








expression continued tocrease and was expressed 1f8ldl times greater in late
myotubes relative to levels in myoblasts. 50dg&&Xyribonucleotidase, cytosolic
functionsto dephosphorylate components of deoxyribonucleotides.
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Figure 36 KOG subgroup Friucleotide transport and metabolism) expression changes
during myogenesis. (A)-8iethytSGthioadenosine phosphorylase (SSP 8415)
expression significantlyetreased from Day 0 to Day 4 and Day 9. (B) 50 (30)
deoxyribonucleotidase, cytosolic (SSP 2210 (P)) expression significantly increased from
Day 0 to Day 4 and Day 9. (* indicates significance by-wag ANOVA from Day O,
# indicates significance by owveay ANOVA from Day 4.)
G: Carbohydrate Transport and Metabolism

Of the seven proteins categorized into KOG subgroup G (carbohydrate transport
and metabolism), two distinct expression patiexvere identified Expression of three
proteins decreased sifjpantly during differentiation (Figure 37 Specifically,

triosephosphate isomerase (SSP 312), an enzyme that caizlghe®raldehyde 3

phosphate into glycerone phosphate, was expressed at extremely low levels in early
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myotubes and at levels in late myotubes that were significantly less than levels in
myoblasts (Figure 37A). Pyruvate kinase isozymes M1/M2 isoform 1 (SSP 4708 (P),
2807, 3804, 6511 (F), 5606 (P), 5802), an enzyme that generates ATP in glycolysis,
decreased expression significantly from Day 0 to Day 4 and Day 9 (6.8 and 4.1-fold
respectively) of myotube development (Figure 37B). Phosphoglycerate mutase 1 (SSP
8308), another glycolytic enzyme, also decreased expression significantly (3.7-fold) from

Day 0 to Day 4 and Day 9 (3.7 and 2.9-fold respectively) of myogenesis (Figure 37B).
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Figure 37: KOG subgroup G (carbohydrate transport and metabolism) expression
changes during myogenesis. (A) Triosephosphate isomerase (SSP 312), (B) pyruvate
kinase isozymes M1/M2 isoform 1 (SSP 4708 (P), 2807, 3804, 6511 (F), 5606 (P), 5802)
and phosphoglycerate mutase 1 (SSP 8308) all significanly decreased expression from
Days 0 to Day 4 and Day 9. (* indicates significance by one-way ANOVA from Day 0,
# indicates significance by one-way ANOVA from Day 4.)
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The four other identified proteins involved in carbohydrate transport and
metabolism share another distinct expression pattern. The expression of fuctose-
bisphosphate aldolase A (SSP 9306 (F), 7316 (P)), important in both glycolysis and
gluconeogenesis, was expressed at significantly higher levels in late myotubes relative to
expression levels in both myoblasts and early myotubes (Figure 38A). Another
glycolytic enzyme, alpha enolase (6610, 2415, 3411 (P), 4509 (P), 6404 (P)),
significantly increased expression levels during the transition of early myotubes to late

myotubes (Figure 38B).
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Figure 38: KOG subgroup G (carbohydrate transport and metabolism) expression
changes during myogenesis. (A) Fructose-bisphosphate aldolase A (SSP 9306 (F), 7316
(P)) significantly increased expression from Day 0 and Day 4 to Day 9. (B) Alpha
enolase (6610, 2415, 3411 (P), 4509 (P), 6404 (P)) expression increased significantly
from Day 4 to Day 9. (* indicates significance by one-way ANOVA from Day 0, #
indicates significance by one-way ANOVA from Day 4.)
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Beta enolase (SSP 5508), an enzyme that converts 2-phospho-D-glycerate into
phosphoenolpyruvate and water, significantly increased expression (4.8-fold) as
myoblasts developed into late myotubes (Figure 39). Expression of beta enolase was also
significantly increased in the transition of early myotubes to late myotubes. The fourth
protein in KOG subgroup G whose expression significantly increased from Day 0 and
Day 4 to Day 9 was phosphoglycerate kinase 1 (SSP 1213 (F), 4511 (F)).
Phosphoglycerate kinase 1 catalyzes ATP and 3-phospho-D-glycerate into the formation
of ADP and 3-phospho-D-glyceroyl phosphate in the glycolytic pathway and expression

increased 8.1-fold during myogenesis.
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I: Lipid transport and metabolism

The proteomic analysis of significant expression changes during C2C12
myogenesis identified one protein involved directly in lipid transport and metabolism
(KOG subgroup I). The expression level of phospholipase-C alpha (SSP 5801) increased
significantly during myogenesis as it was expressed at much higher levels in late
myotubes relative to levels in myoblasts and early myotubes (Figure 40). Expression in
early myotubes was also found to be significantly higher than expression levels detected

in myoblasts. Phospholipase-C is involved in the regulation of intracellular cascades.
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P: Inorganic Ion Transport and Metabolism

One protein in KOG subgroup P (inorganic ion transport and metabolism) was
identified to significantly change expression during myogenesis. Chloride intracellular
channel protein 4 (SSP 3311), a protein that becomes incorporated into membranes to
form an ion channel, decreased expression significantly (6.6-fold) as myoblasts (Day 0)

developed into early myotubes (Day 9) (Figure 41).
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Figure 41: KOG subgroup P
(inorganic ion transport and
metabolism) expression changes
during myogenesis. Chloride
intracellular channel protein 4 (SSP
3311) expression significantly
decreased from Day 0 to Day 4.
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Poorly Characterized

R: General Function Prediction Only

One protein from this study, N(G),N(G)-dimethylarginine

dimethylaminohydrolase 2 (SSP 4302) whose function is poorly characterized,

significantly increased expression during myogenesis. N(G),N(G)-dimethylarginine

dimethylaminohydrolase 2 is thought to play a role in the regulation of nitric oxide

generation. Expression levels of the protein were significant increased in early myotube

and late myotube stages of development relative to expression levels in myoblasts (Figure

42). Expression increased 3.1-fold during transition from Day 0 to Day 4 and 2.8-fold

during the entire monitored period of development, Day 0 to Day 9.
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Figure 42: KOG subgroup R (general
function prediction only) expression
changes during myogenesis. N(G),N(G)-
dimethylarginine
dimethylaminohydrolase 2 (SSP 4302)
expression increased significantly from
Day 0 to Day 4 and Day 9. (* indicates
significance by one-way ANOVA from
Day 0, # indicates significance by one-
way ANOVA from Day 4.)
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Protein Isoforms

There were 14 proteins identified in more than one spot during the proteomic
analysis of C2C12 myogenesis. The identically named proteins were found with a
slightly different isoelectric point, slightly different molecular weight, or a more
significant change in both protein characteristics. For the purposes of this study, these
proteins similarly identified are classified as protein isoforms even though the fragments
containing the post-translational modifications were not necessarily detected by the
LCMS. For the previous analysis that characterized the expression pattern of the protein
as a whole, the intensities of the isoforms were summed. The following graphs separate
those combined intensities to observe the expression patterns of each isoform for four of
the 14 proteins detected in more than spot. To view the rest of the graphs depicting each
isoform that significantly changed during myogenesis, refer to Appendix II. Please note
that all of the protein isoforms were not found to be statistically significant however are
included in the data as their pixel intensities were part of the previous analyses.

Fructose-bisphosphate aldolase A is an example of an identified protein whose
total expression intensity during myogenesis is comprised of isoforms. One spot
identified to be fructose-bisphosphate aldolase A (SSP 9306) was determined to be
statistically fragmented meaning that a fragment of the protein was identified to
significantly change expression during myogenesis. The other protein spot, (SSP 7316),
is a confident prediction as the pl and M, support the identification made by Sequest.
The peptide identity was further confirmed with a BLAST search. The fragment was 15
kDa smaller and 0.2 pH units more acidic indicating a positively charged portion of the

protein was not present in the spot. Both fructose-bisphosphate aldolase A proteins,
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fragmented and full, significantly increased expression as myoblasts and early myotubes

developed into late myotubes (Figure 43), a pattern also upheld by the total intensity of

the protein present in all three stages (Figure 38A).
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Figure 43: Protein
expression pattern of two
fructose-bisphosphate
aldolase A isoforms (SSP
9306 (F), SSP 7316 (P)).
Both isoforms increased
expression significantly
from Day 0 and Day 4 to
Day 9. (* indicates
significance by one-way
ANOVA from Day 0.)
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Pyruvate kinase isozymes M1/M2 isoform 1 was identified in six separate spots
on the two-dimensional gels and is an example of another pattern observed within the
isoform graphs. With the exclusion of one spot (SSP 4708) all isoforms show a similar
pattern of expression during myogenesis. A significant decrease from varied levels of

expression occurs during the myoblast to early myotube transition and remains fairly

constant (Figure 44). One isoform, SSP 4708, significant increased during the transition

of early myotubes to late myotubes.
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Figure 44: Protein expression patterns of six isoforms of pyruvate kinase isozymes
M1/M2 isoform 1 (SSP 4708 (P), 2807, 3804, 6511 (F), 5606 (P), 5802). SSP 2807,
5802, and 3804 all significantly decreased expression from Day 0 to Day 4 and Day 9.
SSP 4708 expression increased significantly from Day 4 to Day 9. (* indicates
significance by one-way ANOVA from Day 0, # indicates significance by one-way
ANOVA from Day 4.)
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Five different spots identified in each of the three time-points were excised and
identified to be alpha-enolase. The protein spot intensities, roughly changing at least
two-fold from at least one time-point to another, were not all statistically significant when
analyzed by one-way ANOVA. However they were all analyzed as their intensities were
combined to characterize the activity of alpha-enolase as a whole throughout
development. As shown in Figure 45, one protein (SSP 6610) significantly decreased
expression during the transition of myoblasts to both early myotubes and late myotubes.
The other five protein isoforms increased expression significantly from Day 0 and Day 4

to Day 9 (Figure 45).
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Figure 45: Protein expression patterns of alpha enolase isoforms (SSP 6610, 2415, 3411
(P), 4509 (P), 6404 (P)). SSP 6610 expression significantly decreased from Day 0 to Day
4 and Day 9. The other five protein isoforms significantly increased expression from
Days 0 and 4 to Day 9. (* indicates significance by one-way ANOVA from Day 0, #
indicates significance by one-way ANOVA from Day 4.)
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The expression patterns of the different 14-3-3 protein zeta/deta isoform 1 spots

were approximately the same (Figure 46). Protein expression significantly decreased as

myoblasts (Day 0) developed into early myotubes (Day 4) and late myotubes (Day 9).

The expression of SSP 312 and 1311 were expressed with similar pixel intensities at all

three time-points during development while the expression level of SSP 2308

(fragmented by the cell) was much greater throughout development.
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Figure 46: Protein
expression patterns of 14-
3-3 protein zeta/delta
isoform 1 (312, 1311,
2308 (F)). All three
isoforms decreased
expression significantly
from Day 0 to Day 4 and
Day 9. (* indicates
significance by one-way
ANOVA from Day 0, #
indicates significance by
one-way ANOVA from
Day 4.)
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Discussion

Overview

Myogenesis is a dynamic process. Skeletal muscle progenitor cells exit the cell
cycle, fuse together and develop into mature muscle fibers. The current in vitro model
emulates the activity of satellite cells in vivo as they can be activated to repair and
regenerate damaged skeletal muscle fibers. This study successfully identified fifty-six
proteins that change expression significantly during myogenesis and functionally
categorized them into Eukaryotic Orthologous Groups. Significant morphological and
physiological changes are required for myoblasts to differentiate into mature muscle
fibers and the findings of this study correlate accordingly. The majority of proteins
involved in protein synthesis, protein degradation and proliferation decreased expression
significantly during myogenesis while proteins involved in metabolism and sarcomere
formation significantly increased expression. Proteins identified to be involved in anti-
apoptotic mechanisms increased expression during the transition between myoblast and
early myotube stages dramatically during myogenesis. The following discusses the
specific protein expression trends of the 56 proteins identified in this study as associated
with their known and hypothesized functions during myogenesis. Future and more in-
depth analyses of each protein’s function during skeletal muscle differentiation will be
beneficial to understanding the current research findings. The results of this study and
the procedures used provide groundwork for future research endeavors looking into the

specific molecular mechanisms of diseases related to skeletal muscle regeneration.
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To fully interpret the data collected from this entire investigation, it is important
to realize that the proteomes separated and identified at the three stages of myogenesis
contain the same amount of proteins, 800 ug, but not necessarily the same ratio of
proteins. During skeletal muscle differentiation muscle progenitor cells commit, fuse and
begin to develop the myofibrils needed for muscle contraction. The majority of the
cytoplasm becomes filled with thin and thick filaments, actin and myosin proteins
respectively, that are capable of generating significant force in the presence of ATP
(Maclntosh et al., 2006). Therefore the percentage of proteins comprising the
myofilaments significantly increases during development and so the apparent decreases
in expression of some proteins may be due to the greater proportion of actin and myosin
protein in the extracts. Conversely, proteins that increased significantly in late myotubes
may be a conservative representation of the actual changes in protein expression during

myogenesis.

Protein Synthesis

Morphological and physiological cellular changes occur as muscle progenitor
cells differentiate into mature muscle fibers. Mononucleate, proliferating cells
(myoblasts) exit the cell cycle and fuse with adjacent cells forming differentiated and
multinucleate cells (early myotubes). Myoblasts continue to fuse with existing muscle
fibers and develop into mature, multinucleate, myotubes capable of contraction. The
morphological and physiological environment described requires different quantities and
types of proteins to fulfill the functional roles. In the present study, proteins that

contribute to protein synthesis were most highly expressed in proliferating myoblasts
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relative to levels of protein expression in later stages of differentiation. While the
morphological shift during myogenesis does require new proteins to be synthesized, such
as the filamentous components of the myofibrils, the observed decreases in expression of
five proteins involved in mechanisms of protein synthesis imply that there may be a
higher rate of protein turnover in proliferating myoblasts relative to levels of protein
turnover during later stages of myogenesis.

Heterogeneous nuclear ribonucleoprotein K (hnRNP) is a constitutively
expressed pre-mRNA binding protein that interacts with the process of transcription and
thereby with translation. It has been shown to be regulated by tyrosine phosphorylation
and involved in signal transduction pathways (Ostrowski et al., 2000). Ostrowski et al.
(2000) proposed that either hnRNP K remains bound to DNA and mRNA, inhibiting
transcription and translation, until it is modified and released or possibly that other
molecules involved in signal transduction pathways communicate through hnRNP K. In
the present study, protein expression decreased significantly from levels in myoblasts,
where there is a high rate of protein turnover, to levels of protein expressed in early and
late myotubes (Figure 18).

Protein synthesis is, however, required for general cellular activity and also to
build the protein filaments necessary for muscle contraction. Although not significant,
there was a slight increase in protein expression during the early myotube to late myotube
transition, a trend that may possibly continue as late myotubes continue to develop more
fully formed sarcomeres. Another study reported that heterogeneous nuclear
ribonucleoprotein K promotes the formation of collagens as it stabilizes their mRNA

structures (Theiele et al., 2004). Major components of the hierarchical structure of
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skeletal muscle tissue are connective tissues: the epimysium, perimysium, and
endomysium (Maclntosh et al., 2006). The slight increase in heterogeneous nuclear
ribonucleoprotein K expression observed as early myotubes developed into late myotubes
in this study correlates with the increased number of collagen fibers needed to comprise
the newly synthesized connective tissue of skeletal muscle.

Another protein that decreased expression significantly during myogenesis is
poly(rc)-binding protein 1 (Figure 18). Poly(rC)-binding protein 1 is also a
heterogeneous nucleoriboprotein (hnRNP E1) that binds to mRNA, preferentially at poly
C sequences (Wong et al., 2013). Poly(rC)-binding protein can function as a molecular
chaperone protecting the cells from oxidative damage caused by iron as it shuttles iron to
ferritin (Shi et al., 2008). Both an increased rate of protein turnover and a mechanism for
protection against damage caused by the stress of mitosis are needed by actively
proliferating muscle progenitor cells. The functions of poly(rC)-binding protein 1 in the
process of muscle differentiation correlate with the decreased protein expression
observed in this study.

Translation requires a plethora of proteins to coordinate activity both during
active translation and in periods of time when protein translation is inhibited. Eukaryotic
translation initiation factor 3 subunit 1 is part of a eukaryotic translation initiation factor 3
complex (elF-3) that is involved in the initiation of protein synthesis. The complex binds
the 5° end of mRNA strands and facilitates its connection to 40S ribosomal subunits
ultimately forming a 48S ribosomal structure and initiating protein translation
(Kolupaeva et al., 2005). After 40S ribosomal subunits associate with mRNAs, 60S

ribosomal proteins bind the complex with assistance from another binding protein, e[F5B
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(Pestova et al., 2000). Association of ribosomal subunits 40S and 60S is necessary to
commence protein translation however it is important to prevent premature binding of
40S and 60S subunits (Merrick, 1992; Kolupaeva et al., 2005). Eukaryotic translation
initiation factor 3 also functions to inhibit this association in the absence of mRNA, an
important function to ensure proper protein synthesis (Kolupaeva et al., 2005). 40S
ribosomal protein SA and eukaryotic translation initiation factor 3 subunit 1 were both
more highly expressed in myoblasts relative to the levels of proteins expressed in early
and late myotubes (Figure 19A). 60S acidic ribosomal protein PO was also expressed in
larger quantities in myoblasts relative to levels in late myotubes (Figure 19B). A similar
expression pattern was observed in another proteomic analysis of C2C12 myogenesis
(Casadei et al., 2009). These findings along with the high rate of proliferation observed
during myogenesis support the conclusion that the high rate of protein turnover within
active cell cycles decreases during myogenesis.

Unwanted by-products of protein synthesis must be eliminated and a protein
involved in that process was identified to significantly decrease throughout myogenesis
(Figure 36A). S-methyl-5’-thioadenosine phoshporylase (MTAP) is an enzyme that
catalyzes a by-product of polyamine synthesis, 5’-deoxy-5’-methylthioadenosine (MTA),
into adenine and ultimately methionine (Kirovski et al., 2011). It was also reported that
MTAP functions to control polyamine synthesis by catalyzing MTA as MTA is an
important component of the polyamine synthesis pathway. Polyamines have been shown
to contribute significantly to a variety of cellular functions including migration,
proliferation, and cell differentiation (Govoni et al., 2010). In our study MTAP increased

significantly during myogenesis. One can infer from our findings and the previously
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published research that polyamine synthesis is more rapid during migration and
proliferation relative to levels during differentiation and therefore more MTAP is
required by the cell to eliminate the by-product, MTA. MTAP may regulate the quantity
of newly synthesized polyamines to maintain a proper level of polyamines during
migration and proliferation.

A protein involved in the process of DNA replication, 5’ (3°)-
deoxyribonucleotidase, cytosolic, was found increasingly expressed in both early
myotubes and late myotubes relative to levels detected in proliferating myoblasts (Figure
36B). DNA replication requires four deoxyribonucleoside triphosphates and 5° (3°)-
deoxyribonucleotidase functions to help maintain the balance of the four nucleosides
(Gazziola et al., 2001). Specifically 5’ (3”)-deoxyribonucleotidase dephosphorylates
deoxyribonucleotides forming deoxyribonucleosides that can then be excreted,
catabolized, or converted back into deoxyribonucleotides. Gazziola et al. (2001) looked
specifically at the functions of three nucleotidases that vary in structure and catalytic
activity and found that under a variety of conditions, different enzymes are recruited.

The significant increase in 5’ (3’)-deoxyribonucleotidase expression during myogenesis
observed in the present study may indicate that during skeletal muscle differentiation, a
different nucleotidase is involved in the DNA replication processes of stimulated satellite
cells and this one is required for the DNA repair that occurs in the non-proliferating early

and late myotubes.
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Protein Degradation

Proteasomes are structures comprised of many catalytic subunits that degrade
proteins into peptide fragments (Ebisui et al., 1995). Proteins that are not needed by the
cell for a variety of reasons are degraded through hydrolysis at peptide bonds.
Proteasomes exist in two different states, active and inactive, known as the 26S
proteasome and 20S proteasome, respectively. In this study, proteasome subunit alpha
type-1, proteasome subunit beta type-3, proteasome subunit beta type-4 and 26S protease
regulatory subunit 6A were all expressed at higher levels in myoblasts relative to
expression levels in both early myotubes and late myotubes (Figures 21 and 22).

Decreased expression indicates either a decreased rate of cytoplasmic proteolysis
during myogenesis or that the identified protein subunits are involved in proteolytic
activity of muscle progenitor cells and are replaced with other subunits during
myogenesis. Protein degradation is an important component of both protein turnover,
observed to be very active in proliferating myoblasts, and degradation of unwanted
proteins during morphological shifts, such as the contractile protein isoform shifts during
myogenesis (Scordilis et al., 1981). It may also be possible that due to the increased
proportion of filamentous proteins within the entire proteome during myogenesis, the
apparent decreased expression of proteasomal subunits and regulatory factor may not
necessarily be as significant as identified in this study. Proteasome activity has also been
shown to be necessary for myoblast fusion to occur and therefore, by the time in
development when most of the muscle progenitor cells have fused (early myotubes), the

need for proteasomal activity during fusion has declined (Kim et al., 1998). Future
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inquiries into the expression of proteasomal subunits will provide a greater understanding
of the activity of the proteasome during myogenesis.

It is necessary for proteins to be tagged before proteasomal degradation.
Ubiquitin conjugating enzyme E2K (Figure 25) conjugates ubiquitin to a variety of
proteins marked for degradation. As skeletal muscles develop and muscle progenitor
cells change functions, many proteins involved with processes necessary for proliferation,
such as mitosis, are no longer needed and must be degraded. While previous findings in
this study indicate that the rate of degradation may decrease during myogenesis, it is
possible that the specific ubiquitin conjugating enzyme E2K is most active in mature
muscle fibers and another isoform conjugates ubiquitin in myoblast and early myotube
cells. This protein was expressed at significantly higher levels in late myotubes relative
to levels in myoblasts and in early myotubes very little protein was detected.

In addition, NF-xB activation is necessary for cell fusion and the 26S proteasome
plays an important role in its activation (Kim et al., 1998). Activated NF-xB is a
transcription factor that controls the expression of nitric oxide synthase, an enzyme
required for the synthesis of nitric oxide, which is required for proper membrane fusion
(Kim et al., 1998). NF-«kB usually remains bound to an inhibitor, [kB. In order to
activate the protein, IxB is tagged with ubiquitin and then translocated to the proteasome
for degradation. The present study identified an increase in protein expression during the
myoblast to early myotube transition of myogenesis which correlates with the observed

need for activation of NF-kB that is involved in membrane fusion.
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Cytoskeleton

Cytoskeleton dynamics change throughout myogenesis as undifferentiated,
proliferating muscle progenitor cells exit the cell cycle, fuse and develop the contractile
components of mature muscle fibers. Intermediate filaments, microtubules, actin, and
myosin were detected to change expression patterns significantly in this study, trends that
correlate with the morphological and physiological changes necessary for successful

skeletal muscle maturation.

Microtubules and Intermediate Filaments

Cellular processes require microtubules and intermediate filament proteins for a
variety of functions including chromosome segregation, cell division, transport of
vesicles throughout the cell, cell shape and to enable cells to migrate throughout their
environment (Bhattacharya et al., 2011). Tubulin proteins are the building blocks of
microtubules. Tubulin monomers (alpha-tubulin and beta-tubulin) form dynamic
polymers that polymerize and depolymerize in response to the binding of GTP and
subsequent hydrolysis at the end of the filaments (Heald and Nogales, 2002). Tubulin
beta-5 chain (5-tubulin) was identified in the present study to be more highly expressed
in early myotubes relative to expression levels in both myoblasts and late myotubes
(Figure 32B).

While microtubules are extremely important in the processes of chromosome
segregation, cell division and migration, microtubules are also involved in stabilizing
myosin molecules and vesicular transport (Bhattacharya et al., 2011; Pizon et al., 2005).

Fusing cells require reorganization of the cellular contents and results from the present
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study indicate that tubulin beta-5 may play a substantial role in reestablishing cellular
homeostasis. Tubulin beta-5 chain has also been reported to stabilize myosin proteins
before they become integrated into sarcomeres and have been found in anti-parallel
groups during cell fusion (Pizon et al., 2005). Muscle progenitor cells do require
microtubule functions as when absent, undifferentiated cells will not form functional late
myotubes (Bhattacharya et al., 2011). More specifically, specific levels of $5-tubulin
were found necessary to regulate microfilament dynamics (Pizon et al., 2005). The
present study infers that tubulin beta-5 chain may play a significant role within early
myotubes.

Desmin significantly changed expression in this study. Desmin, a muscle-specific
intermediate filament protein, is primarily localized around the Z-line of sarcomeres and
also at costameres near the cellular membrane where it supports structural organization
and integrity. In addition, desmin expression has been reported to be required for
myoblast fusion (Kaufman and Foster, 1988; Li et al., 1994). In this study, desmin
expression was expressed at a significantly higher level in late myotubes relative to levels
detected in myoblasts (Figure 32A). Desmin was identified in six different protein spots
in the three analyzed time-points of development. Although not specifically identified,
these different protein spots containing desmin indicate that post-translationally modified
desmin proteins may have different functions during myogenesis (Metskas et al., 2010).
The observed trend accounts for all protein identified and future studies will be beneficial
to understanding the role of specific post-translational desmin modifications during

differentiation.
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Desmin has also been shown to extend from the Z-lines and connect to lamin
proteins that surround the nuclear envelope. Theories have been presented that suggest
desmin proteins are able to influence nuclear activity, specifically gene transcription
(Capetanaki et al., 2007). Prelamin A/C is another type of intermediate filament that is
also involved in signal transduction pathways (Marmiroli et al., 2009). The most
common form of the filament, lamin, is located within the inner nuclear membrane and is
a cleaved and methylated version of the original prelamin A/C protein (Marmiroli et al.,
2009). Our experiments detected a significant decrease in prelamin A/C expression
during myogenesis as detected levels of expression in early myotubes and late myotubes
were significantly lower than levels in myoblasts (Figure 31). As prelamin A/C is
necessary to make lamin A, the expression decrease in the precursor may correlate with
an increase in lamin A during development as it is involved with a variety of signaling
pathways that are dependent upon specific binding partners and post-translational
modifications. In addition to involvement in many signaling pathways, studies have
pointed to the impact that prelamin A/C may have on the balance between differentiated
and proliferating cells (Reviewed in Marmiroli et al., 2009). If this is the case, one could
infer that the decrease in prelamin-A/C observed in late myotubes may help regulate the
differentiated cellular state.

Vimentin is an intermediate filament protein involved in the dynamics of skeletal
muscle differentiation. Vimentin intermediate filaments have a variety of cellular
functions and significantly changed expression levels during myogenesis. As the primary
intermediate filament type in muscle progenitor cells it associates with many organelles

such as mitochondria and lysosomes (Capetanaki et al., 2007). During satellite cell
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activation and differentiation vimentin expression was found to be greatest in satellite
cells and decreased throughout myogenesis (Vater et al. (1994). A proteomic analysis of
C2C12 differentiation, slightly different from the current study, also detected vimentin to
be most highly expressed in myoblasts (Casadei et al., 2009). Tannu et al. (2004)
reported that vimentin was more highly expressed in muscle progenitor cells relative to
levels of expression in late myotubes. The expression pattern of vimentin in the present
study is contradictory to findings presented in the literature; vimentin increased
significantly during the myoblast to early myotube transition (Figure 32B). In
considering this result it is important to consider that vimentin was identified in the same
spot with tubulin beta-5 chain. Therefore it is impossible to determine whether one
protein’s expression pattern influenced the change in pixel intensity during differentiation
more than the others. Another possibility, although highly unlikely, is that vimentin
peptides were carried over from a run on the HPLC/MS instrumentation. Future inquiries
into the activity of vimentin during differentiation will either support the present finding
or the accepted expression trend of vimentin presented in the literature.

Another intermediate filament protein that changed expression significantly
during myogenesis was keratin type I, cytoskeletal. Keratin type II, cytoskeletal seems
to serve many cellular functions including but not limited to involvement in signaling
pathways, stabilization of cellular structures and promotion of cell survival in conditions
of stress (Reviewed in Moll et al., 2008). In the current study, keratin expression
significantly decreased during myogenesis as the protein was expressed in much larger

quantities in myoblasts relative to observed levels in both early and late myotubes (Figure
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33A). Future studies will be advantageous to fully characterize the function of keratin
intermediate filaments and specific isoforms during myogenesis.

Two proteins identified in this study necessary for proper function of mitosis are
kinetochore-associated protein DNS1 homolog and dynactin subunit 2. Kinetochore-
associated protein DSN1 homolog is a component of the kinetochore-associated complex
that is involved in chromosome alignment, segregation and forming the kinetochore
(Reviewed in Maiato et al., 2004). The kinetochore functions as the connector between
microtubules and chromosomes, a necessary attachment for the processes of mitosis.
Dynactin has also been shown to be involved in alignment of chromosomes as it is
necessary for the function of dynein (Moore et al., 2008). Dynactin is necessary for the
positioning of mitotic spindles during mitosis and also functions with dynein in processes
of microtubule associated transport. Kinetochore-associated protein DSN1 homolog was
observed to decrease significantly during myogenesis while dynactin significantly
increased expression (Figures 20A and B). The decrease in kinetochore-associated
protein DSN1 homolog supports its primary known function in mitosis. As myoblasts
differentiate into mature muscle fibers they exit the cell cycle and cease mitotic activity, a
physiological change that correlates with the identified decrease in kinetochore-
associated protein DSN1. It can be inferred from the results of this study that dynactin
subunit 2 may be predominantly involved in cargo-transport or vesicle budding through
interactions with dynein as it significantly increased during myogenesis. Transport of
many cellular components is important in the development of muscle fibers and dynactin

subunit 2 may play a significant role in intracellular translocation during myogenesis.
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Thick Filaments

Mature muscle fibers contain many nuclei and approximately 2,000 myofibrils
comprised of thick and thin filamentous proteins, primarily myosin and actin proteins
(Maclntosh et al., 2006). Myosin light chain 1/3, skeletal muscle isoform 1f significantly
increased expression during the myoblast to early myotube and also the early myotube to
late myotube transition of myogenesis in the present study (Figure 33C). Myosin
filaments are made up of two heavy chains and four light chains (Scordilis et al., 1981).
Myosin heavy chain and light chain isoforms transition during myogenesis (Scordilis et
al., 1981) from a myosin identified in myoblasts to a fast twitch muscle isoform, a finding
that is supported by the results from the present study. Another proteomic study analyzed
the function myosin light chain 1 in fast twitch muscles during myogenesis in Duchenne
muscular dystrophy, where higher levels of myosin light chain 1f correlated with lower

levels of proliferation (Zhang et al., 2008), as reported in the present study.

Thin Filaments

Mature muscle fibers are primarily comprised of myofibrils made up of
contractile proteins; the sarcomeric thin filaments contain polymerized G-actin
monomers (F-actin), along with troponin, tropomyosin, and nebulin (MacIntosh et al.,
2006). Myoblast cells also contain many actin filaments that are actively polymerizing
and depolymerizing to enable cell migration and sensory functions. In order to maintain
the polymerized structure, actin filaments require a capping protein. The actin proteins
incorporated into myofibrils in mature muscle fibers are not dynamic and instead remain

intact at a constant length (Maclntosh et al., 2006). One type of F-actin capping protein,
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also known as capZ, prevents actin depolymerization and also binds the filaments to the
Z-lines, an important step of forming sarcomeres (Pyle et al., 2002). Additionally capZ is
involved in cellular signaling processes most notably influenced by protein kinase C
(PKC). Actin capping proteins are also needed in myoblast cells to bind the ends of actin
filaments when they are not motile. While both undifferentiated muscle progenitor cells
and mature muscle fibers both require actin capping proteins, different isoforms may
function preferentially at different times during myogenesis. In the present study, F-actin
capping protein beta significantly decreased expression levels during the transition of
myoblasts to both early and late myotubes (Figure 33B). Future studies that determine
the specific type of F-actin capping protein in each phase of development will further
characterize the role of F-actin capping protein during skeletal muscle development.
Actin has a variety of cellular functions. For example the protein constitutes the
majority of thin filaments in sarcomeres and also is involved in the motility of myoblasts
(Maclntosh et al., 2006). In the present study, many actin isoforms were identified to
change expression during myogenesis (Figure 47). When pixel intensities were
combined, the changes in protein expression during development were not statistically
significant. However, individually some of the isoforms were expressed at significantly
different levels during myogenesis. The variety of expression patterns of actin observed
in this study implicate that actin isoform’s functions vary during myogenesis. Mizuno et
al. (2009) also showed actin isoforms are differentially expressed during myogenesis.
During myogenesis of embryonic stem cells in vivo, a-skeletal actin was detected to
increase expression significantly while an initially high level of a-cardiac actin was

detected to decrease (Mizuno et al., 2009). These results conflict with a previously
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published paper that showed mRNA levels of these actin isoforms in C2C12 cells
initially were drastically different from one another but ultimately reached similar levels
in mature muscle fibers as a-cardiac actin increased significantly during differentiation
(Bains et al., 1984). The results of the present study support the work by Mizuno et al.
(2009) as some isoforms increased expression significantly while others significantly

decreased expression during myogenesis.
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Figure 47: Protein expression patterns of actin cytoplasmic 1/2 (SSP 2410 (P), 3311 (F),
6611, 3609, 6606 (P), 2308 (F), 3504, 46k03, 1603). All isoforms significantly changed
expression, excluding SSP 3504, during myogenesis. (* indicates significance by one-
way ANOVA from Day 0, # indicates significance by one-way ANOVA from Day 4.)

T-complex protein subunit epsilon is part of a large chaperone complex that

utilizes ATP to assist with protein folding, specifically of actin and tubulin proteins
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(Sternlicht et al., 1993). In this study t-complex protein subunit epsilon was expressed in
significantly greater quantities in myoblasts relative to expression levels in both early
myotubes and late myotubes (Figure 21). As previously described, expression levels of
tubulin beta-5 chain increased throughout the beginning of skeletal muscle differentiation
(during the myoblast to early myotube transition) and some of the detected actin isoforms
were also differentially expressed during myogenesis. As actin proteins are synthesized,
chaperone proteins are required to assist with folding and protein translocation. In this
study, some actin isoforms were identified to increase expression while others decreased
expression during myogenesis (Figure 47). The higher expression level of t-complex
protein subunit epsilon in myoblasts may equate to greater amounts of the entire t-
complex protein able to assist formation of G-actin synthesized in myoblasts. It is likely
that the other subunits of t-complex protein did not change their levels of expression, and

hence, were not detected by the analysis software.
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Metabolism
Glycolysis

All of the proteins in this study classified into KOG subgoup G (carbohydrate
transport and metabolism) are involved in the glycolytic pathway (Figure 48). Glycolysis
is a biochemical pathway that converts glucose into two molecules of pyruvic acid, a
necessary step for the major sources of cellular energy production: anaerobic and aerobic
cellular respiration. The primary function of skeletal muscle fibers is contraction, a
process that requires the presence of energy in the form of adenosine triphosphate (ATP).
Glycolysis fuels the primary source of ATP generation, oxidative phosphorylation, by
passing pyruvic acid on to become incorporated into the citric acid cycle. The citric acid
cycle then provides the electron transport chain with high-energy electrons that create a
proton gradient in the mitochondria capable of generating ATP through an ATP synthase.

In the present study, seven glycolytic enzymes significantly changed expression
during myogenesis (Figure 48). These enzymes include fructose-bisphosphate aldolase
A, triosephosphate isomerase, phosphoglycerate kinase, phosphoglycerate mutase, alpha
enolase, beta enolase, and pyruvate kinase isozymes M1/M2 (Reviewed in Ohlendieck,
2010). The expression trend of three of the seven enzymes correlates with the increased
need for cellular energy in the form of ATP to support skeletal muscle contraction.
Fructose-bisphosphate aldolase A (aldolase) catalyzes the conversion of fructose-1, 6-
bisphosphate into dihydroxyacetone phosphate and glyceraldehyde-3-phosphate.
Triosephosphate isomerase facilitates the interconversion of the two molecules produced
by aldolase. Next phosphoglycerate kinase converts 1,3-bisphosphoglycerate to 3-

phosphoglycerate and phosphoglycerate mutase converts 3-phosphoglycerate into 2-
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phosphoglycerate. The enzymes that catalyze the final two steps of glycolysis were also
identified in this study: enolase and pyruvate kinase isozymes M1/M2. Enolase catalyzes
the reaction of 2-phosphoglycerate to phosphoenolpyruvate, a product that is then
converted to pyruvate by pyruvate kinase.

Four glycolytic enzymes identified in this study significantly increased expression
during myogenesis. Expression of beta enolase was significantly greater in late myotubes
relative to both expression levels in myoblasts and early myotubes (Figure 39). Studies
have also identified similar significant increases in beta enolase levels and it has been
proposed as a potential biomarker of myogenesis (Reviewed in Ohlendieck, 2010). Beta
enolase has also been identified to be associated with microtubules during satellite cell
differentiation and the observed increase in the present study may be due to both the
increase of energy consumption and the association of beta enolase with tubulin (Keller
et al., 2007). Phosphoglycerate kinase 1 was also expressed at significantly higher levels
in late myotubes relative to levels in both myoblasts and early myotubes (Figure 39).
Fructose-bisphosphate aldolase A significantly increased expression from Day 0 and Day
4 to Day 9 (Figure 38A) while alpha enolase significantly increased expression during the
development of late myotubes from early myotubes (Figure 38B). Casadei et al. (2009)
reported an increase in protein expression of another glycolytic enzyme, glyceraldehyde-
3-phosphate dehydrogenase, during myogenesis.

While the previously described glycolytic enzymes increased expression during
myogenesis as hypothesized, three proteins significantly decreased expression during
myogenesis: triosephosphate isomerase, pyruvate kinase isozymes M1/M2, and

phosphoglycerate mutase 1 (Figures 37A and B); expression levels in myoblasts were
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significantly greater than levels of protein identified in both early myotubes and late
myotubes. It is possible that the shift in proportion of total proteins during myogenesis,
as actin and myosin proteins significantly increase expression, may result in an
underestimate of the protein levels in the differentiated stages or there may be an isoform
switch. Future studies that examine the expression levels of glycolytic enzymes during
myogenesis will provide a greater understanding of the role of glycolysis and potential

shift in function.
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Energy Production and Regulation

The gene expression patterns of creatine kinase B, the brain isoform, have been
previously studied in C2C12 cells during differentiation (Ritchie, 1996). Regulation of
creatine kinase B was found in the study to occur during transcription specifically in the
region of the first exon and gene expression was found to significantly decrease during
myogenesis (Ritchie, 1996). Creatine kinase B reversibly catalyzes the conversion
between creatine and phosphocreatine function to maintain homeostatic levels of ATP
within the cell. The expression trend observed is opposite to that of muscle specific
creatine kinase (CKM) during myogenesis. The finding from the current study is
contradictory to the results published by Ritchie et al. (1996). Creatine kinase B
significantly increased during differentiation from both myoblasts and early myotubes to
late myotubes (Figure 34A). While the specific isoform does not match the previous
study, the trend of increased creatine kinase activity is similar. Expression changes of
creatine kinase M were not identified in this study. The protein may be among the
proteins detected to significantly change expression between any two time-points of
development but which were not successfully identified experimentally. Characterizing
the expression of creatine kinase M during C2C12 myogenesis will put the expression
levels and pattern of creatine kinase B into context enabling one to come to a more
definitive conclusion.

Three metabolic proteins, malate dehydrogenase cytoplasmic, ATP synthase
subunit beta and ATP synthase subunit D were found to significantly increase during
myogenesis. All three proteins play a significant role in aerobic respiration, a process

that in the presence of oxygen generates significant amounts of energy in the form of
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ATP. Malate dehydrogenase, cytoplasmic, significantly increased expression during the
9 monitored days of differentiation (Figure 35A). The protein has been shown to be
involved in many cellular functions including gluconeogenesis, the citric acid cycle, and
amino acid synthesis. The enzyme specifically catalyzes the conversion of malate into
oxaloacetate (Goward and Nicholls, 1994) and in doing so produces a high-energy
electron carrier, NADH, that transports electrons from the citric acid cycle to the electron
transport chain. The ATP synthase subunits (beta and D) identified in this experiment
both significantly increased expression during myogenesis. More specifically ATP
synthase subunit beta significantly increased from both Day 0 and Day 4 to Day 9 (Figure
34B) while ATP synthase subunit D increased expression significantly from Day 0 to
both Days 4 and 9 (Figure 35B). These two subunits are part of a group of approximately
20 ATP synthase subunits many of which have different specific functions (Reviewed in
Kagawa et al., 1997). Subunit D functions as the stator while subunit beta is involved in
alternating catalytic sites and has been previously reported to increase expression during
C2C12 myogenesis (Kagawa et al., 1997; Casadei et al., 2009). Malate dehydrogenase,
ATP synthase subunit beta, ATP synthase subunit D and creatine kinase B all function to
facilitate the generation of ATP that fuels many cellular processes including skeletal
muscle contraction.

Perilipin-3 is another protein involved in producing and regulating cellular
energy. In the present study perilipin-3 significantly decreased expression as myoblasts
developed into early myotubes and remained at a constant expression level during the
early myotube to late myotube transition (Figure 29). Perilipin-3 is a protein that coats

lipid droplets and the greater amount of protein detected in myoblasts may imply that
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there are more lipid droplets in myoblasts. More specifically perilipin-3 protects fats
from lipases (Lewis et al., 2010). The findings from this study indicate an increased
storage of lipids in undifferentiated muscle progenitors, an indicator that lipid metabolism

may decrease throughout myogenesis, in vitro.

Signal Transduction Pathways

A primary regulator of the many processes and mechanisms necessary for cellular
functions are signal transduction pathways. Rho GDP-dissociation inhibitor 1, adaptor
molecule crk isoform 2, endophilin-A2 isoform 1 and ran-specific GTPase-activating
protein all decreased expression significantly during the development of late myotubes
from undifferentiated muscle progenitor cells. As cellular processes shift to enable the
development of skeletal muscle, the proteins involved in signal transduction pathways
cannot remain static, but instead must change.

Rho GDP-dissociation inhibitor 1 is part of a family of small GTPases that impact
many cellular processes and are associated with the activation of skeletal muscle
differentiation. While there is controversy regarding how these enzymes are involved in
the signal transduction pathway governing this process, it is agreed that Rho GDPases
regulate myogenesis (Bryan et al., 2005). More specifically, Rho GDP-dissociation
inhibitor 1 (GDI) functions to control the transition between GDP and GTP molecules
associated with Rho proteins (a type of G-protein) and thereby inhibit downstream effects
of the signal transduction pathway (Bryan et al., 2005). A variety of cellular processes
are affected by GTP-activated Rho proteins such as apoptosis, cell replication and gene

expression. GTP-activation of Rho GDP-dissociation inhibitor 1 is a significant
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component of both actin filament polymerization and depolymerization and the decreased
protein expression detected in this study may indicate that rho GDP-dissociation inhibitor
1 is specifically involved in the motile functions of muscle progenitor cells during
myogenesis. Casadei et al. (2009) also identified a significant decrease in rho GDP-
dissociation inhibitor 1 expression during C2C12 myogenesis.

Another protein involved in regulating the binding of GTP is ran-specific
GTPase-activating protein (Haberland and Gerke, 1999). Ran is a protein that contributes
to the signal transduction pathways of transport between the cytoplasm and nucleus. The
active form of ran requires a bound molecule of GTP and remains located within the
nucleus where it is involved in unloading the transported materials from transport
proteins, karyopherins. Ran-specific GTPase-activating protein remains in the cytoplasm
were it activates ran GTPase resulting in ranGDP, finishing the cycle of protein export
processes. It is plausible that there is an increased rate of communication between the
cytoplasm and the nuclei in proliferating myoblasts relative to differentiated cells as new
proteins are synthesized to maintain a high rate of protein turnover. The increase in ran-
specific GTPase-acting protein expression correlates with its function, as an increased
rate of exchange would require the presence of more proteins involved in the transport
cycle.

Another protein that significantly decreased expression during myogenesis is
endophilin-A2 isoform 1 (Figure 28). Endophilin-A2 isoform 1, expressed ubiquitously,
is involved in vesicle formation during exocytosis by assisting with membrane bending
(Bai et al., 2010). The protein is also involved in the final stage of mitosis, cytokinesis

(Smith and Chircop, 2012). Undifferentiated, proliferating myoblasts are actively
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transitioning through the cell cycle and one can infer that endophilin-A2 isoform 1 has a
significant role in cytokinesis from the findings of this present study. Although
expression significantly decreased during the transition of myoblasts to early myotubes,
protein was detected in both early myotubes and late myotubes where it may be involved
in exocytosis potentially to help eliminate the excess cellular debris created by cell
fusion.

Adaptor molecule Crk isoform 2 is another protein involved in signal transduction
mechanisms that was observed to decrease significantly during myogenesis (Figure 27B).
Crk is an enzyme that has been shown to be necessary for the fusion of myoblasts. One
study showed that when Crk protein function was inhibited, myoblasts did not fuse and
when Crk was over-expressed, the rate of fusion increased (Moore et al., 2007). Crk is
involved in many intracellular signaling cascades that regulate changes in cell
morphology and function (Blaukat et al., 1999). The study showed more specifically that
Crk becomes activated by Pyk2 and in turn signals MAP kinases such as ERK and JNK
(Blaukat et al., 1999). In addition to fusion which occurs predominantly during the
myoblast to early myotube transition, many cellular processes of mature skeletal muscle
are regulated by MAP kinase cascades. From the current study where adaptor molecule
Crk isoform 2 expression was observed to decrease during myogenesis, it can be inferred
that Crk is involved in fusion and also as part of signaling cascades that regulate

functions of skeletal muscle.
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Myogenic Proteins

In addition to Crk isoform 2, other proteins were indentified in this study that
induce C2C12 myogenesis. For example, galectin-1 is a protein involved in the
regulation of cell proliferation (Reviewed in Scott and Weinberg, 2004). Galectin-1 has
been shown to both enhance cell proliferation and inhibit it by binding to a variety of
ligands involved in regulating cellular growth such as -galactoside ligand. In binding,
galectin-1 can inhibit cell proliferation that in turn causes apoptosis, induces mitosis or
elicits a cytostatic reaction. In this study, galectin-1 was expressed at significantly higher
levels in late myotubes relative to levels of protein expressed in both myoblasts and early
myotubes (Figure 30). Myoblasts align with one another, exit the cell cycle, and fuse
together forming early myotubes. This may require the assistance of galectin-1 to do so
by eliciting a cytostatic response. Galectin-1 has also been shown to induce
differentiation of fetal mesenchymal stem cells, a finding supported by the small increase
in protein expression observed during the myoblast to early myotube transition (Chan et
al., 2006). Three distinct gel spots were identified in all three gels indicating the presence
of two different post-translational modifications of galectin-1. Future inquiries that
identify these modification will may help characterize the function(s) of galectin-1 within
myogenesis.

Another protein identified by this study and other proteomic analyses of C2C12
myogenesis is annexin Al (Casadei et al., 2009; Tannu et al., 2004). Annexin Al
functions to promote myoblast fusion, rearrange the cytoskeleton, and also functions to
assist with the cellular process of exocytosis (Reviewed in Bizzarro et al., 2011).

Annexin A1 can also function as an anti-inflammatory protein by inhibiting
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phospholipase A2 and cyclooxygenase-2 (Bizzarro et al., 2011). Annexin Al activity is
regulated by calcium and phosphorylation. For example, annexin functions to mediate
proliferation when phosphorylated by a variety of kinases such as PKC and platelet
derived growth factor receptor tyrosine kinase (Bizzarro et al., 2011). Three annexin
isoforms were identified in this present study and possibly regulate different aspects of
cellular differentiation. In the present study annexin A1l was expressed at significantly
lower levels in both early and late myotubes relative to levels of protein expression in
myoblasts, a finding unique to this study (Figure 29). Two other similar proteomic
studies of C2C12 myogenesis showed a higher level of annexin A1 expression in early
myotubes relative to levels in proliferating myoblasts (Casadei et al., 2009; Tannu et al.,
2004). As previously mentioned, the present study detected three isoforms of annexin Al
whose individual expression levels may influence the overall trend for all annexin Al.
Discerning the discrepancy in the present results will elucidate the expression pattern of
annexin Al during myogenesis and in doing so provide a more concrete understanding of
its function.

Another protein involved in signaling pathways identified in this study to
significantly decrease expression during myogenesis is 14-3-3 protein zeta/delta isoform
1. In addition to serving a variety of other cellular functions, 14-3-3 protein facilitates
the initiation of differentiation by enabling calcium/calmodulin dependent protein kinase
to dissociate myocyte-enhancer protein 2 from histone deacetylases (McKinsey et al.,
2000). Together these proteins inhibit myogenesis and with the aid of 14-3-3 protein,
calcium/calmodulin dependent protein kinase is able to prevent their association and

initiate myogenesis. In the present study, 14-3-3 protein zeta/delta isoform 1 was found
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to be expressed at significantly lower levels in early myotubes and late myotubes relative
to expression levels in myoblasts (Figure 21). As myogenesis progresses, differentiation
has also commenced and therefore the involvement of 14-3-3 protein zeta/delta isoform 1
in the previously mentioned pathway is no longer needed. Other signaling pathways may
control general cell activity, myogenesis, contraction and other cellular functions.

N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 is an enzyme that may
indirectly influence myoblast fusion. Specifically the enzyme influences levels of nitric
oxide through inhibiting asymmetrical dimethyarginine function. It has been shown in
smooth muscle that asymmetric dimethylarginine prevents nitric oxide synthase from
functioning properly and therefore elimination of asymmetric dimethylarginine increases
the cellular concentration of nitric oxide (Palm et al., 2007). In the present study,
N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 was found to increase
expression significantly during the myoblast to early myotube transition of myogenesis
and remain upregulated as mature muscle fibers developed (Figure 42). N(G),N(G)-
dimethylarginine dimethylaminohydrolase 2 functions to ultimately increase the
concentration of nitric oxide by eliminating the inhibitor of nitric oxide synthase. We
observed that during myogenesis, N(G),N(G)-dimethylarginine dimethylaminohydrolase
2 increases and therefore, if its function in skeletal muscle is similar to that of smooth
muscle, it is expected that concentrations of nitric oxide decrease during myogenesis.
Nitric oxide has been shown to promote myoblast fusion through signal transduction
pathways in many studies (Reviewed in Palma et al., 2012).

Phospholipase-C alpha is an enzyme that catalyzes phosphatidylinositol 4,5-

bisphosphate into diacylclycerol and inositol 1,4,5-trisphophate. Both diacylclycerol and
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inositol 1,4,5-trisphophate cause the release of calcium from the endoplasmic reticulum,
the activation of protein kinase C, and are involved in a variety of signaling pathways
(Reviewed in Rhee, 2001). Phospholipase-C alpha is specifically a fragment of one of
the three main types of phospholipase-C isozymes, phoshoplipase-C d. The protein was
identified in this study to increase expression significantly as myoblasts fuse to form
early myotubes and continued to increase expression significantly during the
development of late myotubes (Figure 40). Increased levels of intracellular calcium are
known to positively influence fusion of muscle progenitor cells, a finding supported by
the expression trend of phospholipase-C observed in this study (Martelly et al., 2010).
Chloride intracellular channel protein 4 was found to decrease expression
significantly during the myoblast to early myotube transition of C2C12 myogenesis.
Chloride intracellular channel protein 5 has been shown to positively influence C2C12
myoblast differentiation by influencing the expression of myogenin, desmin, and myosin
heavy chain (Li et al., 2010). Li et al. (2010) also suggested that chloride intracellular
channel proteins are also specifically involved in membrane fusion of myoblasts. As
chloride intracellular channel proteins 4 and 5 are in the same family, one can infer that
they may have similar functions during C2C12 myogenesis. If this is the case, chloride
intracellular protein 4 may influence development during the initial stages of myogenesis,
a function that may be no longer needed after membrane fusion has occurred. Further
studies that characterize the function of chloride intracellular channel protein 4 during
myogenesis will provide greater insight into its functions at different developmental time-

points.
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Cell Protection

Myoblast fusion elicits a large amount of cellular stress and maintaining cellular
and protein homeostasis during development is necessary to ultimately maintain and/or
regain skeletal muscle tissue integrity. Specifically, as two cells fuse together the
cytoplasms and their contents must rearrange, a new cytoskeleton must form, and in the
case of differentiation, proteins to support a novel functional role must be synthesized.
Due to the heightened stress, there are a variety of proteins that function to protect the
cells from regulated cell death, a process known as apoptosis. Proteins involved in
eliminating damaging oxidants, refolding unfolded proteins, stabilizing structures such as
actin, in addition to proteins involved in many other anti-apoptotic mechanisms have
been found by this study and shown in previous studies to respond to the different

stressful environments throughout all stages of skeletal muscle development.

Antioxidants

Peroxiredoxin-2 is a protein that protects against cell damage caused by stress.
More specifically it is an antioxidant regulated by the PI3K/NF-kB pathways and has
been shown to increase expression during myogenesis (Won et al., 2012). The present
study supports this expression trend as peroxiredoxin-2 significantly increased expression
during myogenesis (Figure 24B). Expression levels in late myotubes were significantly
greater than levels of expression in both myoblasts and early myotubes. The significant
expression increase was also observed during the transition of early myotubes to late
myotubes. This expression pattern implies a significant role of peroxiredoxin-2 in

myogenesis. Peroxiredoxin-2 proteins are capable of eliminating damaging molecules
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such as H,O, through oxidation-reduction reactions that take place on their cysteine
residues (Won et al., 2012). Won et al. (2012) detected an increase in levels of H,O, in
differentiated cells when compared to proliferating cells and also observed increased
levels of peroxiredoxin-2 mRNA, a similar trend that we observed at the protein level. In
addition, their study showed that H,O, causes the transcription factor, NF-kB, to induce
the expression of peroxiredoxin-2. The antioxidant activity of peroxiredoxin-2 supports
the fusion process by protecting the cells from significant damage.

In addition to peroxiredoxin-2, peroxiredoxin-4 precursor was also found to
significantly change expression during myogenesis. Although both proteins function as
highly active antioxidants, the expression trends of these two proteins were not found to
be identical in our study. While peroxiredoxin-2 increased significantly during the nine
monitored days of myogenesis, peroxiredoxin-4 precursor decreased expression during
the myoblast to early myotube transition and then remained similarly expressed during
the early myotube to late myotube transition (Figure 23A). An observed expression
decrease of peroxiredoxin-4 precursor may indicate that the mature protein,
peroxiredoxin-4, may not be needed in the late myotubes. Like peroxiredoxin-2,
peroxiredoxin-4 also reduces the harmful effects of H,O, through oxidation-reduction
reactions on their cysteine residues. Peroxiredoxin-4 is the only peroxiredoxin located in
the endoplasmic reticulum and can also be overoxidized by H,O, causing the protein to
no longer function properly (Wang et al., 2012). The muscle-specific sarcoplasmic
reticulum is elaborated greatly in late myotubes and in adult skeletal muscle, whereas the

endoplasmic reticulum is sharply decreased relative to the myoblast stage.
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Glutathione peroxidase 1 is another enzyme with antioxidant activity that was
identified to significantly change expression during skeletal muscle development in this
study. Glutathione peroxidase 1 (¢cGPx) is located in the cytoplasm and eliminates
peroxidases such as H,O, through oxidation of glutathione (Reviewed in Brigelius-Flohe,
1999). The optimal environment for C2C12 myoblast differentiation is one with a
reduced potential and glutathione peroxidase 1 impacts the stabilization of that
environment during myogenesis (Hansen et al., 2007). Glutathione peroxidase 1 was
identified in the present study to significantly increase expression during the myoblast to
early myotube transition before significantly decreasing during the early myotube to late
myotube transition (Figure 26B). Another enzyme traditionally known to function as an
antioxidant, glutathione S-transferase P1, was identified to significantly increase
expression during myogenesis (Figure 26A). As myoblasts fuse together and become
early myotubes, cellular stress is heightened and it is plausible that proteins involved in
the antioxidant activities of the glutathione system are up-regulated. Reactive oxygen
species, such as H,O», also are involved in signaling pathways through gene transcription
and are known to influence myogenic factors. It is possible that enzymes, such as
glutathione peroxidase 1, involved in the glutathione system are down-regulated during
myogenesis in order to enable remaining hydrogen peroxide to control certain cellular
signaling pathways. The glutathione system is an important antioxidant and functions to
maintain cellular homeostasis, as observed in this study in response to the cellular stress

of myogenesis.
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Molecular Chaperones

Heat shock proteins, discovered in 1962 by F. Ritossa, are a family of proteins
expressed in the cytosol that respond to a variety of stressful stimuli. Heat shock proteins
are either constitutively expressed or are induced when their functions are needed,
adapting to stressors such as “heat shock”. Based on the specific molecular weights, heat
shock proteins in skeletal muscles are grouped into the following categories: small Hsps
(8-27 kDa), Hsp60 (60 kDa), Hsp70 (70 kDa), Hsp90 (90 kDa), and Hsp100 (100 kDa)
(Morton et al., 2009).

Changes in temperature, reactive oxygen species, ischemia, exercise, injury, and
differentiation are a few causes of stress that elicit a cellular response recruiting Hsp25
for protection (Morton et al., 2009). Under normal conditions Hsp25 is a housekeeping
protein and functions as a “molecular chaperone”. In this role Hsp25 assists in protein
folding, protein refolding, protein translocation throughout the cell and in preventing
protein aggregation (Morton et al., 2009). The present study has shown cell
differentiation elicits a significant increase in Hsp25 protein expression during
myogenesis (Figure 24A). The two identified gel spots containing Hsp25 may have
detected a post-translationally modified isoform. Elucidating both the specific post-
translation modification and function of each type of Hsp25 will be beneficial to fully
characterizing Hsp25 functions during myogenesis. Previous work in our lab found that
during C2C12 differentiation, Hsp25 increased expression 10.4-fold during the myoblast
to early myotube transition before falling back to the initial levels of expression in late
myotubes (Ziniewicz, 2010). Cell fusion causes great cellular stress and Hsp25 is one

molecular chaperone recruited for protection. Thompson et al. (2001) showed that
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expression of both HSC/Hsp70 and Hsp27 increased after significant, eccentric exercise
of human biceps brachii inferring that heat shock proteins are more highly expressed in
response to the impact of stress in skeletal muscle. Another similar study showed that
after two consecutive bouts of exercise Hsp27 expression in skeletal muscle increases
each time (Thompson et al., 2002). Hsp27/Hsp25 protein expression is associated with
incidences of many types of cellular stress and has been continually studied in these
stressful environments to more fully understand how Hsp25 is involved in regulating
cellular homeostasis.

In addition to heat shock protein 25, other molecular chaperones were
differentially expressed in this study during myogenesis. 60 kDa heat shock protein,
mitochondrial, expression significantly increased during development (Figure 23B).
Stress-70 protein, mitochondrial, is a heat shock cognate that assists with protein folding
under conditions of cellular stress and was found to be significantly downregulated
during myogenesis (Figure 21). Stress-70 protein, mitochondrial, may play a role in
stabilizing proteins during differentiation but the results from this study indicate that its
primarily function may be to stabilize proteins synthesized during myoblast proliferation
where there is a high rate of protein turnover. During all stages of cell differentiation
there are a variety of cellular stressors that must be matched with protective mechanisms
to maintain a level of homeostasis. Cell fusion requires cytoplasmic reorganization, an
environment of heighted cell stress, and heat shock proteins play an important role in
minimizing the detrimental effects of stress.

Prohibitin in a highly conserved protein that has been shown to serve a variety of

cellular functions (Reviewed in Rajalingam and Rudel, 2005). In this present study,
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prohibitin was observed to decrease expression significantly during skeletal muscle
differentiation (Figure 23A). Prohibitin has also been shown to be involved in ras
signaling pathways. Ras signaling occurs through GTPases that ultimately control a
variety of cellular functions including proliferation, apoptosis, and differentiation. In
addition, prohibitin also is known to stabilize mitochondrial proteins by acting as a
molecular chaperone. Although not significantly, prohibitin expression did increase
during the early myotube to late myotube transition. This expression shift may continue
as myogenesis progressed. From the results of this study one can infer that prohibitin is
actively involved in cell proliferation through ras signaling pathways and also stabilizes
mitochondrial proteins as the slight increase in expression correlates with a greater need

for ATP primarily generated in mitochondria.

The Unfolded Protein Response

Protein disulfide isomerase proteins play a part in what is known as the unfolded
protein response under conditions of stress. Two protein disulfide-isomerase (PDI)
precursors, A3 and A6, were identified in this study to significantly change during
expression although not in the same way. PDI A3 increased expression significantly
while PDI A6 significantly decreased expression during myogenesis (Figures 25 and 21).
Protein disulfide isomerase proteins are primarily located in the endoplasmic reticulum
and function as molecular chaperones rearranging disulfide bonds and assisting in the
folding of newly synthesized proteins (Reviewed in Turano et al., 2002). In addition,
protein disulfide isomerases also have an active site similar to thioredoxin and can

catalyze cellular redox reactions. Protein disulfide isomerases have been identified in the
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nucleus, mitochondria, cytoplasm and cell surface where they are known to take on a
variety of other cellular functions as well. Protein disulfide-isomerase A6 has been
shown to have a unique binding region causing it to be extremely sensitive to ER stress
(Maganty et al., 2012), a likely explanation for the observed differences in expression
patterns observed in this study. The trends from the current study indicate that myoblasts
have a higher rate of protein turnover relative to the two later stages of myogenesis and
therefore PDI A6 may preferentially respond to cell stress generated by protein synthesis.
Peptidyl-prolyl cis-trans isomerase A catalyzes the rearrangement of cis-trans
configurations between peptidyl-prolyl bonds (Reviewed in Gothel and Marahiel, 1999).
The protein is involved in both folding and refolding proteins. In the present study
protein expression significantly decreased during the transition of myoblasts to early
myotubes and then remained constant as late myotubes developed (Figure 21). While
levels did decrease significantly, the protein was still present in considerable amounts in
the later stages of development. These results imply that peptidyl-prolyl cis-trans
isomerase A assists with protein folding during protein synthesis, a process that has been
shown to be highly active within proliferating myoblasts, and protein refolding during

periods of environmental stress, such as skeletal muscle differentiation.

Global Protein Expression Trends

As hypothesized, changes in cellular physiology and morphology during skeletal
muscle differentiation are correlated with many changes in protein expression. As
previously described, this study identified 56 proteins that significantly changed

expression during skeletal muscle differentiation. In summary, proteins generally
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involved in proliferation, protein synthesis and protein degradation decreased expression
steadily throughout myogenesis while proteins involved in energy production and
sarcomere formation increased expression during this time. Proteins involved in cellular
protection and stabilization such as molecular chaperones, antioxidants, and intermediate
filaments either steadily increased expression during myogenesis or significantly
increased expression during the myoblast to early myotube transition (Figure 49). Many
other proteins also changed expression patterns during this time but were not successfully
identified. Future studies may work to eliminate the gaps in this study and in so doing
will provide a more complete picture of protein homeostasis, proteostasis, during

myogenesis.

M EM LM

N‘_

Proliferation, Protein Turnover

Metabolism, Cytoskeleton

Figure 49: General expression trends during myogenesis. Proteins involved in
proliferation and protein turnover were most highly expressed in myoblasts (M) relative
to the other stages of development. Molecular chaperones and antioxidants were most
highly expressed in early myotubes (EM). Proteins involved in metabolism and
cytoskeletal formation were most highly expressed in late myotubes (LM).
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Future Directions

This study contributes to the current understanding of protein expression patterns
during C2C12 myogenesis, but is in no way all encompassing. Future studies may
enhance this investigation by successfully identifying the proteins that were differentially
expressed but not identified due to instrumental limitations. In addition, there were
fourteen proteins found in more than one protein spot (at different isoelectric points
and/or molecular weights). These spots that are believed to represent protein isoforms
need to be confirmed and analyzed to truly understand how post-translational
modifications affect protein function and the process of myogenesis. In addition to
analyzing post-translational modifications, future studies that focus on other specific
regions of the pH gradient would bring greater insight to documenting protein expression
changes of C2C12 myogenesis and contribute to documenting proteostasis during
development. The present study focused on proteins differentially expressed within the
pH range of 5 to 8, however other proteins outside this pH range may change and
contribute to physiological and morphological shifts during myogenesis. While this
study provides specific protein expression data for the major section of the proteome and
identifies possible post-translationally modified proteins, future studies will only work to
enhance our understanding of C2C12 myogenesis.

C2C12 muscle progenitor cells function as an accessible and realistic model of
activated satellite cells. Both the results and methodology from this study can effectively
be applied to the study of diseases affecting skeletal muscle. The present study’s analysis
of specific protein expression patterns during myogenesis provides a concrete framework

that can be utilized to determine when a specific protein may be most influential to the
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process of development. From the data one can infer that an absence or increase in a
protein’s quantity during a certain stage of differentiation may contribute to the
development of a specific disease. A variety of techniques, such as protein knock-down
procedures, can be utilized to look more closely at the specific functions of each
individual protein during myogenesis. In addition to developing a more complete
understanding of protein function, the proteomics based techniques can also be directed
to identify disease biomarkers and the atrophy seen in sarcopenia. The study of skeletal
muscle regeneration is invaluable to elucidating the mechanisms governing serious and
deleterious diseases affecting skeletal muscle. Skeletal muscle is an integral component
of both form and function and elucidating the mechanisms of myogenesis in both repair
and regeneration will hopefully provide great value to understanding and subsequently
treatment of many diseases. The current proteomic analysis of C2C12 myogenesis
provides another step in the path towards a complete understanding of skeletal muscle

differentiation.
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Conclusions

The objective of the present study was to determine significant changes in protein
expression during C2C12 myogenesis. Three distinct stages of development (myoblasts,
early myotubes, and late myotubes) were characterized with regards to protein expression
within the pH range of 5 to 8 and apparent molecular weight range of 10-80 kDa. These
stages were compared and fifty-six of the significant protein expression changes were
successfully identified and functionally annotated. Significant changes in the proteome
during C2C12 myogenesis correlate with the shift in cellular morphology, physiology,
and proteostasis during differentiation. The present study expands the current
understanding of myogenesis in vitro, a process that emulates myogenesis in vivo, and in

doing so elucidates proteostasis during skeletal muscle differentiation.
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Appendix I: Protein Functions

The following descriptions are taken directly from The UniProt Consortium and slightly
adapted as it pertains to the scope of this experiment.

The UniProt Consortium

Reorganizing the protein space at the Universal Protein Resource (UniProt)
Nucleic Acids Res. 40: D71-D75 (2012).

Information Storage and Processing

A: RNA processing and modification

Heterogeneous nuclear ribonucleoprotein K (SSP 4506 (F)): One of the major
pre-mRNA-binding proteins. Binds tenaciously to poly(C) sequences. Likely to
play a role in the nuclear metabolism of hnRNAs, particularly for pre-mRNAs
that contain cytidine-rich sequences. Can also bind poly(C) single-stranded DNA.

Poly(rC)-binding protein 1 (SSP 8510): Single-stranded nucleic acid binding
protein that binds preferentially to oligo dC.

J: Translation, ribosomal structure and biogenesis

408 ribosomal protein SA (SSP 1311): Required for the assembly and/or stability
of the 40S ribosomal subunit. Required for the processing of the 20S rRNA-
precursor to mature 18S rRNA in a late step of the maturation of 40S ribosomal
subunits. Also functions as a cell surface receptor for laminin. Plays a role in cell
adhesion to the basement membrane and in the consequent activation of signaling
transduction pathways. May play a role in cell fate determination and tissue
morphogenesis.

60S acidic ribosomal protein PO (SSP 510, 5511, 6508): Ribosomal protein PO is
the functional equivalent of E.coli protein L10. Protein L10 is a translational
repressor protein. It controls the translation of the rplJL-rpoBC operon by binding
to its mRNA.

Eukaryotic translation initiation factor 3 subunit 1 (SSP 3504): Component of the
eukaryotic translation initiation factor 3 (eIF-3) complex, which is required for
several steps in the initiation of protein synthesis. The elF-3 complex associates
with the 40S ribosome and facilitates the recruitment of elF-1, eIF-1A, elF-
2:GTP:methionyl-tRNAi and elF-5 to form the 43S preinitiation complex (43S
PIC). The elF-3 complex stimulates mRNA recruitment to the 43S PIC and
scanning of the mRNA for AUG recognition. The elF-3 complex is also required
for disassembly and recycling of post-termination ribosomal complexes and
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subsequently prevents premature joining of the 40S and 60S ribosomal subunits
prior to initiation.

Cellular Processes and Signaling

D: Cell cycle control, cell division, chromosome partitioning

Kinetochore-associated protein DSNI1 homolog (SSP 2310 (P)): Part of the
MIS12 complex that is required for normal chromosome alignment and
segregation and kinetochore formation during mitosis.

Dynactin subunit 2 (SSP 2703 (P)): Modulates cytoplasmic dynein binding to an
organelle, and plays a role in prometaphase chromosome alignment and spindle
organization during mitosis. Involved in anchoring microtubules to centrosomes.

O: Post-translational modification, protein turnover, chaperones

14-3-3 protein zeta/delta isoform 1 (SSP 2310 (P)): Adapter protein implicated in
the regulation of a large spectrum of both general and specialized signaling
pathways.

268 protease regulatory subunit 64 (SSP 1715): The 26S protease is involved in
the ATP-dependent degradation of ubiquitinated proteins. The regulatory (or
ATPase) complex confers ATP dependency and substrate specificity to the 26S
complex.

60 kDa heat shock protein, mitochondrial (SSP 3803, 2807, 4705): Implicated in
mitochondrial protein import and macromolecular assembly. May facilitate the
correct folding of imported proteins. May also prevent misfolding and promote
the refolding and proper assembly of unfolded polypeptides generated under
stress conditions in the mitochondrial matrix.

Glutathione peroxidase 1 (SSP 5210): Protects the hemoglobin in erythrocytes
from oxidative breakdown. Catalytic activity: 2 glutathione + H,O, = glutathione
disulfide + 2 H,O.

Glutathione S-transferase P1 (SSP 6011 (F)): Conjugation of reduced glutathione
to a wide number of exogenous and endogenous hydrophobic electrophiles.

Heat shock protein 25 (SSP 2315, 5103): Involved in stress resistance and actin
organization.

Peptidyl-prolyl cis-trans isomerase A (SSP 8106 (F)): PPlases accelerate the

folding of proteins. It catalyzes the cis-trans isomerization of proline imidic
peptide bonds in oligopeptides.
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Peroxiredoxin-2 (SSP 1204 (P)): Involved in redox regulation of the cell. Reduces
peroxides with reducing equivalents provided through the thioredoxin system. It
is not able to receive electrons from glutaredoxin. May play an important role in
eliminating peroxides generated during metabolism. Might participate in the
signaling cascades of growth factors and tumor necrosis factor-alpha by
regulating the intracellular concentrations of H,O,.

Peroxiredoxin-4, precursor (SSP 6301): Probably involved in redox regulation of
the cell. Regulates the activation of NF-kappa-B in the cytosol by a modulation of
I-kappa-B-alpha phosphorylation.

Prohibitin (SSP 3311): Prohibitin inhibits DNA synthesis. It has a role in
regulating proliferation. As yet it is unclear if the protein or the mRNA exhibits
this effect. May play a role in regulating mitochondrial respiration activity and in

aging.

Proteasome subunit alpha-1 (SSP 6409): The proteasome is a multicatalytic
proteinase complex which is characterized by its ability to cleave peptides with
Arg, Phe, Tyr, Leu, and Glu adjacent to the leaving group at neutral or slightly
basic pH. The proteasome has an ATP-dependent proteolytic activity.

Proteasome subunit beta type-3 (SSP 6309): The proteasome is a multicatalytic
proteinase complex which is characterized by its ability to cleave peptides with
Arg, Phe, Tyr, Leu, and Glu adjacent to the leaving group at neutral or slightly
basic pH. The proteasome has an ATP-dependent proteolytic activity.

Proteasome subunit beta type-4 (SSP 3214 (F), 3212): The proteasome is a
multicatalytic proteinase complex which is characterized by its ability to cleave
peptides with Arg, Phe, Tyr, Leu, and Glu adjacent to the leaving group at neutral
or slightly basic pH. The proteasome has an ATP-dependent proteolytic activity.

Protein disulfide-isomerase A3 precursor (SSP 5801, 4407 (P)): Catalyzes the
rearrangement of -S-S- bonds in proteins.

Protein disulfide-isomerase A6 precursor (SSP 2719): Catalyzes the
rearrangement of -S-S- bonds in proteins.

Stress-70 protein, mitochondrial (SSP 3904): Implicated in the control of cell
proliferation and cellular aging. May also act as a chaperone.

Stress-induced-phosphoprotein 1 (SSP 7820 (P)): Mediates the association of the
molecular chaperones HSC70 and HSP90 (HSPCA and HSPCB).
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T-complex protein subunit epsilon (SSP 4821): Molecular chaperone; assists the
folding of proteins upon ATP hydrolysis. As part of the BBS/CCT complex may
play a role in the assembly of BBSome, a complex involved in ciliogenesis
regulating transport vesicles to the cilia. Known to play a role, in vitro, in the
folding of actin and tubulin.

Ubiquitin-conjugating enzyme E2 K (SSP 2210 (P)): Accepts ubiquitin from the
E1 complex and catalyzes its covalent attachment to other proteins.

T: Signal transduction mechanisms

Rho GDP-dissociation inhibitor 1 (SSP 312): Regulates the GDP/GTP exchange
reaction of the Rho proteins by inhibiting the dissociation of GDP from them, and
the subsequent binding of GTP to them.

Adaptor molecule crk isoform 2 (SSP 2310 (P)): The Crk-I and Crk-II forms
differ in their biological activities. Crk-II has less transforming activity than Crk-
I. Crk-II mediates attachment-induced MAPKS activation, membrane ruffling and
cell motility in a Rac-dependent manner. Involved in phagocytosis of apoptotic
cells and cell motility via its interaction with DOCK1 and DOCK4. May regulate
the EFNAS5S-EPHA3 signaling.

Endophilin-A2 isoform 1 (SSP 4601): Implicated in endocytosis. May recruit
other proteins to membranes with high curvature.

Ran-specific GTPase-activating protein (SSP 1311): Inhibits GTP exchange on
Ran. Forms a Ran-GTP-RANBP1 trimeric complex. Increase GTP hydrolysis
induced by the Ran GTPase activating protein RANGAP1. May act in an
intracellular signaling pathway which may control the progression through the
cell cycle by regulating the transport of protein and nucleic acids across the
nuclear membrane.

U: Intracellular trafficking, secretion, and vesicular transport

Perilipin-3 (SSP 2719): Required for the transport of mannose 6-phosphate
receptors (MPR) from endosomes to the trans-Golgi network.

Annexin A1 (SSP 1314 (F), 6511, 7514): Calcium/phospholipid-binding protein
which promotes membrane fusion and is involved in exocytosis. This protein
regulates phospholipase A2 activity. It seems to bind from two to four calcium
ions with high affinity.
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W: Extracellular structures

Galectin-1 (SSP 2005, 2004 (P), 2007 (P): May regulate apoptosis, cell
proliferation and cell differentiation. Binds beta-galactoside and a wide array of
complex carbohydrates.

Y: Nuclear structure

Prelamin-A/C (SSP 8805 (P)): Lamins are components of the nuclear lamina, a
fibrous layer on the nucleoplasmic side of the inner nuclear membrane, which is
thought to provide a framework for the nuclear envelope and may also interact
with chromatin.

Z: Cytoskeleton

Actin, cytoplasmic 1 or 2 (SSP 2410 (P), 3311 (F), 6611, 3609, 6606 (P), 2308
(F), 3504, 4603, 1603).: Actins are highly conserved proteins that are involved in
various types of cell motility and are ubiquitously expressed in all eukaryotic
cells.

Desmin (SSP 1601, 1719, 2701, 2716, 8202 (F) 3709 (P)): Desmin are class-III
intermediate filament proteins found in muscle cells. In adult striated muscle they
form a fibrous network connecting myofibrils to each other and to the plasma
membrane from the periphery of the Z-line structures.

F-actin capping protein subunit beta (SSP 4401): F-actin-capping proteins bind in
a Ca”"-independent manner to the fast growing ends of actin filaments (barbed
end) thereby blocking the exchange of subunits at these ends. Unlike other
capping proteins (such as gelsolin and severin), these proteins do not sever actin
filaments. Plays a role in the regulation of cell morphology and cytoskeletal
organization.

Keratin type-II cytoskeletal 1 (SSP 5401 (F)): May regulate the activity of kinases
such as PKC and SRC via binding to integrin beta-1 (ITB1) and the receptor of
activated protein kinase C (RACK1/GNB2L1) activated protein kinase C
(RACK1/GNB2LI).

Mpyosin light chain 1/3, skeletal muscle isoform 1f (SSP 1204): Regulatory light
chain of myosin. Does not bind calcium.

Tubulin beta-5 chain (SSP 1701): Tubulin is the major constituent of

microtubules. It binds two moles of GTP, one at an exchangeable site on the beta
chain and one at a non-exchangeable site on the alpha chain.
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Vimentin (SSP 1701): Vimentins are class-III intermediate filament proteins
found in various non-epithelial cells, especially mesenchymal cells. Vimentin is
attached to the nucleus, endoplasmic reticulum, and mitochondria, either laterally
or terminally.

Metabolism

C: Energy production and conversion

Malate dehydrogenase, cytoplasmic (SSP 8203 (F)): Catalyzes (S)-malate +
NAD' = oxaloacetate + NADH.

Creatine kinase B-type (SSP 2611): Reversibly catalyzes the transfer of phosphate
between ATP and various phosphogens (e.g. creatine phosphate). Creatine kinase
isoenzymes play a central role in energy transduction in tissues with large,
fluctuating energy demands, such as skeletal muscle, heart, brain and
spermatozoa.

ATP synthase subunit beta, mitochondrial precursor (SSP 1601, 8202 (F)):
Mitochondrial membrane ATP synthase (F1Fy ATP synthase or Complex V)
produces ATP from ADP in the presence of a proton gradient across the
membrane which is generated by electron transport complexes of the respiratory
chain. F-type ATPases consist of two structural domains, F; - containing the
extramembraneous catalytic core, and Fy - containing the membrane proton
channel, linked together by a central stalk and a peripheral stalk. During catalysis,
ATP synthesis in the catalytic domain of F, is coupled via a rotary mechanism of
the central stalk subunits to proton translocation. Subunits alpha and beta form the
catalytic core in F;. Rotation of the central stalk against the surrounding
alphasbetas; subunits leads to hydrolysis of ATP in three separate catalytic sites on
the beta subunits.

ATP synthase subunit D, mitochondrial (SSP 3206): See above.

F: Nucleotide transport and metabolism

S-methyl-5 -thioadenosine phosphorylase (SSP 8415): Catalyzes the reversible
phosphorylation of S-methyl-5'-thioadenosine (MTA) to adenine and 5-
methylthioribose-1-phosphate. Involved in the breakdown of MTA, a major by-
product of polyamine biosynthesis. Responsible for the first step in the
methionine salvage pathway after MTA has been generated from S-
adenosylmethionine. Has broad substrate specificity with 6-aminopurine
nucleosides as preferred substrates.
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57 (3’)-deoxyribonucleotidase, cytosolic (SSP 2210 (P)): Dephosphorylates the 5'
and 2'(3")-phosphates of deoxyribonucleotides, with a preference for dUMP and
dTMP, intermediate activity towards dGMP, and low activity towards dCMP and
dAMP.

G: Carbohydrate transport and metabolism

Triosephosphate isomerase (SSP 312): Catalyzes reaction, D-glyceraldehyde 3-
phosphate = glycerone phosphate.

Pyruvate kinase isozymes M1/M?2 isoform 1 (SSP 4708 (P), 2807, 3804, 6511 (F),
5606 (P)): Glycolytic enzyme that catalyzes the transfer of a phosphoryl group
from phosphoenolpyruvate (PEP) to ADP, generating ATP. Stimulates POUSF1-
mediated transcriptional activation.

Phosphoglycerate kinase 1 (SSP 1213 (F), 4511 (F)): Catalyzes reaction, ATP +
3-phospho-D-glycerate = ADP + 3-phospho-D-glyceroyl phosphate.

Phosphoglycerate mutase 1 (SSP 8308): Interconversion of 3- and 2-
phosphoglycerate with 2,3-bisphosphoglycerate as the primer of the reaction. Can
also catalyze the reaction of EC 5.4.2.4 (synthase) and EC3.1.3.13 (phosphatase),
but with a reduced activity.

Fructose-bisphosphate aldolase A (SSP 9306 (F), 7316 (P)): Plays a key role in
glycolysis and gluconeogenesis. In addition, may also function as scaffolding
protein.

Beta-enolase (SSP 5508): Appears to have a function in striated muscle
development and regeneration. Catalytic activity-2-phospho-D-glycerate =
phosphoenolpyruvate + H,O.

Alpha enolase (SSP 6610, 2415, 3411 (P), 4509 (P) 6404 (P)): Multifunctional
enzyme that, as well as its role in glycolysis, plays a part in various processes
such as growth control, hypoxia tolerance and allergic responses. May also
function in the intravascular and pericellular fibrinolytic system due to its ability
to serve as a receptor and activator of plasminogen on the cell surface of several
cell-types such as leukocytes and neurons. Stimulates immunoglobulin
production.

I: Lipid transport and metabolism

Phospholipase-C alpha (SSP 5801): Mediates the production of the second
messenger molecules diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3).
Plays an important role in the regulation of intracellular signaling cascades.
Becomes activated in response to ligand-mediated activation of receptor-type
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tyrosine kinases, such as PDGFRA, PDGFRB, FGFR1, FGFR2, FGFR3 and
FGFRA4. Plays a role in actin reorganization and cell migration.

P: Inorganic ion transport and metabolism

= Chloride intracellular channel protein 4 (SSP 3311): Can insert into membranes
and form poorly selective ion channels that may also transport chloride ions.
Channel activity depends on the pH. Membrane insertion seems to be redox-
regulated and may occur only under oxidizing conditions. Promotes cell-surface
expression of HRH3. May play a role in angiogenesis.

Poorly Characterized

R: General function prediction only

= N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 (SSP 4302): Hydrolyzes
N(G),N(G)-dimethyl-L-arginine (ADMA) and N(G)-monomethyl-L-arginine
(MMA) which act as inhibitors of NOS. Has therefore a role in the regulation of
nitric oxide generation.
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Appendix II: Protein Isoforms

Figure
A: 60 kDa heat shock protein, mitochondrial
B: Phosphoglycerate kinase 1
C: Heat shock protein 25
D: Protein disulfide-isomerase A3 precursor isoform
E: Actin
F: 608 acidic ribosomal protein PO
G: Annexin Al
H: Proteasome subunit beta type-4
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Figure E: Actin protein
isoforms (SSP 3504, 2410,
6611, 6606, 3609, 4603,
2308, 1603, 3311)
expression patterns during
myogenesis. (* indicates
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