plasma membrane, the sarcolemma, largely composed of phospholipids and some

cholesterol. Outside the sarcolemma surrounding each myofiber is the endomysium, also



called the basal lamina (Fig. 2.6.1), another layer of connective tissue acting as a scaffold
for muscle fiber formation and recovery from injury. The role of these connective tissue
layers is transmission of force from the muscle fibers to the tendons (Chromiak and
Antonio 2008), transforming myofiber contraction into movement.

Muscle contraction is initiated by motor neurons extending outward from the
spinal cord and innervating individual muscle fibers at the neuromuscular junction,
followed by acetylcholine (Ach) stimulation of the muscle fiber to depolarize (Chromiak
and Antonio 2008), a signal to start the contractile process. Importantly, Na" and K*
channels enable to sarcolemma to conduct a change in electric potential and therefore
propagate an action potential down the muscle fiber for contraction (Chromiak and
Antonio 2008). Each myofiber expresses characteristic molecules for contractile function,
such as different myosin heavy chain (MHC) isoforms and metabolic enzymes, however
the precise mechanisms defining myofiber contractile properties remain to be defined
(Wigmore and Evans 2002). Individual skeletal muscles are composed of a mixture of
myofibers with different physiological properties, ranging from a slow-contracting/
fatigue-resistant type to a fast-contracting/non-fatigue-resistant type (Charge and
Rudnicki 2004, Chromiak and Antonio 2008), and the proportion of each fiber type
within a muscle determines its overall contractile property.

Myofibers are composed of hundreds of parallel myofibrils, which are long,
cylindrical filaments extending the length of the muscle fiber. Myofibrils are the largest
functional unit of the myofiber, and are composed of sarcomeres, lined up head-to-head
in the myofibril. The sarcomere is the smallest functional unit of the myofiber, composed

of actin (part of the thin filament) and myosin (major component of thick filaments), as



well as many cytoskeletal proteins. The highly organized arrangement of thick and thin
filaments gives myofibers their striated appearance of dark and light bands. Sarcomeres,
arranged in parallel in adjacent myofibrils, extent from one Z line to another, and the
number of sarcomeres within a muscle fiber is related to the capacity of the myofiber to
produce force (Chromiak and Antonio 2008). Overall, the functional properties of
skeletal muscle depend on the maintenance of a complex framework of myofibers, motor

neurons, blood vessels, and extracellular tissue matrix.

2.1.2 Skeletal Muscle Regeneration

Adult mammalian skeletal muscle is a stable tissue with little turnover of nuclei
(Decary et al. 1997). In a normal adult rat muscle, no more than 1-2% of myonuclei are
replaced every week (Schmalbruch and Lewis 2000). However, in response to severe
damage, skeletal muscle regenerates, giving rise to a large number of new myofibers
within a few days (Bintliff and Walker 1960, LeGros Clark 1946). Since myofibers
contain post-mitotic myonuclei, nuclei from outside the myofiber are necessary for
muscle growth and repair (Allen et al. 1999). Satellite cells, the adult muscle stem cells,
repair the muscle after injury (Relaix and Zammit 2012). After their initial identification
in 1961 (Katz 1961), satellite cells were given their name due to the close association
with the periphery of the frog myofiber (Mauro 1961). Satellite cells are primarily
quiescent, dividing very infrequently under normal conditions in the adult. Quiescent
satellite cells (Figs 2.6.1, 2.6.2) are situated in indentations between the sarcolemma and
the basal lamina (Muir et al. 1965), and remain associated with the surface of the

developing myofiber during muscle development (Charge and Rudnicki 2004). Following



activation by various mechanisms (Le Grand and Rudnicki 2007), satellite cells move
outside the basal lamina, proliferate and their progeny (Fig. 2.6.2) progress down a
myogenic lineage (Hawke and Garry 2001, Schultz and McCormick 1994). Therefore,
activated satellite cells are essential for postnatal muscle growth and repair (Bischoff
1994, Relaix and Zammit 2012, Seale and Rudnicki 2000). Following activation, a subset
of satellite cell progeny returns to the quiescent state to maintain the satellite cell pool
(Dhawan and Rando 2005) for future rounds of regeneration (Fig. 2.6.2).

Muscle regeneration is characterized by two phases: a degenerative phase and a
regenerative phase. In the degenerative phase, a disruption of the myofiber sarcolemma,
as well as myofiber necrosis, take place (Charge and Rudnicki 2004). Subsequently, an
immune response ensues, in which factors released by the injured muscle provide
chemotactic signals for circulating inflammatory cells (Rappolee and Werb 1992, Tidball
1995). Neutrophils invade the injured muscle first (Fielding et al. 1993, Orimo et al.
1991), followed by macrophages, which clear debris (Arnold et al. 2007, Tidball and
Villalta 2010); this immune response is critical for proper muscle regeneration (Arnold et
al. 2007, Grounds 1987). In the regenerative phase, quiescent satellite cells re-enter the
cycle and proliferate, differentiate, migrate, adhere and fuse with one another (Fig. 2.6.2)
or with existing myofibers (Papadimitriou et al. 1990, Robertson et al. 1990, Robertson et
al. 1993b). Subsequently, small myotubes fuse with one another (Robertson et al. 1990)
and with the stumps of the parent myofiber (Papadimitriou et al. 1990, Robertson et al.

1993b), eventually giving rise to the fully regenerated myofiber (Fig. 2.6.2).
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2.1.2.1 Branched Myofibers During Myogenesis

Branched myofibers, more commonly known as “split myofibers,” constitute an
abnormal regeneration phenotype, in which new myotubes are formed within the old
basal lamina following myofiber necrosis. Ultimately, each new myotube becomes
enclosed in its own basal lamina, and the old basal lamina is lost; as a result, the basal
lamina of the parent myofiber is contiguous with that of several smaller daughter
myofibers (Bourke and Ontell 1984, Ontell 1986, Ontell and Feng 1981). Myofiber
branching can be either simple, with one branch, or complex, with many branches
forming an “anastomosing syncytial reticulum” (Isaacs et al. 1973, Tamaki and Akatsuka
1994, Tamaki et al. 1997, Tamaki et al. 1993). The patterns of myofiber branching
reported in the literature (Fig. 2.6.3) are bifurcations at one end of the myofiber
(bifurcated-end), a single narrow branch (process), or an opening in the center (split)
(Lovering et al. 2009). Although there are occasional reports of branched myofibers in
normal muscles of the chicken (Gollnick et al. 1983) and rat (Gollnick et al. 1981), the
occurrence of myofiber branching under these conditions is extremely low (Tamaki et al.
1992) or even absent in some muscles (Gollnick et al. 1983). Myofiber branching was
initially described in the literature about 100 years ago as longitudinal fiber division,
commonly occurring in muscular dystrophy (Durante 1902, Erb 1891), and was later
shown to be elevated in response to age (Bockhold et al. 1998), injury (Hall-Craggs 1972,
Tamaki and Akatsuka 1994, Tamaki et al. 1997), hypertrophy (Hall-Craggs 1970,
Tamaki et al. 1996), and muscle transplantation (Bourke and Ontell 1984, Ontell et al.
1982). Subsequent reports of myofiber branching in muscular dystrophy also followed

(Chan et al. 2007, Head et al. 1992, Isaacs et al. 1973, Lovering et al. 2009, Ontell and
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Feng 1981, Schmalbruch 1984, Tamaki et al. 1993), with dystrophic muscle fibers being
weaker and more prone to injury than myofibers from non-dystrophic muscles (Chan et
al. 2007, Head et al. 1992). More recently, branched myofibers were shown conclusively
to be regenerating myofibers, by the presence of centrally located nuclei (Chan et al.
2007, Griffin et al. 2009). In spite of the detrimental effect of branched myofibers on
muscle function, the mechanisms involved in the branching process are not well
understood. Satellite cells migrate along the growing myofiber to be added to the growing
tip (Hurme et al. 1991). In addition, mouse odorant receptor 23 (MOR23) (Griffin et al.
2009, Pavlath 2010a), the first molecule found to regulate myofiber branching during
regeneration, controls in vitro muscle cell migration and cell-cell adhesion (Griffin et al.
2009). These studies suggest aberrant migration and/or adhesion may be likely
mechanisms for myofiber branching. Alternatively, fusion defects have also been
proposed to lead to myofiber branching (Schmalbruch 1976), however this hypothesis has
not been thoroughly tested. In addition, whether branched myofibers arise due to the
longitudinal myofiber splitting into several small myofibers (Schwartz et al. 1976), or
alternatively due to incomplete lateral fusion of myotubes within the same basal lamina

(Ontell 1986, Schmalbruch 1976, Schmalbruch 1984) is unknown.

2.2 Migration and Fusion During Myogenesis

Muscle growth and repair involve a series of ordered steps, including migration
and fusion, which are two major points of focus in this dissertation. These two processes,
which are critical for proper myogenesis, are also highly dependent on actin remodeling.

Therefore, migration and fusion during myogenesis will be described in detail in the
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context of muscle growth and repair, with a focus on the molecules controlling actin

dynamics.

2.2.1 Factors Controlling Muscle Cell Migration

Myogenic cell migration is a pre-requisite for postlesional muscle regeneration
(Bischoff 1997). A variety of muscle trauma conditions stimulate migration of myogenic
cells including ischemia (Phillips et al. 1987, Schultz et al. 1988), thermal injury (Morgan
et al. 1987, Phillips et al. 1990), crushing (Schultz et al. 1985, Watt et al. 1994), and
exposure to snake venom toxin (Klein-Ogus and Harris 1983). Localized muscle trauma
produces factors that stimulate satellite cell chemotaxis towards the site of injury (Schultz
et al. 1985, Watt et al. 1994). Macrophages produce growth factors, such as platelet-
derived growth factor (PDGF), fibroblast growth factor (FGF) and transforming growth
factor B (TGF-P), potent chemoattractants for myoblasts (Table 2.6.1), leading them to
eventually fuse to one another into myofibers (Robertson et al. 1993a). In addition,
cytokines and chemokines may also play a role in this process (Robertson et al. 1993a).
While satellite cells can migrate within the muscle (Klein-Ogus and Harris 1983, Phillips
et al. 1990, Phillips et al. 1987, Schultz et al. 1988, Schultz et al. 1985, Watt et al. 1994)
or between adjacent muscles (Watt et al. 1987), very little is known about the molecules
involved in regulating migration of muscle cells during regeneration.

Much of the current knowledge about chemotactic factors for muscle cells comes
from in vitro studies. During in vitro myogenesis (Fig. 2.6.4), satellite cells give rise to
progeny myoblasts, which migrate and differentiate into myocytes. Myocytes, in turn,

also migrate, adhere and fuse, giving rise to myotubes in two distinct stages of fusion
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(Abmayr and Pavlath 2012). Muscle cell migration is necessary to achieve cell—cell
contact during myogenesis, which is required both to trigger differentiation (Krauss et al.
2005) and to allow myocytes to fuse in vitro. Some regulatory factors that influence
myoblast migration modulate the velocity or direction of cell migration, whereas others
regulate the clearance of extracellular matrix at the leading edge of migrating cells, thus
facilitating cell motility (Griffin et al. 2009, Horsley et al. 2003, Jansen and Pavlath 2006,
Lafreniere et al. 2006). Myotube formation and growth in vitro are enhanced by both
positive and negative regulators of cell migration (Simionescu and Pavlath 2011). Potent
chemoattractants for proliferating myoblasts in vitro include extracellular factors (growth
factors, chemokines, cytokines), cell surface proteins (laminins, integrins) and
transmembrane proteins (various receptors) (Table 2.6.1). Negative regulators of
myoblast migration identified to date, which comprise only cell surface proteins, are
much fewer (Table 2.6.1). While positive migratory factors promote cell fusion by
increasing the probability of myoblasts being close to one another, negative migratory
factors may enhance cell fusion by acting as a “brake” on migrating cells to facilitate
cell—cell contact and adhesion. Interestingly, with the exception of the actin cytoskeleton,
which is involved in regulating various aspects of myogenesis, no other cytoplasmic
proteins have been identified as regulators of muscle cell migration.

While both myoblasts and myocytes migrate during myogenesis, myocytes
exhibit less motility than myoblasts (Griffin et al. 2010, Powell 1973). In addition, few
migratory factors are known to promote myocyte migration (Table 2.6.1). For example,
myocytes do not migrate to hepatocyte growth factor (HGF) and platelet-derived growth

factor (PDGF), the canonical myoblast migratory factors, but instead migrate more
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readily to the extracellular factor stromal cell-derived factor 1 (SDF1) than myoblasts do
(Griffin et al. 2010). In addition, two transmembrane proteins, mannose receptor (MR)
(Jansen and Pavlath 2006) and mouse odorant receptor 23 (MOR23) (Griffin et al. 2009),
are necessary for myocyte migration prior to fusion. Future studies should focus on
downstream pathways that might help explain why migratory factors differ between

myoblasts and myocytes.

2.2.2 Regulation of Myoblast Fusion

Although muscle cell migration is required for fusion to occur, migration is still
relatively far removed from the actual fusion process. Fusion of mononucleated
myoblasts to form multinucleated myofibers is an essential step in skeletal muscle
differentiation and growth (Darr and Schultz 1989, Horsley et al. 2001, Mitchell and
Pavlath 2001, Phelan and Gonyea 1997, Rosenblatt and Parry 1992). In addition,
myoblast fusion is also important for muscle repair. Some muscle diseases, such as
centronuclear myopathy and myotonic dystrophy, may be due partly to defects in
myoblast fusion (Farkas-Bargeton et al. 1988, Wockel et al. 1998).

The best-studied model of vertebrate myoblast fusion occurs during adult
regenerative myogenesis. No current methods allow direct visualization of the steps of
myogenesis in vivo in mice; therefore alternative measurements are used as an indirect
readout. These measurements include morphological examination of myofiber cross-
sectional area (CSA), isolation of single myofibers with attached satellite cells, as well as
isolation and purification of primary mouse muscle cells. Indeed, cell culture models of

myoblast fusion in vitro, utilizing primary muscle cells isolated from mouse, rat or
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human muscles, or established mouse muscle cell lines (Abmayr and Pavlath 2012),
allow careful dissection and analysis of the ordered steps leading up to the formation of
multinucleated myotubes (Fig. 2.6.4), which are equivalent to immature myofibers in
vivo (Bischoff 1978, Knudsen 1992, Knudsen and Horwitz 1977, Wakelam 1985).
Finally, these in vitro studies also demonstrate that myoblasts do not generally fuse with
other cell types (Okazaki and Holtzer 1965).

Upon mitogen withdrawal, myoblasts differentiate into elongated cells, which
migrate towards one other and undergo recognition and adhesion. Following adhesion,
alignment occurs through the parallel apposition of the membranes of elongated
myoblasts (Wakelam 1985). Finally, membrane union takes place by a mechanism that is
incompletely understood, but involves coated vesicles in close proximity to the aligned
plasma membranes (Lipton and Konigsberg 1972, Przybylski and Blumberg 1966, Rash
and Fambrough 1973), leading to fusion of several differentiated myoblasts with one
another to form small, nascent myotubes with few nuclei. Subsequently, differentiated
myoblasts fuse with nascent myotubes, to generate mature myotubes containing many
nuclei. Therefore, mammalian myoblast fusion is a two-step process, generating nascent
and mature myotubes, respectively (Horsley et al. 2001, Horsley et al. 2003, Horsley and
Pavlath 2004). Finally, fusion also occurs between myotubes (Horsley et al. 2001,
Peckham 2008, Rash and Fambrough 1973, Robertson et al. 1990), although the
mechanisms underlying myotube-myotube fusion are not well understood.

The orientation of the fusion process has been studied in mammalian C2C12
myoblasts, where fusion events occur in multiple orientations. Lateral fusion takes place

between a myoblast and a myotube, as well as perpendicular fusion of two myoblasts,
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followed by perpendicular fusion of the resultant myotube with another myotube (Nowak
SJ et al. 2009). These different modes of fusion may be due to spatial and temporal
regulation of myoblast fusion. Spatial regulation refers to molecules exhibiting very
specific localization during the fusion process (Table 2.6.2): molecules with symmetric
localization, found at the contact region between the two cells and present in both cells,
include metalloproteases, cell-cell adhesion molecules, and membrane components, but
very few cytoplasmic proteins; in contrast, molecules exhibiting asymmetric localization,
found at the contact region between two cells, but in only one of the cells, include actin
and other cytoplasmic molecules, but very few cell-cell adhesion molecules (Pavlath
2010b). Temporal regulation of myoblast fusion occurs via certain molecules regulating a
specific step of the two-step fusion process. Whereas many molecules are involved in
regulating the fusion of myoblasts with one another (Horsley and Pavlath, 2004), few
molecules regulating the fusion of myoblasts with nascent myotubes are known (Table
2.6.2). In addition, some molecules are only expressed by nascent myotubes, whereas
others are expressed by both myoblasts and myotubes during later fusion stages, and
these molecules are associated with migration and cell-cell adhesion (Pavlath 2010b).
Thus, regulation of myoblast fusion likely occurs by multiple mechanisms.

Many molecules orchestrate the various steps of myoblast fusion, including
extracellular factors (prostaglandins, cytokines, growth hormones), cell surface proteins
(integrins and other glycoproteins), transmembrane proteins (receptors and others),
intracellular proteins (including many actin regulators) and a few nuclear proteins (Table
2.6.2). However, until recently, no molecule deemed essential for myoblast fusion has

been found. Interestingly, myomaker, a muscle-specific transmembrane protein, is both
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necessary and sufficient to promote myoblast fusion in vitro and in vivo, suggesting this
molecule may be the long-sought myogenic fusion protein controlling mammalian

myoblast fusion (Millay et al. 2013).

2.2.3 Actin Dynamics During Myogenesis

Extensive cytoskeletal reorganization occurs both before and after fusion (Fulton
et al. 1981). Before fusion, cultured myoblasts are highly migratory (Griffin et al. 2010),
requiring extensive actin remodeling. In order to move, cells must extend their plasma
membrane forward at the front, or leading edge, of the cell (Ridley et al. 2003), resulting
in various protrusions (Ridley 2011), among which lamellipodia and filopodia are most
extensively studied. However, little is known about actin dynamics during mammalian
muscle cell migration in the context of these protrusions.

Prior to fusion, muscle cells exhibit lamellipodia, originally described as thin
sheet-like regions (Abercrombie et al. 1970) found at the leading edge of various cell
types (Friedl and Gilmour 2009, Weijer 2009), including muscle precursors in chick
embryos. Lamellipodia contain branched actin filaments (Abercrombie et al. 1971, Small
et al. 2002), driving the forward protrusion of the plasma membrane during extension
(Ridley et al. 2003) and directional migration (Suraneni et al. 2012). In lamellipodia,
small GTPases Racl and Cdc42 activate various actin regulatory proteins (Ridley 2011),
leading to actin-related protein-2/3 (Arp2/3)-dependent actin polymerization
(Campellone and Welch 2010, Lai et al. 2008, Mullins et al. 1998), but whether these
small GTPases regulate lamellipodia formation during muscle cell migration is unknown.

Interestingly, lamellipodia are also involved in later stages of myoblast fusion, with
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myotube-myotube fusion occurring between the leading edge of lamellipodia of one
myotube and the lateral plasma membrane of the other (Mukai and Hashimoto 2008).

Once in differentiation media, both actin filaments and microtubules reorganize in
fusing myoblasts (Lu et al. 2001, Musa et al. 2006, Straube and Merdes 2007, Swailes et
al. 2006, Swailes et al. 2004). During early myoblast alignment, a cortical actin wall,
composed of many parallel and tightly bundled F-actin filaments, extends the length of
the plasma membrane of the two aligned cells, possibly providing a temporal barrier for
fusion until the myoblasts are completely aligned and ready to fuse (Duan and Gallagher
2009). Fusing myoblasts then exhibit filopodia, which are exploratory extensions from
the plasma membrane containing parallel bundles of actin filaments (Ridley 2011).
Filopodia are generally utilized by cells to probe their environment (Lewis and Bridgman
1992, Small and Celis 1978, Svitkina et al. 2003), as well as to connect fusing myoblasts
along the entire length of the membrane contact for membrane fusion (Stadler et al.
2010). The small GTPase Cdc42 may be required for filopodia formation (Le Clainche
and Carlier 2008) during cell spreading (Guillou et al. 2008) and may be involved in
Arp2/3-dependent actin regulation in cells (Machesky and Insall 1998, Prehoda et al.
2000, Rohatgi 1999). However, filopodia still form in cells depleted of Cdc42 (Czuchra
et al. 2005, Pellegrin and Mellor 2005), and some reports suggest Arp2/3 may be
excluded from filopodia (Svitkina and Borisy 1999). However, whether Cdc42 is
involved in filopodia formation in fusing myoblasts is unknown.

Many molecules, including cytoplasmic proteins, regulate myoblast fusion and
actin polymerization (Table 2.6.2), suggesting various ways of regulating the fusion

process via actin regulatory proteins. Importantly, the small GTPases Racl and Cdc42 are
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required for recruitment of F-actin and other cytoskeletal proteins to contact sites, and are
essential for myoblast fusion in the mouse (Vasyutina et al. 2009). In addition, Dedicator
of cytokinesis 180/1 (Dock180/Dock1) and Guanine nucleotide exchange protein 100
(GEP100/Brag2) act as GEF proteins for small GTPases, while also regulating myoblast
fusion in mice (Pajcini et al. 2008). Moreover, knockdown of Nck-associated protein 1
(Nap1), a molecule part of the WASP-family verprolin-homologous protein (WAVE)
actin-remodeling complex, which eventually acts on Arp2/3, results in the accumulation
of filamentous actin (F-actin) structures at the plasma membrane; interestingly, these
structures correlate with a decrease in myoblast fusion (Nowak SJ et al. 2009).

Cell surface proteins are also involved in actin regulation upstream of small
GTPases. Cadherins are linked to and can influence actin organization through a- and 3-
catenin. Thus, M-cadherin-dependent adhesion activates Rac1l through the RhoGEF Trio,
which is required for myoblast fusion, whereas activation of the small GTPase RhoA
results in degradation of M-cadherin, and further inhibits fusion (Charrasse et al. 2007,
Charrasse et al. 2006). In addition, the small GTPase ADP-ribosylation factor 6 (Arf6) is
also part of and required for the M-cadherin/Rac1/Trio complex to form (Donaldson
2008). Integrins are also likely to be important for actin reorganization, as they can bind
to extracellular matrix proteins through their extracellular domain, and can also interact

with the actin cytoskeleton using their cytoplasmic domain (Arnaout et al. 2005).

2.3 Creatine Kinase
ATP is necessary for proper cellular function. The cellular ATP pool is relatively

constant, but ATP itself is rather unstable. Creatine kinase (CK) replenishes local cellular
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ATP (Ames 2000, Tachikawa et al. 2004, Wyss and Kaddurah-Daouk 2000), and thus
plays an important role in energy transduction in tissues with large and fluctuating energy
demands, including skeletal or cardiac muscle, brain, retina, and spermatozoa
(Wallimann and Hemmer 1994, Wyss and Kaddurah-Daouk 2000). Moreover,
dysregulated CK is associated with many diseases, such as heart disease, mental diseases,
cancer and inflammatory diseases (Balasubramani et al. 2006, Burklen et al. 2006,

Huddleston et al. 2005, Ishikawa et al. 2005, Meffert et al. 2005).

2.3.1 Roles of Creatine Kinase in ATP Production and Actin Regulation

Four mammalian creatine kinase (Ck) genes encode two cytosolic (brain-type Ckb
and muscle-type Ckm) and two mitochondrial (ubiquitous Ckmt! and sarcomeric Ckmt2)
isoforms (Wyss and Kaddurah-Daouk 2000). The mitochondrial CK isoforms catalyze
the reversible transfer of a high-energy phosphate group from ATP to creatine, generating
ADP and phosphocreatine. Phosphocreatine then leaves the mitochondria and diffuses
through the cytosol to sites of high ATP consumption, where cytosolic CK enzymes
replenish the local ATP pool. Finally, creatine diffuses back to the mitochondria, thereby
closing the cycle (Wyss and Kaddurah-Daouk 2000).

A major focus of this dissertation is the brain-type creatine kinase (CKB), which
has been linked to ATP-dependent processes in various cell types. Thus, CKB is involved
in regulating tumor cell motility (Mulvaney et al. 1998), motility patterns of the sea
urchin sperm (Tombes and Shapiro 1985), thrombin-mediated shape changes in
astrocytes (Mahajan et al. 2000), spreading and migration in astrocytes and fibroblasts

(Kuiper et al. 2009), T cell development and activation (Zhang et al. 2009), phagocytosis
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(Kuiper et al. 2008), osteoclast-mediated bone resorption (Chang et al. 2008), and high
sensitivity hearing in stereocilia of hair cells (Shin et al. 2007). These data suggest a role
for CKB in regulating ATP-dependent processes in various cell types.

To elucidate possible cellular functions of CKB, various groups examined CKB
interacting proteins using a brain cDNA library. Subsequently, the two CKB interacting
proteins found are the cis-Golgi Matrix protein, GM130 (Burklen et al. 2007), and
protease-activated receptor-1 (PAR-1) (Mahajan et al. 2000). GM130 belongs to the
golgin protein family (Barr 1999) and is involved in the assembly and maintenance of the
Golgi apparatus (Rabouille and Jokitalo 2003), whereas PAR-1 is a G-protein coupled
receptor with a role in mediating the cellular responses to thrombin during blood
coagulation and other processes (Donovan et al. 1997, Even-Ram et al. 1998, Grand et al.
1996). Using bioinformatics tools, CKB and the muscle-type creatine kinase (CKM),
another cytosolic CK enzyme, may also interact with each other (Hu et al. 2011), and
with myocilin (MYOC), a protein expressed in many ocular tissues including the
trabecular meshwork (Joe et al. 2011). The interaction of CKB and CKM with MYOC is
predicted based on the fact that MYOC has a cytoskeletal function, and CK enzymes
have been previously associated with cytoskeletal roles. However, this interaction
remains to be tested more thoroughly. In addition, CKB localized to the distal region of
the sea urchin sperm tail (Tombes et al. 1988), where it binds the cytoskeletal protein
dynein, linking CKB to microtubules. Indeed, tubulin is a predicted CKB binding partner
(Hu et al. 2011). Bioinformatics tools also predicted actin isoforms as binding partners
for CK enzymes. Thus, y-cyto-actin, a cytoplasmic actin isoform (Nowak KJ et al. 2009,

Perrin and Ervasti 2010) is a predicted CKB interacting protein (Hu et al. 2011), while -
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cyto-actin, another cytoplasmic actin isoform, has not yet been shown to interact with
CKB from these studies. In cultured C2C12 cells, mRNA levels of B-cyto-actin and y-
cyto-actin decline rapidly when differentiation begins (Bains et al. 1984), while mRNA
expression of a-cardiac-actin, primarily expressed in heart muscle, is rapidly induced
upon muscle differentiation, and decreases as myotube maturation proceeds (Bains et al.
1984). Finally, in mice, a-cardiac-actin may have overlapping functions with a-skeletal-
actin (Nowak K1J et al. 2009), the predominant actin isoform in adult mouse skeletal
muscle, whose mRNA levels reach a peak during later stages of fusion in the mouse
myoblast cell line C2C12 (Bains et al. 1984, Vandekerckhove et al. 1986). Overall, these
studies predict CKB could interact with different classes of molecules in multiple cell
types, including the actin cytoskeleton; however, the interaction of CKB with these
molecules remains to be thoroughly tested. Moreover, whether CKB provides ATP for
the actin cytoskeleton, or for any other potential binding partner discussed here, is also

unknown.

2.3.2 Creatine Kinase Functions During Myotube Formation

Prior work in the Pavlath lab showed treatment of muscle cells with creatine
enhanced cell fusion in a CK-dependent manner (O'Connor et al. 2008). In addition,
inhibition of actin polymerization prevented myonuclear addition following creatine
treatment, suggesting phosphocreatine (PCr) hydrolysis is coupled to actin dynamics
during myoblast fusion. Unlike other cell types where CK is necessary for cell migration,
creatine treatment did not alter muscle cell motility (O'Connor et al. 2008), suggesting a

role for the PCr/CK system in regulating a step beyond cell migration during myoblast
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fusion. Interestingly, CKB becomes progressively localized near the ends of myotubes in
later stages of myoblast fusion (O'Connor et al. 2008). Although fusion events occur in
multiple orientations (Nowak SJ et al. 2009), myoblasts preferentially fuse with myotube
ends during secondary myogenesis in rats (Zhang and McLennan 1995), the postnatal
period in mice (Kitiyakara and Angevine 1963, Yaffe and Saxel 1977) and during fusion
of cultured mouse myoblasts (Peckham 2008). Whereas these data suggest myotube ends
may be areas of active fusion, the molecular mechanisms driving fusion at these sites are

currently unknown.

2.4 BAR Domain Proteins

Bin-Amphiphysin-Rvs (BAR) domain proteins form a rapidly expanding protein
family implicated in many diverse cellular processes, including endocytosis, vesicle
fusion and trafficking, specialized membrane organization, actin organization, cell
polarity, stress signaling, transcription and tumor suppression (Ren et al. 2006).
Alterations in BAR domain proteins, such as mutations or deletions, have been associated
with various aspects of cancer and blood disorders, including auto-inflammatory disease
(Chen et al. 2012, Wise et al. 2002). Other BAR domain proteins have been linked to
neurological diseases, including Alzheimer’s disease (Kuwano et al. 2006), Huntington’s
disease (Holbert et al. 2003, Modregger et al. 2002), centronuclear myopathy (Nicot et al.
2007) and mental retardation/cerebellar hypoplasia (Billuart et al. 1998, Endris et al.
2002, Pirozzi et al. 2011, Tentler et al. 1999). Finally, some BAR domain proteins may
play a role in other diseases including Tourette syndrome (Paschou et al. 2004), diabetes

mellitus (Pietropaolo et al. 1993, Spitzenberger et al. 2003) and paraneoplastic stiff-
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person syndrome (Folli et al. 1993). For several of these diseases, the mechanisms by

which alterations in BAR domain proteins can lead to disease are poorly understood.

2.4.1 BAR Domain Proteins as Membrane Modulating Proteins

The BAR domain protein family is defined by the presence of an evolutionarily
conserved region named after its founding members: Binl, Amphiphysin, and Rvs167
(BAR) (Sakamuro et al. 1996, Sivadon et al. 1995). The BAR domain was predicted to
have a coiled-coil domain structure, and was shown to act as a homo- and
heterodimerization domain (Ramjaun et al. 1999, Slepnev et al. 1998, Wigge et al. 1997).
Structural studies subsequently showed that the BAR domain is a crescent-shaped dimer,
whose surface is covered with positively charged residues, allowing it to directly interact
with negatively charged membrane lipids, such as phosphoinositides and
phosphatidylserine (Frost et al. 2008, Frost et al. 2009, Peter et al. 2004, Shimada et al.
2007). In addition, biochemical studies indicated the BAR domain itself is capable of
sensing and inducing membrane curvature, as it binds preferentially to highly curved
membranes and can tubulate membranes in vitro (Peter et al. 2004). Generally, BAR
domains bend membranes to a curvature corresponding to the angle of the BAR domain
dimer, thereby generating specific membrane geometries (Itoh and De Camilli 2006),
depending on the type of curvature generated by the BAR domain (Suetsugu 2010). The
apparent origin of BAR domain proteins in eukaryotes suggests a function unique to
eukaryotic organisms, although the features that confer folding of a polypeptide into a
structure that can bind and bend membranes are still not fully understood (Ren et al.

20006).
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The BAR domain superfamily has been divided into several families, including
the “classical” BAR, the Fes/CIP4 Homology-BAR/FCH-BAR (F-BAR) and the Inverse-
BAR/IMD-BAR/IRSp53-MIM Homology (I-BAR) domain-containing proteins (Frost et
al. 2007, Frost et al. 2009). For “classical” BAR and F-BAR domain proteins, the
concave surface of the BAR domain interacts with the membrane, generating various
degrees of positive curvature. As a result, several plasma membrane invaginations arise,
such as the well-characterized clathrin-coated pits and caveolae (Chen et al. 2012, Frost
et al. 2009, Suetsugu 2010), as well as other less well-characterized invaginations
(Doherty and McMahon 2009). In contrast, for -BAR domain proteins, the convex
surface of the BAR domain interacts with the membrane, generating negative curvature,
resulting in the formation of outward membrane protrusions, such as filopodia and
lamellipodia (Chen et al. 2012, Frost et al. 2009, Saarikangas et al. 2009, Suetsugu 2010).

In addition to generating positive or negative membrane curvature, other features
of BAR domain-containing proteins reveal unique adaptations. For example, the presence
of well-defined phosphoinositide binding motifs, such as the PhoX (PX) or Pleckstrin
homology (PH) domains of PX-BAR and BAR-PH domain protein families, respectively,
can direct BAR domain proteins to specific locations in the cell membrane enriched in
phosphoinositides, where they can induce specific membrane curvature (Chen et al. 2012,
Frost et al. 2009, Itoh and De Camilli 2006). Finally, for the N-terminal amphipathic
helix-BAR (N-BAR) domain proteins, containing an amphipathic a-helix adjacent to the
N-terminal end of the BAR domain, insertion of the a-helix into the membrane may
facilitate the subsequent insertion of the BAR domain into the lipid bilayer, likely

enhancing or further stabilizing membrane curvature (Chen et al. 2012, Frost et al. 2009).
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These types of adaptations suggest that BAR domains can be used in a variety of contexts

for different functions.

2.4.2 BAR Domain Proteins Implicated in Actin Regulation

Besides modulating membrane dynamics, several BAR domain proteins provide a
link between the membrane and the membrane-associated cytoskeleton. BAR and F-BAR
domain proteins contain interacting motifs for phosphoinositides and small GTPases
(GTPases of the Rho, Rab, Arl and Arf subfamilies), two classes of molecules that
function as major regulators of cytosol-membrane interactions (Behnia and Munro 2005,
De Matteis and Godi 2004, Di Paolo and De Camilli 2006). Both phosphoinositides and
small GTPases regulate the recruitment of cytosolic factors implicated in various
functions, including actin regulation, to membranes (Itoh and De Camilli 2006); among
these factors are two Arp2/3 activators, Wiskott-Aldrich syndrome protein (WASP) and
WASP-family verprolin-homologous protein (WAVE) (Takenawa and Suetsugu 2007).
In addition, BAR domain proteins can functionally dimerize the verprolin-cofilin-acidic
(VCA) domains of the C termini of WASP/WAVE, a potent means of activating the
Arp2/3 complex (Padrick et al. 2008). By interacting with WASP/WAVE proteins, BAR
domain proteins can indirectly induce actin-based protrusions, such as lamellipodia or
filopodia, or invaginations, such as caveolae, endosomes and clathrin-coated pits
(Suetsugu and Gautreau 2012). Finally, in some cases, BAR domain proteins can bind to
and “bundle” actin fibers directly (Takenawa and Suetsugu 2007).

Interactions of BAR domain proteins with phosphoinositides or small GTPases

can be mediated by either the BAR domain, or by flanking modules (Frost et al. 2009,
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Habermann 2004, Itoh and De Camilli 2006). Although there are at least six distinct
members of the Rho GTPase family (Foster et al. 1996, Hall 1994), the most commonly
studied members are those belonging to the Rho family, namely RhoA, Racl and Cdc42.
Small GTPases of the Rho family orchestrate cytoskeletal dynamics, and cycle between
an inactive GDP-bound state and an active GTP-bound state. This transition is regulated
by guanine nucleotide exchange factors (GEFs) that promote the exchange of GDP for
GTP (Rossman et al. 2005), and by GTPase-activating proteins (GAPs) that stimulate the
low intrinsic GTPase activity (Bernards and Settleman 2004). BAR domain proteins often
contain a RhoGAP/GEF domain, as well as one or more scaffolding domains, allowing
actin regulation, as well as other functions, to occur, thereby working at the interface
between plasma membrane remodeling and Rho GTPase signaling. A few interesting
examples in this category include the well-studied Tuba and GRAF1 proteins, which will
be described below in more detail.

Tuba, which belongs to the “classical” BAR domain protein family, is a scaffold
protein concentrated at synapses in the brain. Beside the BAR domain, Tuba contains
several Src homology 3 (SH3) domains, which enable its binding to dynamin, a GTPase
critical for fission of endocytic vesicles, as well as to a variety of actin regulatory
proteins, including Neural Wiskott-Aldrich syndrome protein (N-WASP), WASP-family
verprolin-homologous protein 1 (WAVEL) and Enabled/Vasodilator-stimulated
phosphoprotein (Ena/VASP). In addition, the Dbl homology (DH) domain of Tuba
functions as a Cdc42-specific GEF, involving Tuba in actin assembly. Thus, Tuba may
link dynamin to GTPase signaling, and to the actin cytoskeleton (Cestra et al. 2005,

Salazar et al. 2003).
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GRAF1, which is a BAR-PH protein family member, binds to Focal Adhesion
Kinase (FAK) (Hildebrand et al. 1996) and to the membrane scission protein dynamin
(Lundmark et al. 2008) via the SH3 domain, suggesting a role for GRAF1 in endocytosis.
Indeed, the BAR and PH domains of GRAF1 localize it to tubular and vesicular
membranes that define the CLathrin-Independent Carriers/GPI-Enriched Endocytic
Compartments (CLIC/GEEC) endocytic pathway, which mediates internalization in a
manner dependent on Cdc42 activation (Lundmark et al. 2008, Sabharanjak et al. 2002).
Whereas the BAR and PH domains of GRAF1 are involved in regulating membrane
binding and curvature (Lundmark et al. 2008), GRAF1 also stimulates the GTPase
activity of RhoA and Cdc42 via the GAP domain (Hildebrand et al. 1996), linking Rho
GTPase signaling with membrane remodeling to facilitate endocytic internalization.
Finally, GRAF1 depletion, which leads to impaired CLIC/GEEC function, also reduces
cell spreading and migration (Doherty GJ et al. 2011), thus linking membrane trafficking
with cell shape and motility.

Other BAR domain proteins lacking a RhoGAP/GEF domain can regulate actin
dynamics by interacting with actin regulatory proteins using scaffolding domains. Pacsin
proteins, which belong to the F-BAR protein family, are cytoplasmic phosphoproteins
regulating vesicle formation and transport. Using SH3 domains, Pacsin proteins interact
with the endocytic proteins dynamin and synaptojaninl (Modregger et al. 2000), the actin
regulator N-WASP (Modregger et al. 2000), as well as the small GTPase Racl, leading to
negative regulation of Rac1 activity, along with cell spreading and migration (de Kreuk et
al. 2011). Although much less studied than other BAR domain protein family members,

some [-BAR domain proteins have also been linked to actin regulation via small GTPases
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and N-WASP/WAVE proteins via additional domains besides the BAR domain (de
Kreuk and Hordijk 2012).

BAR domain proteins containing only a BAR domain can still regulate actin
dynamics by interacting with other proteins. Arfaptin-2, a “classical” BAR domain
protein family member, contains only a BAR domain, whose concave surface interacts
with the membrane and with the small GTPase Rac (Tarricone et al. 2001), raising the
question of whether these interactions are mutually exclusive or sequential for BAR
domain proteins (Habermann 2004). Arfaptin-2 is also a putative cytosolic target of, and
mediates crosstalk between, small GTPases Arf and Racl (Shin and Exton 2001,
Tarricone et al. 2001), suggesting that BAR domain proteins could mediate crosstalk

between various signaling pathways mediated by small GTPases (Habermann 2004).

2.4.3 Mammalian Studies of the Amphiphysin/Bin Family of Proteins

Members of the N-BAR family of proteins, namely Amphiphysinl, Bridging
integrator 1 (Binl), Bin2 and Bin3 (Frost et al. 2009), are a major focus of this
dissertation. Therefore, these proteins will be discussed extensively in this section, in
terms of their domain structure, as well as their known cellular functions, some of which
are either intertwined with, or alternatively independent from, actin regulation.

Amphiphysinl is a neuronal cytosolic protein concentrated in nerve terminals,
which was originally identified as an antigen enriched in chicken synaptic membranes
(Lichte et al. 1992), and as the dominant autoantigen in paraneoplastic stiff-person
syndrome (David et al. 1994, De Camilli et al. 1993, Folli et al. 1993). Amphiphysinl

contains an N-BAR domain (Dawson et al. 2006, Peter et al. 2004) which regulates
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membrane curvature and tubulation (Ren et al. 2006), clathrin/AP-2 (CLAP)-binding
sites (Ren et al. 2006, Slepnev et al. 2000), and an SH3 domain which binds the
endocytic proteins dynaminl (David et al. 1996, Grabs et al. 1997, Wigge and McMahon
1998) and synaptojaninl (Ren et al. 2006). Amphiphysinl mRNA expression is confined
to the brain of adult mice (Prendergast et al. 2009) and humans (Ge K. and Prendergast
G. C. 2000). Amphiphysinl is important for the formation of filopodia and growth cones
in neurons (Mundigl et al. 1998, Yoo et al. 2002), but the role of Amphiphysinl in the
brain appears to be independent of endocytosis (Di Paolo et al. 2002). Finally,
Amphiphysinl also regulates Racl-dependent actin polymerization and phagocytosis in
Sertoli cells (Yamada et al. 2007), linking Amphiphysinl to actin regulation in a manner
that is not completely understood.

The second isoform or Amphiphysin, named Binl, was described by various
groups on the basis of its Amphiphysin-like structure, SH3 domain, or binding to c-
Myc/c-Abl oncoproteins (Butler et al. 1997, Kadlec and Pendergast 1997, Sakamuro et al.
1996, Sparks et al. 1996, Tsutsui et al. 1997, Wechsler and Dang 1992). Bin1 transcripts
are subject to differential splicing, leading to a diversity of Binl isoforms, including the
ubiquitous and brain isoforms (Prendergast et al. 2009, Ren et al. 2006). All Binl
1soforms contain an N-terminal BAR domain and a C-terminal SH3 domain, and some
isoforms also contain the Myc-binding domain (MBD) and the Clathrin/AP2 (CLAP)-
binding region (Prendergast et al. 2009, Ren et al. 2006). The mRNA expression of the
ubiquitous Binl isoform is highest in adult mouse brain and skeletal muscle (Prendergast
et al. 2009), and this isoform inhibits transcription by interacting with the c-Myc

transcription factor (Sakamuro et al. 1996, Sakamuro and Prendergast 1999). In contrast,



31

the brain isoform of Binl, also known as Amphiphysin2, can heterodimerize with
Amphiphysinl (Wigge et al. 1997) and regulate clathrin-mediated endocytosis (Simpson
et al. 1999) by associating with components of clathrin-coated synaptic vesicles (Owen et
al. 1998, Ramjaun and McPherson 1998); however, Binl may also contribute to
postinternalization traffic (Leprince et al. 2003).

The initial observation of a polyclonal Binl antiserum cross reacting with non-
Binl polypeptides in cells that do not express Amphiphysin (Sakamuro et al. 1996)
suggested the likely presence of additional BAR domain proteins. Homology searches
revealed two transcripts encoded by the BIN2 gene (Ge K. and Prendergast G. C. 2000),
whose function had not been extensively studied. The cytosolic Bin2 protein contains an
N-BAR domain (Sanchez-Barrena et al. 2012) by which it can tubulate membranes in
vitro (Sanchez-Barrena et al. 2012), as well as a C-terminal extension with acidic and
serine/proline rich segments; however, unlike other N-BAR protein family members,
Bin2 lacks an SH3 domain (Ge K. and Prendergast G. C. 2000), indicating that Bin2 may
not interact with other proteins in a similar manner to the other N-BAR family members.
Bin2 also forms a complex with Binl in COS7 cells via the BAR domain (Ge K. and
Prendergast G. C. 2000), but the function of this interaction is unknown. Also, unlike
Amphiphysinl and Binl, Bin2 mRNA expression is lymphoid cell/tissue specific (Ge K.
and Prendergast G. C. 2000), with Bin2 regulating podosome formation, as well as
motility and phagocytosis in leucocytes (Sdnchez-Barrena et al. 2012). Finally, also
unlike other N-BAR domain proteins, Bin2 is not implicated in receptor-mediated

endocytosis, and does not have tumor-suppressor features (Ge K. and Prendergast G. C.
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2000). Bin2 is the least studied of all the N-BAR domain protein family members, and its
cellular functions remain to be defined extensively.

The final member of this family, named Bin3, was identified on based on
structural similarity to its budding yeast ortholog (Ren et al. 2006, Routhier et al. 2001).
Unlike Binl, Bin3 is only a single transcript, expressed ubiquitously in adult tissues with
the sole exception of the brain (Prendergast et al. 2009, Ren et al. 2006). Bin3 is also a
target of miR-184 in human lens epithelial cells (Tian et al. 2010), although the
connection between BAR domain proteins and miRNAs has not been extensively
investigated. In contrast to the other family members, Bin3 protein contains only an N-
BAR domain (Ren et al. 2006). BIN3 null mice develop juvenile cataracts, characterized
by numerous large vacuoles and striking loss of F-actin from lens fiber cells
(Ramalingam et al. 2008), in addition to an elevated incidence of lymphoma in the lung,
liver, intestine, spleen and lymph nodes in mice beyond one year of age (Ramalingam et
al. 2008). BIN3 null MEFs also exhibit increased proliferation and invasive motility
(Ramalingam et al. 2008), indicating that Bin3 may exhibit tumor suppressor functions.
Finally, localization of HA-Bin3 to cytosolic vesicular membranes in COS kidney cells
(Ramalingam et al. 2008) suggests a possible function for Bin3 in endocytosis, but this

likely function for Bin3 has not yet been explored.

2.4.4 Yeast Studies of the Amphiphysin/Bin Family of Proteins
Much of the current knowledge on the potential functions of Amphiphysin/Bin
proteins in mammalian cells arises from studies in yeast cells. Bin/ and Bin3 are

evolutionarily conserved classic members of the BAR protein family. Bin/ and Bin3
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orthologs have been investigated extensively in the budding yeast S. cerevisiae, where
they are termed Reduced viability upon starvation 161 and 167 (RVS167 and RVS161),
respectively. Both RVS genes were identified in screens for mutants that exhibit reduced
viability upon nutrient starvation (rvs phenotype) (Bauer et al. 1993, Crouzet et al. 1991,
Munn et al. 1995). RVS mutants also exhibit endocytosis defects, a depolarized actin
cytoskeleton, and sensitivity to high salt and amino acid analog concentrations (Bauer et
al. 1993, Munn et al. 1995, Sivadon et al. 1995). Whereas both Rvs161p and Rvs167p
contain an N-BAR domain, Rvs167p contains two additional domains, namely a region
rich in glycine, proline, and alanine (GPA), as well as an Src homology 3 (SH3) domain
(Ren et al. 2006). As Rvs167p and Rvs161p form a heterodimer via their BAR domains
(Ren et al. 2006, Youn et al. 2010), Rvs161p may exert its functions via this interaction.
Rvs161p and Rvs167p localize to cortical actin patches, which are sites of endocytosis
(Balguerie et al. 1999, Brizzio et al. 1998, Kaksonen et al. 2005). Indeed, Rvs161p
regulates both fluid-phase and receptor-mediated endocytosis (Ren et al. 2006)
independently from its role in cell-cell fusion during mating (Brizzio et al., 1998), which
requires an interaction with Fus2, a non-BAR domain protein (Brizzio et al. 1998,
Paterson et al. 2008, Ren et al. 2006). Rvs167p may also have a unique role in linking the
actin cytoskeleton to the cell cycle (Lee et al. 1998), due to the phosphorylation of
Rvs167p by Pho85, a yeast cell-cycle dependent kinase related to the mammalian enzyme
Cyclin-dependent kinase 5 (Cdk5) (Huang et al. 1999, Nishizawa et al. 1999). Both genes
interact with proteins derived from mutant alleles of AC7/ and MYOI, encoding actin
and myosin, respectively (Balguerie et al. 1999, Breton and Aigle 1998), as well as with

other cytoskeletal components encoded by the ABPI, SAC6, SLAI, SLA2, and SRV2
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genes (Lila and Drubin 1997). Together, these studies highlight the importance of Bin
orthologs in regulating cell-cell fusion, actin dynamics and endocytosis in the budding
yeast.

Binl and Bin3 orthologs have been studied to a lesser extent in the fission yeast S.
pombe, where they are termed hobl" and hob3 " (homolog of Binl and Bin3, respectively)
(Routhier et al. 2001, Routhier et al. 2003). Interestingly, Hob3p has a domain structure
similar to that of Rvs161p, meaning it contains only an N-BAR domain, while Hob1p has
a domain structure similar to Rvs167p, containing an N-BAR domain, a central domain,
and an SH3 domain (Ren et al. 2006). In spite of significant homology with the budding
yeast counterparts, hobI- and hob3-deficient yeast do not exhibit reduced viability upon
nutrient starvation, increased osmolar sensitivity, or defective endocytosis (Ren et al.
2006). In addition, hob3-deficient yeast do not exhibit a defect in cell-cell fusion during
mating (Routhier et al. 2001, Routhier et al. 2003), but have defects in F-actin
organization and cytokinesis (Routhier et al. 2001), whereas hob-deficient yeast exhibit
defects in cell cycle arrest (Routhier et al. 2003). Interestingly, the mammalian Bin/ and
Bin3 genes can complement their respective defects in yeast (Routhier et al. 2001,
Routhier et al. 2003). While human Bin3 can completely rescue actin localization defects
in hob3-deficient yeast, Rvs161p can only partially rescue this phenotype (Routhier et al.,
2001). However, Hob3p can rescue growth in rvs/6/-deficient yeast, whereas human
Bin3 or Binl cannot (Routhier et al. 2001, Routhier et al. 2003), indicating that functional
conservation may exist both within the yeast counterparts as well as with the human
orthologs. Hob3p can then recruit and activate the small GTPase Cdc42 to sites of cell

division, likely for mediating cytokinesis in a complex that also contains a GEF protein,
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Gef-1. In this manner, Hob3p facilitates the Gef-1-Cdc42 interaction and Cdc42
activation in yeast (Coll et al. 2007). These studies highlight the importance of

Amphiphysin/Bin proteins in regulating Cdc42-dependent cellular processes.

2.4.5 BAR Domain Proteins Involved in Skeletal Muscle Myogenesis

Various steps of myoblast fusion require both membrane and actin dynamics, and
BAR domain proteins are capable of regulating both of these processes. Known functions
of the mammalian N-BAR domain protein Bin1 in skeletal muscle cells have been
discovered mostly from in vitro studies using the muscle Binl isoform. Binl knockdown
and overexpression studies in the muscle cell line C2C12 revealed a role for Binl in
differentiation (Wechsler-Reya et al. 1998). Whereas Binl overexpression also caused
enhanced myotube formation (Wechsler-Reya et al. 1998), this effect is likely due to the
role of Binl in regulating differentiation. Binl is also expressed in the somites of mouse
embryos, and interacts with actin and myosin via the SH3 domain. While transgenic
overexpression of the Binl SH3 domain did not affect fusion in vivo (Fernando et al.
2009), it resulted in increased myofiber size with sarcomeric disorganization (Fernando et
al. 2009), suggesting that Binl may be crucial in promoting muscle differentiation and
sarcomere assembly. Binl is also required for the maintenance of excitation-contraction
coupling in skeletal muscle (Razzaq et al. 2001, Zelhof et al. 2001), and regulation of the
contractile response was attributed to the ability of the Bin] BAR domain to enhance
sarcolemmal membrane curvature, influencing T-tubule assembly and maturation (Lee et
al. 2002). Mutations in Binl cause centronuclear myopathy, characterized by muscle

weakness and abnormal centralization of nuclei in muscle fibers, possibly due in part to
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disrupting the remodeling of T-tubules and/or endocytic membranes (Nicot et al. 2007).
Finally, the Binl SH3 domain is also necessary for interaction with Dynamin2, driving
normal muscle function and nuclear positioning (Nicot et al. 2007). As dynamin2
mutations also cause centronuclear myopathy (Bitoun 2005), and dynamin is implicated
in syncytium formation (Richard et al. 2011), this work implicates Binl in regulating
muscle formation and function in the context of muscle disease. Finally, Binl may also
regulate cardiac muscle development in mouse embryos (Muller et al. 2003).

Besides Binl, the other well characterized BAR domain protein in myogenesis is
the GTPase regulator associated with focal adhesion kinase-1 (GRAF1) protein, a
RhoGAP-containing BAR-PH domain protein necessary for, and can promote, skeletal
muscle differentiation by limiting RhoA/ROCK signaling (Doherty JT et al. 2011).
GRAF1 promotes skeletal muscle differentiation in a GAP- and SH3-domain-dependent
manner, and promotes myoblast fusion in a BAR- and GAP-domain-dependent manner
(Doherty JT et al. 2011). The BAR domain of GRAFI is required for the induction of
multinucleated myotubes beyond the step of differentiation (Doherty JT et al. 2011,
Richard et al. 2011), presumably by regulating membrane bending/sculpting. In
myoblasts, GRAF1 localizes to leading edge lamellipodia and dorsal ruffles, as well as to
a cytoplasmic perinuclear compartment; however, upon differentiation, GRAF1
localization shifts to the bi-polar tips of elongating myoblasts, which are completely
devoid of actin-based structures (Doherty JT et al. 2011), suggesting that GRAF1 limits
the extent of Rho GTPase-dependent F-actin polymerization at these sites. Finally,
GRAF1 is also expressed in the somites of Xenopus laevis embryos, where GRAF1

depletion leads to somite degeneration, swimming defects and embryonic lethality
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(Doherty JT et al. 2011). In developing tadpoles, GRAF1, a bona-fide RhoGAP, is
necessary for skeletal muscle differentiation/maturation (Doherty JT et al. 2011), making

GRAFT1 the first RhoGAP protein identified to regulate muscle maturation in vivo.

2.5 Summary

Skeletal muscle myogenesis is fundamental to muscle growth and regeneration.
Proper myogenesis depends on the ability of satellite cells, the adult muscle stem cells, to
proliferate, differentiate, migrate, adhere and fuse, giving rise to myotubes in vitro or
myofibers in vivo. Various steps of myoblast fusion, including migration and fusion, two
major points of focus in this dissertation, require extensive membrane and actin
dynamics. Although many molecules are known to regulate migration and fusion during
myogenesis, very few have been studied in the context of membrane and/or actin
dynamics. This dissertation is focused on two particular classes of molecules, creatine
kinase enzymes and BAR domain proteins. Creatine kinase B (CKB) has been linked to
various actin-dependent processes in cells, likely replenishing ATP for actin dynamics. In
addition, CKB may also be important for myotube formation. However, the molecular
pathways by which CKB regulates myotube formation in an ATP-dependent manner are
unknown. In contrast, BAR domain proteins regulate both membrane and actin dynamics
in cells via small GTPases, but have been little studied in skeletal muscle. Overall, CK
enzymes and BAR domain proteins are novel regulators of myogenesis, and elucidating
their mechanism of action can provide valuable insights into the regulation of both

membrane and actin dynamics during muscle growth and repair.
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2.6 Figures and Tables

Figure 2.6.1: Skeletal muscle structure
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Figure 2.6.1: Skeletal muscle structure

Skeletal muscle is tethered to the bone, and is composed of bundles of multinucleated
muscle cells, the myofibers. Each myofiber is surrounded by a basal lamina, a connective
tissue layer, and contains multiple postmitotic myonuclei with a continuous cytoplasm.
The myogenic stem cells (satellite cells) are situated between the basal lamina and the

myofiber plasma membrane.
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Figure 2.6.2: Myogenesis in vivo
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Figure 2.6.2: Myogenesis in vivo

During the regenerative phase of muscle repair, quiescent satellite cells (SCs)

become activated, meaning they re-enter the cell cycle, and proliferate, giving rise to
progeny myoblasts. Myoblasts then differentiate into myocytes, which migrate, adhere

and fuse, giving rise to myofibers in two distinct fusion stages (not shown).



Figure 2.6.3: Patterns of myofiber branching in vivo
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Figure 2.6.3: Patterns of myofiber branching in vivo

Schematic of various types of branching observed in regenerated myofibers, as indicated
by rows of centrally located nuclei: bifurcated-end, process, and split. An unbranched
regenerated myofiber is shown for comparison. The arrows and red box indicate

myofiber branching.
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Figure 2.6.4: Myogenesis in vitro
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Figure 2.6.4: Myogenesis in vitro

Satellite cells become activated, giving rise to myoblasts, which proliferate in media
containing serum and growth factors. In serum-free differentiation media (DM),
myoblasts (0 h in DM) withdraw from the cell cycle and differentiate into myocytes
(16/18 h in DM). Myocytes then migrate, adhere and fuse to one another, initially giving
rise to nascent myotubes (24 h in DM). Subsequently, myocytes fuse with nascent

myotubes, giving rise to mature myotubes (40/48 h in DM).
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Location Type Molecule References
Prostaglandin Prostacyclin (PGIL,)** (Bondesen et al. 2007)
Hepatocyte growth factor | (Allen et al. 2003, Bischoff
(HGF) 1997, Corti et al. 2001, Griffin
et al. 2010, Kawamura et al.
2004, Lee et al. 1999)
Platelet-derived growth (Allen et al. 2003, Bischoff
factor (PDGF)" 1997, Griffin et al. 2010,
Robertson et al. 1993a)
Epidermal growth factor (Bischoff 1997, Corti et al.
(EGF) 2001)
Fibroblast growth factor (Allen et al. 2003, Corti et al.
(FGF)" 2001, Robertson et al. 1993a)
Growth factors Insulin-like growth factor | (Allen et al. 2003, Becciolini et
(IGF) al. 2006, Lafreniere et al. 2004,
Neuhaus et al. 2003, Suzuki et
Extracellular al. 2000)

Vascular endothelial
growth factor (VEGF)

Germani et al., 2003

Transforming growth
factor-p (TGF-p)*

(Bischoff 1997, Robertson et
al. 1993a)

Regulated on Activation,

(Corti et al. 2001)

. Normal T cell Expressed
Chemokines
and Secreted (RANTES)
Stromal cell-derived factor | (Griffin et al. 2010, Odemis et
1 (SDF1)* al. 2007)
Cytokines Interleukin-4 (IL4) (Horsley et al. 2003,

Lafreniere et al. 2006)

Tumor necrosis factor o
(TNFa)

(Torrente et al. 2003)
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Cell surface

CD44 (Mylona et al. 2006)

CDl164 (Bae et al. 2008)

Laminin (Goodman et al. 1989, Ocalan
et al. 1988, Yao CC et al.
1996)

Integrin (Boettiger et al. 1995, Crawley
et al. 1997, Echtermeyer et al.
1996)

Decorin** (Olguin et al. 2003)

Sphingosine 1-phosphate
(S1P)**

(Becciolini et al. 2006)

Mannose receptor (MR)*

(Jansen and Pavlath 2006)

Membrane Mouse odorant receptor 23 | (Griffin et al. 2009)
(MOR23)*
The nuclear factor of (O'Connor et al. 2007)
activated T-cells 5

Nucleus

(NFATS5)

*Molecules important for myocyte migration

**Negative regulators of muscle cell migration

Chemotactic agents for myoblasts in vivo
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Table 2.6.2: Regulators of mammalian myoblast fusion in vitro

Location Type Molecule References
Peptide Growth Hormone (Sotiropoulos et al. 2006)
hormone (GH)**
Cytokine Interleukin-4 (IL4)** (Horsley et al. 2003,
Lafreniere et al. 2006)
Prostaglandin F2o** (Horsley and Pavlath 2003)
Prostaglandin E; (PGE)) " (David and Higginbotham
Prostaglandin 1981, Entwistle et al. 1988,
Rossi et al. 1989, Zalin
1977)
Protease Cathepsin B” (Jane et al. 2002)
Glycoprotein | Follistatin** (Iezzi et al. 2004, Pisconti
et al. 20006)
Extracellular | g}y ple gas Nitric oxide® (Lee et al. 1994, Long et al.
2006, Pisconti et al. 2006)
Earth metal, Ca*" (Constantin et al. 1996,
intracellular Knudsen and Horwitz
signaling and 1977, Knudsen and
extracellular Horwitz 1978, Shainberg et
protein al. 1969, Wakelam 1985)
activity
Metallo- A disintegrin and (Yagami-Hiromasa et al.
protease metalloprotease 12 1995)
(ADAM12)™
Extracellular | Membrane type 1 (Ohtake et al. 2006)
matrix metalloprotease (MT1-
protease MMP)

Very late antigen-4
(VLA-4)"

(Rosen et al. 1992)
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o3-integrin®

(Brzoska et al. 2006)

09-integrin®

(Lafuste et al. 2005)

Integrins*
B1 integrin™ (Schwander et al. 2003,
Tachibana and Hemler
1999)
Neural cell adhesion (Suzuki et al. 2003)
molecule (NCAM)
Cell surface
Vascular cell adhesion (Rosen et al. 1992)
molecule 1 (VCAM-1)”
Glycoprotein | Nephrin** (Sohn et al. 2009)
M-cadherin** (Bach et al. 2010,
Charrasse et al. 2007,
Charrasse et al. 2006)
N-cadherin” (Knudsen et al. 1990)
Sialomucin CD164 (Bae et al. 2008)
Transmembra | CD9¥ (Tachibana and Hemler
ne 4 N 1999)
superfamily CD81
protein
Transmembra | Mannose receptor (Jansen and Pavlath 20006),

Membrane

ne receptor

G-protein Mouse odorant receptor | (Griffin et al. 2009)
coupled 23 (MOR23)

receptor

Phospholipid | Myoferlin*** (Doherty et al. 2005)
binding

protein

Structural Caveolin-3% (Galbiati et al. 1999)

component of
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caveolae
Phospholipid | Phosphatidylserine (PS)* | (van den Eijnde et al.
component 2001)

Ion channels

Inward rectifying K+
channels”

(Fischer-Lougheed et al.
2001)

Membrane T-type Ca2+ channels” (Bijlenga et al. 2000)
Chaperone Glucose-related protein (Gorza and Vitadello 2000)
glycoprotein | 94 (GRP94)" (Wanderling et al. 2007)
Sterol, Cholesterol® (Mukai et al. 2009)
membrane
fluidity
Microtubule End-binding protein 3 (Straube and Merdes 2007)
binding (EB3)*
protein
Globular Actin®™ (Nowak SJ et al. 2009)
protein,
cytoskeleton
Integrin- Kindlin-2* (Dowling et al. 2008)

Cytoplasm associated
adaptor
protein
Structural Non-muscle myosin 2A° (Swailes et al. 2006)
protein
RhoA RhoE (Fortier et al. 2008)
inhibitor
Enzyme for Phospholipase D* (Bach et al. 2010)
production of
phosphatidic
acid
Scaffold Syntrophinb (Abramovici and Gee
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Cytoplasm

protein 2007)
Focal adhesion kinase (Quach et al. 2009)
(FAK)
Diacylglycerol (DAG) (Abramovici and Gee
kinase C° 2007)
Kinases The mammalian target of | (O'Connor et al. 2008)
rapamycin (mTOR)** (Park and Chen 2005, Sun
et al. 2010)
c-Src® (Fornaro et al. 2006)
Rho/Rho-associated (Nishiyama et al. 2004)
protein kinase (Rock)®
Protein kinase A (PKA)* | (Mukai and Hashimoto
2008)
Phosphatase Src homology 2 domain- | (Fornaro et al. 2006)
for c-src containing protein
tyrosine phosphatase
(SHP-2)**
Integrin- Talin 1, 2 (Conti et al. 2009)
associated
adaptor
protein
Molecule B-catenin® (Zeschnigk et al. 1995)
regulating
cell-cell
adhesion and
gene
transcription
Myoferlin- EH-domain protein 2 (Doherty et al. 2008)
associated (EHD2)**

protein
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Cytoplasm

Ca*'- Calpain” (Schollmeyer 1986)
dependent
cysteine
protease
Calpain Calpastain” (Balcerzak et al. 1995,
inhibitor Temm-Grove et al. 1999)
protein
Ca”"-binding | Calmodulin” (Bar-Sagi and Prives 1983)
protein
Cyclic cGMP* (Lee et al. 1994, Pisconti et
nucleotide al. 2006)
Second cAMP* (Mukai and Hashimoto
messenger 2008)
Cell division cycle 42 (Vasyutina et al. 2009)
(Cdc42)*
Small Ras-related C3 botulinum | (Charrasse et al. 2007,
GTPases toxin substrate 1 (Racl)* | Vasyutina et al. 2009)
b
ADP-ribosylation factor | (Bach et al. 2010, Chen et
6 (Arf6)* al. 2003)
Brag2/Guanine (Pajcini et al. 2008)
nucleotide exchange
protein 100 (Arf-
GEFs

Dedicator of cytokinesis
1/180,5 (Dock1/180,5)*

(Laurin et al. 2008, Pajcini
et al. 2008)

Triple functional domain
protein (Trio)*

(Charrasse et al. 2007)

Actin cross-
linking
protein

Filamin C*

(Dalkilic et al. 2006)
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Member of Nck-associated protein 1 | (Nowak SJ et al. 2009)
WAVE- (Nap 1)*
activating
remodeling
complex
Cytoplasm
Actin Neural Wiskott-Aldrich | (Kim et al. 2007)
nucleation syndrome protein (N-
promoting WASP)*
factor
Actin binding | WASP-interacting (Kim et al. 2007)
protein protein (WIP)*
The nuclear factor of (Horsley et al. 2001)
activated T-cells,
cytoplasmic 2
Transcription (NFATC2)**
factor
Forkhead box protein (Bois et al. 2005, Bois and
Nucleus Ola (FOXOla)” Grosveld 2003, Nishiyama

et al. 2004)

Component of
spliceosome

Survival of motor
neurons (Smn)®

(Shafey et al. 2005)

*Regulators of actin dynamics

"Involved in the first step of fusion

**Involved in the second step of fusion

“Fusion step regulated unknown

*Molecules with symmetric localization

"Molecules with asymmetric localization
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Chapter 3: Materials and Methods

Animals

Wild-type (WT) and Bin3 null (KO) mice were maintained on a mixed
C57BL/6J-129/Sv] genetic background (Ramalingam et al. 2008). In addition, WT
C57BL/6 or BALB/c mice were also used for some experiments. Mice were age- and
sex- matched in experiments and used between 4 and 23 weeks of age for in vitro
experiments and between 10 and 34 weeks of age for in vivo experiments in accordance

with the IACUC guidelines of Emory University.

Muscle injuries

For analyses of myofiber cross-sectional area, muscle injury was induced by a
single injection of 50 pL of 1.2% BaCl, in PBS into the tibialis anterior muscles of mice
as described previously (O'Connor et al. 2007). Muscles were collected at various
timepoints after injury and histological sections were prepared and imaged as described
previously (Jansen and Pavlath 2006). Myofiber cross-sectional area was quantified using
Imagel. A total of 480-1200 myofibers from four to seven mice were analyzed per
genotype for each timepoint.

For analyses of myofiber branching, severe muscle injury was induced by two
consecutive injections of 50 pL of 1.2% BacCl, in PBS two days apart into the
gastrocnemius muscles of mice. Muscles were collected 21 days after the second injury.
Subsequently, muscles were enzymatically digested for 1 h 20 min with gentle agitation
and single myofibers were isolated as described previously (Kafadar et al. 2009), fixed

with 3.7% formaldehyde in PBS and stained with 4°,6-diamidino-2-phenylindole (DAPI)
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to identify nuclei. Regenerated myofibers, identified by the presence of central nuclei,
were analyzed for the number and type of branches. A total of 300-450 myofibers from

four mice were analyzed per genotype.

Primary muscle cell culture, differentiation and fusion assays

Primary myoblasts were isolated from the hindlimb muscles of WT and Bin3 KO
mice of C57BL/6J-129/Sv] background (Ramalingam et al. 2008), WT C57BL/6 or WT
BALB/c mice as previously described with the exception of a Percoll gradient (Bondesen
et al. 2004). Cells were cultured in growth media (GM; Ham’s F10, 20% fetal bovine
serum (FBS), 100 U/mL penicillin G, 100 pg/mL streptomycin, 5 ng/mL fibroblast
growth factor (FGF)) on collagen-coated plates. Cultures were >95% myogenic as
defined by MyoD immunostaining.

To induce differentiation, primary mouse myoblasts were plated on entactin-
collagen IV-laminin (ECL; Millipore) in GM and after 1 h switched to differentiation
media (DM; DMEM, 100 U/mL penicillin G, 100 pg/mL streptomycin, 1% Insulin-
Transferrin-Selenium-A supplement (ITS; Gibco)) for 24 or 40-48 h. Cells were then
fixed with 3.7% formaldehyde and immunostained with an antibody (F1.652;
Developmental Studies Hybridoma Bank) against embryonic myosin heavy chain as
previously described (Horsley et al. 2001).

The differentiation index was determined by dividing the total number of nuclei in
embryonic myosin heavy chain (eMyHC) positive cells by the total number of nuclei
counted (Jansen and Pavlath 2006). The fusion index was determined by dividing the

total number of nuclei in myotubes by the total number of nuclei counted (Jansen and



57

Pavlath 2006). The average myonuclear number was determined by dividing the total
number of nuclei in myotubes (> 2 nuclei) by the total number of myotubes counted
(Jansen and Pavlath 2006). A total of 2500-5400 nuclei were analyzed per genotype or
condition for each timepoint. To quantify myotube diameter using ImagelJ, a range of 3-
30 measurements were taken perpendicular to the axis of the myotube at equal distances
along the axis of the myotube, depending on the length of the myotube. To quantify
myotube length using ImagelJ, a line was drawn along the entire myotube and only
myotubes visible in their entirety were analyzed. Three to four independent isolates were

analyzed per genotype or condition.

Cell mixing experiments

Myoblasts were differentiated into myocytes or nascent myotubes using different
initial plating densities for 24 h in DM. Myocytes were then incubated with 2.5 pM
CellTracker orange CMTMR dye (Invitrogen), and nascent myotubes with 0.5 uM
CellTracker green CMFDA dye (Invitrogen) in DM for 10 min at 37°C. Subsequently,
the dyes were removed, and the cells were incubated in DM for another 30 min at 37°C.
Cells were trypsinized, mixed and plated in DM for an additional 24 h (Jansen and
Pavlath 2006), at which time the cells were fixed in 3.7% formaldehyde and stained with
DAPI. A total of 60-200 myotubes per experiment were analyzed for the presence of dual

label. Three independent isolates were analyzed per genotype.
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Endocytosis assays

Myoblasts were differentiated into myocytes (18 h in DM) or myotubes (24 h in
DM) and switched to serum-free media lacking transferrin (DMEM, 10 mM Hepes pH
7.4, 0.2% bovine serum albumin (BSA)) at 37°C for 3 h prior to the assay. Cells were
cooled to 4°C to inhibit endocytic internalization, followed by incubation with Alexa-594
conjugated transferrin (Invitrogen) in the presence or absence of Dynasore (Abcam), to
allow both transferrin and Dynasore to equilibrate at the cell surface. Subsequently, in the
continuous presence or absence of Dynasore, cells were either incubated at 37°C for 35
min to allow transferrin internalization, or kept at 4°C to prevent it. All cells were then
returned to 4°C in the presence or absence of an acidic buffer (0.5 M NaCl, 15 mM MES
(2-(N-Morpholino) ethanesulfonic acid hydrate (Sigma-Aldrich) pH 4.5 in PBS), to
remove cell surface transferrin. Finally, while still at 4°C, all cells were fixed with 4%
paraformaldehyde, and stained with DAPI. Intensities were measured with MetaMorph
software version 6.1 (Molecular Devices, Sunnyvale, CA) as integrated pixel intensity,
and the ratio (internalized/total) was plotted for some experiments. A total of 20-90 cells
were analyzed per genotype or condition. One to three independent isolates were

analyzed per genotype or condition.

Cell migration assays

Cell migration experiments were performed as previously described (Jansen and
Pavlath 2006). Myoblasts (0 h in DM) or myocytes (18 h in DM) were visualized using
an Axiovert 200M microscope with a 0.3 NA 10X Plan-Neofluar objective (Carl Zeiss

Microlmaging, Inc.), and images were recorded using a camera (Qimaging) and OpenLab
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5.5.2 (Improvision) software every 5 min for 3 h using time-lapse microscopy. Using
ImagelJ, the migratory paths of 60 individual cells were analyzed per genotype and mean
cell velocities were calculated. Three to four independent isolates were analyzed per

genotype.

Phalloidin staining

Differentiated muscle cells at 18, 24 or 40 h in DM were fixed with 3.7%
formaldehyde and incubated in blocking buffer (0.1% Triton-X 100, 1% BSA in PBS) for
20 min, followed by Fluorescein isothiocyanate (FITC)-phalloidin (Enzo Life Sciences)
in PBS with 1% BSA for 20 min. Nuclei were counterstained with DAPI. The percentage
of cells with lamellipodia was quantified. A total of 130-160 cells were analyzed per

genotype for each timepoint. Three independent isolates were analyzed per genotype.

Immunostaining

To detect endogenous or Human influenza hemagglutinin (HA)-tagged
recombinant Bin3, myoblasts were differentiated for 18 or 24 h in DM, fixed with 3.7%
formaldehyde and incubated in blocking buffer (5% donkey serum, 0.1% or 0.25% Triton
X-100, 0.5% or 1% BSA in PBS), followed by an overnight incubation at 4°C with Bin3
hybridoma 3A4 (Ramalingam et al. 2008) or HA (Covance) primary antibodies. Primary
antibodies were detected using biotin-conjugated donkey-anti mouse IgG (Jackson
ImmunoResearch), HRP-conjugated streptavidin (PerkinElmer) and the tyramide signal
amplification red reagent (Tyramide Signal Amplifcation (TSA) kit, Perkin Elmer).

Nuclei were counterstained with DAPI (4°,6-diamidino-2-phenylindole).
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To detect CKB, myoblasts were differentiated for 0, 18 or 40 h in DM, fixed and
immunostained as previously described (O'Connor et al. 2008), using the TSA red
reagent (Perkin Elmer). To detect CKM, myoblasts were differentiated for 0, 18 or 48 h
in DM, fixed and immunostained with rabbit anti-CKM (a gift from Dr. Theo Wallimann,
Institute of Cell Biology, Swiss Federal Institute of Technology Zurich) and the
appropriate secondary antibody. Nuclei were counterstained with DAPI.

For CKB and a-sarcomeric actin colocalization studies, myoblasts were
differentiated for 40 h in DM and immunostained for CKB as previously described
(O'Connor et al. 2008). Immunostaining for a-sarcomeric actin was performed using anti-
a-sarcomeric actin (Sigma) antibody, and the appropriate secondary antibody. Nuclei

were counterstained with DAPI.

Cyclocreatine experiments

Myoblasts were incubated in the presence or absence of 5 mM 1-carboxymethyl-
2-iminoimidazolidine (cyclocreatine) from 18 to 42 h in DM. Cultures were then fixed
and stained for various experiments. In all assays, three independent isolates were
analyzed.

For phalloidin staining, cultures were fixed and stained as previously described
(Simionescu-Bankston et al. 2013). A total of 100-150 myotubes were analyzed per
condition. Intensities from 20 myotubes per condition were measured using ImageJ
software as integrated pixel intensity. For CKB immunostaining, cultures were fixed and

immunostained as previously described (O'Connor et al. 2008). A total of 80-200
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myotubes were analyzed per condition. For all experiments, nuclei were counterstained
with DAPI.

For fusion assays, cultures were fixed and immunostained with an antibody
against eMyHC as previously described (Horsley et al. 2001). The differentiation and
fusion indices, as well as the percentage of myotubes with > 5 nuclei were determined as
previously described (Horsley and Pavlath 2003). A total of 6000-6800 nuclei were

analyzed per condition.

Retroviral infection

Mouse Bin3 cDNA (Open Biosystems) with 3xHA tags at the C-terminus was
cloned into the pPBABE retroviral vector (Morgenstern and Land 1990) together with an
IRES-EGFP marker. A control vector with an IRES-EGFP marker was also generated.
WT and Bin3 KO myoblasts were subjected to 2-4 rounds of retroviral infection (Abbott
et al. 1998) using either the HA-Bin3 vector or the control vector. Infected cells were
subsequently grown in GM under puromycin selection at 0.75 pg/mL for a minimum of
48 h. The infection efficiency was >95% based on cell survival in the presence of

puromycin.

Real-time PCR

Total RNA was isolated from WT myocytes using TRIzol reagent (Life
Technologies) according to the manufacturer’s instructions, followed by treatment with
Dnasel (Life Technologies). Dnasel-treated RNA (2 pug) was reverse transcribed using

random primers (Invitrogen) and M-MLYV reverse transcriptase (Invitrogen). mRNA
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levels were determined by real-time PCR using the SYBR Select Master Mix
(Invitrogen), the StepOnePlus Real-Time PCR System and StepOne Software version
2.2.2 (Applied Biosystems, Life Technologies). All reactions were run in duplicate.
Primers for mouse AMPH (PPM30542A), BINI (PPM25097A), BIN2 (PPM66366A) and
BIN3 (PPM26566A) were obtained from SABiosciences. Three independent isolates

were analyzed. Mouse gastrocnemius muscle or brain was used as a positive control.

RT-PCR

Total RNA was isolated using TRIzol reagent (Life Technologies) according to
the manufacturer’s instructions, followed by treatment with Dnasel (Life Technologies).
Subsequently, total RNA (2.5 png) was reverse transcribed and PCR was performed as
previously described (O'Connor et al. 2007), with the exception of utilizing 7ag DNA
polymerase (Qiagen) and the primers listed in Table 4.4.2. To control for genomic
contamination, all primers spanned an intron-exon boundary for the genes that contained
one. As a control, 18S cDNA was amplified using QuantumRNA 18S rRNA primers
(Ambion), and PCR products were resolved and visualized as previously described
(O'Connor et al. 2007). Reactions were performed on a minimum of two independent

1solates.

Plasmid construction
To generate an N-terminal LexA-CKB bait construct for yeast two-hybrid assays,

a truncated cDNA fragment encoding the human CKB gene (accession no.
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NM _001823.4) (Burklen et al. 2007) was generated using PCR and cloned into the
pBTM116 vector (Bartel et al. 1993).

To generate an N-terminal GFP-tagged CKB construct for co-
immunoprecipitation experiments, a cDNA fragment encoding the full-length human
CKB gene was generated using PCR and cloned into the pEGFP/C2 vector (Clontech). To
generate N-terminal Myc-tagged constructs of the mouse genes of interest for co-
immunoprecipitation experiments, cDNA fragments encoding the full-length mouse
genes together with Myc were generated using PCR and cloned into a pCDNA3 plasmid
(Clontech), or directly cloned into an N-terminal Myc tag-containing pCDNA3 plasmid.

To generate an N-terminal FLAG-copGFP-tagged CKB construct for actin
binding assays, a cDNA fragment encoding the full-length human CKB gene together
with copGFP and FLAG were cloned into pENTR/D-TOPO (Invitrogen), recombined in
pDESTS8 (Invitrogen), and expressed in Sf9 insect cells using the Bac-to-Bac system
(Invitrogen). To generate an N-terminal FLAG-tagged Fascin-2 construct, a cDNA
fragment encoding the mouse full-length Fiscn2 together with FLAG were cloned into
pENTR/D-TOPO (Invitrogen), recombined into pDESTS8 and expressed in Sf9 cells as
previously described (Perrin et al. 2013). For all experiments, fusion protein expression

was verified by immunoblotting.

Yeast two-hybrid assays
The yeast two-hybrid screen was performed using S. cerevisiae strain L40 (MATa
his3 trpl leu2 ade2 LYS::(lexA op)4+~HIS3 URA3::(lexA op)s-lacZ) that harbors the HIS3

and lacZ reporter genes (Hollenberg et al. 1995). The strain was initially transformed
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with the LexA-CKB bait construct in the pBTM116 plasmid (Bartel et al. 1993),
containing the TRPI marker. Once expression of the bait protein in yeast was verified
using an anti-LexA antibody (Santa Cruz), L40 cells containing LexA-CKB were
transformed with a Matchmaker 17-day-old mouse embryo cDNA library (Clontech)
fused to the GAL4 activation domain in the pACT2 prey plasmid (Clontech), containing
the LEU2 marker. Subsequently, transformants were plated onto selective medium
(lacking Leu, Trp, and His) and incubated for 5 days at 30°C. His' transformants were
further screened for the formation of blue colonies in the B-galactosidase filter assay with
5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-gal). The library plasmids from
positive clones were isolated, electroporated into Escherichia coli HB101 cells and
retransformed into L40 cells containing the LexA-CKB construct, and blue colony
formation assays were then repeated for plasmid linkage. Plasmid DNA isolated from

positive clones was sequenced to identify the genes encoding the interacting proteins.

Immunoprecipitation and immunoblotting

To perform Racl and Cdc42 activity assays, myocytes were lysed in supplied
magnesium lysis buffer (MLB; Millipore) containing protease/phosphatase inhibitors
(Sigma), and centrifuged at 14,000 x g for 10 min. The pellet was then discarded and the
supernatant was incubated for 30 min with 10 mM EDTA. The reaction was stopped by
the addition of 60 mM MgCl,. An equal amount of protein from each sample was
incubated with 20 pL PAK1-PBD beads (Millipore) for 1.5 h at 4°C. The beads were
then washed, spun quickly and the supernatants were subjected to SDS-PAGE and

immunoblotting. The relative amounts of active Racl and Cdc42 were determined by
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densitometric analysis. Two to three independent isolates were analyzed per genotype or
condition.

For co-immunoprecipitation experiments, HEK 293 cells were co-transfected with
10 pg pPEGFP-CKB/C2 plasmid and 10 pg pCDNA3 plasmid containing the Myc-tagged
gene of interest using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. At 48 h post transfection, cells were harvested in RIPA-2 buffer containing
protease inhibitors. Cell lysates were centrifuged and the supernatant was subjected to
immunoprecipitation.

To immunoprecipitate GFP-CKB, Dynabeads Protein-A Kit (Invitrogen) was
used according to the manufacturer’s instructions. Briefly, rabbit anti-GFP antibody
(Invitrogen) or control rabbit IgG antibody (Santa Cruz) was cross-linked to the beads
prior to the addition of protein extract (300-400 pg). After washing the beads, the
immunoprecipitate was eluted, followed by SDS-PAGE and immunoblotting.

To immunoprecipitate Myc-tagged proteins, Protein A/G PLUS-Agarose beads
(Santa Cruz) were used according to the manufacturer’s instructions. Briefly, protein
extract (500 pg) was incubated with mouse anti-Myc antibody (Santa Cruz) or control
mouse IgG antibody (Santa Cruz) and then, Protein A/G PLUS-Agarose bead slurry was
added. After washing the beads, the supernatants were resuspended in SDS loading buffer
and subjected to SDS-PAGE and immunoblotting.

Samples were lysed in RIPA-2 buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl,
1% NP-40, 0.5% deoxycholic acid, 0.1% SDS) containing protease inhibitors (Mini
Complete; Roche) and centrifuged at 21,000 x g for 15 min. The pellet was then

discarded and the supernatant was subjected to SDS-PAGE and immunoblotting. An
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equal amount of protein from each sample was loaded onto 10% or 12% SDS-
polyacrylamide gels and transferred to either a 0.2 pm or a 0.45 um nitrocellulose
membrane (Bio-Rad Laboratories). After blocking non-specific binding, the membranes
were incubated with the appropriate primary antibodies. Primary antibodies used were as
follows: Bin3 (3A4; Ramalingam et. al, 2008), Cdc42 (Santa Cruz), EF1a (Millipore),
eMyHC (F1.652; Developmental Studies Hybridoma Bank), GFP (Invitrogen), HA
(Covance), Hsp90 (Santa Cruz), Myc (Covance), Myogenin (F5D; Developmental
Studies Hybridoma Bank), Racl (BD Biosciences) and Tubulin (Sigma-Aldrich).
Primary antibodies were detected using appropriate horseradish peroxidase (HRP)-
conjugated IgG (Jackson ImmunoResearch) secondary antibodies, followed by enhanced

chemiluminescence.

Protein expression and purification for actin binding assays

Recombinant baculoviral DNA was transfected into small cultures of Sf9 insect
cells using CellFectin II (Invitrogen). Four days later, recombinant baculovirus was
harvested and the transfected cells were analyzed for FLAG-copGFP-CKB or FLAG-
Fascin-2 protein expression by immunoblotting using the M2 anti-FLAG antibody
(Sigma). After verification of fusion protein expression, large cultures were incubated for
three days with amplified baculovirus before being harvested for protein purification.
Cells were lysed and protein purified using anti-FLAG M2 affinity beads (Sigma) as
previously described (Rybakova et al. 2002). Purified protein was dialyzed against PBS,

concentrated and used for in vitro actin binding assays.
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F-actin binding assay

Purified a-skeletal-actin (Cytoskeleton) was utilized for in vitro co-sedimentation
assays as previously described (Henderson et al. 2010). Briefly, 0.5 uM FLAG-copGFP-
CKB or 0.5 uM FLAG-Fascin-2 (Perrin et al. 2013) was incubated with 0-15 uM F-actin
and subjected to high-speed centrifugation. Equal volumes of the supernatant (S) and the
pelleted (P) F-actin filaments together with the interacting protein were resolved by SDS-
PAGE, stained using Coomassie blue, and imaged with the Odyssey infrared scanner (Li-
cor). The relative amount of F-actin-bound protein was determined by densitometric
analysis, and quantified as the P/(S+P) ratio. Data were plotted and fitted using nonlinear
regression analysis (Graph-Pad Prism). Two independent experiments were performed

with different FLAG-tagged protein and F-actin preparations.

G-actin binding assay

Purified non-filamentous globular actin (G-actin) (1 uM, Cytoskeleton) was
incubated in the presence or absence of 1 pM purified FLAG-copGFP-CKB or anti-
FLAG M2 affinity beads (Sigma) for 1 h at 4°C in G-buffer (5 mM Tris-HCI pH 8.0, 0.2
mM CaCl,, 0.2 mM ATP, 0.5 mM DTT). The beads were then pelleted and the
supernatant collected. Subsequently, the beads were washed, and FLAG-copGFP-CKB
was eluted with 0.1 mg/mL FLAG peptide (University of Minnesota Genomics Center).
Equal volumes of starting material, FLAG-depleted supernatant and FLAG elution were

electrophoresed using SDS-PAGE, and stained and imaged as described above.
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Image acquisition

For the analysis of myofiber branching in vivo, the differentiation and fusion
assays in vitro, as well as the Bin3 immunostaining in differentiated cells, images were
obtained using an Axiovert 200M microscope (Carl Zeiss Microlmaging) with a 0.3 NA
10X Plan-Neofluar objective (Carl Zeiss Microlmaging) and were recorded using a
camera (Qimaging) and OpenLab 5.5.2 (Improvision) software. For all other
experiments, images were obtained using an Axioplan microscope (Carl Zeiss
Microlmaging) with either a 0.3 NA 10X Plan-Neofluar objective (Carl Zeiss
Microlmaging) or with a 0.8 NA 25X Plan-Neofluar objective (Carl Zeiss Microlmaging)
and were recorded with a camera (Carl Zeiss Microlmaging) and Scion Image 1.63
(Scion Corporation) software. All images were assembled using Adobe Photoshop CS5.1
for Macintosh (Adobe) and equally processed for size, color levels, brightness, and

contrast.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 for Macintosh
(GraphPad Software). Statistical analysis to determine significance between two groups
was performed using a Student’s ¢ test. One-way or two-way ANOVA with Bonferroni’s
posttest was used for comparisons between multiple groups as appropriate. Differences

were considered to be statistically significant at P<0.05.
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Chapter 4: Creatine Kinase B Interacts with and Modulates the Actin Cytoskeleton
During Myoblast Fusion

4.1 Introduction

Formation, growth and repair of multinucleated skeletal muscle cells are
dependent on fusion of progenitor myoblasts (Abmayr and Pavlath 2012). In spite of the
importance of myoblast fusion, the molecular mechanisms underlying this process are
incompletely understood. Cell culture models have been valuable for defining the various
stages of myogenesis. During myogenesis, myoblasts differentiate into elongated
myocytes, which migrate and adhere to one another. At cell-cell contact sites, a high
density of adhesion molecules is found (Vasyutina et al. 2009). Following adhesion,
downstream signaling pathways are activated, leading to localized actin changes at the
cell-cell contact site (Peckham 2008). Next, membrane union takes place, leading to
fusion of several differentiated myoblasts with one another to form nascent myotubes
with few nuclei. Finally, differentiated myoblasts preferentially fuse with the ends of
nascent myotubes (Peckham 2008) to generate mature myotubes containing many nuclei.

During myotube formation, some molecules become spatially restricted to
specific cellular domains. A number of molecules regulating mammalian myoblast fusion
localize to cell-cell contact sites in opposing muscle cells, including adhesion molecules
and molecules associating with their intracellular domains. However, other molecules
localize to cell-cell contact sites between two muscle cells in only one of the cells, and
these are mainly intracellular molecules associated with regulating the actin cytoskeleton
(Pavlath 2010b). Although the exact reasons for such localization during myogenesis are

unknown, understanding why some molecules localize in this manner provides valuable
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insights into the process of myoblast fusion.

We previously reported that Creatine Kinase B (CKB), the brain isoform of
cytosolic CK enzymes, is prominently localized at myotube ends in vitro (O'Connor et al.
2008). CKB catalyzes the transfer of a phosphate group from phosphocreatine to ADP,
thereby replenishing local ATP at sites of high ATP turnover (Wyss and Kaddurah-
Daouk 2000). These findings suggested that the ends of myotubes are sites of high ATP
demand. However, the molecules that require ATP generated by CKB for their cellular
function are unknown. Such molecules may be functionally important for myogenesis.
Interestingly, CKB can also localize to specific regions in non-muscle cells. CKB
transiently accumulates in membrane ruffles of astrocytes and fibroblasts during cell
spreading and migration, and ablation of CKB activity negatively affects these two
processes (Kuiper et al. 2009). In addition, CKB is transiently recruited to the phagocytic
cup of macrophages during phagocytosis, where inhibition of CKB activity diminishes
actin accumulation (Kuiper et al. 2008). Finally, CKB localizes to hair bundles in the ear
and CKB-deficient mice exhibit hearing loss (Shin et al. 2007). These studies indicate
CKB activity is required at specific cellular locations for various functions. Further
examination of CKB localization in muscle cells would enhance our understanding of the
mechanisms underlying myotube formation.

To better understand the function of CKB at myotube ends, we sought to identify
CKB interacting proteins using a yeast two-hybrid screen. We identified molecules with a
broad diversity of roles, including actin polymerization, intracellular protein trafficking
and alternative splicing, as well as sarcomeric components. In-depth studies of a-skeletal-

actin and a-cardiac-actin, two predominant skeletal muscle actin isoforms, demonstrated
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their biochemical interaction and partial colocalization with CKB near the ends of mouse
myotubes in vitro. Importantly, inhibition of cytosolic CK activity resulted in both
depolymerized filamentous actin (F-actin) in myotubes, as well as reduced myotube
number and size. Together, our results suggest cytosolic CK enzymes play a key role in

myotube formation by modulating actin dynamics during myogenesis.
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4.2 Results
CKB is localized in both myocytes and myotubes

To study CKB localization during in vitro myogenesis (Fig. 4.4.1A), we
performed immunostaining in primary mouse muscle cells. We previously showed CKB
is localized in nascent and mature myotubes (O'Connor et al. 2008), suggesting CKB
activity is likely critical at the ends of myotubes. However, we show here that CKB also
localizes at the ends of elongated myocytes (Fig. 4.4.1B), extending our previous results
by suggesting that CKB activity is also important in myocytes prior to fusion. Thus, CKB
may provide ATP for various molecules at the ends of differentiated muscle cells
throughout myotube formation. In contrast, the muscle isoform of cytosolic CK enzymes
(CKM), which localizes to the contractile apparatus (Schafer and Perriard 1988) and
exhibits functional redundancy with CKB in replenishing ATP (Renema et al. 2007), was
absent from the ends of differentiated muscle cells (Fig. 4.4.1C). The reciprocal
localization of CKB and CKM suggests that these two enzymes may exhibit differential
functions during myogenesis. Given the localization of CKB to the ends of differentiated
muscle cells, proposed sites of fusion in vitro (Peckham 2008), we focused our

subsequent studies on CKB.

Screen for CKB interacting proteins by yeast two-hybrid assay

To gain insights into the function of CKB at the ends of differentiated muscle
cells, we performed a yeast two-hybrid screen using the LexA-CKB fusion protein as bait
to identify novel CKB interacting proteins. Since we were unable to express the full-

length CKB protein in yeast, we instead utilized a previously described (Burklen et al.



75

2007) N-terminally truncated CKB construct (Fig. 4.4.2A), which includes the isoform-
specific box B 260 that distinguishes CKB from CKM (Stolz and Wallimann 1998), and
the highly conserved cysteine 283 (Cys 283) near the catalytic site. We confirmed
expression of LexA-CKB in yeast by immunoblotting (Fig. 4.4.2B). Using this bait, we
screened 1.2x10° clones from an embryonic day 17 mouse cDNA library for CKB
interacting proteins. Eight positive clones were isolated based on their ability to grow in
SC-Histidine media and confirmed by activation of the /acZ reporter (Fig. 4.4.2C). No
autoactivation of the /acZ reporter was observed for these clones (data not shown).

The positive clones obtained in the yeast two-hybrid screen encode proteins with
a diversity of functions, including regulation of the actin cytoskeleton (Table 4.4.1).
These results are significant given the importance of actin regulation for several steps in
myotube formation, including elongation, migration and fusion (Abmayr and Pavlath
2012). We identified a-skeletal-actin, a skeletal muscle-specific actin isoform (Perrin and
Ervasti 2010), as a putative CKB interacting protein. Additional putative CKB interacting
proteins with roles in actin dynamics include Bridging integrator 3 (Bin3), Heat shock 27
kD protein 3 (Hsbp3), Septin-8 and Rho GTPase-activating protein 23 (Arhgap23). N-
BAR domain proteins, such as Bin3, link membrane dynamics to the actin cytoskeleton
(Frost et al. 2009, Ren et al. 2006). In addition, we recently showed that Bin3 is
important for lamellipodia formation and muscle cell motility, as well as myotube
formation and growth (Simionescu-Bankston et al. 2013). Small heat shock proteins, such
as Hsbp3, inhibit actin polymerization by acting as capping proteins, or may protect the
actin cytoskeleton against disruption induced by various stressful conditions (Mounier

and Arrigo 2002). Septin family proteins, such as Septin-8, are small GTP-binding
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proteins that can self-assemble into filaments and rings (Mostowy and Cossart 2012),
help organize actin bundles (Kinoshita et al. 2002), and coordinate changes in
cytoskeletal and membrane organization (Weirich et al. 2008). RhoGAP proteins, such as
Arhgap23, negatively regulate the function of Rho GTPases (Moon and Zheng 2003)
with critical roles in modulating actin dynamics (Hall 1998). Finally, several proteins
identified in our screen are involved in regulating cellular processes other than the actin
cytoskeleton. Transmembrane emp24-like trafficking protein 10 (Tmed10) and
Gametogenetin binding protein 2 (Ggnbp2), are involved in intracellular protein
trafficking (Strating and Martens 2009, Zhang et al. 2005), whereas Muscleblind-like
RNA-binding proteins, such as Muscleblind-like 3 (Mbnl3), inhibit muscle differentiation
and regulate alternative splicing of pre-mRNA (He et al. 2009, Lee et al. 2008, Squillace
et al. 2002, Teplova and Patel 2008). Overall, the proteins identified in our screen
regulate a number of highly ATP-dependent processes, which could require a localized
source of ATP provided by CKB in muscle cells.

Since our goal was to gain insights into CKB function in muscle cells, we next
examined whether the candidate proteins identified in our screen using a non-muscle
library were expressed in muscle cells. We analyzed the expression of these candidates in
pure cultures of primary mouse myoblasts differentiated into nascent myotubes (24 h) or
mature myotubes (48 h) by RT-PCR. The genes identified in our screen were expressed
at all stages of myogenesis, except Actal, coding for a-skeletal-actin, which was present

exclusively in differentiated muscle cells (Fig. 4.4.3).
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CKB interacts with a-actin and actin regulatory proteins

Given the importance of actin regulation for myoblast fusion (Gruenbaum-Cohen
et al. 2012, Kim et al. 2007, Nowak SJ et al. 2009, Vasyutina et al. 2009), we
subsequently focused on studying the interaction of CKB with a-skeletal-actin and with
actin regulatory proteins. The mRNA levels of a-skeletal-actin, the predominant actin
isoform in adult mouse skeletal muscle, reach a peak during later stages of fusion in the
mouse myoblast cell line C2C12 (Bains et al. 1984, Vandekerckhove et al. 1986). To
verify the interaction between CKB and a-skeletal-actin biochemically, we expressed
full-length GFP-CKB and Myc-a-skeletal-actin constructs in HEK 293 cells and
performed co-immunoprecipitation experiments. Immunoprecipitation using either GFP
or Myc antibodies, followed by immunoblotting, verified that GFP-CKB and Myc-a-
skeletal-actin interacted in mammalian cells (Fig. 4.4.4A).

To determine whether the interaction between CKB and a-skeletal-actin is direct,
we performed in vitro binding assays with purified proteins. As actin can exist in either a
filamentous (F-actin) or globular (G-actin) state, we tested the interaction of CKB with a-
skeletal-actin in each of these forms. Incubation of a fixed amount of purified FLAG-
copGFP-CKB with increasing amounts of F-actin, followed by high-speed sedimentation,
indicated CKB did not measurably cosediment with F-actin (Fig. 4.4.8A,B), whereas the
positive control FLAG-Fascin-2 protein did (Perrin et al. 2013). Similarly, purified
FLAG-copGFP-CKB did not co-immunoprecipitate with purified G-actin using an anti-
FLAG antibody (Fig. 4.4.8C). These results indicate that CKB likely interacts with a-

skeletal-actin indirectly via intermediary proteins.
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Since a-skeletal-actin is only one of six mammalian actin isoforms, which include
the other muscle isoforms (a-cardiac-actin, a-smooth-actin, y-smooth-actin) and the
cytoplasmic isoforms (-cyto-actin, y-cyto-actin) (Perrin and Ervasti 2010), we next
determined whether CKB displays specificity in binding to any of these isoforms by co-
immunoprecipitation. We focused on the isoforms expressed to a significant degree in
cultured skeletal muscle cells during myogenesis: a-cardiac-actin, $-cyto-actin and y-
cyto-actin. a-cardiac-actin mRNA is rapidly induced upon differentiation, and decreases
as myotube maturation proceeds (Bains et al. 1984); in contrast, B-cyto-actin and y-cyto-
actin mRNA levels decline rapidly when differentiation begins (Bains et al. 1984). To
determine whether CKB interacted with these actin isoforms biochemically, we
expressed full-length GFP-CKB and Myc-tagged-actin constructs in HEK 293 cells and
performed co-immunoprecipitation experiments. Immunoprecipitation using either GFP
or Myc antibodies, followed by immunoblotting, indicated that GFP-CKB interacted with
Myc-a-cardiac-actin (Fig. 4.4.4B), but not with Myc-B-cyto-actin (Fig. 4.4.4C) or Myc-y-
cyto-actin (Fig. 4.4.4D), in HEK 293 cells. Together, these data demonstrate that CKB
interacts specifically with a-actin isoforms in mammalian cells, but not with - or y-actin
isoforms.

Finally, we also performed co-immunoprecipitation experiments to confirm the
interaction between CKB and actin regulatory proteins identified in our screen (Fig.
4.4.3C, Table 4.4.1). We found Myc-Bin3 (Fig. 4.4.5A), Myc-Septin-8 (Fig. 4.4.5B) and
Myc-Hsbp3 (Fig. 4.4.5C) also co-immunoprecipitated with GFP-CKB in HEK 293 cells.
These data indicate CKB can interact with multiple molecules important for actin

dynamics, a highly ATP-dependent process (Lodish et al. 2000).
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CKB activity is necessary for actin polymerization in myotubes, as well as myotube
formation

We next analyzed the functional relevance of CKB activity for the actin
cytoskeleton in muscle cells. We initially examined the co-localization of CKB with a-
skeletal-actin and a-cardiac-actin, the two predominant muscle actin isoforms. Primary
mouse myoblasts were differentiated into myotubes and co-stained for CKB and a-
sarcomeric actin using an antibody that recognizes both a-skeletal-actin and a-cardiac-
actin, which are 99% identical (Vandekerckhove et al. 1986). These immunofluorescence
analyses revealed that CKB and a-sarcomeric actin partially colocalized near myotube
ends (Fig. 4.4.6), where a-sarcomeric actin extended all the way to the tips of myotubes,
whereas CKB did not. In contrast to non-muscle cells, studying the role of CKB in
differentiated muscle cells is complicated by both dual expression (Fig. 4.4.1B,C) of and
functional redundancy between of CKB and CKM in replenishing ATP (Renema et al.
2007). In the presence of cyclocreatine, cytosolic CK isoforms are unable to generate
ATP (Wyss and Kaddurah-Daouk 2000). To inhibit the activity of both cytosolic CK
enzymes during myotube formation, we treated muscle cells with cyclocreatine at the
onset of cell-cell fusion occurring at 18 h of differentiation. Subsequently, myotube
cultures were fixed and F-actin was visualized using FITC-phalloidin 24 h later.
Cyclocreatine treatment caused prominent changes in F-actin localization, as well as actin
depolymerization in myotubes, manifested by lack of actin filaments (Fig. 4.4.7A).
Quantification of the FITC-phalloidin fluorescent signal revealed a 54% loss of F-actin
signal in myotubes following cyclocreatine treatment (Fig. 4.4.7B), indicating that CK

activity is important for actin organization in myotubes. Interestingly, CKB localization
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in myotubes remained unchanged following cyclocreatine treatment (Fig. 4.4.9),
suggesting that cytosolic F-actin is not responsible for CKB localization at myotube ends.

Given the importance of actin dynamics for myoblast fusion (Gruenbaum-Cohen
et al. 2012, Kim et al. 2007, Nowak SJ et al. 2009, Vasyutina et al. 2009), we also
examined whether cyclocreatine treatment affected myotube formation. Immunostaining
of muscle cells at 42 h of differentiation for embryonic myosin heavy chain (eMyHC), a
marker of terminal differentiation, revealed decreased myotube formation (Fig. 4.4.7C)
following cyclocreatine treatment. Subsequently, quantitative analyses showed a 49%
decrease in the number of myotubes (Fig. 4.4.7D), a 56% decrease in the fusion index
(Fig. 4.4.7E), and a 76% decrease in the percentage of myotubes with >5 nuclei (Fig.
4.4.7F) following cyclocreatine treatment. Since cyclocreatine was added after
differentiation was mostly complete, the differentiation index was not significantly
altered (Fig. 4.4.10A). Furthermore, cyclocreatine treatment did not cause significant cell
death, as no change in the number of nuclei per field was noted (Fig. 4.4.10B). Overall,
these data indicate cytosolic CK activity plays a key role in regulating actin

polymerization in myotubes, as well as myotube formation.
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4.3 Discussion

The dramatic relocalization of CKB to the ends of differentiated muscle cells
during myotube formation suggested CKB activity is necessary for the function of
molecules that turn over ATP rapidly at these sites. Using a yeast two-hybrid screen, we
identified a number of novel CKB interacting proteins, many of which are involved in
actin polymerization, an ATP-intensive process. We showed two muscle-specific actin
isoforms, a-skeletal-actin and a-cardiac-actin, interacted and partially colocalized with
CKB near myotube ends. Importantly, our studies identified a critical role for CK activity
in both actin dynamics and myotube formation.

The finding that CKB interacts only with muscle-specific isoforms of actin, but
not with the ubiquitously expressed B-cyto-actin or y-cyto-actin isoforms, is novel. As
skeletal-actin and a-cardiac-actin are 99% identical (Perrin and Ervasti 2010), whereas [3-
cyto-actin and y-cyto-actin are 98% identical and 93% identical to the sarcomeric actin
isoforms (Kashina 2006). Many actin-binding proteins, including ezrin (Yao X et al.
1996), BCAP73 (Shuster et al. 1996) and I-plastin (Namba et al. 1992), interact
preferentially with non-muscle actin isoforms, such as B-cyto-actin, but not with a-actin,
by co-sedimentation assays. Thus, very small differences among actin isoforms are
enough to confer differential binding affinities to various proteins. However, how the
specificity of the interaction between actin-binding proteins and various actin isoforms
occurs is unknown.

Pharmacologic inhibition of CKB and CKM activity in differentiated muscle cells
led to depolymerized F-actin, as well as to decreased myotube formation, suggesting

CKB activity contributes in part to the regulation of actin dynamics necessary for
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myoblast fusion. Additionally, other molecules necessary for myoblast fusion, whose
function depends on the production of local ATP, may have also been affected by
inhibition of cytosolic CK activity. Genetic or pharmacologic inhibition of cytosolic CK
enzymes results in changes of the actin cytoskeleton in various cell types. For example,
expression of a dominant-negative CKB enzyme (Hornemann et al. 2000) decreased actin
accumulation in phagocytic cups of macrophages (Kuiper et al. 2008). Furthermore, CKB
knockdown or treatment of osteoclasts with cyclocreatine reduced the formation of actin
sealing-ring structures (Chang et al. 2008). Similarly, treatment of neonatal rat
cardiomyocytes with the creatine analog B-guanidinopropionic acid (Wyss and
Kaddurah-Daouk 2000), in the presence of the hypertrophic agonist phenylephrine (Yue
et al. 2000), also led to actin depolymerization (Diguet et al. 2011). All these cellular
processes are dependent on actin remodeling, which requires ATP at various steps.
Therefore, cytosolic CK enzymes play an important role in rapid replenishment of local
ATP at sites with high ATP turnover in multiple cell types.

A number of dynamic actin-based cellular structures play important roles at
various steps during myotube formation, including migration and fusion. Prior to fusion,
muscle cells exhibit lamellipodia, actin-based protrusions containing branched actin
filaments, which are associated with motility (Small et al. 2002). Later in myogenesis,
myoblasts align in preparation for fusion (Wakelam 1985). During early alignment of
elongated myoblasts (Wakelam 1985), a cortical actin wall extends the length of the
plasma membrane of the two aligned cells, possibly providing a temporal barrier for
fusion until the myoblasts are completely aligned and ready to fuse (Duan and Gallagher

2009). Fusing myoblasts then exhibit filopodia, exploratory extensions from the plasma
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membrane containing parallel bundles of actin filaments (Ridley 2011), which are used to
connect fusing myoblasts along the entire length of the membrane contact (Stadler et al.
2010). Finally, during late myogenesis, myotube-myotube fusion occurs between the
leading edge of lamellipodia of one myotube and the lateral plasma membrane of the
other (Mukai and Hashimoto 2008). Given the involvement of lamellipodia and filopodia
in various stages of myogenesis, disruption of actin polymerization in these protrusions
by inhibition of cytosolic CK activity could impair the formation of multinucleated
muscle cells. Furthermore, inhibition of cytosolic CK activity may also impair critical
actin polymerization occurring at contact sites between two fusing muscle cells.

The finding that CKB localizes near myotube ends, where it partially colocalizes
with sarcomeric actins, is highly significant given that myoblasts preferentially fuse with
myotube ends (Peckham 2008), which are sites of extensive actin remodeling (Mukai and
Hashimoto 2008). The dynamic nature of actin-based protrusions found at myotube ends
may facilitate myoblast recognition, adhesion and fusion in this region. Actin remodeling
near myotube ends may consume ATP too rapidly for replenishment by diffusion due to
the large size of myotubes; therefore, these regions may require localized ATP
production. Interestingly, CKB also localizes to specific cellular regions in conjunction
with non-sarcomeric actins in non-muscle cells. In spreading astrocytes, a fraction of
CKB and F-actin jointly accumulate in membrane ruffles, where actin-based structures
are most dynamic (Kuiper et al. 2009). In macrophages and microglia not undergoing
phagocytosis, CKB localizes to the cytoplasm; however, in cells undergoing
phagocytosis, a portion of CKB is cytoplasmic and another is found at nascent

phagosomes, suggesting a partial shift in localization (Kuiper et al. 2008). Interestingly,



84

F-actin is also found at nascent phagosomes in an almost complete overlap with CKB
(Kuiper et al. 2008). These studies suggest CKB is localized to specific cellular regions
of actin remodeling in multiple cell types.

How CKB becomes localized at myotube ends is unknown. Actin regulatory
proteins identified in our screen, such as Bin3, could be responsible for CKB localization
at these sites. However, CKB localization in myotubes was not altered in cells lacking
Bin3 (data not shown). Furthermore, cyclocreatine treatment did not affect CKB
localization in muscle cells, suggesting F-actin is not structurally required for maintaining
CKB at myotube ends. In contrast, CKB localization in astrocytes was F-actin-dependent,
as treatment with cytochalasin D, an inhibitor of actin polymerization (Casella et al.
1981), reduced the accumulation of both F-actin and CKB around fibronectin beads
(Kuiper et al. 2009). These results suggest CKB localization is likely controlled by
distinct mechanisms in different cell types. Further studies are required to identify the
mechanisms regulating CKB localization in differentiated muscle cells.

In summary, our data suggest local ATP produced by CKB near the ends of
differentiated muscle cells plays an important role in regulating actin polymerization and
myotube formation. Future studies should be directed towards elucidating how CKB and
its interacting partners work together to regulate myotube formation. Such studies will
provide valuable insights into the regulation of myoblast fusion, and could further allow

the development of therapies to enhance muscle growth.
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4.4 Figures and Tables

Figure 4.4.1: CKB and CKM localization during in vitro myogenesis
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Figure 4.4.1: CKB and CKM localization during in vitro myogenesis

(A) During in vitro myogenesis, myoblasts differentiate into myocytes, which fuse to one
another to form nascent myotubes. Subsequently, myocytes fuse with nascent myotubes,
giving rise to mature myotubes. (B, C) Pure cultures of mouse muscle cells were
immunostained for CKB or CKM at various stages of myogenesis. CKB localized
throughout the cytoplasm in myoblasts, but near the ends of myocytes and myotubes
(arrowheads). In contrast, CKM was not expressed in myoblasts, and was absent from the

ends of both myocytes and myotubes (arrowheads). Nuclei were counterstained with

DAPI. Bar, 50 pm.
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Figure 4.4.2: Identification of CKB interacting proteins by yeast two-hybrid assay
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Figure 4.4.2: Identification of CKB interacting proteins by yeast two-hybrid assay
(A) Full-length human CKB (white box) is composed of 381 amino acids. A truncated
human CKB construct (amino acids 103-381, blue box) was fused to the LexA DNA
binding domain (grey box) and used as bait in the yeast two-hybrid screen. This bait
protein contains the CKB-specific box B 260 (green line) and the highly conserved
cysteine 283 (Cys 283) (black line) near the catalytic site. (B) Expression of LexA-CKB
(*) in yeast was verified by immunoblot. (C) Yeast expressing LexA-CKB were
transformed with various constructs, including Creatine kinase, Muscle (CKM) (positive
control, 1), vector alone (negative control, 2), as well as the positive clones obtained in
the yeast two-hybrid screen: Bin3 (3), Sept8 (4), Tmed10 (5), Ggnbp2 (6), Actal (7),
Arhgap?23 (8), Hsbp3 (9) and Mbni3 (10). Transformants were plated on selective
medium (lacking Leu, Trp), and assayed for -galactosidase activity (X-gal). Positive

interactions are indicated by blue color on X-gal plates.
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Figure 4.4.3: Candidates isolated in the yeast two-hybrid screen are expressed in

muscle cells
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Figure 4.4.3: Candidates isolated in the yeast two-hybrid screen are expressed in
muscle cells

mRNAs for the genes identified in the yeast two-hybrid screen were present in muscle
cells using RT-PCR. All mRNAs except for Actal were expressed throughout
differentiation, whereas Actal was only expressed at 24 and 48 h in differentiation media

(DM). 18S rRNA was used as an internal control. n=2-3 independent isolates.
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Figure 4.4.4: CKB interacts with a-actin, but not with B-cyto-actin or y-cyto-actin

isoforms
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Figure 4.4.4: CKB interacts with a-actin, but not with B-cyto-actin or y-cyto-actin
isoforms

Co-immunoprecipitation experiments were performed using GFP-CKB and various Myc-
tagged actin fusion proteins. GFP-CKB co-immunoprecipitated with (A) Myc-a-skeletal-
actin and (B) Myc-a-cardiac-actin, but not (C) Myc-B-cyto-actin or (D) Myc-y-cyto-actin
as shown by immunoblot (IB). Immunoprecipitations (IP) were performed using either
GFP or Myc antibodies. As a negative control, IgG was substituted for the primary

antibody.



Figure 4.4.5: CKB interacts with actin regulatory proteins
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Figure 4.4.5: CKB interacts with actin regulatory proteins

GFP-CKB co-immunoprecipitated with (A) Myc-Bin3, (B) Myc-Septin-8 and (C) Myc-
Hsbp3 as shown by immunoblot (IB). Immunoprecipitations (IP) were performed using
either GFP or Myc antibodies. As a negative control, IgG was substituted for the primary

antibody.



95

Figure 4.4.6: CKB and a-sarcomeric actin colocalize near the ends of myotubes
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Figure 4.4.6: CKB and a-sarcomeric actin colocalize near the ends of myotubes
CKB did not extended all the way to the tips of myotubes (left panel), whereas
a-sarcomeric actin did (middle panel). The merge shows colocalization of the two
proteins near the ends of myotubes (right panel, arrowhead). Nuclei were counterstained

with DAPI. Bar, 50 um.
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Figure 4.4.7: Cyclocreatine inhibits actin polymerization in myotubes, as well as

myotube formation
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Figure 4.4.7: Cyclocreatine inhibits actin polymerization in myotubes, as well as
myotube formation

Muscle cells were treated with cyclocreatine from 18 to 42 h of differentiation. (A)
Cyclocreatine altered F-actin (FITC-phalloidin) localization in myotubes. Nuclei were
counterstained with DAPI. Bar, 50 um. (B) The FITC-phalloidin fluorescent signal
(integrated pixel density) (*P<0.05) in myotubes was decreased by cyclocreatine
treatment. (C) Cultures immunostained for eMyHC are shown at 42 h of differentiation.
Bar, 150 pm. (D) The number of myotubes (*P<0.05), (E) fusion index (*P<0.05) and
(F) the percentage of myotubes with >5 nuclei (*P<0.05) were decreased by

cyclocreatine treatment. Data are mean + s.e.m., n=3 independent isolates.
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Figure 4.4.8: CKB does not directly interact with a-skeletal actin
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Figure 4.4.8: CKB does not directly interact with a-skeletal actin

(A) Increasing amounts of F-actin were incubated with FLAG-copGFP-CKB or FLAG-
Fascin 2 with subsequent high-speed centrifugation. Coomassie blue-stained SDS-PAGE
gel of supernatants (S) and pellets (P) is shown. (B) The fraction of F-actin-bound
FLAG-copGFP-CKB (square symbols) or FLAG-Fascin-2 (round symbols) was plotted
against the concentration of F-actin, and the binding data were fitted using nonlinear
regression analysis. FLAG-Fascin-2 data were previously published (Perrin et al. 2013)
and shown here for comparison. Data are mean, n=2 independent experiments performed
with different FLAG-tagged protein or F-actin preparations. (C) Shown is a Coomassie
blue-stained SDS-PAGE gel of non-filamentous G-actin incubated in the presence (right)
or absence (left) of purified FLAG-copGFP-CKB with anti-FLAG M2 affinity beads
followed by elution with a FLAG peptide. Equivalent samples were also subjected to
high-speed centrifugation and the resulting supernatants (S) and pellets (P) analyzed to

assess the polymerization state of actin.



Figure 4.4.9: Cyclocreatine does not modify CKB localization in myotubes
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Figure 4.4.9: Cyclocreatine does not modify CKB localization in myotubes
Muscle cells were treated with cyclocreatine from 18 to 42 h of differentiation. No
difference in CKB localization in myotubes was noted. Nuclei were counterstained with

DAPI. Bar, 50 um. »=3 independent isolates.
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Figure 4.4.10: Cyclocreatine does not alter differentiation or the number of nuclei

per field
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Figure 4.4.10: Cyclocreatine does not alter differentiation or the number of nuclei
per field

Muscle cells were treated with cyclocreatine from 18 to 42 h of differentiation, followed
by eMyHC immunostaining. No significant differences were noted in (A) the
differentiation index or (B) the number of nuclei analyzed per field. Data are mean =

s.e.m., n=3 independent isolates.
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Table 4.4.1: CKB-interacting proteins identified in the yeast two-hybrid screen

Gene Protein Name Type of Molecule Function*
Symbol
Actal a-skeletal-actin Skeletal muscle-specific Sarcomere component
cytoskeletal protein
Bin3 Bridging integrator 3 BAR domain protein
Hsbp3 Heat shock 27 kD Small heat shock protein
protein 3
Sept8 Septin-8 GTP-binding protein Actin polymerization
Arhgap23 | Rho GTPase-activating | GTPase-activating protein
protein 23 towards Rho/Rac/Cdc42
Tmed10 Transmembrane Type I membrane protein
emp2.4-like trafficking Intracellular protein
protein 10 (yeast) trafficking
Ggnbp?2 Gametogenetin binding | Zinc finger protein
protein 2
Mbnli3 Muscleblind-like 3 RNA-binding protein Alternative splicing
(Drosophila)

*As many of these proteins have several functions, only the function most relevant for
myogenesis is listed. In addition, some of these protein functions are only predicted, or have only

been shown for some family members.
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Table 4.4.2: RT-PCR primers used to study mRNA expression

Gene Accession no. Primer Sequence (5’ ->3°)
Actal NM_001272041.1 Fwd: ATGTGCGACGAAGACGAGACC
Rev: CGGAATTCCTAGAAGCATTTGCGGTGC
Arhgap23 | NM_021493.2 Fwd: AAGGCAGATGAACCTTGGAT
Rev: GAGGGCAAAAGTGAAGGTTG
Bin3 NM_021328.3 Fwd: GGGAGTATGGAAAACTGCAG
Rev: GTTGAGGCTTGGGAATATGC
Ggnbp2 NM_153144.2 Fwd: GTGATGGAATTTCCTGACAA
Rev: TTTGCATCAGTCATGCAGCT
Hsbp3 NM_019960.2 Fwd: AGTGCGTTATCAGGAGGAGT
Rev: GTGTTCGTCCATTCTGGTTC
Mbni3 NM_134163.4 Fwd: CTAATCCTGCCATGGCTTTC
Rev: CGGCCTTTAATGTAATCCAT
Sept8 NM_033144.2 Fwd: TCTTCAACACGACCTTTGAG
Rev: CGTGATGAAGTAGAGGCAAA
Tmed10 NM_026775.4 Fwd: ACAGATTCTGCTGGCCATAT

Rev: TTAACAATGGACTCGGAAAG
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Chapter 5: The N-BAR Domain Protein, Bridging Integrator 3, Regulates Racl-

and Cdc42-Dependent Processes in Myogenesis

A portion of this chapter is published as:

Simionescu-Bankston, A., Leoni, G., Wang, Y., Pham, P.P., Ramalingam, A.,
DuHadaway, J.B., Faundez, V., Nusrat, A., Prendergast, G.C. and Pavlath, G.K. (2013)
The N-BAR domain protein, Bin3, regulates Rac1- and Cdc42-dependent processes in
myogenesis. Dev. Biol. 382:160-171.

Contributions:

Peter P. Pham (Figure 5.4.2 data), Giovanna Leoni (Figure 5.4.7 data).
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Chapter 5: The N-BAR Domain Protein, Bridging Integrator 3, Regulates Racl-

and Cdc42-Dependent Processes in Myogenesis

5.1 Introduction

Skeletal muscle growth and repair occur by the process of myogenesis, in which
myogenic progenitor cells differentiate, migrate and fuse with one another to form
multinucleated myofibers (Abmayr and Pavlath 2012). The plasma membranes of
myogenic cells undergo dynamic changes to facilitate various stages of myogenesis
(Abramovici and Gee 2007, Kim et al. 2008, Mukai et al. 2009, Stadler et al. 2010, Yoon
et al. 2007), including inward membrane invaginations occurring with endocytosis, and
outward membrane protrusions during cell migration (Suetsugu et al. 2010). Coordinated
changes in actin polymerization at the plasma membrane provide the force for these
dynamic membrane alterations. A key question is how changes in the plasma membrane
and rearrangements of the actin cytoskeleton are regulated and coordinated at different
stages of myogenesis.

The Bin-Amphiphysin-Rvs (BAR) domain superfamily of proteins regulates both
membrane and actin dynamics via BAR domains, crescent shaped dimers that bind to
membranes and can either sense or induce membrane curvature (Habermann 2004). The
inward or outward direction of membrane bending is generally dependent on the
particular class of BAR domain, such as classical BAR, N-terminal amphipathic helix-
BAR (N-BAR), Fes/CIP4 Homology-BAR/FCH-BAR (F-BAR), BAR-Pleckstrin
Homology (BAR-PH), PhoX-BAR (PX-BAR) or Inverse-BAR/IMD-BAR/IRSp53-MIM

Homology domain (I-BAR) (Frost et al. 2009, Habermann 2004, Quinones and Oro 2010,
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Suetsugu 2010, Suetsugu et al. 2010). Many BAR domain proteins also regulate Rho
GTPases and/or other actin regulatory proteins (de Kreuk and Hordijk 2012), and
therefore may link membrane dynamics to rearrangements of the actin cytoskeleton.
Based on these functions, BAR domain proteins would be predicted to be key regulators
of myogenesis; however, these proteins have been little studied in skeletal muscle.

The best characterized BAR domain protein in mammalian skeletal muscle is
GTPase regulator associated with focal adhesion kinase-1 (GRAF1), a BAR-PH domain
protein containing a Rho GTPase-activating protein (RhoGAP) domain and an SH3
domain (Doherty JT et al. 2011, Hildebrand et al. 1996). GRAF1 regulates differentiation
and fusion in the mouse muscle cell line C2C12, and is critical for muscle development in
Xenopus laevis embryos (Doherty JT et al. 2011). During myogenesis, GRAFI1 is
localized to the tips of elongating myoblasts, where it is proposed to locally limit the
polymerization of filamentous actin (F-actin) (Doherty JT et al. 2011). Additional
functions ascribed to GRAF1 include cell spreading and migration in HeLa cells
(Doherty JT et al. 2011) and fluid-phase endocytosis in fibroblasts (Lundmark et al.
2008). The only other BAR domain protein studied in mammalian skeletal muscle is
Bridging integrator 1 (Binl), an N-BAR domain protein with an SH3 domain, which
regulates differentiation and fusion in C2C12 cells (Wechsler-Reya et al. 1998) and in
primary myoblasts in vitro (Fernando et al. 2009), and also facilitates sarcomere
organization in muscles of mice in vivo (Fernando et al. 2009). These studies highlight
the importance of BAR domain proteins in muscle differentiation and fusion, but raise
questions about the interplay between BAR domain proteins of various classes in

regulating myogenesis.
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We studied the role of Bridging integrator 3 (Bin3), a ubiquitously expressed
(Prendergast et al. 2009) and evolutionarily conserved (Ren et al. 2006) N-BAR domain
protein in skeletal muscle. In contrast to the previously studied BAR domain proteins in
myogenesis, Bin3 contains only the N-BAR domain (Ren et al. 2006). Both the budding
and fission yeast orthologs of Bin3, Rvs161p and Hob3p, respectively, have critical roles
in F-actin localization in yeast (Ren et al. 2006). The ability of Hob3p to modulate actin
dynamics has been proposed to result from its interaction with the Rho GTPase Cdc42
(Coll et al. 2007, Routhier et al. 2001). Interestingly, Rvs161p also regulates endocytosis
and cell-cell fusion (Ren et al. 2006), two cellular processes intimately associated with
myotube formation (Abmayr and Pavlath 2012, Doherty et al. 2008, Posey et al. 2011).
Loss of Bin3 in mice leads to juvenile cataracts with a near total loss of F-actin in lens
fiber cells (Ramalingam et al. 2008). However, the role of Bin3 in regulating endocytosis,
cell-cell fusion and actin dynamics during myogenesis is unknown.

Using Bin3 null mice, we show Bin3 is required for proper formation of
multinucleated muscles both in vivo and in vitro. Defects in lamellipodia formation and
cell migration were noted in the absence of Bin3 in differentiated muscle cells prior to
myotube formation. Importantly, the levels of active Racl and Cdc42 were greatly
decreased in the absence of Bin3. As Racl and Cc42 are important for actin dynamics in
muscle cells in vitro (Vasyutina et al. 2009), and are essential for muscle cell fusion both
in vitro and in vivo (Vasyutina et al. 2009), these studies identify a major role for a Bin3-
dependent signaling pathway in regulating Racl and Cdc42- dependent processes during

myotube formation.
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5.2 Results
Muscle regeneration defects occur in Bin3 KO mice

We observed that the steady-state levels of Bin3 were transiently increased at
early stages of muscle regeneration when myogenic progenitor cells are differentiating,
migrating and fusing to form small myofibers (Fig. 5.4.1A). These results suggested a
potential role for Bin3 in regulating muscle regeneration. To determine the functional
role of Bin3 during muscle regeneration, the growth of regenerating myofibers in tibialis
anterior muscles of wild-type (WT) and Bin3 null (KO) mice was analyzed at various
timepoints after injury (Fig. 5.4.1B). No difference in myofiber cross-sectional area
(CSA) was observed between WT and Bin3 KO muscles prior to injury (Fig. 5.4.1C). In
contrast, myofiber CSA was transiently decreased by 28% in Bin3 KO muscles at 10 days
post injury (Fig. 5.4.1D), indicating a delay in regeneration in the absence of Bin3.

Further analyses of regenerating muscles revealed a pattern suggestive of
myofiber branching, an abnormal regenerative outcome associated with severe injury and
muscular dystrophy (Pavlath 2010a). In branched myofibers, the plasma membrane of the
parent myofiber is contiguous with several smaller myofibers (Pavlath 2010a). To
analyze the function of Bin3 in regulating myofiber branching during severe injury,
individual myofibers were isolated from the gastrocnemius muscles of WT and Bin3 KO
mice 21 days following the second of two injuries. While myofiber branching was
increased in both WT and Bin3 KO muscles after injury, Bin3 KO muscles exhibited an
18% increase in the percentage of branched myofibers (Fig. 5.4.2A). However, the
percentage of regenerated myofibers, which could affect the overall percentage of

branched myofibers, did not differ between WT and Bin3 KO muscles (Fig. 5.4.2B). To
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gain a deeper understanding of the myofiber branching observed, we examined both the
number and type of branches in WT and Bin3 KO muscles. We found that Bin3 KO
muscles exhibited a 27% increase in the percentage of myofibers with two or more
branches after injury (Fig. 5.4.2C). Furthermore, we noted three distinct patterns of
branched myofibers: bifurcated, split and process (Fig. 5.4.8); however, the percentage of
regenerated myofibers with these branching patterns did not differ between WT and Bin3
KO muscles (Fig. 5.4.2D). In contrast, we observed a 2.7 fold increase in the percentage
of regenerated Bin3 KO myofibers exhibiting a mix of these different patterns (Fig.
5.4.2D,E), suggesting more complex myofiber branching. Together, these data highlight a

function for Bin3 in muscle growth and myofiber branching during muscle regeneration.

Bin3 is necessary for myotube formation in vitro

The regeneration defects observed in Bin3 KO muscles in vivo could result from
impairments in multiple cell types contributing to the repair process. To distinguish
between cell-autonomous and non-autonomous effects of Bin3 on myogenesis, satellite
cells were isolated from hindlimb muscles of WT and Bin3 KO mice and analyzed in
vitro in the absence of other cell types. During in vitro myogenesis, satellite cell-derived
myoblasts differentiate into myocytes, which then migrate and fuse to one another to
form nascent myotubes, small myotubes with few nuclei; subsequently, more myocytes
fuse in with nascent myotubes, giving rise to mature myotubes, large myotubes
containing many nuclei (Abmayr and Pavlath 2012). Immunoblotting analyses revealed
that muscle cells expressed Bin3 at all stages of differentiation (Fig. 5.4.3A). Similarly,

by immunostaining, Bin3 was present in all muscle cells in the culture (Fig. 5.4.3B). To
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test whether Bin3 regulates myotube formation, WT and Bin3 KO muscle cells were
differentiated into nascent myotubes for 24 h, or into mature myotubes for 40 h, and
immunostained for embryonic myosin heavy chain (eMyHC), a marker of differentiation.
eMyHC staining revealed that Bin3 KO myotubes were smaller at both stages (Fig.
5.4.3C). Quantitative analyses subsequently showed that Bin3 KO myotubes exhibited a
33% decrease in the fusion index at 24 h (Fig. 5.4.3D), and contained 20% fewer nuclei
at both 24 and 40 h (Fig. 5.4.3E). In addition, Bin3 KO myotubes were 12% thinner at
both 24 and 40 h (Fig. 5.4.3F) and 19% shorter at 24 h (Fig. 5.4.3G). However, the
number of nuclei analyzed per field (Fig. 5.4.3H), which could affect the extent of
myotube formation, did not differ between WT and Bin3 KO cultures. Moreover, the
steady-state levels of myogenin (Fig. 5.4.9A,B) and eMyHC (Fig. 5.4.9C,D), early and
late markers of differentiation, respectively, did not differ between WT and Bin3 KO
muscle cells. Overall, these data indicate that Bin3-dependent processes within muscle
cells are necessary for proper myotube formation.

Functional redundancy by other N-BAR domain proteins during myogenesis may
exist and could diminish the effects of Bin3 loss on myotube formation. Therefore, we
examined mRNA levels of Bin3 and the most closely related N-BAR domain proteins of
the Amphiphysin/Bin family (Table 5.4.1) by real-time PCR. Besides Bin3, only Binl
was expressed in primary muscle cells (Table 5.4.2). However, since loss of Binl results
in differentiation defects early in myogenesis (Wechsler-Reya et al. 1998), we could not
test whether Binl can partially compensate for Bin3 at the later stages of myogenesis

analyzed in our studies.
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We also assessed whether retroviral-mediated overexpression of recombinant HA-
Bin3 in WT cells (Fig. 5.4.10A) was sufficient to enhance myotube size. By eMyHC
staining, myotubes did not appear larger at either 24 or 40 h of differentiation (Fig.
5.4.10B). Subsequent quantification revealed slight but statistically insignificant
increases in the fusion index (Fig. 5.4.10C) and the number of nuclei per myotube (Fig.
5.4.10D), likely due to a small increase in the number of nuclei per field (Fig. 5.4.10F)
following Bin3 overexpression. The differentiation index was not altered following Bin3
overexpression (Fig. 5.4.10E). The inability of Bin3 overexpression to enhance myotube

formation is likely due to downstream mediators of Bin3 action being rate-limiting.

Endocytosis defects are not observed in Bin3 KO myocytes

One of the yeast orthologs of Bin3 regulates endocytosis (Ren et al. 2006), a
process likely to be important for myogenesis. Indeed, molecules regulating endocytosis
have recently been implicated in myotube formation (Doherty et al. 2008, Leikina et al.
2013, Posey et al. 2011). Thus, we hypothesized that an endocytic defect could contribute
to impaired myotube formation in the absence of Bin3. Since many BAR domain proteins
regulate receptor-mediated endocytosis, the most common and well-studied pathway
utilized for internalization (Qualmann et al. 2011), we tested whether Bin3 regulates this
process in muscle cells using fluorescently labeled transferrin. We labeled WT and Bin3
KO myocytes (18 h in DM) with Alexa-594 conjugated transferrin to allow (37°C) or
prevent (4°C) transferrin internalization, in the presence or absence of an acid wash to
remove the cell surface transferrin and permit analysis of only the internalized fraction

(Fig. 5.4.11A). No difference in the internalized transferrin fraction was observed
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between WT and Bin3 KO myocytes (Fig. 5.4.11B). To ensure that we could detect a
difference in transferrin internalization, WT myocytes were treated with Dynasore, an
inhibitor of dynamin-dependent endocytosis (Macia et al. 2006), prior to performing the
internalization assay. Dynasore treatment caused a reduction in transferrin internalization
in WT myocytes at 37°C (Fig. 5.4.11C,D). Together, these data suggest Bin3 is not

necessary for receptor-mediated endocytosis in myocytes.

Bin3 plays a role in myocyte migration

Cell migration is another process critical for myotube formation (Bae et al. 2008,
Bondesen et al. 2007, Jansen and Pavlath 2006, Mylona et al. 2006, O'Connor et al.
2007). BAR domain proteins of different classes, including the N-BAR domain protein
Bridging integrator 2 (Bin2) (Sanchez-Barrena et al. 2012), have been implicated in
regulating cell migration (de Kreuk et al. 2011, Doherty GJ et al. 2011, Guerrier et al.
2009, Pichot et al. 2010, Quinones et al. 2010, Tsuboi et al. 2009). As migration of both
myoblasts and myocytes is important for myotube formation, we analyzed the role of
Bin3 in regulating the migration of both cell types using time-lapse microscopy. The
migratory cell paths of WT and Bin3 KO myoblasts were only slightly different (Fig.
5.4.12A), and their average velocity did not differ significantly (Fig. 5.4.12B,C). In
contrast, Bin3 KO myocytes migrated shorter distances than WT cells (Fig. 5.4.4A), and
their average velocity was decreased by 30% (Fig. 5.4.4B,C). Retroviral-mediated
expression of recombinant HA-Bin3 in Bin3 KO cells (Fig. 5.4.4D) rescued their
migration defect and restored the average velocity to WT levels (Fig. 5.4.4E). These

results show Bin3 is required specifically for migration of myocytes during myogenesis.
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Bin3 is involved in lamellipodia formation in myocytes

Actin polymerization is harnessed for cell motility and drives the forward
extension of lamellipodia, broad actin-based protrusions associated with motility (Le
Clainche and Carlier 2008, Ridley 2011, Small et al. 2002). Interestingly, the two yeast
orthologs of Bin3 both regulate F-actin localization (Ren et al. 2006), and Bin3 KO mice
exhibit loss of F-actin in lens fiber cells (Ramalingam et al. 2008). Therefore, we
reasoned that Bin3 may also be important for actin-dependent processes in muscle cells.
We visualized F-actin in WT and Bin3 KO myocytes at 18 and 24 h of differentiation
using FITC-phalloidin. We observed fewer Bin3 KO myocytes with lamellipodia at these
timepoints (Fig. 5.4.5A). Following quantification, depending on the timepoint, 33-57%
fewer Bin3 KO myocytes exhibited lamellipodia (Fig. 5.4.5B). Subsequently, we found
that Bin3 and F-actin colocalized in lamellipodia of myocytes (Fig. 5.4.6A). Due to low
levels of endogenous Bin3 in muscle cells, we retrovirally expressed recombinant HA-
Bin3 and performed HA immunostaining to better examine the localization of Bin3. HA-
Bin3 also colocalized with F-actin in lamellipodia of myocytes (Fig. 5.4.6B). Together,

these data demonstrate that Bin3 regulates lamellipodia formation in myocytes.

Decreased levels of active Racl and Cdc42 in Bin3 KO myocytes

Rho GTPases play critical roles in regulating actin dynamics during cell migration
(Ridley 2011). In particular, Racl and Cdc42 are associated with actin regulation in
lamellipodia (Ridley 2011). Based on the function of Bin3 in regulating lamellipodia
formation in myocytes, we hypothesized that Bin3 may regulate the activity of Racl and

Cdc42. Pull-down of active Racl and Cdc42 using beads coated with the p21-binding
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domain (PBD) of p21-activated protein kinase 1 (PAK1), termed PAK1-PBD, followed
by immunoblotting, showed a major decrease in the active levels of these Rho GTPases
(Fig. 5.4.7A) in Bin3 KO myocytes. Quantification of immunoblots revealed decreases of
approximately 70% in the active levels of both Rho GTPases (Fig. 5.4.7B) in Bin3 KO
myocytes. Retroviral-mediated expression of recombinant HA-Bin3 in Bin3 KO cells
(Fig. 5.4.7C) led to a 2.4 fold increase in the levels of active Racl and a 3.3 fold increase
in the levels of active Cdc42 (Fig. 5.4.7D). In addition, HA-Bin3 was detected in a
complex with active Racl and Cdc42 (Fig. 5.4.7C) in Bin3 KO myocytes. These data
indicate that a Bin3-dependent pathway is a key regulator of Racl and Cdc42 activity in

myocytes.
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5.3 Discussion

Myofiber formation during myogenesis is key to muscle regeneration. Our data
provide insights into the mechanisms by which dynamic rearrangements of the actin
cytoskeleton are regulated during myogenesis. We show the N-BAR domain protein,
Bin3, is important for myogenesis both in vitro and in vivo.

Muscle regeneration is a complex process requiring interplay between myogenic
and non-myogenic cells (Chazaud et al. 2003, Saclier et al. 2012, Sonnet et al. 2006).
Absence of Bin3, a ubiquitously expressed protein (Prendergast et al. 2009), resulted in a
transient delay in the growth of regenerating myofibers after injury. Muscle-intrinsic
functions of Bin3 likely contributed in part to the growth phenotype, as myocyte
migration and myotube formation in vitro were impaired in the absence of Bin3.
Potentially Bin3 function may also be required in non-myogenic cells during
regeneration, and the absence of Bin3 in these cells may have further contributed to the
observed growth phenotype. The transient delay in myofiber growth during regeneration
may be due to compensation by other molecules that regulate this process. Functional
compensation may also explain in part the fact that myofiber size did not differ between
WT and Bin3 KO muscles in the absence of injury.

In the absence of Bin3 we also observed abnormal branched myofibers. Although
myofiber branching has been studied for many years, Bin3 is the only molecule found to
regulate this process besides the G protein coupled receptor, mouse odorant receptor 23
(MOR23) (Griffin et al. 2009). While the mechanisms underlying myofiber branching

during muscle regeneration are unknown, interestingly both MOR23 and Bin3 regulate
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myocyte migration and myotube formation in vitro (Griffin et al. 2009), suggesting
aberrations in these processes may contribute to the formation of branched myofibers.

Since muscle cell migration plays a crucial role in myotube formation (Bae et al.
2008, Bondesen et al. 2007, Jansen and Pavlath 2006, Mylona et al. 2006, O'Connor et al.
2007), we initially investigated the role of Bin3 in migration. We found Bin3 was
required only for myocyte migration, but not for myoblast migration. Bin3 likely interacts
with different downstream molecules in these two cell types, leading to the specificity in
regulating stage-specific cellular migration. With the exception of actin, only secreted
molecules and transmembrane proteins have been shown to regulate muscle cell
migration (Simionescu and Pavlath 2011). Thus, Bin3 is a novel cytoplasmic protein
controlling muscle cell migration. Interestingly, Bin2, an N-BAR domain protein with a
C-terminal tail containing acidic and serine/proline-rich segments (Ge K. and Prendergast
G. C. 2000, Sanchez-Barrena et al. 2012), has recently been implicated in monocyte
migration (Sanchez-Barrena et al. 2012). Together, these data associate N-BAR domain
proteins with cell migration, a process requiring the formation of outward membrane
protrusions, which N-BAR domains are not classically linked with (Suetsugu 2010).

Dynamic changes in the actin cytoskeleton are critical for cells to extend
protrusions to sense their environment and subsequently migrate towards a target.
Migrating cells extend filopodia, thin exploratory extensions from the plasma membrane
containing parallel bundles of actin filaments (Ridley 2011) or lamellipodia, broad
protrusions containing branched actin filaments (Le Clainche and Carlier 2008, Ridley
2011, Small et al. 2002). Many BAR domain proteins positively regulate actin

polymerization and the formation of outward membrane protrusions (de Kreuk and
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Hordijk 2012). Some BAR domain proteins are enriched, and can colocalize with F-actin,
in these protrusions (de Kreuk and Hordijk 2012). Indeed, the N-BAR domain protein
Bin3 colocalized with F-actin in lamellipodia and was important for lamellipodia
formation in myocytes. In contrast, the BAR-PH domain protein GRAF1 localizes to sites
devoid of F-actin in muscle cells (Doherty JT et al. 2011). These data suggest that BAR
domain proteins of different classes may have complementary roles in regulating actin
dynamics in myogenesis.

Myotube formation requires Racl and Cdc42-dependent actin polymerization
(Vasyutina et al. 2009), but the upstream signals controlling the activity of these Rho
GTPases in differentiated muscle cells are unknown. The levels of active Racl and
Cdc42 were greatly decreased in myocytes in the absence of Bin3, suggesting Bin3 is a
major positive regulator of Racl and Cdc42 in muscle cells. The fusion defect observed
in Bin3 KO myotubes in vitro was less severe than seen in Racl or Cdc42 KO cells
(Vasyutina et al. 2009), possibly due to the residual low levels of these GTPases in Bin3
KO myocytes. In contrast, the BAR-PH domain protein, GRAF1, is a negative regulator
of RhoA activity in C2C12 muscle cells but does not affect Cdc42 activity in L6
myoblasts (Doherty JT et al. 2011), suggesting that BAR domain proteins of different
classes show specificity in controlling GTPase activity in myogenesis. As we did not
observe a visible difference in actin stress fibers between WT and Bin3 KO myocytes, we
suggest that levels of active RhoA, a major regulator of stress fiber formation (Pellegrin
and Mellor 2007), are unlikely to be affected in Bin3 KO myocytes.

We detected recombinant Bin3 in a complex with active Racl or Cdc42 in

myocytes. How could Bin3, a protein with only an N-BAR domain, regulate the activity
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of Racl and Cdc42 in muscle cells? Some BAR domain proteins modulate the activity of
Rho GTPases via a RhoGAP or RhoGEF domain (de Kreuk and Hordijk 2012). In
contrast, BAR domain proteins that lack a RhoGAP/GEF domain regulate Rho GTPases
by recruiting other proteins with RhoGAP/GEF activity. For example, one of the Bin3
yeast orthologs, Hob3p, facilitates the interaction between Gef-1, a Cdc42GEF, and
Cdc42 (Coll et al. 2007). Bin3 may similarly interact with an unknown RhoGAP/GEF
protein to modulate the activity of Racl and Cdc42 in muscle cells. Moreover, Bin3
could heterodimerize with another BAR domain protein (Ren et al. 2006), which
ultimately serves as the link to modulating RhoGAP/GEF activity. Additional studies are
necessary to define Bin3 interacting partners to better understand the mechanisms by
which Bin3 may regulate Racl and Cdc42 activity in myocytes. Understanding these
mechanisms may help explain the myofiber branching phenotype observed in the absence
of Bin3 in vivo, and whether Racl and Cdc42 are also implicated in this process. In
addition, Bin3 may also regulate myogenesis through Rho GTPase-independent
mechanisms.

The study of BAR domain proteins is an emerging area in skeletal muscle. Our
studies extend previous work in this field (Doherty JT et al. 2011, Wechsler-Reya et al.
1998) and suggest that multiple classes of BAR domain proteins will prove critical for
regulating important cellular processes during myogenesis. Understanding the role of
BAR domain proteins in muscle growth and repair will likely impact treatments for

muscle diseases in which these processes are impaired.
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5.4 Figures and Tables

Figure 5.4.1: Bin3 is required for muscle regeneration
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Figure 5.4.1: Bin3 is required for muscle regeneration

(A) Bin3 protein levels were transiently increased in gastrocnemius muscles of WT mice
at 2 and 4 days post injury. Specificity of the Bin3 antibody was demonstrated by lack of
antibody reaction in Bin3 KO muscles. Hsp90 was used as a loading control. (B)
Hematoxylin and eosin stained sections are shown from tibialis anterior (TA) muscles of
WT and Bin3 KO mice at 0, 5, 10 and 21 days after injury. Bar, 50 pm. (C) No difference
in the cross-sectional area (CSA) of uninjured TA myofibers was observed between
genotypes. (D) The CSA of regenerating TA myofibers was transiently decreased in Bin3
KO mice at 10 days post injury (*P<0.05). Data are mean * s.e.m., n=4-7 mice for each

genotype per timepoint.
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Bin3 is involved in myofiber branching
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Figure 5.4.2: Bin3 is involved in myofiber branching

(A) Bin3 KO muscles contained a greater percentage of branched myofibers after injury
(I) than WT muscles. Minimal branching was observed in uninjured muscles (U)
regardless of genotype (*P<0.05). (B) No difference in the percentage of regenerated
myofibers was observed between genotypes. (C) Bin3 KO muscles exhibited a greater
percentage of myofibers with 2 or more branches after injury (*P<0.05). (D) Bin3 KO
muscles contained a greater percentage of regenerated myofibers with a mix of branching
patterns (*P<0.05). Bifurc = Bifurcated; Proc = Process. (E) Myofibers after injury
visualized with phase contrast microscopy and DAPI are shown. Myofiber with a mix of
branching patterns (arrowheads) is shown in comparison to an unbranched myofiber. Bar,

150 pm. Data are mean + s.e.m., =4 mice for each genotype.
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Figure 5.4.3: Myotube formation in vitro is altered in the absence of Bin3
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Figure 5.4.3: Myotube formation in vitro is altered in the absence of Bin3

(A) Bin3 protein was expressed in WT muscle cells throughout differentiation.
Specificity of the Bin3 antibody was demonstrated by lack of antibody reaction in Bin3
KO muscle cells. Hsp90 was used as a loading control. (B) Immunostaining of
differentiated WT muscle cells with an anti-Bin3 antibody revealed Bin3 was expressed
in all muscle cells in the culture. Nuclei were counterstained with DAPI. Bar, 150 pm.
(C) WT and Bin3 KO muscle cells immunostained for eMyHC are shown at 24 and 40 h
in DM. Bar, 150 um. (D) Fusion index (*P<0.001), (E) myonuclear number (*P<0.001),
(F) myotube diameter (*P<0.01) and (G) myotube length (*P<0.05) were decreased in
Bin3 KO muscle cells in DM. No differences were noted in the number of nuclei per field
(H) between WT and Bin3 KO muscle cells. Data are mean + s.e.m., n=4 independent

isolates for each genotype.
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Figure 5.4.4: Bin3 plays a role in myocyte migration
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Figure 5.4.4: Bin3 plays a role in myocyte migration

(A) Time-lapse microscopy revealed that Bin3 KO myocytes migrated shorter distances
than WT myocytes. The migratory paths of 30 individual cells per genotype are shown.
(B) Histogram illustrating the absence of a large population of rapidly moving cells in
Bin3 KO myocytes. (C) Cell velocity was decreased in Bin3 KO myocytes (*P<0.05).
(D) Immunoblot demonstrating expression of recombinant HA-Bin3 (Bin3 RV) in Bin3
KO myocytes after retroviral infection. Ctrl RV = empty vector. Tubulin was used as a
loading control. (E) Retroviral-mediated expression of HA-Bin3 (Bin3 RV) in Bin3 KO
myocytes resulted in increased cell velocity compared to empty vector control (Ctrl RV)
(*P<0.05). In panels B, C and E, 60 individual cells were analyzed per genotype with

n=3 independent isolates for each genotype. Data in panels C and E are mean + s.e.m.
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Figure 5.4.5: Bin3 is involved in lamellipodia formation in myocytes
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Figure 5.4.5: Bin3 is involved in lamellipodia formation in myocytes

(A) Lamellipodia were visualized by examining F-actin localization (FITC-phalloidin) in
WT and Bin3 KO myocytes at 18 and 24 h in DM (arrowheads). Nuclei were
counterstained with DAPI. Insets indicate lamellipodia at higher magnification (red box).
Bar, 50 um. (B) Bin3 KO myocytes exhibited a lower percentage of cells with
lamellipodia (*P<0.01) in DM. Data are mean + s.e.m., n=3 independent isolates for each

genotype.
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Figure 5.4.6: Bin3 and F-actin colocalize in lamellipodia of myocytes

(A) Bin3 and F-actin colocalized in lamellipodia of WT myocytes at 18 h in DM
(arrowheads). Bar, 50 um. (B) Retrovirally-expressed recombinant HA-Bin3 also
colocalized with F-actin in lamellipodia of myocytes (arrowheads, bottom row). The
specificity of the HA antibody was demonstrated by lack of antibody reaction in cells
with the empty vector control (top row). Bar, 50 um. Nuclei were counterstained with

DAPIL
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Figure 5.4.7: Decreased levels of active Racl and Cdc42 in Bin3 KO myocytes
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Figure 5.4.7: Decreased levels of active Racl and Cdc42 in Bin3 KO myocytes

(A) Active Racl and Cdc42 were pulled down from WT and Bin3 KO myocytes using
beads coated with the p21-binding domain of PAK1 (PAK1-PBD). Decreased levels of
active Racl and Cdc42 were detected in Bin3 KO myocytes. (B) The active/total ratios
for Racl and Cdc42 were decreased in Bin3 KO myocytes (*P<0.05). (C) Active Racl
and Cdc42 were pulled down from Bin3 KO myocytes retrovirally-expressing
recombinant HA-Bin3 (Bin3 RV) or empty vector (Ctrl RV) using PAK1-PBD beads.
Increased amounts of active Racl and Cdc42 were observed in Bin3 KO myocytes
following Bin3 overexpression. Moreover, HA-Bin3 was detected in a complex with
active Racl and Cdc42. (D) The active/total ratios for Racl and Cdc42 were increased
following Bin3 overexpression. HA immunostaining showed an average of 89% HA"

cells. Data in panel B are mean + s.e.m., n=3 independent isolates for each genotype.

Data in panel D are mean =+ s.e.m., n=2 independent isolates for each condition.
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Figure 5.4.8: Patterns of myofiber branching observed in WT and Bin3 KO muscles
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Figure 5.4.8: Patterns of myofiber branching observed in WT and Bin3 KO muscles
Myofibers after injury visualized with phase contrast microscopy and DAPI are shown.
Various branching patterns (bifurcated, split, process) were observed (arrowheads). Insets
indicate two of these patterns (bifurcated, split) at a higher magnification (black box).

Bar, 150 pm.



138

Figure 5.4.9: Differentiation does not differ between WT and Bin3 KO muscle cells
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Figure 5.4.9: Differentiation does not differ between WT and Bin3 KO muscle cells
Immunoblot demonstrating expression of (A) myogenin or (C) eMyHC in WT and Bin3
KO cells during differentiation. EFla was used as a loading control. Densitometric
analysis indicated similar levels of (B) myogenin or (D) eMyHC protein relative to EFla

in WT and KO cells. Data are mean * s.e.m., n=3 independent isolates for each genotype.
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Figure 5.4.10: Bin3 overexpression is not sufficient to enhance myotube size
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Figure 5.4.10: Bin3 overexpression is not sufficient to enhance myotube size

(A) Immunoblot demonstrating levels of recombinant HA-Bin3 (Bin3 RV) in WT muscle
cells after retroviral infection. Ctrl RV = empty vector. Tubulin was used as a loading
control. (B) WT muscle cells infected with either HA-Bin3 or empty vector were
immunostained for eMyHC at 24 and 40 h in DM. Bar, 150 pm. Retroviral-mediated
expression of recombinant HA-Bin3 in WT muscle cells did not significantly enhance
(C) fusion index, (D) myonuclear number, (E) differentiation index or (F) number of

nuclei per field. Data are mean = s.e.m., n=3 independent isolates for each condition.
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Figure 5.4.11: Bin3 is not required for receptor-mediated endocytosis in myocytes
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Figure 5.4.11: Bin3 is not required for receptor-mediated endocytosis in myocytes
(A) WT and Bin3 KO myocytes were incubated with Alexa-594 conjugated transferrin at
37°C or 4°C (+ acid). Nuclei were counterstained with DAPI. Bar, 50 pm. (B) The
internalized transferrin fraction (37°C) was similar in WT and Bin3 KO myocytes. No
internalization of transferrin was observed in the control 4°C conditions. (C) WT
myocytes were treated with Dynasore or DMSO (vehicle) and incubated with Alexa-594
conjugated transferrin at 37°C or 4°C (+ acid). Nuclei were counterstained with DAPIL.
Bar, 50 um. (D) Both the total (- acid) and internalized (+ acid) transferrin levels were
decreased at 37°C in the presence of Dynasore. No internalization of transferrin was
observed in the control 4°C conditions. Data in panel A are mean + s.e.m., n=3

independent isolates for each genotype. Data in panel B are mean, n=1 isolate.
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Figure 5.4.12: Absence of Bin3 minimally affects myoblast migration
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Figure 5.4.12: Absence of Bin3 minimally affects myoblast migration

(A) Time-lapse microscopy revealed only small differences in the migratory cell paths of
Bin3 KO myoblasts compared to WT. The migratory paths of 30 individual cells per
genotype are shown. (B) Histogram illustrating the absence of a very small population of
rapidly moving cells in Bin3 KO myoblasts. (C) No significant difference in cell velocity
was noted between genotypes. In panels B and C, 60 individual cells were analyzed per

genotype. Data in panel C are mean + s.e.m., n=4 independent isolates for each genotype.
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Table 5.4.1: Sequence similarity of Amphiphysin/Bin family members to Bin3 by
protein BLAST analysis

N-BAR domain N-BAR domain Accession number Similarity
protein family protein (%)

(Mus musculus)

Amphiphysin NP _778172.1 47%
NP_033798.1 (isoform 1) 42%

Amphiphysins Binl
/Bins NP_001076803.1 (isoform 2) 46%
Bin2 NP_001257466.1 46%

Bin3 NP_067303.1 100%




Table 5.4.2: Average C;values of Amphiphysin/Bin family members in myocytes by

real-time PCR analysis

Target gene Accession number Average C;
(Mus musculus)

AMPH NM_175007.1 N/D
BIN1 NM_009668.2 22.83 +£0.05
BIN2 NM_001270537.1 N/D
BIN3 NM _021328.3 25.02 +£0.04

AMPH = Amphiphysin. N/D = not detected (C; >35). Data are mean = s.d., n=3 independent
isolates. All genes were expressed in control tissues: AMPH, BINI, BIN2 (brain); BIN3 (muscle).
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Chapter 6: Discussion
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Chapter 6: Discussion
6.1 Introduction

Skeletal muscle formation and growth require a series of ordered steps, including
satellite cell activation, differentiation, migration, adhesion and fusion, leading to the
formation of multinucleated myotubes/myofibers. Several steps of myogenesis are highly
dependent on regulation of the actin cytoskeleton. However, the mechanisms controlling
actin dynamics in muscle cells are not well understood. The overall goal of this
dissertation was to discover novel proteins involved in myotube formation through
regulation of actin polymerization.

The first part of this dissertation focused on finding novel binding partners for the
brain isoform of Creatine kinase (CKB), a cytosolic CK enzyme involved in local ATP
production. We hypothesized that CKB provides ATP for actin polymerization during
myogenesis. In Chapter 4, we show a-skeletal-actin and a-cardiac-actin, two predominant
skeletal muscle-specific actin isoforms, as well as several actin regulatory proteins, are
novel CKB interacting proteins. Interestingly, we also found that the activity of cytosolic
CK enzymes is necessary for regulating actin polymerization in muscle cells, as well as
for myotube formation. Together, these studies show for the first time that cytosolic CK
enzymes play a critical role in regulating actin dynamics during myotube formation.

The second part of this dissertation focused on the N-BAR domain protein
Bridging integrator 3 (Bin3), which we initially identified as an actin regulatory protein
interacting with CKB. In Chapter 5, we show Bin3 is a novel regulator of myofiber size
in vivo and myotube formation in vitro. Importantly, we found that, in differentiated

muscle cells, a Bin3-dependent pathway regulates the activity of Racl and Cdc42, small
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GTPases associated with actin regulation. These results provide insights into the
regulation of actin dynamics by BAR domain proteins during myotube formation.

The research presented in this dissertation identifies CKB and its interacting
partners, a-skeletal-actin, a-cardiac-actin and Bin3, as novel regulators of myotube
formation. Our findings further suggest CKB may provide ATP for a-skeletal-actin, a-
cardiac-actin and/or Bin3-dependent regulation of myotube formation. Overall, this work
could have important implications in finding therapies for muscle diseases in which

myotube formation is impaired.

6.2 Specificity of CKB Binding to Muscle-Specific Actin Isoforms

Our studies showed CKB interacts with and modulates the actin cytoskeleton. Six
actin isoforms exist in cells, with no isoform sharing less than 93% identity with any
other isoform (Perrin and Ervasti 2010). Interestingly, we demonstrate preferential CKB
binding to the predominant muscle-specific actin isoforms (a-skeletal-actin and a-
cardiac-actin), but not to the cytoplasmic actin isoforms (B-cyto-actin and y-cyto-actin)
(Perrin and Ervasti 2010). However, we show the interaction between CKB and a-
skeletal-actin is indirect, indicating that intermediary proteins, such as actin-binding
proteins, could mediate the interaction between CKB and the actin cytoskeleton.

Most actin-binding proteins to date interact specifically with non-muscle actin
isoforms, specifically with the cytoplasmic B-actin isoform, by co-sedimentation assays.
For example, ezrin, an actin-binding protein of the ezrin/radixin/moesin (ERM) family of
cytoskeleton-membrane linker proteins (Yonemura et al. 1993), selectively co-pellets

with cytoplasmic B-actin and very poorly with skeletal a-actin (Yao X et al. 1996).
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Similarly, BCAP73, an actin-binding protein co-precipitating with both erzin and p-actin
(Shuster and Herman 1995), also binds directly to B-actin, but not to a-actin (Shuster et
al. 1996). Finally, L-plastin, a leukocyte-specific protein that cross-links actin filaments
into tight bundles (Morley 2012), acts on [-actin, but not on a-actin or y-actin, in T-cells
(Namba et al. 1992). Whereas these proteins interact with non-muscle actin isoforms, our
studies show for the first time that CKB interacts specifically with muscle-specific actin
isoforms. Currently, how the specificity of this interaction occurs is unknown. -actin and
y-actin isoforms are 93% identical to the muscle-specific actin isoforms (Kashina 2006).
In fact, B-actin and y-actin isoforms differ in sequence from a-actin isoforms by only a
few amino acids in the N-terminus (Perrin and Ervasti 2010). Thus, very small
differences among actin isoforms are sufficient to confer differential binding affinities to

various proteins.

6.3 Mechanisms of CKB and CKM Localization in Differentiated Muscle Cells

Myoblasts preferentially fuse with myotube ends in culture (Peckham 2008),
however the molecular mechanisms driving fusion at these sites are not well understood.
Latrunculin-A, a drug used to disrupt the actin cytoskeleton (Spector et al. 1983) by
preventing repolymerization of monomers into filaments (Coue et al. 1987), impairs
myofibril assembly at myotube ends, but does not affect mature myofibrils in the center
of myotubes (Wang et al. 2005), suggesting the actin pool in the center of myotubes may
be more stable, whereas the actin pool near myotube ends may be more dynamic. Given
the importance of actin polymerization for myoblast fusion (Gruenbaum-Cohen et al.

2012, Kim et al. 2007, Nowak SJ et al. 2009, Vasyutina et al. 2009), the dynamic nature
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of the actin cytoskeleton at myotube ends could facilitate myoblast fusion, and may

explain in part why fusion preferentially occurs at these sites. Thus, studies of actin

dynamics in myotubes could provide insights into the pathways regulating myoblast
fusion at the ends of multinucleated muscle cells.

CKB becomes progressively localized near the ends of myocytes (Simionescu-
Bankston, et al., unpublished) and myotubes (O'Connor et al. 2008). Given the
importance of actin polymerization, a highly ATP-dependent process (Lodish et al.
2000), for myoblast fusion, as well as the ability of CKB to replenish local ATP (Wyss
and Kaddurah-Daouk 2000), we hypothesized that CKB may provide ATP for actin
polymerization at myotube ends. Treatment of muscle cells with cyclocreatine, which
leads to decreased ATP generation by cytosolic CK enzymes (Wyss and Kaddurah-
Daouk 2000), caused actin depolymerization. However, CKB localization in myotubes
was unaffected by cyclocreatine treatment, suggesting F-actin does not provide a
structural role in localizing CKB to myotube ends. In contrast, CKB localization in
astrocytes was F-actin-dependent, as treatment with cytochalasin D, an inhibitor of actin
polymerization (Casella et al. 1981), reduced the accumulation of both F-actin and CKB
around fibronectin beads (Kuiper et al. 2009). These results suggest CKB localization is
likely controlled by distinct mechanisms in different cell types. However, what localizes
CKB to myotube ends is unknown. A possible explanation for CKB localization at
myotube ends is the presence and/or the modification of CKB interacting proteins, such
as actin regulatory proteins, at these sites. These proteins could recruit CKB to myotube
ends, enabling it to subsequently provide local ATP for actin polymerization at these

sites. Thus, CKB could influence actin dynamics indirectly by providing ATP for actin
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regulatory proteins. Alternatively, as CKB is prone to covalent modifications, such as
phosphorylation (Chida et al. 1990), oxidation (Aksenov et al. 2000), methylation
(Iwabata et al. 2005) and ubiquitination (Zhao et al. 2007), these modifications of the
CKB enzyme itself could also influence the ability of CKB to bind actin regulatory
proteins. However, whether CKB provides ATP for actin regulatory proteins is unknown
and is a warranted future direction, which would provide insights into whether CKB
promotes actin polymerization in muscle cells directly or indirectly via other proteins.
Besides CKB, muscle cells also express the muscle-type creatine kinase (CKM),
which localizes to the contractile apparatus (Schafer and Perriard 1988) and exhibits
functional redundancy with CKB in replenishing ATP (Renema et al. 2007). In addition,
inhibition of CKM activity in neonatal rat cardiomyocytes results in depolymerized actin
(Diguet et al. 2011), suggesting that CKB and CKM may exhibit some common functions
in regulating actin dynamics during myogenesis. However, our studies showed that CKB
and CKM exhibit reciprocal localization in differentiated muscle cells (Simionescu-
Bankston, et al., unpublished), indicating potentially differential functions for the two
cytosolic CK enzymes during myogenesis. As previously described, the actin pool in the
center of myotubes may be more stable, whereas the actin pool near myotube ends may
be more dynamic. Thus, our findings that CKB localized to the ends of myocytes and
myotubes suggest that CKB could provide ATP for a dynamic actin cytoskeleton at these
sites, in order to drive the various steps of myoblast fusion forward. This hypothesis is
further strengthened by the colocalization of CKB and sarcomeric actin near the ends of
myotubes, indicating that CKB could regulate actin dynamics at these sites. In contrast,

CKM was absent from the ends of differentiated muscle cells (Simionescu-Bankston, et
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al., unpublished), suggesting that CKB and CKM may exhibit differential functions
during myogenesis. Future studies should address how the reciprocal localization of CKB
and CKM in differentiated muscle cells is regulated. Testing whether and how altering
the expression levels and localization of CKB in differentiated muscle cells would affect
CKM levels and localization, and vice versa, would address whether any functional

overlap exists between the two cytosolic CK enzymes during myogenesis.

6.4 Interactions of CKB with Actin Regulatory Proteins

CKB could provide ATP for actin regulatory proteins, which would, in turn,
regulate actin polymerization in muscle cells. One potential mechanism for this
regulation is profilin-dependent. Profilin is an actin-binding protein which functions by
binding to G-actin at the opposite end of ATP-binding, and increases the rate of
nucleotide exchange on the bound actin monomer, leading to the addition of the ATP-
bound G-actin to the growing filament to promote actin filament assembly (Witke 2004).
Interestingly, profilin also binds to proteins involved in actin dynamics (palladin,
dynaminl, VASP and N-WASP), as well as membrane components, and may therefore
control actin assembly at the plasma membrane (Lodish et al. 2000). Future studies
should address whether CKB and profilin interact in mammalian cells. Alternatively to a
profilin-dependent mechanism, CKB could also regulate actin dynamics via other types
of actin regulatory proteins, including the molecules we discovered as novel CKB
interacting proteins, namely Bin3, Hsbp3, Septin-8. These molecules regulate actin
dynamics in various cell types, however the exact mechanisms of actin regulation by

these molecules are unknown. Bin3 could link membrane dynamics to the actin
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cytoskeleton (Frost et al. 2009, Ren et al. 2006), Hsbp3 could be involved in inhibiting
actin polymerization (Mounier and Arrigo 2002), and Septin-8 could help organize actin
bundles (Kinoshita et al. 2002). However, whether these molecules are required for actin
regulation downstream of CKB in muscle cells is unknown. CKB localization near
myotube ends was unchanged in the absence of Bin3 (Fig. 6.9.1), suggesting that Bin3 is
not structurally involved in localizing CKB in myotubes. Whether Hsbp3 and/or Septin-8
are responsible for CKB localization near myotube ends is unknown. Moreover, whereas
Bin3 localizes throughout the myotube (Fig. 6.9.5), the localization of Hsbp3 or Septin-8
is myotubes is unknown. Finally, the molecules found in our screen using an embryonic
day 17 library may not be responsible for localizing CKB to myotube ends, however

future studies using a muscle-specific library might reveal better candidates for this role.

6.5 Roles of Bin3 in Myogenesis

Muscle cell migration is crucial for proper myotube formation in vitro (Bae et al.
2008, Jansen and Pavlath 2006, Kang et al. 2004, Mylona et al. 2006, O'Connor et al.
2007) and regeneration in vivo (Bischoff 1997). We show the N-BAR domain protein,
Bin3, is a novel cytoplasmic molecule regulating muscle cell migration. In addition, Bin3
specifically regulates migration of differentiated muscle cells. Many molecules
differentially regulate the migration of myoblasts and myocytes, however the exact
reasons are not well understood. The migratory responses in myoblasts and myocytes
may be elicited by different chemoattractants, which act via different receptors in the two
cell types, including growth factor receptors for myoblasts, and chemokine receptors for

myocytes (Griffin et al. 2010). Another possibility is that, for example, in the case of
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Bin3, the partner necessary for Bin3 heterodimerization may only be present in
myocytes; however, whether Bin3 heterodimerization is required for muscle cell
migration is unknown.

Given the function of Bin3 in regulating muscle cell migration, the fact that Bin3
was also involved in lamellipodia formation was not unexpected. Lamellipodia contain
branched actin filaments (Abercrombie et al. 1971, Small et al. 2002), as well as a variety
of actin regulatory proteins involved in generating plasma membrane protrusions at the
leading edge of cells (Ridley 2011). These proteins include actin-binding proteins that
provide actin monomers for actin polymerization (profilin), actin nucleators (Arp2/3) that
generate a branched actin filament network, proteins involved in extending Arp2/3
complex-generated filaments (formins, VASP), upstream regulators of Arp2/3 (WAVE),
and small GTPases (Racl, Cdc42) (Ridley 2011). However, the mechanism by which all
of these molecules, as well as Bin3, become localized to the lamellipodia is unknown.
Similar to most proteins found at lamellipodia, Bin3 colocalized with F-actin at this
location, suggesting a possible role for Bin3 in actin regulation during muscle cell
migration. In the absence of Bin3, we observed decreased levels of active Racl and
Cdc42, small GTPases of the Rho family associated with actin regulation, suggesting that
Bin3 may be involved in regulating actin dynamics in muscle cells via Rho GTPases.
Using biosensors, active Rho GTPases have been shown to localize in lamellipodia of
mouse embryonic fibroblasts during protrusion (Machacek et al. 2009). Due to the
unavailability of appropriate antibodies, we were unable to examine whether active Racl
and Cdc42 localize to the lamellipodia together with Bin3 in muscle cells. However, this

finding would provide mechanistic insights into how Bin3 could control myocyte
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migration. Although the levels of active Racl and Cdc42 correlated with Bin3 levels,
future studies should also test whether active Racl and Cdc42 are required for myocyte
migration downstream of Bin3. In addition, whether Bin3 is recruited to the lamellipodia
prior to these small GTPases is also unknown. These studies would further dissect the
details of actin regulation by Bin3 in differentiated muscle cells.

Most of our data suggest Bin3 plays critical roles during early stages of myotube
formation, when myocytes fuse to one another to form nascent myotubes. However, we
also noted decreases in myotube size in Bin3 KO cells during later fusion stages, when
myocytes fuse with nascent myotubes to give rise to mature myotubes. Therefore, we
tested whether Bin3 also functions at this later stage of fusion by performing cell mixing
experiments. We separately created and labeled nascent myotubes (Mt) with a green dye
and myocytes (Mc) with an orange dye, cocultured the cells for 24 h, and quantified the
number of dual labeled myotubes with >3 nuclei (Fig. 6.9.2A,B). The WT Mc/KO Mt
coculture exhibited 38% fewer dual labeled myotubes, which is very similar to the 43%
decrease observed in the KO Mc/KO Mt coculture; in contrast, the percentage of dual
labeled myotubes in the KO Mc/WT Mt coculture did not differ significantly from the
WT Mc/WT Mt coculture (Fig. 6.9.2C). These data indicate that Bin3 is primarily
required in nascent myotubes during later stages of myotube formation. However, the
function of Bin3 in myotubes is unknown. BAR domain proteins are known regulators of
endocytosis (Ren et al. 2006). Given the importance of endocytosis for myotube
formation, Bin3 could also regulate endocytosis in myotubes. We examined whether
receptor-mediated endocytosis, the most common and well-studied pathway utilized for

internalization (Qualmann et al. 2011), was affected in Bin3 KO myotubes (24 h in DM)
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labeled with Alexa-594 conjugated transferrin (Fig. 6.9.3A). However, no difference in
the internalized transferrin fraction was observed between WT and Bin3 KO myotubes
(Fig. 6.9.3B). In COS-7 cells, Bin2 overexpression has no effect on receptor-mediated-
endocytosis, while Binl overexpression inhibits this process (Ge K. and Prendergast G.
C. 2000, Wigge et al. 1997), indicating that Bin family proteins may have differential
functions in regulating receptor-mediated endocytosis. Interestingly, one of the Bin3
yeast orthologs, Rvs161p, regulates both receptor-mediated and fluid-phase endocytosis
in yeast cells (Ren et al. 2006), while the BAR-PH domain protein, GRAF1, regulates
clathrin-independent endocytosis in fibroblasts (Lundmark et al. 2008). These data
suggest that Bin3 may regulate fluid-phase endocytosis in muscle cells, although this
pathway is utilized much less by BAR domain proteins for internalization. Alternatively,
the ability of BAR domain proteins to bend the membrane is also important for myotube
formation, and this function was previously shown to occur via key lysine residues in the
BAR domain of the BAR-PH domain protein, GRAF1 (Doherty JT et al. 2011). As these
lysine residues also exist in the BAR domain of Bin3, Bin3 could bend membranes
necessary for myotube formation. However, the ability of Bin3 to bend membranes in
vitro has not yet been shown. Alternatively, as BAR domain proteins regulate actin
polymerization, which is crucial for myotube formation, Bin3 could regulate actin
dynamics in myotubes. However, no differences in F-actin localization were observed
between WT and Bin3 KO nascent or mature myotubes (Fig. 6.9.4), suggesting that Bin3
either does not regulate F-actin localization in myotubes, or alternatively live cell
imaging may be necessary to detect subtle differences in actin localization in

multinucleated muscle cells. If differences in F-actin localization between WT and Bin3
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KO myotubes are detected by these more sensitive methods, future studies should address
whether the expression and localization of known actin regulatory proteins is also altered
in the absence of Bin3. These studies would explain in part the mechanisms of Bin3

action on the actin cytoskeleton in multinucleated muscle cells.

6.6 Molecular Mechanisms of Bin3 Action in Muscle Cells

Our data provide the first example of an N-BAR domain protein regulating actin
dynamics in mammalian muscle cells in a Racl- and Cdc42-dependent manner. Most
studies on actin regulation in muscle cells have been performed in Drosophila
melanogaster (Abmayr and Pavlath 2012). However, common mechanisms for
controlling this process likely occur in mammalian muscle cells via orthologs of
Drosophila melanogaster actin regulatory proteins. These mechanisms involve the small
GTPases Racl and Cdc42, which control the actin regulatory proteins N-WASP and
WAVE, leading to Arp2/3-dependent actin polymerization. Many of these actin
regulatory proteins are required for mammalian myoblast fusion. For example, the small
GTPases Racl and Cdc42 are essential for myoblast fusion in the mouse, as well as in
cultured primary mouse muscle cells (Vasyutina et al. 2009). Similarly, the actin-
regulator N-WASP is required for myoblast fusion in mouse embryos, as well as in
primary mouse muscle cells (Gruenbaum-Cohen et al. 2012) and in the mouse myoblast
cell line C2C12 (Kim et al. 2007). In addition, WASP-interacting protein (WIP) is also
required for myoblast fusion in C2C12 cells (Kim et al. 2007). Finally, shRNA-mediated
knockdown of Nck-associated protein 1 (Nap1l), a member of the WAVE actin-

remodeling complex, blocks myoblast fusion in C2C12 myoblasts (Nowak SJ et al.
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2009). However, the signaling pathways that activate changes in the actin cytoskeleton
during myoblast fusion have not been studied in depth in mammalian cells. As yeast
orthologs of Binl and Bin3 function as heterodimers (Ren et al. 2006), and
heterodimerization is required for their cellular function, the mammalian counterparts
may also regulate actin dynamics as a heterodimer. Given that Bin3 contains only an N-
BAR domain, an interaction with Binl could provide additional pathways for regulating
actin polymerization via the SH3 domain of Binl, which could then interact with various
downstream molecules (Ren et al. 2006). Alternatively, Bin3 could also regulate actin
dynamics in muscle cells via GEF proteins. Hob3p, one of the Bin3 yeast orthologs,
facilitates the interaction between Gef-1, a Cdc42GEF, and Cdc42 (Coll et al. 2007),
suggesting the mammalian Bin3 protein could also interact with a GEF molecule in
muscle cells. Nevertheless, extensive knowledge about the expression of GEF molecules
in myogenesis is lacking. To date, only a few GEF molecules regulating small GTPase
signaling are expressed in muscle, namely Trio, Dedicator of cytokinesis 180/1
(Dock180/Dock1) and Guanine nucleotide exchange protein 100 (GEP100/Brag2). Trio
is found in a complex with M-cadherin and Racl1 at the onset of myoblast fusion, which
mediates Racl activation and myoblast fusion in the muscle cell line C2C12 (Charrasse
et al. 2007). Dock180/Dock1 and Brag2, which act as GEFs for small GTPases, also
regulate myoblast fusion the mouse muscle cell line C2C12 (Pajcini et al. 2008). Whether
Bin3 interacts with any of these GEF molecules during myogenesis is unknown. In
addition, Bin3 could also interact with a BAR-domain protein which also has a RhoGEF-
domain containing protein, thereby allowing Bin3 to indirectly activate small GTPases or

take part in additional signaling pathways via its heterodimer partner molecule containing



161

the RhoGEF domain. Finally, Bin3 could also interact with a RhoGAP-containing protein
(de Kreuk and Hordijk 2012), leading to spatial or temporal inactivation of small
GTPases when no longer needed in their active form. In order to gain deeper insights into
how Bin3 may regulate actin dynamics in muscle cells, future studies should consist of
mass spectrometry analyses to discover the molecules interacting with Bin3 during
myogenesis. In addition to actin regulation via small GTPases, BAR domain proteins can
also bend membranes (Ren et al. 2006), a function important for myotube formation, as
previously shown for the BAR-PH domain protein, GRAF1 (Doherty JT et al. 2011).
However, whether membrane bending and small GTPase-binding are exclusive or
sequential for BAR domain proteins (Habermann 2004), such as Bin3, is unknown and a
warranted future direction which could shed light onto how BAR domain proteins

regulate a multitude of cellular functions.

6.7 Bin3 Is Involved in Myofiber Branching

Myofiber branching is a phenomenon occurring during muscle regeneration after
extensive injury. To date, only two molecules are known to control myofiber branching.
The first molecule is mouse odorant receptor 23 (MOR23), which also regulates muscle
cell migration and adhesion in vitro (Griftin et al. 2009). Our studies show that Bin3 is
the second molecule, and the first BAR domain protein, found to be involved in myofiber
branching. Interestingly, MOR23 and Bin3 both control muscle cell migration in vitro
(Griffin et al. 2009, Simionescu-Bankston et al. 2013), which is also necessary for
myofiber formation, suggesting that aberrant cell migration is a possible mechanism for

myofiber branching. In this model, muscle cells initially migrate to inappropriate places
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in the muscle, where they subsequently fuse and form small myofibers; these myofibers
can then fuse to one another, forming a small (branched) myofiber, and this small
myofiber may only partially fuse with a larger (parent) myofiber, generating a gap.
Therefore, this gap could also be due to incomplete fusion, another potential mechanism
giving rise to myofiber branching. Whether myofiber branching occurs as a result of
aberrant cell migration and/or incomplete fusion is not understood. Currently, we can
only infer that migration and fusion are involved in myofiber branching, given the
similarity of the muscle repair process in vivo to myotube formation in vitro.

Myofiber branching results in various patterns that can easily be observed and
classified into different categories, including bifurcated, split, and process, however what
causes these different patterns of myofiber branching to occur is unknown. For example,
are some branching patterns caused by a defect in migration, whereas others are caused
by a defect in fusion, or does a combination of defects in these two processes give rise to
a particular branching type? As different types of molecules regulate migration and
fusion in vitro, specific molecules could be responsible for each of the various branching
patterns observed. Future loss of function studies of these molecules would determine
whether they are required for myofiber branching in vivo. These studies should further
attempt to correlate the type of molecule found to regulate either migration or fusion in
vitro with a particular branching pattern observed in vivo. At the same time, since
branching is observed in patients with muscular dystrophy, determining which branching
patterns are present in these patients would enable targeted therapies using a certain type
of molecule responsible for that particular branching type. In the absence of Bin3, we

observed a branching phenotype characterized by a combination of various branching
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patterns (mix), as well as several branches per myofiber, suggesting a greater myofiber
branching complexity. This complexity suggests a pattern likely more difficult to repair
than for example a simple bifurcation; however, why and how the mixed branching
phenotype occurs, is also unknown.

While most injury models for studies of myofiber branching utilize a toxic
compound, such as BaCl, or cardiotoxin, the relevance of these models to physiological
injury is sometimes called into question. For example, could branching be an artificial
phenotype caused by the particular type of agent used to induce injury? Although
myofiber branching occurs in patients and mouse models of muscular dystrophy (Pavlath
2010a), whether the mechanisms regulating branching following dystrophy are similar to
those elicited by various myotoxic compounds has not been shown. Therefore, testing
whether other injury models, such as crush injury, give rise to similar branching patterns
as the established myotoxic injury models is a warranted future direction. Our studies
utilized a general Bin3 KO mouse, which lacks Bin3 in all cell types; however, since
myofiber branching occurs mainly after injury, and the repair process involves many cell
types, the presence of Bin3 in cell types other than muscle cells likely also contributes to
the branching phenotype observed in mice devoid of Bin3. Thus, determining which cell
types express Bin3 in vivo would be beneficial in gaining further insights into possible
ways that Bin3 may contribute to muscle regeneration, including myofiber branching.
However, current methods do not allow in vivo imaging of the branching process. Thus,
the development of such methods would be a promising avenue in the future, likely
providing insights into the mechanisms of myofiber branching following extensive

injury. Generating a muscle-specific Bin3 KO mouse model would also be worthwhile in
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examining the contribution of muscle cells to the myofiber branching process; in
addition, this mouse model would facilitate knocking out Bin3 at different stages during
regeneration, in order to determine the timing of Bin3 requirement during this process.
Overall, these techniques would greatly advance our understanding of how the branching
process occurs in vivo, and may also shed light onto possible strategies to resolve

myofiber branching and potentially provide therapies for muscular dystrophy.

6.8 Perspectives and Therapeutic Strategies

In summary, we report several novel findings for myogenesis. We showed for the
first time that CKB specifically binds a-actin isoforms, and that CKB activity is required
for actin polymerization during myotube formation. Our findings further revealed that
CKB interacts with the N-BAR domain protein Bin3, suggesting that CKB could regulate
membrane and actin dynamics, two main functions of BAR domain proteins (Ren et al.
2006). In addition, Bin3 is the first BAR domain protein shown to control both myofiber
size and branching in vivo, linking BAR domain proteins to regeneration for the first time
in any tissue. Finally, Bin3 is a novel cytoplasmic protein regulating in vitro muscle cell
migration, in a pathway involving Racl and Cdc42, small GTPases associated with actin
regulation. Overall, our results highlight the importance of CKB and its interacting
partners, a-actin and Bin3, in regulating actin dynamics during myogenesis.

Bin3 and CKB regulate different stages of myogenesis, but may also have
overlapping functions at some stages. Bin3 is involved in both lamellipodia formation
and regulation of active Racl and Cdc42 levels (Simionescu-Bankston et al. 2013),

providing a possible mechanism for Bin3 to control actin dynamics in myocytes. Whether
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CKB also regulates myocyte migration, and whether CKB localizes to the lamellipodia,
actin-based protrusions associated with motility, have not been tested. However, CKB
regulates motility of tumor cells (Mulvaney et al. 1998) and sea urchin sperm (Tombes
and Shapiro 1985), as well as spreading and migration in astrocytes and fibroblasts
(Kuiper et al. 2009), suggesting that CKB can regulate migration in cell types other than
muscle cells. In addition, CKB may also be important in myotubes. In contrast, whereas
Bin3 may have a crucial role in myocytes, its role in myotubes is currently unknown.
CKB localized near the ends of differentiated muscle cells, which may be sites of active
fusion, whereas Bin3 and F-actin colocalized throughout the myotube (Fig. 6.9.5),
suggesting only a partially overlapping function between CKB and Bin3 in myotubes. As
CKB localization did not change in Bin3 KO myotubes (Fig. 6.9.1), these studies further
suggest that Bin3 is not structurally responsible for CKB localization in differentiated
muscle cells. However, CKB could provide ATP for Bin3-dependent regulation of actin
dynamics. To determine whether and how CKB could regulate actin polymerization in a
Bin3-dependent manner, warranted future directions would be examining whether Racl
and Cdc42 have a role in multinucleated muscle cells, whether they localize near
myotube ends, and whether levels of active Racl and Cdc42 are affected when CKB
activity is manipulated in muscle cells.

Since Bin3 was identified as a CKB interacting protein, the relevance of this
interaction for myogenesis remains to be determined in the future. However, whether this
interaction is regulated spatially or temporally during myogenesis is unknown. For
example, does CKB recruit Bin3 to lamellipodia of myocytes, where Bin3 can regulate

actin dynamics via Racl and Cdc42? Also, do CKB and Bin3 interact in lamellipodia and
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is this interaction required for myocyte migration? Finally, do CKB and Bin3 interact in
myotubes, and what common functions does their partial colocalization in myotubes
suggest? Future studies should determine whether a pathway involving CKB, Bin3 and
the actin cytoskeleton exists in muscle cells, and how the interactions between these
proteins may differ during in vitro myogenesis. For example, do some components of this
pathway have a function only during certain stages of myogenesis? To test this
hypothesis, future studies should determine novel Bin3 binding partners during different
stages of myogenesis. The current hypothetical model for actin regulation in muscle cells
consists of CKB providing ATP for Bin3-dependent actin regulation, which involves
activation of Racl and Cdc42, leading to N-WASP/WAVE-dependent regulation of
Arp2/3, which then mediates actin polymerization to regulate muscle cell
migration/fusion and myotube formation (Fig. 6.9.6). However, this model remains to be
thoroughly tested in mammalian skeletal muscle cells.

Several processes described in detail in this dissertation relate to various muscle
diseases, and understanding the pathways regulating them would likely enable the
development of various therapies for diseases in which these processes are misregulated.
For example, myofiber branching has been observed in muscular dystrophy (Pavlath
2010a). The mechanisms regulating myofiber branching are unknown, however aberrant
cell migration and/or incomplete fusion are possible contributors. As Bin3 regulates both
muscle cell migration and myotube formation in vitro (Simionescu-Bankston et al. 2013),
Bin3 is a promising therapeutic candidate for myofiber branching. Thus, elevating the
levels of Bin3 could be an effective therapeutic strategy for resolving myofiber branching

in mice and patients with muscular dystrophy. The second example related to muscle
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disease is the regulation of myoblast fusion. Our results do not conclusively show that
Bin3 regulates fusion. However, the function of Bin3 during later fusion stages, as well
as the ability of BAR domain proteins to regulate both membrane and actin dynamics,
which are crucial for the fusion process, suggest that Bin3 could be a possible regulator
of the fusion step during myotube formation. Likewise, CKB was also required for
myotube formation, and likely provides ATP for actin polymerization in muscle cells.
However, whether CKB regulates actin dynamics directly or indirectly via its interacting
partners, including Bin3, is unknown. Elucidating the pathways downstream of CKB that
involve ATP-dependent regulatory proteins would allow for a deeper understanding of
the myoblast fusion process, as well as the potential development of therapies for

diseases resulting from fusion defects.
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6.9 Figures

Figure 6.9.1: CKB localization is unchanged in Bin3 KO myotubes

WT KO
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Figure 6.9.1: CKB localization is unchanged in Bin3 KO myotubes

Pure cultures of primary mouse muscle cells from WT and Bin3 KO mice were
immunostained for CKB at 40 h in differentiation. CKB localized near the ends of
myotubes in both WT and Bin3 KO cultures (arrowheads, last panel). Nuclei were

counterstained with DAPI. Bar, 50 um.
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Figure 6.9.2: Bin3 also functions in nascent myotubes for later fusion stages
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Figure 6.9.2: Bin3 also functions in nascent myotubes for later fusion stages

(A) Schematic of cell mixing experiment. (B) Representative myotubes with and without
dual labeling are shown in separate and merged channels (arrowheads). Bar, 50 pm. (C)
The percentage of myotubes with dual labeling was decreased when mixing Bin3 KO
nascent myotubes (Mt) with WT myocytes (Mc), to a similar extent as when mixing Bin3
KO Mt with Bin3 KO Mc (*P<0.05). Data are mean + s.e.m., n=3 independent isolates

for each genotype.
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Figure 6.9.3: Bin3 is not required for receptor-mediated endocytosis in myotubes
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Figure 6.9.3: Bin3 is not required for receptor-mediated endocytosis in myotubes
(A) WT and Bin3 KO myotubes were incubated with Alexa 594-transferrin at

37°C or 4°C (+ acid). No internalization of transferrin was observed in the control 4°C
conditions. Nuclei were counterstained with DAPI. Bar, 50 um. (B) The internalized
transferrin fraction (37°C) was similar in WT and Bin3 KO myotubes. Data are mean +

s.e.m., n=3 independent isolates for each genotype.
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Figure 6.9.4: F-actin localization is similar in WT and Bin3 KO myotubes
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Figure 6.9.4: F-actin localization is similar in WT and Bin3 KO myotubes
No difference in F-actin localization (FITC-phalloidin) was noted between WT and Bin3

KO myotubes at 24 and 40 h in DM (arrowheads). Bar, 50 pm.
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Figure 6.9.5: Bin3 and F-actin colocalize in myotubes
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Figure 6.9.5: Bin3 and F-actin colocalize in myotubes
Bin3 and F-actin were colocalized throughout the cytoplasm of WT nascent myotubes at

24 h in DM (arrowheads). Nuclei were counterstained with DAPI. Bar, 50 pm.
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Figure 6.9.6: Model of CKB-mediated Bin3 action in myogenesis
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Figure 6.9.6: Model of CKB-mediated Bin3 action in myogenesis

CKB may provide ATP for a Bin3-dependent pathway in muscle cells, however the
mechanisms by which this regulation occurs remain to be determined. Bin3 may then
regulate the activity of Racl and Cdc42 in differentiated muscle cells through an
unknown molecule containing a GAP or GEF domain. Subsequently, Racl and Cdc42
may regulate the actin regulatory proteins WAVE and WASP, respectively, leading to
Arp2/3-dependent actin polymerization in muscle cells. Finally, actin dynamics in muscle
cells may lead to regulation of muscle cell migration and fusion, and eventually to

myotube formation.
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