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ABSTRACT

Skeletal muscle I1s a phenotypically dynamic tissue that responds to alterations In
activation which can have an affect on muscle recovery from injury Using a cell
culture model system, electrical stimulation caused 18 and 12 fold increases In
protein levels of p27 and p21, respectively This suggested that electnical
stimulation was inducing cell cycle arrest in these cells Thus, we stimulated
proliferating myoblasts and examined the effects on p27 protein levels in these
cells p27 protein levels increased while cyclin E protein levels decreased with
time from 1 to 5 days of electnical stimulation suggesting these cells are
undergoing cell cycle arrest Concomitant with these changes was an increase
in pAMPK and T198-p27 (a direct AMPK stabilizing phosphorylation site on the
p27 protein) Pharmacologic inhibition of AMPK activation using compound C
blunted electrical stimulation-induced increases in AMPK activation, T198-p27
and total p27 protein levels These data suggest that electrical stimulation alters

the activity of AMPK in C2C12 myoblasts, resulting in cell cycle arrest
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1.0 OVERVIEW

Proper differentiation of skeletal muscle 1s imperative for recovery from
muscle Injury as well as combating muscle disease Myogenesis is a multistep
and complex process Involving an array of signalling proteins, expressed at
specific points within development Muscle contraction has been shown to be a
powerful stimulus for phenotype alterations and a plethora of studies have been
completed investigating the effects of muscle contraction on ntracellular
signalling A common model employed to examine these effects in wvitro is
activation via electrical stimulation of muscle cells in culture This model has
been well documented to mimic the effects of muscle contraction in an in wvitro
environment and has been utilized in the past to explore contractile-dependent
protein expression alterations responsible for mitochondnal biogenesis !
Metabolic function ? as well as cell morphology * modifications due to electrical
stimulation have also been investigated Although these studies and others
similar to them provide proficient insight into the intracellular responses due to
electrical stimulation, there Is a severe lack of knowledge regarding the effects If
any, electncal stimulation has on myoblast prolferation My thesis will
systematically evaluate the protein content of multiple myogenic regulatory
factors (MRFs) and various cell cycle regulators In response to electncal

stimulation in witro to determine the effect, If any, electrical stimulation has on

muscle development



2.0 MYOGENESIS

There are two conditions in which myogenesis occurs, the first being
embryonically, and the second being in response to muscle injury and disease
via satellite cell activation. Embryonic skeletal muscle, in general, is derived from
the somite as myogenic progenitor cells. With somite maturity, the myogenic
progenitor cells become restricted to the epithelium of the dermomyotome where
myogenesis can be induced through the splitting of cells which express myogenic
regulatory factors (MRFs) *. In the second case, during post-natal muscle growth,
after injury or in response to a muscle wasting disease, satellite cells become
activated and begin to proliferate. During their proliferation, MRFs as well as
members of the Pax (paired box protein) family of regulatory proteins are
expressed concurrently. For these cells to then differentiate into fibres the down

regulation of the Pax proteins and sequential MRF expression is required .

2.1 Embryonic Myogenesis

Understanding the origins of skeletal muscle and how embryonic skeletal
muscle differentiation occurs can provide insight into the networks which may
promote adult myogenesis via stem cells. The majority of embryonic skeletal
myogenic progenitors are formed from somites (transient condensations of the
paraxial mesoderm which form around the neural tube) °. The somites give rise

to the epithelial dermomyotome as well as the mesenchymal sclerotome as

2



seen in Figure 1. The dermomyotome gives rise to the dermis as well as skeletal
muscle of the trunk and limbs where the mesenchymal sclerotome ultimately
develops into cartilage and bone of the vertebrae and ribs °. Myogenic
precursors in the dermomyotome express Pax3, Pax7 and low levels of Myf5
(myogenic factor 5) (all to be described later). Furthermore, deep back muscles
are formed when progenitor cells of the dorsal medial lip give rise to the epaxial
myotome, again shown in Figure 1. Similarly, the ventral lateral lip generates the
ventral non-migratory hypaxial myotome which is responsible for lateral trunk
muscle development. Ventral lateral lip cells also separate form the

dermomyotome and develop to form muscles of the limbs, ventral body wall,

diaphragm and tongue °.
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Figure 1. Stages of embryonic myogenesis. A. Somites
are formed after neural plate formation. B. Each somite
gives rise to a dermomyotome which gives rise to skin and
muscle as well as a sclerotome. The sclerotome is
responsible for forming skeletal structures. C. Finally the
dermotome gives rise to connective tissue and the
myotome gives rise to axial muscles. Adapted from M.
Buckingham, 1992, Trends Genet. 8:144.




Embryonic myogenesis relies primarilly on the expression of two gene
families, namely the MRF and myocyte enhancer factor 2 (MEF2) families MRFs
describe proteins belonging to the super family of basic helix-loop-helix (bHLH)
transcription factors ®° The MRF family consists of MyoD (myoblast
determination protein), myogenin, Myf5, and MRF4 (myogenic regulatory factor
4) all of which share approximately 80% of their amino acid identity and a bHLH

8

motif responsible for dimerization and DNA binding MRFs can form

heterodimers with E proteins (ubiquitous bHLH proteins) by binding to the E-box
consensus sequence [CANNTG] in muscle gene promoters and enhancers "8
Although all of the MRFs bind to the same DNA sequence with similar affinity, the
expression pattern of each MRF is distinct from one another In general, it I1s
understood that MyoD and Myf5 are expressed In proliferating myoblasts, while
myogenin and MRF4 are expressed In cells which have exited the cell cycle
typically due to mitogen depletion 8 Figure 2 shows the myogenic process with
expression of MRFs at specific differentiation points Embryonically, Myf5
activation occurs first around 8 days postcoitum (dpc) and begins to be down

10

regulated after 14 dpc Myogenin activation 1s next occurring at 85 dpc

followed by MyoD at 105 dpm concurrent with other markers of terminal

differentiation MRF4 finally 1s momentarily expressed between days 9 and 12,

11

then repressed until birth Not only do MRFs regulate the transcription of

muscle specific genes, they also have the ability to auto regulate each other’s

5



transcription. MyoD is capable of positive auto regulation as well as inducing
myogenin expression, which in turn induces MyoD expression 2. This implicates
MyoD and myogenin to be constituents of an auto regulatory loop for the purpose
of amplifying expression levels of these two proteins to threshold levels required

to induce the myogenic process. Additionally, MyoD is capable of inhibiting Myf5

13 14

expression ~, while MRF4 is required for down-regulation of myogenin ™, as

seen in Figure 2.
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Figure 2 The myogenic process beginning with mesodermal progenitor cells, which
ultimately differentiate into fully functioning and multinucleated myotubes and finally
structurally sound myofibrils When mesodermal progenitor cells are determined to become
myoblasts through means of growth environment or otherwise, the expression of the
primary MRFs, Myf5 and MyoD alliow differentiation into myoblast cells MyoD has
autoregulatory capabilities and can also inhibit Myf5 Myoblasts are capable of
differentiating into myotubes with the expression of the secondary MRFs myogenin and
MRF4 MyoD and myogenin cause each others expression to increase, while MRF4, which
Is required for fusion and formation of myofibrils, down-regulates myogenin expression




Forced expression of any one MRF I1s adequate to induce myogenesis
even In a variety of non muscle cells in culture ** ' MRFs have also been shown
to cause direct activation of the MEF2 family of MADS box factors, which 1s
required to convert cells to skeletal muscle " ' In humans, four versions of the
MEF2 gene exist denoted as MEF2A, MEF2B, MEF2C, and MEF2D, all of which
are distinctly expressed with overlapping arrangements during embryogenesis
through adulthood '* MEF2 genes however, are unable to sufficiently induce
myogenesis unlike members of the MRF family The activation of transcription of
muscle specific proteins is most efficient when MRFs and MEF2 family members
act in a synergistic manner, as the binding of one factor to DNA helps to recruit
and stabilize the binding of the other factor "’

Investigation into the necessity of each MRF in embryogenesis has been
completed mainly through null or mutated mice models Early research has
shown that MyoD Is not essential for myogenesis in the mouse embryo MyoD
null mice have been found to be fully viable lacking any obvious muscle
abnormalities Molecularly, mice lacking MyoD had an increased expression of
Myf5 mRNA levels, which provided evidence for a reciprocal type of regulation
between these genes '® Additionally, this study found that both myogenin and
MRF4 mRNA levels were also normal compared to MyoD positive mice A later
study completed in the C2C12 myoblast cell line however, determined that MyoD
was In fact necessary for myoblast fusion, even when endogenous levels of Myf5

and myogenin are high '® MyoD also has cell cycle Inhibition qualities
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through cross talk with cell cycle regulators that contain an E box (1e p21°*') ™

Inthal insight into the functional relevance of Myf5 revealed that mice
homozygous for a Myf5 mutation had wvisibly normal skeletal muscle
development, however died due to the lack of the distal parts of the ribs, creating
an nability to respire *° These findings are further evidence for the
compensatory role which exists between MyoD and Myf5 in regulating skeletal
muscle development Later investigation into Myf5 and MRF4 absence revealed
that in mice lacking these proteins, the early myotome does not form resulting in
the misallocation of cells 2' 22

Contrary to findings from MyoD and Myf5 single knockout models, animals
lacking myogenin exhibit severe skeletal muscle inadequacies Previous studies
employing myogenin mutant animals found that although the animals survived
fetal development, they died perinatally contaming far fewer muscle fibres than
wild type animals The fibres however did appear to be normal on a gross level,
suggesting myogenin i1s not required for positional development ® % Further
research into the myofibers present in these animals however, found that on a
molecular level, the fibres were extremely atypical Muscle areas were occupied
only by sparse myofibers as well as mononucleated cells, negative for myosin
heavy chain, indicating the cells are undifferentiated and have an inability to fuse
The mutants also expressed decreased levels of MRF4, with normal MyoD

expression ¢ 2 Much investigation into the embryogenic development of muscle

cells have facilitated knowledge growth in this area Research observing the
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second method of myogenesis, namely via satellite cell activation, has also been
very successful in efforts to expand knowledge

Additionally, there 1s a very prominent negative regulator of skeletal
muscle growth, namely myostatin Myostatin 1s a member of the transforming
growth factor- B (TGF-B) family of growth factors Myostatin is initially expressed
In the myotome and remains to be expressed at varying levels within skeletal
muscle through adulthood. however 1s undetectable in most other tissues
Animals lacking the myostatin gene, or animals with even a 25% disruption in the
gene experience larger weight and muscle mass that control animals®* Where
the MRF and MEF2 family promote muscle growth and differentiation, myostatin

Is a prominent inhibitor of muscle growth 2*

2 2 Satellite Cell Activation-Dependent Myogenesis

Satellite cells were initially seen in frog skeletal muscle described only by
their morphology In mature muscle fibres ° Satellite cells lie on the periphery of
muscle fibres between the sarcolemma and the basal lamina (hence the name
“satellite” cells) and form a stable and self-renewing population of stem cells
within the adult muscle 2 27?8 |n the adult, satellite cells mediate the growth of
muscle tissue as well as recovery of the cells post-trauma Initially, satellite cells
were thought to be predisposed to become myogenic precursor cells, however
studies have shown that myoblasts (C2C12 cells) have the ability to become

osteogenic and even adipogenic in the appropriate growth conditions 29 30

10



These data lead to the view that satellite cells are in fact multipotent

There are multiple criteria which allow proper identification of satellite
cells Cell morphology 1s obviously important, that i1s their localization between
the basal lamina and the sarcolemma of myofibrils Additionally satelite cells
contain a high nuclear-cytoplasmic ratio, high heterochromatin content and low
cytosolic organelle content 2628 A common protein marker of satellite cells, Pax7
transcription factor, 1s expressed In the nuclel of quiescent as well as activated
satelite cells *® When Pax7 null mice were investigated, the only difference
found between the null mice versus wild type mice was the lack of satellite cells
6 28 |n embryonic muscle development, members of the bHLH family of proteins
(MRFs) regulate the transition from one stage of development to the next,
quiescent satellite cells of adult muscle do not express these proteins until after
satellite cell activation There 1s an abundance of data which focuses on satellite
cell origin as well as embryonic satellite cell development, however this i1s out of
the scope of my thesis What i1s relevant however, is the activation process of the
satellite cells as well as the mechanisms which allow these cells to repair muscle
damage

There are a variety of sttimuli which have been shown to cause activation
of quiescent satellite cells including physical load, stretching, damage, electrical
stimulation, and degenerative diseases such as muscle dystrophies 2 28
Satellite cell activation 1s also not as simple as site dependent activation In fact,

damage to one end of a single myofibril activates satellite cells throughout its
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entirety These cells then enter the cell cycle and eventually give rise to
myogenic precursor cells These precursor cells are now determined to become
muscle cells, albeit after key stages of muscle differentiation The number of
quescent satellite cells in adult muscle 1s virtually constant through multiple
stages of regeneration, implying these cells contain an inherent self-renewal
quality ?® There exists much data revealing the satellite cells’ ability to self-
renew, however, relevant to my thesis is the differentiation of these satellite cells
into muscle tissue

As mentioned previously, what commits satellite cells for myogenic
differentiation 1s their growth environment In particular, hepatocyte growth factor
(HGF) *" as well as other growth factors such as fibroblast growth factor (FGF),
transforming growth factor beta (TGF-f), insulin-hke growth factor (IGF-1),
interleukin-6 (IL-6), leukemia inhibitor factor (LIF) and nitric oxide (NO) % are all
factors that regulate the proliferation as well as differentiation of satellite cells
HGF 1s a major regulator of satellite cell response during muscle regeneration
HGF has been shown to independently induce satellite cell activation in wvitro, and
has additionally been shown to aid in the migration of satellite cells to injured
areas of the myofibrl *' 3 There appears to also be a cause and effect
relationship between HGF and NO NO s released from beneath the basal
lamina after damage has occurred The NO released then causes HGF release

33

from the extracellular matrix *™ The FGF family members have been implicated

in controling many molecular events related to myogenesis as well In
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particular, FGF-6 i1s involved In the mediation of early muscle growth via satellite
cell activation ** FGF-2 appears to also have importance in this story as this
growth factor has been previously detected in the basal lamina which envelopes

35 IGF-l and IGF-Il are well known to be

developing and mature myotubes
involved In the regulation of muscle growth and repair as well as in satellite cell
proliferation High IGF-l levels have been repeatedly implicated in muscle
hypertrophy; this hypertrophy Is attributed in part, to satellite cell proliferation and
differentiation *® The TGF-p family has regulatory components involved with
satellite cell myogenesis, as previously described myostatin 1s a member of the
TGF-p family, which has inhibitory effects on muscle growth ?® Once satellite cell
proliferation occurs, the appropnate growth conditions, that 1s presence of
particular growth factors, will allow determination of the cells to the myogenic
form Post activation, the cells express members of the bHLH family and proceed
with differentiation until viable myofibrils are formed, or until muscle repair has
occurred

Embryonic myogenesis 1s similar to satellite cell mediated myogenesis In
many ways The initial stages of regulation of muscle development regulated by
bHLH family members as well as later muscle formation are consistent between
myogenic methods There are however key differences between the two
methods, specifically concerning the role of the MRFs Quiescent satellite cells

have low Myf5 expression, with no other MRF expression Additionally, the

expression order of the MRFs following satellite cell activation differs from

13



embryonic MRF expression. MyoD is the first to be expressed, followed by Myfs
and MRF4, however myogenin does not become synthesized until myosin heavy
chain (MHC) begins to be expressed % Although there are differences between
embryonic and satellite cell dependent forms of myogenesis, the result of both is

fully functioning differentiated muscle tissue.

2.3 Mature Muscle Fibres

Whether it be embryonically or through means of satellite cell activation,
the result of these processes is the formation of mature muscle tissue after fusion
of myotubes. There are three types of muscle classified as smooth, cardiac, and
skeletal. The relevance of my thesis lies within skeletal muscle physiology,
however it is important to also have an understanding of how the other types of
muscle work as well as the differences and similarities between all types of
muscle.

Skeletal muscle is a voluntary and striated form of muscle, which occupies

t?°>. The main function of skeletal muscles is to

40% of human body weigh
stabilize the skeleton as well as provide a method for mobility. The structural
components of the sarcomere (functional component of muscle fibre) can be
seen in Figure 3. There has been much investigation into the mechanisms of
muscle contraction over the past century, however the basic understanding of

how muscle contracts is now well established. At the beginning of the 20"

century the accepted theory of muscle contraction was the “lactic acid

14



theory”, which held that lactic acid-induced folding of long protein chains along
muscle fibres caused muscle contraction. This was later disproved by the
completion of an experiment which saw muscle contraction even in the absence
of lactic acid *”. Although disproved, the lactic acid theory was the primary theory
of muscle contraction until the early 1950s. At this point Huxley suggested that
contraction occurred through the relative sliding of two sets of filaments * and he
later confirmed his theory *. Once the sliding filament theory was confirmed, the
theory was furthered by the development of the cross-bridge theory for the
mechanism which causes the sliding of the filaments*®. Since the postulation of
the cross-bridge theory, there has been much investigation into the exact
mechanisms of this process, and many alterations to the original theory have
formed the current model for cross-bridge formation and the sliding filament

theory.

15
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Figure 3. The Sarcomere — the functional component of a muscle fiber. Sarcomere is
defined as Z line to Z line. The thick and thin filaments work together cause a shortening of
the muscle (contraction). Adapted from Addison Wesley Longman, Inc, 1999.
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The sliding filament theory based cross-bridge theory is the paradigm
used currently to describe current mechanisms of muscle contraction. The
modern theory shows myosin-based cross bridges that attach to actin and pull
the actin filament towards the centre of the sarcomere, causing a shortening of

41

the muscle tissue (contraction) and thus force ™. However, what signalling

mechanisms cause this cross-bridge formation and subsequent muscle
contraction?

Initially, an a-motor neuron provides an action potential to a motor unit (o-
motor neuron and the muscle fibres it innervates). If the action potential is of
sufficient magnitude (reaches threshold), depolarization of the fibre membrane
occurs. This depolarization leads to muscle contraction; the idea which links
membrane depolarization and muscle contraction is excitation-contraction (EC)
coupling *2_ The action potential travels the length of the fibres as well as down
the fibre T-tubules. The T-tubules in skeletal muscle lead to the sarcoplasmic
reticulum which releases calcium in response to an electrical gradient. The
released calcium binds to a protein troponin, which at rest covers the active site
on the actin molecule. The binding of calcium to troponin reveals the active site
of actin to allow for myosin to bind to it, thus forming a cross-bridge and
subsequent muscle contraction.

Cardiac muscle is also a striated muscle type, however it is involuntary.
Unique to cardiac muscle is its own regulatory component for frequency of

muscle contractions. Although interesting, | will be focusing on the
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contraction mechanisms alone for cardiac muscle contraction. Mechanisms of
contraction within cardiac muscle are similar to skeletal muscle mechanisms; that
is the model for contraction is also EC coupling. As within skeletal muscle, the
basic contractile unit within a cardiomyocyte is the sarcomere *°.

Smooth muscle is unique from both skeletal and cardiac muscle as it is
not striated, its appearance is “smooth”. This type of muscle is also involuntary,
that is, smooth muscle receives neural innervation from the autonomic nervous
system. Smooth muscle is found in many areas of the body, in particular
research has focused on the muscle lining the airway, blood vessels and the
intestine. Although muscle plasticity as well as function varies greatly in smooth,
cardiac and skeletal muscle, they all still utilize actin-myosin interactions to
contract. ** *°. What differs with smooth muscle is that the muscle contractile
state is regulated by various hormones as well as autocrine and paracrine

% Although the specific mechanisms involved with smooth muscle

actions
contraction aren’t specifically apparent to my thesis, it is helpful to outline that
there are large differences between all types of muscle, thus molecular signalling

mechanisms which may be occurring one muscle type may not be occurring in

the others.



3.0 THE CELL CYCLE

Cell division 1s a major process in muscle differentiation and satellite cell
activation In order for proper division to proceed two successive processes must
occur DNA must be doubled and then subsequently spht into 2 equal and
identical fractions In order for these processes to occur, the cell is guided
through the cell cycle There are four phases within the mammalian cell cycle,
namely. G1 (gap phase 1). S (synthesis phase), G2 (gap phase 2), and M

(mitosis phase) ¢ '

Duning G1 cells are generally increasing in size and
preparing for DNA synthesis Replication of the DNA and thus doubling of the
genome occurs In the synthesis phase G2 1s a phase with the purpose of
checking DNA integrity and preparing the cell for division (M phase) There Is
another stage known as GO, which 1s a quiescent stage of non-growth Cells can
enter G1 from GO before they are committed to replication ¢ *’ *® There are
however, external regulators (1e growth factors) which Influence a cell's
progression through this cycle In addition, checkpoints exist to ensure the
integrity and purnity of the copied DNA matenal and the production of identical
cells within that population Additionally, there are also regulators which act on
the cell cycle by slowing or speeding its rate of progression Accelerating the
progression through the cell cycle are active cyclin/cyclin dependent kinase
(CDK) complexes and their associated inhibitor families (members of the INK4

and Kip famihes) * That I1s, when the INK4 or Kip family members bind to the

cychin-CDK complex, cell cycle inhibition  occurs Figure 4 shows a summary of
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these cyclin/CDK complexes as well as where they affect the cell cycle.

20



Rb Dephosphorylation

INK4:

pis

pl6

21 | Cyclin , . p18

gz;r B/A Bizycims}‘ p19
&

ps7 lcdcz | § G2

p21
p27

NYAYA p57

CAYA

- \f/, '/ Phosphorylation
p g ; p21

p21p27ipsT J Cyctin A+ Cakz  +Cak2 I oy

Figure 4. Stages of the cell cycle. At the G1/S phase transition, the cyclin E/CDK2
complex is responsible for pushing the cell into S phase past this stage’s checkpoint.
Members of the KIP family are CKl's for the cyclin E/CDK2 complex and inhibit the
cell's proaression through the cell cycle. Adapted from Donovan and Slingerland Breast
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3 1 Cell Cycle Progression

Cyclhin proteins are expressed In a cyclical manner, whereas CDK protein
expression stays relatively constant throughout the cell cycle CDKs are a family
of serine/threonine protein kinsases that become activated at different parts
within the cell cycle depending on the cyclin being expressed at that point *’
There have been nine CDKs identified, however only five of these have influence
on the cell cycle, specifically, during G1-(CDK4, CDK6 and CDK2), S-(CDK2),
G2- and M-(CDK1) phases In order for the cell cycle to progress, cyclins must
form active complexes with their associated CDKs and expression levels of their
respective inhibitors must be at a low enough level not to impede cell cycle
progress Relevant to my thesis 1s specifically the G1 to S phase transition At
this point a major checkpoint referred to as the restriction point occurs and the
cell 1s preparing for DNA replication However, In order to understand the
complexities which occur in the G1 to S transition, the mechanisms involved with

cell cycle entrance (GO to G1 transition) must be elucidated

3 11 GO/G1 Transition

For entrance into G1, the cyclin D 1soforms (Cyclin D1, D2, and D3) must
be expressed and bind to CDK4 and to CDK6 *°*® Cyclin D 1s quite unique as it
Is the only cyclin which I1s not expressed periodically but 1s synthesized for as
long as mitogen stimulation persists There are many factors which stimulate

production of cychn D, ncluding mitogen-activated protein  kinase
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(MAPK) “°, phosphotidylinositol 3 kinase (PI3K) *° | fibroblast growth factor 8
(FGF8) ®" and FBJ osteosarcoma oncogene (c-Fos) *? to name a few

There has been investigation into the importance and function of cyclin D,
CDK4 and CDK6 Knockout models have shown that the requirement for CDK4/6
Is tissue specific, however It appears as though the absolute requirement for
CDK4/6 1s questionable 47 CDK4 null mice are viable, however are under sized
and there are tissue specific defects that ultimately lead to diabetes and infertility
The cell cycle specific defects were investigated in CDK4 deficient mouse
embryonic fibroblasts and it was found that the cells did grow, however entrance
into the cell cycle from guescence was delayed 3 CDK6 null mice are similarly
viable, however these mice are of normal size Tissue specific defects from
CDK6 gene deletion include splenic and thymic hypoplasia ** There Is
compensation between these two CDKs as deletion of either gene still generates
a viable animal Cyclin D null mice are also viable but, similar to CDK4 mice, are

%t appears as though there may be some degree of a

undersized
compensatory role between the cyclin D i1soforms as well % Cychin D1 null
mouse cells are still able to progress through the cell cycle, however some In
vivo developmental irregularities have been shown to occur neurologically o
Mice lacking the cyclin D2 or cyclin D3 gene also appear to have developmental
Issues specific to tissue type ¢ °°

Cyclin D has two main purposes within the cell cycle to phosphorylate

retinoblastoma (Rb) and to sequester Kip proteins Rb 1s a tumour
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suppressor that was first discovered In a retinoblastoma cancer The Rb protein
Is responsible for a pivotal G1 checkpoint (restriction point) blocking S phase

entrance °°

Rb 1s either in a hypo- or hyper-phosphorylated state, when
hyperphosphorylated Rb dissociates from E2F transcription factors (imperative
for DNA synthesis) and Is targeted for degradation ®' When hypophosphorylated,
Rb inhibits cell cycle progression After Rb phosphorylation, Cyclin D then can be
bound by members of the Kip family which causes cytosolic translocation and
sequesterning of Kip protein members to allow for Cychn E expression, and thus
Cyclin E related events Cyclin D then remains in the cytosol for the remainder of

the cell cycle, until division and re-entrance into G1 Is required

Specifically inhibtting the effects of the active cycin D CDK4/6 complex

IN NK4B 4
gINKaA 5! gINK Cy

are members of the INK4 family, particularly p1 and

, p1 , 1
p19™*P Each member of the INK4 family are capable of binding CDK4 and
CDK6 which prevents cyclin D from binding to the CDK, therefore inhibiting
activation of a cyclin-CDK complex “° Biochemically, members of the INK4 family
behave identically with respect to the cell cycle, although differences with respect

to therr effects on cancers have been identified *°

312 G1/S Transition

Cychn D does play a role in G1/S phase transition, however cyclin E and
its specific CDK (CDK2) are responsible for the majonty of the kinase activity For

many years 1t was believed that CDK2 was cntical for progression and exit of

24



S phase It was found however, In some human colon cancer cell lines, that
CDK2 was not necessary for survival ® This lead to in vivo investigation of
CDK2 null mice viability Two groups found that these CDK null mice were viable
yet experience both male and female sterility Compared to other cyclin or CDK
single knockout models, the CDK2 knockouts were actually the least
compromised, having survived up to 2 years free from any pathology (other than
stenhty) % It has been recently found that although CDK2 plays a pivotal role in
S phase transihon, CDK1 plays a compensatory role when CDK2 1s knocked out
 Cychin E exists in two 1soforms cyclin E1 and cyclin E2 Deletion of cyclin E1
In vivo resulted in normal animal phenotype, whereas deletion of cyclin E2
resulted only in a reduction of male fertiity However in a double knockout model
of cyclin E1 and cycin E2, embryonic death occurred % It I1s interesting that the
CDK2 null mice models were relatively viable due to CDK1 compensation,
whereas when both cyclin E1 and E2 are knocked out the animal 1s not viable,
inferring no compensatory role from other cyclins This leads to the suggestion
that the necessary functions of cychn E are not dependent solely on CDK2

Unlike cyclin D, cychin E expression is cyclical Typically, cyclin E becomes
expressed during G1 In response to cychn D expression Cyclin E levels then
begin to drop in S phase as cyclin A levels rise and finally cyclin E proteins are
essentially undetectable in G2 % Due to the cyclical nature of cyclin E, the
kinase activity of the cyclin E/CDK2 complex i1s periodic and reaches a maximum

at the G1/S phase transiton ®” There are similarities in the expression and
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targets of cyclin E compared to cyclin D proteins Specifically, cychn E
expression and activity Is in part sensitive to mitogen presence and cychn E has
downstream targets which are shared by cyclin D (Rb and p27); however, the
mechanisms and result of phosphorylation on these targets 1s different from
cyclin D

The cychn E/CDK2 complex does not sequester p27, rather
phosphorylates the p27 not bound by cyclin D, on the threonine 187 residue % °®
This phosphorylation provides for a recognition motif for Skp, Cullin, F-box
containing complex (SCF%? an E3 ligase), which targets the p27 protein for
ubiquitin-dependent degradation € 89 |n this sense, cyclin E promotes its own
expression through decreasing the protein levels of its inhibitor As mentioned
previously, cyclin E/CDK2 phosphorylates Rb but on different sites than cyclin
D/CDK4/6 The phosphorylation of Rb leads to dissociation from E2F (as
described earlier) which results in cyclin E transcription Therefore, cycln
E/CDK2 activation not only inhibits 1ts inhibitor, but also promotes its own
transcription The phosphorylation effects of cyclin E/CDK2 described thus far
are primarily G1 phase cell cycle effects Cyclin E/CDK2 further phosphorylates a
second group of substrates which are involved more directly with cell duplcation
% gpecifically, cyclin E — associated kinases have been implicated in the
phosphorylation of nucleophosmin, CP110, p220NPAT (nuclear protein, ataxia-
telangiectasia locus), E2F-5, p330/CBP, SWI-SNF complex (SWI/SNF related,

matrix assoclated, actin dependent regulator of chromatin, subfamily a,
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member 4), SAP 155 (S-layer protein) and CDC25A (cell division cycle 25
homolog A). Phosphorylation of these targets contributes to varying results
including centrosome duplication, histone biosynthesis, gene expression control,

pre-mRNA splicing and cell cycle progression °,

Although the precise
mechanisms of phosphorylation as well as the specific results of those
phosphorylations are important, they may be beyond the scope of my thesis.

As seen in Figure 4, inhibitors of the cyclin E/CDK2 complex are members
of the Kip family, specifically p21, p27 and p57. Members of the Kip family have
the ability to inhibit all cyclin/CDK complexes within the cell cycle. In a quiescent
cell p27 levels are relatively high, whereas in cycling cells essentially all of the
p27 molecules are associated with cyclin D/CDK4/6 "', p27 is widely considered
to be a key regulator of the G1/S phase transition where p21 plays a role in p53-
mediated cell cycle arrest *°. It is common to use p27 as a prognostic tool in
cancer physiology, that is, when a tumour is p27 negative the prognosis is poor
and when a tumour is p27 positive the prognosis is good. p27 is also the only
member of the Kip family which has direct and mutual phosphorylation actions
with the cyclin E/CDK2 complex. As previously mentioned cyclin E/CDK2 can
phosphorylate p27, promoting it for degradation; on the other hand p27 can
directly bind to the cyclin E/CDK2 complex inhibiting its cell cycle progression

activities. For this reason, p27 and cyclin E levels prove to be a beneficial

indicator of the cycling status of the cell.
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4.0 MYOGENIC REGULATION VIA THE CELL CYCLE

As previously mentioned, a prerequisite for myogenesis is cell cycle
cessation. Myoblasts will continue to proliferate until eventual molecular
signalling leads to cell cycle arrest. Once quiescent, differentiation to myotubes
can occur. In this sense, alterations affecting the cell cycle can lead to a
premature or delayed differentiation of myoblasts which ultimately leads to
abnormal muscle development. In the cancer field much research has been
completed investigating possible master regulators of cell cycle arrest. Implicated
as having a role in cell cycle cessation is AMP activated protein kinase or AMPK.
Although most examination of AMPK has occurred in the metabolism field, this
versatile protein has cell cycle regulatory effects. As muscle is a very
metabolically active tissue which contains high amounts of AMPK, it is logical

that these AMPK mediated cell cycle effects would be taking place in myoblasts.

4.1 AMPK signalling

AMPK is a serine-threonine kinase which is known for being involved in
the regulation of cell metabolism "?. Structurally, AMPK is a heterotrimeric protein
complex: the a-subunit is catalytic, whereas both the B and y subunits are
regulatory. AMPK phosphorylation on Thr172 and thus activation due to ATP
depletion, signals the cell for conservation and generation of ATP. AMPK
appears to have multiple methods of activation, however is consistently activated

by AMPK kinases (AMPKK). Initially it was postulated that AMPKKs could
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activate calmodulin-dependent protein kinase | (CaMKI), which in turn can
activate AMPK “°. At the time, it was thought that CaMKI kinase was very unlikely
to be an important AMPKK due to low enzyme activity, however this assumption
was later shown to be inaccurate.

The tumour suppressor LKB1 was established as an AMPKK through co-
purification, immunoprecipitation, and embryonic fibroblast studies "*. However,
LKB1 is not the only AMPKK which is responsible for AMPK activation as studies
in HelLa cells (which lack LKB1) still experience AMPK phosphorylation on Thr
172 "®. With this discovery, focus shifted to Ca?* / calmodulin dependent protein
kinase kinase (CaMKK). CaMKK emerged as an important AMPKK through
studies on Hela cells. When CaMKK is inhibited, AMPK activation is severely
inhibited, if not completely abolished in the HelLa cells "°. Based on these data,
there are two clear and congregating mechanisms of AMPK activation. The first
is LKB1 dependent, which relies on an increase in the AMP:ATP ratio. The
second is CaMKK dependent, which is utilized when an increase in intracellular
Ca”* occurs. The two mechanisms for AMPK activation can be seen in Figure 5.

Once activated, AMPK provides for a plethora of effects including
glycogen synthesis, fatty acid oxidation and protein synthesis. In addition to
these metabolic effects AMPK also has cell cycle effects. AMPK has been found

"7 mouse embryonic

to cause cell cycle arrest in hepatoma HepG2 cells
fibroblasts "8, human aortic smooth muscle cells (SMCs) and rabbit aortic strips

7. A model developed by Motoshima et al in 2006 attributes the cessation of
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cell proliferation by AMPK to p53 and subsequent p21 activation, both of which
are cell cycle inhibitors. It has been found that the LKB1-AMPK pathway plays
another key role in cell cycle regulation. Liang et al in 2007 showed that AMPK
directly phosphorylates p27 on residue T198, which allows a direct link to be
made between a energy sensing pathway and cell cycle regulators. Although the
AMPK pathway is a popular focus for metabolism and cancer research, its

contribution to muscle development progression is lacking.
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Figure 5. Two methods by which AMPK can become activated. The first method is through
an increase in the AMP:ATP ratio. AMP binds to AMPK which allows the AMPK molecule to
increase its affinity for LKB1 to phosphorylate the AMPK molecule. The second method is
through an increase in intracellular calcium, which activates CAMKK, which subsequently

phosphorylates AMPK.
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What is known about AMPK and its role in skeletal muscle is primarily
metabolic, however there have been some investigation into a possible role within
myogenesis. AMPK has been shown in the past to regulate myoblast
differentiation caused by glucose restriction through regulation of Nampt %, a
cytokine. More recently, AMPK has also been shown to inhibit myoblast

8 This same paper

differentiation, however through a PGC-1a mechanism
looked at p21 as a possible cell cycle target for AMPK via p53, however p53 as
well as p21 levels stayed relatively constant during nutrient withdrawal treatment,
indicating this is not the cell cycle affecter causing an arresting of the cells.
Although AMPK may act to alter PGC-1a expression thus transcription of
differentiation necessary mitochondrial related proteins, the cell cycle must still be
arrested before differentiation can occur. p21 is often a target protein to
investigate within myogenesis as it contains an E-box in its promoter region
(recall: MyoD binds E-box proteins). This piece of literature shows however, that
possibly p21 is not the CKI responsible for cell cycle arrest due to AMPK

regulation. It could be that p27 is responsible for the AMPK mediated cell cycle

arrest through T198 phosphorylation.
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5.0 ELECTRICAL STIMULATION

Many methods have been developed to analyze the effects of exercise on
muscle cells A commonly utihized in vitro method 1s electrical stimulation This
treatment i1s preformed by using 6-well cell culture plate lids Each well contains 2
electrodes which penetrate into the media of the well These plates can then be
connected to a power source, where the intensity, frequency and duration of
electrical stimulation can be set This method has been used very successfully in
culture to analyze effects of electrical stimulation on mainly metabolic processes
Electrical stimulation has successfully been implicated in increasing cytochrome

c and ATP synthesis '

Additionally, the differentiation status of myoblast cells
has been researched In response to electrical stimulation There is definite
evidence supporting electrical stimulation as having an affect on the
differentiation status of myoblast cells Previous work has focused on cell

2 elongation and alignment %% as well as myogenic

morphology °, scaffolding 8
factors such as MRFs and myosin heavy chain ¥ Park et al investigated
extracellular matrices as well as sarcomere differentiation 1n myofibnls They
showed that despite no change In apoptotic activity, collagen deposition was
reduced, while excitability was increased Despite these resuits the authors do
state 1t 1s desired for the muscle to have increased cellularity rather than
Increased extracellular matrix proteins, however this study did not investigate

3

these results further They did find however, that myofibrils subjected to

electrical stimulation contained more well developed sarcomeres than
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control cells. Jun et al further investigated the potential for electrically conductive
composite fibres as a tool in muscie tissue engineering and found that the
electrical stimulation fibres increased markers of muscle development,
specifically myogenin, troponin T and myosin heavy chain 84, They further
suggested that these substrates could modulate the myoblast to myotube
transition.

Although these studies provide for some insight into electrical stimulation
effects on muscle development, focus has been directed mainly at rates of
transcription for tissue regeneration. There has been no insight into the molecular
signalling responsible for the electrical stimulation effects seen previously.
Additionally, a complete story outlining the effects of electrical stimulation on the
myoblast to myotube differentiation process has yet to be investigated. Electrical
stimulation has been investigated as a possible method for muscle tissue
regeneration 2°, however the possible effects electrical stimulation has on cell

cycle progression remain to be outlined.

34



6.0 STUDY RATIONALE

As previously discussed electrical stimulation has been used as a
successful tool for investigation of muscle metabolism as well tissue engineering
possibilities. There is currently no data suggesting the role if any electrical
stimulation has on the myogenic process as well as the cycling status of these
cells. The aim of this study is to examine the various effects of electrical
stimulation on proliferating and arrested C2C12 myoblasts from a cell cycle
perspective. Various molecular signalling pathways will be examined in an
attempt to more fully understand the gambit of molecular influences affecting
muscle development. These data are relevant in discovering mechanisms which
help or hinder myogenesis. In particular these data will lead to the knowledge of
how varying days of exercise may effect satellite cell dependent myogenesis post

trauma.
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HYPOTHESES
After subjecting C2C12 myoblasts to electrical stimulation, | hypothesize
that two separate, yet related results will occur:

1. Electrical stimulation of myoblasts will modulate the abundance and
phosphorylation of critical cell cycle regulators leading to cell cycle arrest
and;

2. This cell cycle exit will increase the rate of myoblast differentiation via an

increase in myogenic related proteins.
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METHODS
All experiments were completed under both proliferating and differentiating

conditions using the C2C12 myoblast cell line.

Cell Culture

For proliferation experiments, cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM), 10% Fetal Bovine Serum (FBS), and 1% Anti-
micotic/Anti-biotic (Am/Ab) (to be referred to as PM) at 37°C and 5% CO.. Prior to
plating, the wells of a six well plate were coated with 0.1% gelatine and exposed to
UV light for 20 minutes. The plates were coated with gelatine in order to ensure
the myoblasts would remain adhered to the bottom of the plate during the
electrical stimulation protocol. During differentiation experiments, media was
changed 24 hours after cell seeding to a differentiation media, namely, DMEM with
5% Horse Serum (HS) and 1% Am/Ab (to be referred to as DM) and the electrical
stimulation protocol occurred 24 hours post media change. Pharmacologic
treatment of cells included the use of compound C and BAPTA. 5 nM and 10 nM
compound C (6-[2-Piperidin-1-yl-ethoxy)-3-pyridin-4-yl-pyrrazolo[1, 5-al-
pyrimidine, Dorsomorphin) was used to inhibit the AMPK pathway and DMSO was
added to non-compound C treated cells as a control. 25 uM BAPTA (1, 2-bis(o-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid) was used as a calcium chelator

and DMSO again was used as a control.
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Electrical stimulation

A Harvard Apparatus Stimulator CS System was used In conjunction with
6-well stmulator plates adapted from Connor et al ' The stimulator parameters
were based on previous optimization experiments as follows Cells were
stimulated for 4 hours/day (voltage at 10V, frequency at 5 Hz, width at 5ms, delay
of 2 ms and the system was set to an alternating mode In order to change the
direction of the current) at 37°C at 5% CO, followed by a 20 hour recovery period,
24 hours after the plating of the cells An optimization experiment was run to
determine the optimal number of consecutive days for electrical stimulation to
occur This experiment tested 1 through 5 days of electrical stimulation Media
changes occurred at 3 days electrnical stimulation to ensure proper nutrient

availability for the cells throughout the experiment

Cell Harvesting

Cells were harvested 20 hours post treatment Wells were aspirated to
remove media, and subsequently washed twice with cold Phosphate Buffered
Saline (PBS) Cells were collected using a 25 cm cell scraper and transferred into
Eppendorf tubes along with 1 mL of cold PBS Ceils were then centnfuged at
5000rpm and 4°C for 10 minutes Supernatant was discarded and the pellet was
resuspended in TENT ++(0 2% Tent [TRIS, EDTA, NaCl and 0 2% Triton x-100],

Sigma protease inhibitor cocktall, Sigma phosphatase nhibitor cocktall  2)
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Samples were then sonicated for 3 seconds, and centrifuged for 10 minutes at 13,
200 rpm The supernatant lysate was then extracted and stored at -84°C
Immunoblotting

Sample protein concentrations were determined by Bradford Assays 12 5-
25 pg of protein was loaded onto 12% SDS PAGE gels and proteins were
separated at 120V for 90-120 minutes and transferred to a PVDF membrane
overnight at 20V Blots were amido black stained to evaluate protein loading and
transfer Membranes were blocked for 2 hours in 10% low fat milk Blots were
incubated In primary antibodies for p27K'p1[‘I 5000], p27-T198[1 2000],
GAPDH[1 10,000], p-AMPK[11000], AMPK][11000], Cyclin  E[1 1000],
MyoD[1 1000] and COX IV[1 1000] overnight at 4°C Following incubation, the
membranes were washed with a saline detergent (Trnis-Buffered Saline with 0 5%
Tween, TBST) Secondary antibodies [1 5000] were incubated with the membrane
at room temperature in 5% milk for 1 hour A Chemiluminescent HRP Substrate
was used to detect secondary antibodies on the membranes All experimental
samples were run on the same membrane to avoid vanability The Kodak In vivo
FX Pro Imager was used to detect the chemiluminescence signal Signals were

guantified using Carestream molecular imaging software

Immunoprecipitation
An immunoprecipitation assay was utilized to test the amount of Cycln E

bound to p27 within samples 100 pg of protein per sample underwent a pre-
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clear stage (anti-rabbit side chain [1:2000]) before being incubated with primary
p27 antibody for 1 hour at 4°C. Protein A-Sepharose beads were added to the
lysate/antibody mixture and incubated for 1 hour at 4°C. The precipitated proteins
were dissociated and immunoblotted according to the already stated

Immunoblotting methodology.

Statistical Analysis

A one-way ANOVA was used to analyze the effect of electrical stimulation
on various protein levels in cells cultured in both PM and DM C2C12 myoblasts. A
regression analysis was completed on free cyclin E protein content over days of
electrical stimulation. A correlation analysis was completed on the relationship of
various proteins measured. A two-way ANOVA was used to test the effects of
electrical stimulation and Compound C treatment on various protein levels. These
experiments are n=3-5. No statistical analyses were run on the BAPTA treated
cells as this experiment only has 2 replicates (n=2). Statistical analyses of
treatments that give p<0.05 will be considered significantly different. Data are
GAPDH corrected (loading control) as well as corrected for control cells (that is,
day 3 protein values are the result of dividing day 3 stimulated value by day 3

control value).
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RESULTS
Electrical stimulation causes cell cycle arrest in C2C12 myoblasts

Initial experiments were designed to determine the effect, if any, electrical
stimulation had on C2C12 myoblast cells cycling status. Upon visual inspection of
cells as days of electrical stimulation increased, there were apparent differences
between control cells and stimulated cells in both PM and DM. In PM cells the
control cells represent a typical growth progression through O to 3 days. The
stimulated PM cells demonstrated far fewer cells by day 3, despite beginning with
similar cell number on day 0 as the control cells (Figure 6). This result is indicative
of cell cycle progression being slowed. Within DM cells, the control cells represent
typical growth patterns. The DM control cells appear to have a typical swirling
appearance by day 3. In the stimulated cells on the other hand, no swirling
occurred, however premature and atypical myotube formation occurred.
Additionally, there were apparent differences in the appearance of the cells
cultured in PM (A-F) versus DM (G-L) as cells in DM begin the differentiation
process more rapidly. Figure 6 shows a picture of the cells at various stages of

electrical stimulation magnified by 10X.
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0 Days 1 Day 3 Days

Control
PM
Stimulated
Control
DM
Stimulated

Figure 6. Microscopic pictures of C2C12 myoblasts in both PM (A-F) and DM (G-L) cells. A,
D, G, and J represent the cells at day 0 of treatment. B, E, H, and K represent cells at day 1
of treatment. Finally, C, F, [, and L represent cells at day 3 of treatment. Additionally, A, B,
C, G, H, and 1 represent control cells. D, E, F, J, K, and L represent stimulated cells. The
arrows present in L show premature (compared to control [I}) myotube formation.
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The protein expression of p27, cyclin E as well as free cyclin E levels
(determined by immunoprecipitation) of cells subjected to both PM and DM can be
found in Figure 7 and 8. p27 protein content significantly increased over days of
electrical stimulation in cells cultured in both PM and DM (Figure 7A,B and 7A,C,
respectively). p27 protein expression was more drastically increased in PM cells
reaching a maximum at day 5 of over 5 fold above control (Figure 7B). p27 protein
levels in DM cells reached a maximum at 5 days as well, however only reached
levels just over 2 fold of control (Figure 7C). This dramatic increase in p27 protein
expression indicates that cell cycle inhibition is occurring.

Cyclin E protein expression in both PM and DM cells significantly
decreased by day 5 of electrical stimulation (Figure 8A-C). By day 5 of electrical
stimulation levels significantly dropped to over 50% of those observed in day 2
cells. Cyclin E levels in DM celis experienced a greater depression than seen in
PM celis. In DM celis, cyclin E protein content reached significantly lower levels by
day three and reached lowest levels by day 5 of electrical stimulation reaching
25% of those seen in non-stimulated cells. These results taken in concert with the
protein expression levels of p27 indicate a cell cycle inhibition. However,
regardless of the total levels of cyclin E, the true indicator of the cells drive to
progress through the cell cycle are the levels of free cyclin E, that is, cyclin E

which has not been bound by its CKI p27.
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Figure 8D and 8E respectively show free cyclin E levels present in PM and
DM cells. To calculate free cyclin E content, cyclin E levels measured via the
immunoprecipitation were corrected for p27 levels measured (as seen in Figure
17). Next a ratio of bound cyclin E (I.P. Western Blot) to total cyclin E. When this
ratio of bound cyclin E: total cyclin E is inverted, it will produce free cyclin E protein
levels. The slope in both the PM and DM cells are similar in magnitude and
demonstrate a significant reduction in free cyclin E over days of electrical
stimulation. These data allowed for a more complete interpretation of changes in
total protein and points to the physiological significance of the cyclin E protein
content decreases seen in Figure 8B and 8C.

Overall, the significant increases in p27, decreases in total cyclin E, and
decreases in free cyclin E indicate an apparent “turning off” of the cell cycle. The
protein quantification of these cell cycle regulators match the microscopic images

discussed previously (Figure 6).
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Figure 7. Protein expression of p27 in cells exposed to both PM (B) and DM (C). p27
protein changes were greater in PM (reaching a 5 fold increase) compared to DM (reaching
2 fold). * represents a statistically significant difference from control; # represents a
statistically significant difference from day 2 of electrical stimulation.
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Figure 8. Protein expression of cyclin E (A, B, and C) and free cyclin E (D, E) exposed to
both PM (B, D) and DM (C, E). Cyclin E levels of DM cells responded more drastically to
electrical stimulation treatment than those of PM cells, however free cyclin E levels of both
PM and DM cells appeared to have responded similarly. * represents a statistically
significant difference from control; # represents a statistically significant difference from day
2 of electrical stimulation. A6
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AMPK as a regulator of electrical stmulation induced cell cycle alterations

It 1s clear from the results observed in the previous section that electrical
stimulation does in fact have an effect on cell cycle proteins in C2C12 cells In
both PM and DM conditions. There must be an upstream pathway which Is
regulating these changes in protein expression AMPK was investigated as a
possible target for regulating these changes since AMPK targets phosphorylation
of the T198 residue on p27 and AMPK has been implicated previously to rise In
whole fibre studies due to electnical stimulation. Phosphorylated AMPK (pAMPK;
on Thr 172) protein content was measured to investigate whether the electrical
stimulation was having an effect on this pathway Figure 10 illustrates the pAMPK
(A, B, C) and total AMPK (A, D, E) protein levels over days of electrical
stimulation In PM cells, pAMPK protein levels reached significant increases by
day 3 of electrical stimulation, peaking at approximately a doubling compared to
control Total AMPK levels in the PM cells were unchanged at all ime points In
DM cells, pAMPK levels also reached a statistically significant increase at day 3
of electrical stimulation, however in contrast to PM cells, the DM levels reached a
maximum of almost a 4 fold increase compared to control Although day 3 was
the only statistical significant increase found within these data, 1t 1s noteworthy
that day 2, 4, and 5 levels were all at least twice as high as day 1 levels (same

Increase as seen in PM cells) A 2 fold increase in pAMPK may represent
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more of a physiological significance than the statistical tests imply. Again total
AMPK levels in the DM cells remained unchanged. The electrical stimulation
induced increase in pAMPK indicates that AMPK may be activated by electrical
stimulation and involved with regulating the cell cycle protein changes observed

earlier.
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Figure 10. Protein expression of pAMPK (B, C) and tAMPK (D, E) in PM (B, D) and DM (C,
E) cells. In both PM and DM cells, pAMPK levels were significantly increased with days of
electrical stimulation. PM cells doubled in pAMPK levels, where as the DM cells reached
nearly a 4 fold increase in pAMPK expregpsion. Conversely, tAMPK levels remained
unchanged in both PM and DM cells. * represents a statistically significant difference from
control.




As previously stated, activated AMPK has a phosphorylation target residue
on the p27 protein, namely T198. Due to the fact that p27 levels showed an
increase over days of electrical stimulation, and AMPK was also increased due to
electrical stimulation, | decided to measure the protein expression of p27 which
has been phosphorylated on the T198 residue. These data will indicate whether
the increase in pAMPK seen is then acting on p27 by phosphorylating it at T198
and stabilizing the protein. Figure 11 gives the T198-p27 expression profiles over
days of electrical stimulation in both PM (B) and DM (C) cells. In PM cells, T198-
p27 was significantly increased by day 5 of electrical stimulation reaching a
maximum of approximately 2 fold above control. These values correspond to the
pAMPK protein rise observed in the PM cells. T198-p27 protein content was also
significantly increased in the DM cells, although to a much greater extent. By day
4 of electrical stimulation T198-p27 levels in the DM cells reached statistical
significance and reached a maximum at day 5 of approximately 7 fold compared
to control. Interestingly, the pAMPK protein levels of the DM cells were more
drastically increased compared to PM cells as well. It seems as though the
drastic increase in pAMPK of the DM cells lead to a correspondingly larger

increase in T198-p27 protein content compared to PM cells.
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Figure 11. Protein expression of T198 p27 in PM and DM cells T198 p27 was significantly
increased over days of electrical stimulation although DM cells reached much higher levels
PM cells reached a maximum approximately a 2 fold increase compared to control at 5 days
of electrical stimulation DM also reached a maximum increase at 5 days of electrical
stimulation, however achieved almost an 7 fold increase compared to control * represents a
statistically significant difference from control # represents a statistically significant
difference from day 2 of electrical stimulaton $ represents a statistically significant
difference from day 3 of electrical stimulation
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The pAMPK/T198-p27 pathway 1s involved in C2C12 cell cycle arrest

It 1s apparent that there are a variety of cell cycle related events that occur
to due electrical stimulation Thus far, promising results have been shown
implicating cyclin E, p27, pAMPK and T198-p27 as being involved with electrical
stimulation effects on the cell cycle To further investigate this pathway within the
electrical stimulation model, correlation analyses were preformed on the existing
data (Figure 12) T198-p27 protein levels were correlated with total p27 levels to
demonstrate the stabilizing effect of this particular phosphorylation (Figure 12 A
and B) In both PM and DM cells, significant correlations were found When T198-
p27 levels rose, p27 levels did as well indicating a stabihzing effect at this
phosphorylation on this protein Next, a correlation was completed on both PM
and DM cells for T198-27 and free cyclin E (Figure 12 C and D) The intention of
this test was to analyze whether the decreases in free cychn E due to electrical
stimulation are related to the Increases In T198-p27 The correlation was
significant in both PM and DM cells These data suggest that as levels of T198-
p27 Increase, levels of free cyclin E decrease The final correlation conducted
investigated the relationship of pAMPK and free cychn E (Figure 12 E and F)
Again, in both PM and DM cells, as pAMPK levels rose, free cyclin E levels
decreased These significant correlations demonstrate the importance and
relevance of the pAMPK/T198-p27 relationship in decreasing free cyclin E levels

thus leading to cell cycle arrest
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AMPK is pivotal for electrical stimulation induced cell cycle arrest

As AMPK has now been implicated in moderating the cell cycle arrest seen
in both PM and DM cells due to electrical stimulation, compound C was used to
inhibit the activation of AMPK. This experiment required a substantial optimization
experiment to determine the ideal concentration of compound C to use to treat
the cells. Initially, a 10 nM treatment of compound C was used, however by day 3
of treatment the cells did not appear to be healthy and were dislodging from the
bottom of the plate. The optimization experiment completed for various
compound C concentrations is outlined in Appendix 1A. Seen in the microscopic
picture of C2C12 myoblasts after 3 days of compound C treatment of 5 nM, it is
clear that these cells are viable and healthy (Appendix 1B). Finally pAMPK
protein was quantified for each sample and it is clear that the 5 nM compound C
treatment provided the greatest magnitude of AMPK inhibition (Appendix 1C).
This level of pAMPK inhibition seen with the viability of the cells seen in Appendix
1B was enough evidence to switch the treatment concentration of compound C
from 10 nM to 5 nM.

Inhibiting activation of AMPK while subjecting the cells to electrical
stimulation will determine whether AMPK phosphorylation is necessary for
downstream cell cycle arrest to occur. Figure 13 simply shows the effectiveness
of compound C in inhibiting AMPK phosphorylation. In PM cells significant
inhibition of pAMPK was observed at day 2 and day 3 of electrical stimulation

(Figure 13 A,B). In DM however, a significant inhibition of pAMPK was
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only achieved at day 3 of electrical stimulation (Figure 13 A,C). No changes in
total AMPK protein content was observed in PM and DM cells with electrical
stimulation or compound C treatmeant in conjunction with or separate from each
other (Figure 13 D and E). Significant differences in T198-p27 were found
however in both PM and DM cells (Figure 14). Both PM and DM celis treated with
DMSO increased T198-p27 protein levels in cells exposed to electrical stimulation
as previously observed. When treated with compound C over days of electrical
stimulation, the T198-p27 increases saw in the DMSO cells were radically
decreased. PM cells observed a significant decrease in T198-p27
phosphorylation with compound C treatment at day 2, whereas DM cells saw a
significant decrease at day 3. When subjected to electrical stimulation from 1
through 3 days, cells treated with DMSO had typical electrical stimulation
responses as seen before (Figure 7). That is, p27 levels increased, whereas
cyclin E levels decreased. In both PM and DM cells treated with compound C,
p27 levels were significantly decreased ( Figure 15 B and C, respectively)
compared to their DMSO controls. In PM cells there appears to be no trend within
the compound C treated cells over day of electrical stimulation, unlike the
significant increases seen in the DMSO treated cells. In DM cells however,
increases in p27 levels do occur in the compound C treated cells, however are
drastically lower than DMSO ftreated cells. Protein content of cyclin E decreased
with days of electrical stimulation in DMSO treated cells in both PM and DM. In

proliferating media cells treated with compound C, protein levels of cyclin E
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increased with days of electrical stimulation. Initially at day 1, DMSO treated cells
expressed higher amounts of cyclin E, however by day 3 of electrical stimuiation,
compound C treated cells expressed more than double the amount of cyclin E
than the DMSO treated cells. Furthermore, in DM cells similar results were
observed. At day 1 of electrical stimulation compound C treated cells expressed
50% of the cyclin E expressed in DMSO treated cells, however by day 3 of
electrical stimulation the compound C treated cells expressed almost double the
amount expressed in DMSO treated cells. This is strong evidence implicating
AMPK as a pivotal mediator regulating the expression of p27 and cyclin E

resulting in cell cycle arrest of C2C12 myoblasts due to electrical stimulation.
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Figure 13. Protein expression of pAMPK (A, B, C) and tAMPK (A, D, E) in PM (B, D) and
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Cell cycle arrest due to electrical stimulation may increase the rate of myoblast
differentiation

Initially, to investigate the differentiation effects of the electrical stimulation
induced cell cycle arrest COX IV was utilized as an indirect marker of myoblast
differentiation status. As previously described, COX IV protein expression has

been found to increase with days of differentiation of C2C12 cells '

. Figure 16
shows COX IV expression in both PM and DM conditions. In PM cells, levels of
COX IV protein increased with days of electrical stimulation, reaching a maximum
of almost 2 fold over control. By day 5 of electrical stimulation however, COX IV
levels fell back to day 1 levels. In DM cells however, there were no observed
changes in COX |V protein expression over days of electrical stimulation. This is
indirectly indicative that in PM cells electrical stimulation may increase the
differentiation status in myoblasts. Furthermore, MyoD protein levels were
measured in both PM and DM conditions to asses more directly the differentiation
status of the cells (Figure 17). In PM cells, MyoD protein levels were significantly
increased by day 3 of electrical stimulation reaching a maximum of almost 4 fold
over control. Interestingly, the MyoD profile for PM cells follow a similar trend to
that COX IV protein levels. DM cells also saw significant increases in MyoD

protein by day 3 of electrical stimulation and reached a maximum of 2 fold above

control. Taken together, the COX IV and MyoD results are indicative of an
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advancing differentiation status in both PM and DM cells due to electrical

stimulation.
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Figure 16. Protein expression of COX IV over days of electrical stimulation in both PM
and DM celis. In PM cells statistical significance was reached by 3 days of electrical
stimulation from control as well as from day 2. In DM cells no statistical significances were
found. * represents a statistically significant difference from control; # represents a
statistically significant difference from day 2; $ represents a statistically significant
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Figure 17. Protein expression of MyoD over days of electrical stimulation PM cells (B) saw
significant increases, reaching a maximum at day 3 of almost 4 fold over day 1 DM cells (C)
saw significant increased from day 2 beginning at day 3 and reaching a maximum of almost
2 fold compared to day 1 * represents a statistically significant difference from control #
represents a statistically significant difference from day 2
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Calcium may be mediating electrical stimulation dependent AMPK activation in
myoblasts

Although the previous data outhne the molecular signaling cascade In
which electrical stimulation acts to inhibit the myoblast cell cycle, the mechanism
in which AMPK becomes activated to mediate cell cycle inhibition 1s yet to be
elucidated AMPK can be activated via multiple avenues, however calcium as a
target for AMPK phosphorylation due to electrical stimulation seemed most likely
as myoblast cells do not contract and thus do not expenence ATP cycling, thus
an increased AMP-ATP ratio resulting in AMPK phosphorylation 1s unlikely in
response to electrical stimulation This lead to a pilot experiment investigating
calcium’s role in this signalling cascade C2C12 myoblasts in proliferating media
were treated alone or in conjunction with BAPTA (a calcium chelator) These
experiments were run twice (n=2), thus no statistical analyses were completed,
however there are clearly evident emerging trends within the data Figure 18
shows p27 and cyclin E protein levels of these treatment conditions at 1 and 2
days p27 levels (Figure 18 B) did not appear to change much at day 1 of
treatment, however by day 2 of treatment, electrical stimulation alone elevated
p27 levels 700% over day 1 non stimulated cells When these cells were treated
with BAPTA In concert with electrical stimulation p27 levels only rose 300% over
non-stimulated control cells When calcium Is chelated, the electrical stimulation
effects seen 1n p27 are drastically reduced Somewhat disappointing, cyclin E

levels did not respond to BAPTA treatment (Figure 18 C)
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To further investigate the effects of calcium chelation on this signalling
mechanism T198-p27, pAMPK and AMPK levels were measured. Figure 18
shows the data obtained from 2 experiments completed. T198-p27 protein
expression mimicked the p27 protein expression trend (Figure 19 B). At day 2,
cells treated with BAPTA and exposed to electrical stimulation had a blunted
T198-p27 response compared to non BAPTA treated, stimulated cells. In fact,
when calcium was chelated, T198-p27 protein levels in stimulated cells were half
that of DMSO treated cells. pAMPK response was very similar to both T198-p27
and p27 levels (Figure 19 C). BAPTA treatment blunted the electrical stimulation
induced increases seen in pAMPK while total AMPK levels appear to be
unchanged over various treatments. The blunted pAMPK expression provides
some evidence that in the electrical stimulation induced cell cycle arrest seen in

C2C12 myoblasts, calcium is likely the major source of AMPK activation.
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DISCUSSION

Understanding the mechanisms underlying muscle differentiation is crucial
for improving muscle related disease as well as muscle injury. There are many
factors which can influence the rate of muscle differentiation and many factors
which are necessary for differentiation to occur. Furthermore, understanding how
the rate of muscle differentiation responds to contraction (exercise) may provide
insight to optimal therapy conditions to promote muscle healing in response to
injury. As previously mentioned a prerequisite for muscle differentiation is cell
cycle cessation and its cell cycle status can be regulated and altered in a variety
of ways. To investigate the effects of electrical activation on myoblast cell cycle
status and progression through differentiation, C2C12 myoblasts were subjected
to electrical stimulation protocols and various cell cycle and myogenic proteins
were investigated. This project is extremely novel as to my knowledge no study
has investigated the effects of electrical stimulation on myoblast cell cycle in any
capacity, hence no direct comparisons can be made between my resuits and
others previously published. Electrical stimulation effects have been investigated
with respect to phenotype changes in muscle tissue, however any insight into cell

cycle effects have been neglected to date.
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Electrical stimulation induces cell cycle arrest in C2C12 myoblasts

Electrical stimulation treatment over days appears to cause cell cycle
cessation in C2C12 myoblasts. This was determined based on evidence gathered
from experiments which measured increases in p27, decreases in cyclin E and
decreases in free cyclin E levels (Figures 7, 8 and 9). The PM cells that were
stimulated are drastically less confluent than their control counterparts, which
implies cell cycle cessation (Figure 6). These results are obviously not conclusive
with regards to cell cycle arrest, although the microscopic pictures are clear.
There have been previous reports which show an increase in p27 levels are
related to G1 cell cycle arrest ® therefore | used p27 as an indicator of cycling
status in the cells as p27 directly inhibits cyclin E by binding to it and has been
recognized as possibly the one of the most important cell cycle inhibitors % The
significant increases found in p27 total protein are indicative of cell cycle arrest in
many cell lines ¥ . The extremely large increases found with electrical stimulation
in PM cells (~5 fold) can be explained by the fact that in cycling cells, p27 levels
have been shown to be very low 8 Control cells having such a low basal amount
of p27 to begin with, have the capacity for much greater increases due to stimuli
than would occur in a population which has higher basal levels. This only
strengthens the notion that cell cycle arrest is occurring in these cells. p27 levels
are often used as a prognostic marker for various cancers, however if cyclin E

levels also rise, there will not be an increased cell cycle arrest.

69



Cyclin E levels were in fact found to decrease over days of electrical
stimulation. These results taken in concert with the rising p27 levels over days of
electrical stimulation are a strong indicator of cell cycle arrest. That being said, it
may not be absolute and independent quantity of both of these proteins, albeit
more importantly may be the ratio of the two or even more telling the amount of
cyclin E that is still functional (cyclin E which is not bound by p27). The free cyclin
E data (Figure 8) were derived from an immunoprecipitation assay for p27, which
was incubated with both p27 and cyclin E antibodies. The end result being a
quantified estimate of cyclin E which has been bound by p27. From these data
and the previous total cyclin E data, a ratio of bound to total cyclin E can be
formed and by inversing these values, free cyclin E profiles are constructed. |
believe this is the most telling indicator of cell cycle arrest as it is a measure of
functional cyclin E. That is, as this free cyclin E is decreasing, the drive pushing
the cell through G1 to S phase is decreasing ultimately leading to arrest.
Importantly, the decrease in free cyclin E also provides evidence that the p27
which is being expressed due to electrical stimulation is in fact nuclear as
opposed to cytosolic. That is, the additional p27 is entering the nucleus where it
binds to cyclin E, resulting in a decrease of free and functional cyclin E. There
has been investigation into the relationship between p27 and cyclin E where it
was found that p27 and cyclin E have a cooperative relationship with respect to

89

cell proliferation In another cancer study investigating an anti-cancer

compound, G1 phase cell cycle arrest was associated with an increase in
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p27 levels and a decrease in cyclin E levels *. These studies support the idea
that when p27 levels increase and cyclin E levels decrease, cell cycle arrest is
occurring, which is the case with my study. The data presented thus far provide
strong evidence that electrical stimulation causes G1 cell cycle arrest in C2C12

myoblasts.

Cell cycle arrest due to electrical stimulation may increase the rate of myoblast
differentiation

There are apparent differences between protein profiles in PM and DM
cells. The observable differences seen between PM and DM cells are likely due
to the presence of growth factors in the proliferation media and the absence of
growth factors in the differentiation media. DM is often used alone to induce
differentiation °', which explains the more advanced myogenic status of the DM
cells. In a study which treated C2C12 myoblasts in DM conditions with
adiponectin, inducing differentiation, microscopic pictures were also taken °'. This
study also clearly shows a difference between DM cells and adiponectin treated
cells. Specifically, the adiponectin treated myotubes were much smaller than the
DM myotubes and were not as organized. The authors report that both DM and
adiponectin treatment increase the rate of differentiation, however DM is much
more effective. An additional study which treated C2C12 cells with AICAR (AMP
mimetic), found that the myotube diameter in AICAR treated cells were

8

significantly decreased compared to control after 24 hours ®'. My results
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are consistent with these results, In that electrical stimulation resulted In
premature myotube formation, however the cells appeared to be undersized,
disorganized and may not be functional This I1s Indicative that electrical
stimulation may induce the expression of myogenic proteins prematurely with the
cells not entirely prepared for differentiation This may result in the atypical
formation of undersized myotubes In the DM cells by day 3 in the control group a
swirling of the cells begins to occur which 1s indicative of the onset of myotube
formation In the stimulated cells however, no swirling occurs, instead random
and small myotube formation has occurred It 1s unknown whether these
myotubes are functional, albeit they are smaller than what appears in control
cells Additionally, because there 1s no swirling of the cells, the myotube formation
Is sporadic and appears disorganized These cells however are at a further
differentiation point than cells iIn PM conditions, as PM cells never experienced
myotube formation, only cell cycle arrest There have been reports of more
successfully increasing the rate of differentiation while maintaining the integrity of
the myotubes A study treated cells with Smad7 and found a clear increased rate
of differentiation while maintaining the typical and functional appearance of
myotubes %2 Aside from apparent visual differences between PM and DM cells,
molecular differences in protein expression were also found Although in both PM
and DM conditions p27 levels rose, the magnitude to which they rose to was
different in each condition p27 levels in PM conditions reached higher levels than

in DM conditions The difference in p27 levels in PM and DM conditions has
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also been found in previous reports In Intestinal epithelium * This report found
that p27 levels were also highest In proliferating conditions compared to
differentiated conditions, which i1s consistent with my data As the only difference
between the PM and DM groups is the presence of growth factors, this i1s likely
the cause of the differences experienced Previous work has shown that p27
levels in cycling cells (proliferation media conditions) is extremely low compared
to p27 levels in DM 8 Obwiously, starting with a higher content of p27, DM cells
will not have the capacity to generate as large increases as PM cells

As with the p27 levels, there were differences between the PM and DM
cyclin E profiles PM cells experienced less of a decrease in cyclin E than did DM
cells While the decrease in cyclin E in PM conditions is not as large as the
decrease In DM cells, p27 levels in PM cells were more elevated than in DM
cells Addiionally, cyclin E levels in DM cells have previously been found to be
much lower than cychn E present in cycling cells % Interestingly, free cychn E
levels in both PM and DM cells were decreased with similar magnitudes, uniike
the total p27 and cychn E protein levels This shows that more important than the
absolute change 1n p27 and cyclin E 1s the amount of free cyclin E which 1s
avallable to push the cell through G1 Although there appeared to be differences
between PM and DM conditions with both p27 and cyclin E levels, that 1s higher
levels of both proteins in PM conditions, the free cyclin E levels measured
provided true nsight into the functional similarittes between both growth

conditions Specifically, regardless of the profile differences In the proteins
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between PM and DM conditions 1t seems as though the electrical stimulation
induced arrest 1s consistent between both conditions

Differences were also evident between with respect to pAMPK as well In
PM and DM conditions In DM cells the increases are much greater, however only
reach significance at day 3 of electrical stimulation Noteworthy 1s the fact that
although at days 2, 4 and 5 no significance was found, the magnitude of the
increases are at least the same as in the PM condition or greater It seems as
though the physiological relevance of these data are greater than what the
statistical tests may imply The pAMPK levels at day 3 seen in the DM condition
are very comparable to pAMPK levels after 3 days of adiponectin treatment In
fact, in a study that treats cells with adiponectin for 72 hours in differentiation
media, similar to the media used In this study, saw approximately a 5 fold
Increase In pAMPK With electrical stimulation in my study a 4 fold increase was
found at day 3 °' After day 3 of electrical stmulation, the decreases in pAMPK 1n
the DM condition might be due to the length of time the AMPK protein remains
phosphorylated The phosphorylation event on AMPK does not last for a
substantial amount of time In contrast, it seems reasonable that the reason for
the difference between the pAMPK responses in PM and DM conditions 1s the
growth factors present in the PM condition In differentiation media, the changes
In pAMPK due to electrical stimulation will likely be more pronounced as the cells
have essentially been synchronized via serum withdrawal and the drive to

proliferate 1s much lower, therefore the electrical stimulation response will be
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larger because the majonty of the cells are moving towards G1 arrest already
Expectedly, there were observed differences T198-p27 protein levels between
PM and DM Cells in the proliferating media showed more modest increases In
T198-p27 compared to cells in differentiating media which reflect the more
reserved pAMPK increases in PM cells Similarly, T198-p27 levels in DM
conditions mirror the larger increases seen in pAMPK of DM cells

Although, the protein profile differences between PM and DM conditions
are suggestive of an increased rate of differentiation (that i1s cell cycle arrest 1s a
prerequisite for myogenesis), COX IV and MyoD protein levels were measured to
see the effect if any the premature cell cycle arrest had on differentiation modified
proteins As previously discussed, COX IV was used as an indirect indicator of
differentiation status COX IV is a subunit of the electron transport chain located
in mitochondna Previous reports Indicate that as differentiation progresses, COX
IV levels also increase ' In PM cells COX IV levels reached a significant increase
at day 3 of electrical stimulation and began to fall This fall can be attributed to the
controls cells ‘catching up’ In a sense to the stimulated cells differentiation status
DM cells however experienced no change in COX IV levels over days of electrical
stimulation Although the DM cells appear to have no change, It Is clear from the
blots (Figure 18A) that there 1s an increase in COX IV, however because the
control cells seem to Increase proportionally with the stimulated cells, when the
stimulated protein content i1s corrected for the control cells, no change I1s found

Most likely this can be explained by the DM growth condition Due to the fact
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that the control are in DM also, therr differentiation status will be more advanced
than the control cells In the PM condition simply due to the serum withdrawal
Having these cells already at a more advanced stage of differentiation, 1t 1s not
entirely unexpected that smaller changes would be found in COX IV due to
electrical stimulation in these cells The cells in PM however do show that COX IV
Is in fact altered due to electrical stimulation and provided some insight into the
differentiation status and mitochondnal alterations in these cells COX IV s
necessary for mitochondrial biogenesis and 1t 1s well documented that
mitochondrial number increases with differentiation status ' Although COX IV
levels have been shown to Iincrease with differentiation status, 1t 1Is more of an
indirect indicator than having a direct role in the myogenic process To gain a
clearer understanding of the differentiation status of these cells MyoD levels were
also measured As previously mentioned MyoD i1s a MRF family member which i1s
expressed to Induce differentiation ° Figure 18 shows that significant increase in
both PM and DM cells over days of electrical stimulation Again the differences
between PM and DM conditions are easily explained by the presence of growth
factors In PM That I1s there are competing actions occurring The MyoD protein
levels are more telling of the differentiation status of these cells as 1t I1s a measure
of a protein which even on i1ts own, can induce myoblast differentiation 94
Although further investigation into the myogenic status of these cells is required,

these data give evidence for electrical stimulation increasing the differentiation

status of myoblasts
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Electrical stimulation induced myoblast cell cycle arrest is AMPK dependent

In order to investigate the true role of AMPK in the stimulated-induced
changes in p27 and cyclin E, cells in PM and DM were treated with compound C
to inhibit AMPK. AMPK has been implicated to be the signalling pathway
responding to electrical stimulation and determination of the role of AMPK in the
response to electrical stimulation was investigated. Electrical stimulation induced
AMPK alterations in both PM and DM conditions, and compound C reduced or
eliminated these electrical stimulation-induced changes. Previously published
data found a comparable amount of inhibition due to compound C on pACC (a
direct target of AMPK). Another direct downstream target of AMPK is p27.
Compound C induces strong decreases in T198-p27 and total p27 protein levels
following electrical stimulation, which suggests that AMPK is mediating this p27
response to electrical stimulation. The depression of p27 caused by compound C
indicates that cell cycle progression is continuing normally in response to
electrical stimulation, as it is likely that no other CKI (p21 or p57) would be
upregulated to compensate. Although C2C12 cells treated with compound C and
AICAR have previously been shown to have no effect on p21 or p53 levels®, this
needs to be evaluated directly in my electrical stimulation model. Given this
published finding, it is unlikely that the cells in my experiments are undergoing
apoptosis in response to electrical stimulation and compound C. In addition to

these effects on p27 of compound C, cells treated with compound C also
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had significantly higher cyclin E protein levels than those treated with DMSO in
PM and DM cells. When AMPK is inhibited the electrical stimulation induced cell
cycle arrest does not occur pointing to AMPK as a key mediator in the C2C12

response to electrical stimulation.

Calcium may be involved with electrical stimulation dependent AMPK activation
in myoblasts

The final portion of my thesis was to evaluate whether calcium is involved
in the response of proliferating and differentiating myoblasts to electrical
stimulation. Electrical stimulation activates AMPK to phosphorylate p27 on T198
which ultimately leads to an increase in total p27 levels. This increase in p27 is
met with a decrease in free and functional cyclin E resulting in cell cycle arrest.
One of the major activators of AMPK in muscle cells is the change in the
AMP:ATP ratio that likely results from cross-bridge cycling. However, myoblasts
cannot contract so it is unlikely that electrical stimulation of myoblasts causes a
large alteration in the AMP:ATP ratio. Thus, another mechanism must be
responsible for the observed electrical stimulation-induced changes. Ca®* has
been shown to activate CaMKK, which then can phosphorylate AMPK and
electrical stimulation of excitable cells has been shown to increase intracellular
calcium levels'. As such, | investigated the role of calcium in the observed
electrical stimulation-induced changes in sell cycle regulatory proteins. Any

electrical stimulation-induced increases in calcium were prevented by
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treatment with BAPTA-AM, a chelator of intracellular calcium, at a concentration
previously shown to prevent electrical stimulation-induced effects on
mitochondnal proteins in myotubes' When treated with BAPTA BAPTA-AM
treatment virtually abolished all of the electrical stimulation-induced effects on
p27, T198p27 and pAMPK These resuits implicate calcium as a major source of
the AMPK activation in myoblasts in response to electrical stimulation
Calcium and CAMKK have previously been implicated in the activation of AMPK,
as CaMKK was responsible for AMPK activation due to a-hpoic acid and this
response was inhibited by BAPTA treatment *° Since an increase In intracellular
calcium activates CaMKK, which can then phosphorylate AMPK, chelating the
intracellular calcium will inhibit any CaMKK activation

The data obtained from these experiments have provided enough
information to develop a working model of the signalling cascade which is
responsible for the cell cycle arrest This working model can be seen in Figure 20
Electrical stimulation causes cell cycle arrest in C2C12 myoblasts, and that this
cell cycle arrest 1s AMPK dependent Additionally, there 1s evidence that the
electrical stimulation resulted in an increased differentiation status Finally,
calcium may be the upstream regulator of this signalling cascade Implicating
calcium n this process Is extremely important as this opens many more doors for
further research to be completed in this project It 1s well known that calcium s
pivotal to other cellular operations 1n muscle, specifically contraction Fully

understanding calcium’s role in cell cycle inhibitton may link a relationship
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between cell cycle arrest, differentiation status and muscle contraction

Calcium

Figure 20. Current working model based upon data collected from this study Electrical
stimulation may cause an increase In intracellular calcium which through CaMKK
phosphorylates AMPK Active AMPK then phosphorylates p27 on 7198, stabiizing 1t and
subsequently allowing it to enter the nucleus of the cell to bind to the active cychin E/CDK2
complex, which decreases the amount of free cyclin E, causing cell cycle arrest
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PRACTICAL APPLICATIONS OF RESULTS

The work completed in this thesis has medically functional results which
could lead to a better understanding and better treatment of muscle injury as well
as muscle related diseases. If muscle tissue is injured resulting in satellite cell
activation and the system is subsequently stimulated via contraction (exercise),
premature cell cycle cessation in the satellite cells may occur and lead to
premature and dysfunctional myotube formation and possible fusion. My results
show that electrical stimulation in vitro resulis in cell cycle cessation and
premature myotube formation resulting in an increased expression of myogenic
necessary proteins. This obviously is not ideal as this could lead to an inability to
heal the muscle injury which could result in chronic muscle problems.

Similar work has been completed in vivo; that is electrodes were placed on
the peroneal nerve to induce muscle contraction in the skeletal muscle. Satellite
cell activation as well as myogenic proteins were measured and it was found that
the satellite cells were indeed activated via in vivo electrical stimulation of the
peroneal nerve *°. This paper gives in vivo relevance of my thesis as it is possible
to activate satellite cells via electrical stimulation. My thesis then provides the
evidence that even though myoblasts are non contracting cells, they are excitable
and electrical stimulation/activation can cause intracellular signalling cascades to
occur which lead to cell cycle arrest and subsequent premature myotube

formation.
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FUTURE DIRECTIONS & LIMITATIONS

This study is the first step in understanding the molecular signalling
relationships in which activation of myoblasts may lead to cell cycle cessation and
accelerated differentiation. As is the case, there are ways in which this study can
be made stronger. To further strengthen the evidence that electrical stimulation
has caused cell cycle arrest, FACS analyses can be completed to confirm G1
arrest is in fact taking place. Although previous reports have seen that an
increase in p27 and a decrease in cyclin E is associated with G1 cell cycle arrest
% confirmation of these results would only strengthen this report. Additionally, an
immunoprecipitation assay could be completed for T198-p27 to determine if the
p27 which is binding to cyclin E has been phosphorylated by AMPK. This would
identify whether T198-p27 has a greater affinity of binding to cyclin E over
unphosphorylated p27. This would implicate T198-p27 as a stronger inhibitor of
cyclin E than p27.

Further insight into the differentiation status of these cells would also prove
to be useful information. Initially | had planned to also look at myogenin levels
within these cells for a more complete story, however due to antibody issues, this
remains unchecked. The myogenin levels will provide a greater understanding of
the differentiation status of these cells. Measuring levels of myosin heavy chain
(MHC) would also provide a greater understanding of where the cells are along in
the myogenic process. Furthermore, it would be interesting to compare typical

myotubes and the premature myotubes formed due to electrical stimulation.
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Determining If the electrical stimulation induced myotubes are functional would be
an interesting aside to this study

Most obvious, the BAPTA experiments should be completed in the PM
cells as well as iIn DM cells Although these data provide exciting trends, the
expenments should be completed in full This information would solidify the
signalling cascade proposed in Figure 20 In the more extended future, this model
could be examined in animais using an exercise model or a electrical stimulation
model An in vivo investigation would allow to see If the same results would occur
In a whole body environment with many other factors influencing the system

There are limitations to any study and it 1s important to identify them to
strengthen future experiments The system used for all expenments was an in
vitro setup One of the most positive qualities of the in vitro system 1s the control
the experimenter has on the system as a whole There are no external
environmental conditions which could be affecting the results In this sense the
probability that any changes seen within the in vitro system are due to anything
but the treatment 1s very slim | know that the changes in protein expression of
various proteins 1s due my treatment and nothing else The downside of this
system, intuttively, is that in vitro conditions are not an ideal representation of how
cells may respond in a whole body situation There are many processes which
may occur in vivo that may alter the results drastically However, this information
Is mmportant to learn to be able to generate any applicability within the

experiments However, this study being the first of its kind, an 1n vifro system
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is more ideal to begin to understand the signalling cascades which are occurring.
Overall, this thesis gives insight into the mechanisms underlying muscle

differentiation in response to injury. Further investigation would possibly identify

other key players in this cascade and further show the importance of this work in

the muscle injury/regeneration field.

84



REFERENCE

1 Connor, M K, Irrcher, | & Hood, D A Contractile activity-induced
transcriptional activation of cytochrome C involves Sp1 and is proportional to
mitochondrial ATP synthesis in C2C12 muscle cells J Biol Chem 276, 15898-
15904 (2001)

2 Nedachi, T, Kadotani, A, Anga, M, Katagir, H & Kanzaki, M Ambient
glucose levels qualify the potency of insultn myogenic actions by regulating
SIRT1 and FoxO3a in C2C12 myocytes Am J Physiol Endocrinol Metab 294,
E668-78 (2008)

3 Park, H et al Effects of electrical stimulation in C2C12 muscle constructs J
Tissue Eng Regen Med 2, 279-287 (2008)

4 Tajbakhsh, S & Buckingham, M The birth of muscle progenitor cells in the
mouse spatiotemporal considerations Curr Top Dev Biol 48, 225-268 (2000)
5 Parker, M H, Seale, P & Rudnicki, M A Looking back to the embryo
defining transcriptional networks in adult myogenesis Nat Rev Genet 4, 497-
507 (2003)

6 Welntraub, H et al The myoD gene family nodal point during specification of
the muscle cell ineage Science 251, 761-766 (1991)

7 Sabourin, L A & Rudnicki, M A The molecular regulation of myogenesis
Chin Genet 57, 16-25 (2000)

8 Olson, E N & Klein, W H bHLH factors in muscle development dead lines
and commitments, what to leave in and what to leave out Genes Dev 8, 1-8
(1994)

9 Rudnicki, M A & Jaenisch, R The MyoD family of transcription factors and
skeletal myogenesis Bioessays 17, 203-209 (1995)

10 Ott, M O, Bober, E, Lyons, G, Armold, H & Buckingham, M Early

expression of the myogenic regulatory gene, myf-5, In precursor cells of
85



skeletal muscle in the mouse embryo Development 111, 1097-1107 (1991)

11 Sassoon, D et al Expression of two myogenic regulatory factors myogenin
and MyoD1 during mouse embryogenesis Nature 341, 303-307 (1989)

12 Thayer, M J et al Positive autoregulation of the myogenic determination
gene MyoD1 Cell 58, 241-248 (1989)

13 Rudnicki, M A, Braun, T, Hinuma, S & Jaenisch, R Inactivation of MyoD in
mice leads to up-regulation of the myogenic HLH gene Myf-5 and results in
apparently normal muscle development Cell 71, 383-390 (1992)

14 Zhang, W, Behringer, R R & Olson, E N Inactivation of the myogenic bHLH
gene MRF4 results in up-regulation of myogenin and rb anomalies Genes Dev
9, 1388-1399 (1995)

15 Fern, P et al Expression and subcellular localization of myogenic regulatory
factors during the differentiation of skeletal muscle C2C12 myoblasts J Cell
Biochem 108, 1302-1317 (2009)

16 Dedieu, S, Mazeres, G, Cottin, P & Brustis, J J Involvement of myogenic
regulator factors during fusion in the cell line C2C12 Int J Dev Biol 46, 235-241
(2002)

17 Dodou, E, Xu, S M & Black, B L Mef2c s Activated Directly by Myogenic
Basic Helix-Loop-Helix Proteins duning Skeletal Muscle Development in Vivo
Mech Dev 120, 1021-1032 (2003)

18 Rudnicki, M A, Braun, T, Hinuma, S & Jaenisch, R Inactivation of MyoD In
mice leads to up-regulation of the myogenic HLH gene Myf-5 and results in
apparently normal muscle development Cell 71, 383-390 (1992)

19 De Falco, M & De Luca, A Involvement of cdks and cyclins in muscle
differentiation Eur J Histochem 50, 19-23 (2006)

20 Braun, T, Rudnicki, M A | Arnold, H H & Jaenisch, R Targeted inactivation
of the muscle reguiatory gene Myf-5 results in abnormal rib development and
perinatal death Cell 71, 369-382 (1992)

21 Bajanca, F et al Integrin alpha6betat-laminin interactions regulate early

86



myotome formation in the mouse embryo. Development 133, 1635-1644 (2006).
22. Buckingham, M. Myogenic progenitor cells and skeletal myogenesis in
vertebrates. Curr. Opin. Genet. Dev. 16, 525-532 (2006).

23. Hasty, P. et al. Muscle deficiency and neonatal death in mice with a targeted
mutation in the myogenin gene. Nature 364, 501-506 (1993).

24. Lee, S. J. & McPherron, A. C. Myostatin and the control of skeletal muscle
mass. Curr. Opin. Genet. Dev. 9, 604-607 (1999).

25. MAURO, A. & ADAMS, W. R. The structure of the sarcolemma of the frog
skeletal muscle fiber. J. Biophys. Biochem. Cytol. 10(4)Suppl, 177-185 (1961).
26. Ozerniuk, N. D. & Balan, O. V. Muscle satellite cells and regulation of
recovery potential of the muscles. /zv. Akad. Nauk. Ser. Biol. (6), 650-660 (2007).
27. Hawke, T. J. & Garry, D. J. Myogenic satellite cells: physiology to molecular
biology. J. Appl. Physiol. 91, 534-551 (2001).

28. Seale, P. & Rudnicki, M. A. A new look at the origin, function, and "stem-cell"
status of muscle satellite cells. Dev. Biol. 218, 115-124 (2000).

29. Katagiri, T. et al. Bone morphogenetic protein-2 converts the differentiation
pathway of C2C12 myoblasts into the osteoblast lineage. J. Cell Biol. 127, 1755-
1766 (1994).

30. Teboul, L. et al. Thiazolidinediones and fatty acids convert myogenic cells into
adipose-like cells. J. Biol. Chem. 270, 28183-28187 (1995).

31. Allen, R. E., Sheehan, S. M., Taylor, R. G., Kendall, T. L. & Rice, G. M.
Hepatocyte growth factor activates quiescent skeletal muscle satellite cells in
vitro. J. Cell. Physiol. 165, 307-312 (1995).

32. Jennische, E., Ekberg, S. & Matejka, G. L. Expression of hepatocyte growth
factor in growing and regenerating rat skeletal muscle. Am. J. Physiol. 265, C122-
8 (1993).

33. Tatsumi, R., Hattori, A., Ikeuchi, Y., Anderson, J. E. & Allen, R. E. Release of
hepatocyte growth factor from mechanically stretched skeletal muscle satellite
cells and role of pH and nitric oxide. Mol. Biol. Cell 13, 2909-2918 (2002).

87



34. Kastner, S., Elias, M. C., Rivera, A. J. & Yablonka-Reuveni, Z. Gene
expression patterns of the fibroblast growth factors and their receptors during
myogenesis of rat satellite cells. J. Histochem. Cytochem. 48, 1079-1096 (2000).
35. Cornelison, D. D. & Wold, B. J. Single-cell analysis of regulatory gene
expression in quiescent and activated mouse skeletal muscle satellite cells. Dev.
Biol. 191, 270-283 (1997).

36. Barton-Davis, E. R., Shoturma, D. I. & Sweeney, H. L. Contribution of satellite
cells to IGF-I induced hypertrophy of skeletal muscle. Acta Physiol. Scand. 167,
301-305 (1999).

37. Rassier, D. E. & Herzog, W. Considerations on the history dependence of
muscle contraction. J. Appl. Physiol. 96, 419-427 (2004).

38. HUXLEY, H. E. Electron microscope studies of the organisation of the
filaments in striated muscle. Biochim. Biophys. Acta 12, 387-394 (1953).

39. HUXLEY, H. & HANSON, J. Changes in the cross-striations of muscle during
contraction and stretch and their structural interpretation. Nature 173, 973-976
(1954).

40. HUXLEY, A. F. Muscle structure and theories of contraction. Prog. Biophys.
Biophys. Chem. 7, 255-318 (1957).

41. Leonard, T. R. & Herzog, W. Regulation of muscle force in the absence of
actin-myosin based cross-bridge interaction. Am. J. Physiol. Cell. Physiol. (2010).
42. Dayal, A., Schredelseker, J., Franzini-Armstrong, C. & Grabner, M. Skeletal
muscle excitation-contraction coupling is independent of a conserved heptad
repeat motif in the C-terminus of the DHPRbeta(1a) subunit. Cell Calcium (2010).
43. Williams, G. S., Smith, G. D., Sobie, E. A. & Jafri, M. S. Models of cardiac
excitation-contraction coupling in ventricular myocytes. Math. Biosci. 226, 1-15
(2010).

44. Halayko, A. J. & Solway, J. Molecular mechanisms of phenotypic plasticity in
smooth muscle cells. J. Appl. Physiol. 90, 358-368 (2001).

45 Hilgers, R. H. & Webb, R. C. Molecular aspects of arterial smooth muscle

88



contraction focus on Rho Exp Biol Med (Maywood) 230, 829-835 (2005)

46 Ivanchuk, S M & Rutka, J T The cell cycle accelerators, brakes, and
checkpoints Neurosurgery 54, 692-9, discussion 699-700 (2004)

47 Vermeulen, K, Van Bockstaele, D R & Berneman, Z N The cell cycle a
review of regulation, deregulation and therapeutic targets in cancer Cell Prolif
36, 131-149 (2003)

48 Isreals & Isreals The Cell Cycle The Oncologist 5, 510-513 (2000)

49 Lavole, J N, L'Allemain, G, Brunet, A, Muller, R & Pouyssegur, J Cyclin
D1 expression Is regulated positively by the p42/p44MAPK and negatively by the
p38/HOGMAPK pathway J Biol Chem 271, 20608-20616 (1996)

50 Ai, J et al Overexpression of FoxO1 causes proliferation of cultured
pancreatic beta cells exposed to low nutrnition Biochemistry 49, 218-225 (2010)
51 Nilsson, E M, Brokken, L J & Harkonen, P L Fibroblast growth factor 8
increases breast cancer cell growth by promoting cell cycle progression and by
protecting against cell death Exp Cell Res 316, 800-812 (2010)

52 Parrales, A, Palma-Nicolas, J P, Lopez, E & Lopez-Colome, A M
Thrombin stimulates RPE cell proliferation by promoting c-Fos-mediated cyclin
D1 expression J Cell Physiol 222, 302-312 (2010)

53 Tsutsul, T et al Targeted disruption of CDK4 delays cell cycle entry with
enhanced p27(Kip1) activity Mol Cell Biol 19, 7011-7019 (1999)

54 Malumbres, M et al Mammalhan cells cycle without the D-type cyclin-
dependent kinases Cdk4 and Cdk6 Cell 118, 493-504 (2004)

55 Sicinski, P et al Cychlin D1 provides a link between development and
oncogenesis In the retina and breast Cell 82, 621-630 (1995)

56 Wang, Y et al GSK-3beta mediates in the progesterone inhibition of
estrogen induced cyclin D2 nuclear localization and cell proliferation in cychin D1-
/- mouse uterine epithelium FEBS Lett 581, 3069-3075 (2007)

57 Ma, J et al Proliferation and Differentiation of Neural Stem Cells Are

Selectively Regulated by Knockout of Cyclin D1 J Mol Neurosci (2010)
89



58 Sicinski, P et al Cychn D2 1s an FSH-responsive gene involved in gonadal
cell proliferation and oncogenesis Nature 384, 470-474 (1996)

59 Ciemerych, M A et al Development of mice expressing a single D-type
cychn Genes Dev 16, 3277-3289 (2002)

60 Weinberg, R A The retinoblastoma protein and cell cycle control Cell 81,
323-330 (1995)

61 Giacinti, C & Giordano, A RB and cell cycle progression Oncogene 25,
5220-5227 (2006)

62 Blain, S W Switching cyclin D-Cdk4 kinase activity on and off Cell Cycle 7,
892-898 (2008)

63 Tetsu, O & McCormick, F Proliferation of cancer cells despite CDK2
inhibition Cancer Cell 3, 233-245 (2003)

64 Ortega, S et al Cyclin-dependent kinase 2 is essential for meiosis but not for
mitotic cell division in mice Nat Genet 35, 25-31 (2003)

65 Krasinska, L, Cot, E & Fisher, D Selective chemical inhibition as a tool to
study Cdk1 and Cdk2 functions in the cell cycle Cell Cycle 7, 1702-1708 (2008)
66 Sherr, C J & Roberts, J M Living with or without cyclins and cyclin-
dependent kinases Genes Dev 18, 2699-2711 (2004)

67 Dulic,V, Lees, E & Reed, S | Association of human cyclin E with a periodic
G1-S phase protein kinase Science 257, 1958-1961 (1992)

68 Sheaff, R J, Groudine, M, Gordon, M, Roberts, J M & Clurman, B E
Cychn E-CDK2 i1s a regulator of p27Kip1 Genes Dev 11, 1464-1478 (1997)

69 Elledge, S J & Harper, J W The role of protein stability in the cell cycle and
cancer Biochim Biophys Acta 1377, M61-70 (1998)

70 Yu, Q & Sicinski, P Mammalian cell cycles without cyclin E-CDK2 Cell
Cycle 3, 292-295 (2004)

71 Sherr, C J The Pezcoller lecture cancer cell cycles revisited Cancer Res
60, 3689-3695 (2000)

72 Wilhams, T & Brenman, J E LKB1 and AMPK in cell polarity and division

90



Trends Cell Biol 18, 193-198 (2008)

73 Hawley, S A et al 5'-AMP activates the AMP-activated protein kinase
cascade, and Ca2+/calmodulin activates the calmodulin-dependent protein
kinase | cascade, via three independent mechanisms J Biol Chem 270, 27186-
27191 (1995)

74 Hardie, D G The AMP-activated protein kinase pathway--new players
upstream and downstream J Cell Sci 117, 5479-5487 (2004)

75 Shaw, R J et al The tumor suppressor LKB1 kinase directly activates AMP-
activated kinase and regulates apoptosis in response to energy stress Proc Natl
Acad Sci U S A 101, 3329-3335 (2004)

76 Witters, L A, Kemp, B E & Means, A R Chutes and Ladders the search
for protein kinases that act on AMPK Trends Biochem Sci 31, 13-16 (2006)

77 Imamura, K, Ogura, T, Kishimoto, A, Kaminishi, M & Esumi, H Cell cycle
regulation via p53 phosphorylation by a 5'-AMP activated protein kinase activator,
5-aminoimidazole- 4-carboxamide-1-beta-D-ribofuranoside, in a human
hepatocellular carcinoma cell ine Biochem Biophys Res Commun 287, 562-
567 (2001)

78 Jones, R G et al AMP-activated protein kinase induces a p53-dependent
metabolic checkpoint Mo/ Cell 18, 283-293 (2005)

79 lgata, M et al Adenosine monophosphate-activated protein kinase
suppresses vascular smooth muscle cell proliferation through the inhibition of cell
cycle progression Circ Res 97, 837-844 (2005)

80 Fulco, M et al Glucose restriction inhibits skeletal myoblast differentiation by
activating SIRT1 through AMPK-mediated regulation of Nampt Dev Cell 14,
661-673 (2008)

81 Wiliamson, D L, Butler, D C & Alway, S E AMPK inhibits myoblast
differentiation through a PGC-1alpha-dependent mechanism Am J Physiol
Endocrinol Metab 297, E304-14 (2009)

82 Serena, E et al Electrophysiologic stimulation improves myogenic potential

91



of muscle precursor cells grown in a 3D collagen scaffold Neurol Res 30, 207-
214 (2008)

83 Liao, | C, Liu,J B, Bursac, N & Leong, K W Effect of Electromechanical
stimulation on the Maturation of Myotubes on Aligned Electrospun Fibers Cell
Mol Bioeng 1, 133-145 (2008)

84 Jun, |, Jeong, S & Shin, H The stimulation of myoblast differentiation by
electrically conductive sub-micron fibers Biomatenials 30, 2038-2047 (2009)

85 Stern-Straeter, J et al Impact of electrical stimulation on three-dimensional
myoblast cultures - a real-time RT-PCR study J Cell Mol Med 9, 883-892
(2005)

86 Villalonga, N et al Cell cycle-dependent expression of Kv1 5 is involved in
myoblast proliferation Biochim Biophys Acta 1783, 728-736 (2008)

87 Lee, S H etal Expression of cell-cycle regulators (cyclin D1, cyclin E,
p27kip1, p57kip2) in papillary thyroid carcinoma Otolaryngol Head Neck Surg
142, 332-337 (2010)

88 Tedesco, D, Baron, L, Fischer-Fantuzzi, L & Vesco, C Induction of cyclins
E and A in response to mitogen removal a basic alteration associated with the
arrest of differentiation of C2 myoblasts transformed by simian virus 40 large T
antigen J Virol 71, 2217-2224 (1997)

89 Roussel-Gervais, A et al Cooperation between Cyclin E and p27Kip1 in
Pitutary Tumongenesis Mol Endocrinol (2010)

90 Liu, S & Yamauchi, H p27-Associated G1 arrest induced by hinokitiol 1n
human malignant melanoma cells is mediated via down-regulation of pRb, Skp2
ubiquitin ligase, and impairment of Cdk2 function Cancer Lett 286, 240-249
(2009)

91 Fiaschi, T et al Globular adiponectin induces differentiation and fusion of
skeletal muscle cells Cell Res 19, 584-597 (2009)

92 Kollias, H D, Perry, R L, Miyake T, Aziz, A & McDermott, J C Smad7

promotes and enhances skeletal muscle differentiation Mol Cell Biol 26, 6248-

92



6260 (2006).

93. Smartt, H. J. et al. p27kip1 Regulates cdk2 activity in the proliferating zone of
the mouse intestinal epithelium: potential role in neoplasia. Gastroenterology 133,
232-243 (2007).

94. Kocaefe, C., Balci, D., Balci Hayta, B. & Can, A. Reprogramming of Human
Umbilical Cord Stromal Mesenchymal Stem Cells for Myogenic Differentiation
and Muscle Repair. Stem Cell. Rev. (2010).

95. Shen, Q. W., Zhu, M. J., Tong, J., Ren, J. & Du, M. Ca2+/calmodulin-
dependent protein kinase kinase is involved in AMP-activated protein kinase
activation by alpha-lipoic acid in C2C12 myotubes. Am. J. Physiol. Cell. Physiol.
293, C1395-403 (2007).

96. Martins, K. J. et al. Effect of satellite cell ablation on low-frequency-stimulated
fast-to-slow fibre-type transitions in rat skeletal muscle. J. Physiol. 572, 281-294
(2006).

93



5nM pre

and post
Tx

+ wash

PAMPK protein content

8.0

0.5+

pAMPK for CC Tx

3 «*
LN -
* * 2 <
¢ N
&)
N &9

CC Treatment

Appendix 1. Compound C concentration
optimization experiment. A: optimization
experiment setup. B: microscopic picture of
C2C12 myoblasts after 3 days of
compound C treatment at 5 nM. C: Protien
content of various experimental samples
measured for pAMPK after 3 days of
compound C treatment.
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