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Deep Proteomics of Mouse Skeletal Muscle
Enables Quantitation of Protein Isoforms,
Metabolic Pathways, and Transcription

Factors*s

Atul S. Deshmukht, Marta Murgiat§, Nagarjuna Nagarajt, Jonas T. Treebak(|,

Jiirgen Coxt, and Matthias Manng|**

Skeletal muscle constitutes 40% of individual body mass
and plays vital roles in locomotion and whole-body me-
tabolism. Proteomics of skeletal muscle is challenging
because of highly abundant contractile proteins that in-
terfere with detection of regulatory proteins. Using a
state-of-the art MS workflow and a strategy to map iden-
tifications from the C2C12 cell line model to tissues, we
identified a total of 10,218 proteins, including skeletal
muscle specific transcription factors like myod1 and myo-
genin and circadian clock proteins. We obtain absolute
abundances for proteins expressed in a muscle cell line
and skeletal muscle, which should serve as a valuable
resource. Quantitation of protein isoforms of glucose up-
take signaling pathways and in glucose and lipid meta-
bolic pathways provides a detailed metabolic map of the
cell line compared with tissue. This revealed unexpectedly
complex regulation of AMP-activated protein kinase and
insulin signaling in muscle tissue at the level of enzyme
isoforms. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M114.044222, 841-853, 2015.

Skeletal muscle is a highly specialized tissue that plays a
fundamental role in locomotion and is indispensable in regu-
lating whole-body carbohydrate metabolism. This tissue
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alone accounts for about 75% of insulin-stimulated glucose
uptake (1). Skeletal muscle exhibits a remarkable plasticity
and adapts to a wide range of stimuli such as exercise and
nutrient supply (2-4). Metabolism and function of skeletal mus-
cle is severely affected in pathological conditions such as type
2 diabetes (5), neuromuscular disorders (6), cancer cachexia (7),
age-related sarcopenia (8), muscular atrophy (9), and muscular
dystrophy (10). MS-based proteomics has begun to advance
molecular understanding of these muscle diseases (11-13).
However, most of these pioneering studies had limited pro-
teome coverage and lacked robust quantitation (14). Significant
technological advances over the last decade now allow near
exhaustive analysis of cell line proteomes (15-17). These ad-
vances have recently enabled the identification of several thou-
sand proteins in muscle tissue preparations (18, 19). However,
the challenging dynamic range of protein expression in tissues
in general and in muscle in particular has so far prevented
measurement of very deep proteomes that would also cover the
low abundance, regulatory proteins.

The C2C12 is an immortalized mouse myoblast cell line that
can readily be differentiated to myotubes in culture and is
commonly used as a model system for investigating molecu-
lar, biochemical, or pathological changes of skeletal muscle
(20-22). Although these cells express sarcomeric proteins
and can develop contractile properties in culture, they lack the
3D structure and specialized muscle functions characteristic
of the tissue context. Here we measured a very deep pro-
teome of the C2C12 myotubes and transfer the peptide and
protein identifications to a data set obtained under the same
conditions from adult mouse skeletal muscle. This strategy al-
lowed us to obtain the largest skeletal muscle proteome so far
and to highlight similarities and differences between these two
model systems. We further quantitatively mapped the protein
isoforms of glucose uptake signaling pathways, key metabolic
pathways, and muscle specific transcription factors. Although
we choose to present quantitation of these selected proteins
and pathways because of their central role in muscle function,
our approach could be applied to any protein or pathway as well
as expanded to other challenging tissues.
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EXPERIMENTAL PROCEDURES

Animal Experiments—All animal experiments were approved by
Danish Animal Experimental Inspectorate in compliance with the Euro-
pean Convention for Protection of Vertebrate Animal Used for Scientific
Purposes. Fifteen-week-old female C57BL/6 mice were maintained on
a 12:12-h light-dark cycle and had free access to standard chow diet.
Triceps muscles were surgically removed from the anesthetized mice
and quickly frozen in liquid nitrogen followed by storage at —80 °C.

Cell Culture and Differentiation—C2C12 cells (myoblasts) were
grown in Eagle’s minimum essential medium supplemented with 2
mM L-glutamine and 10% fetal bovine serum plus antibiotics in a
humidified atmosphere with 5% CO, in air. Undifferentiated myo-
blasts were grown to confluence in normal growth media (day 0). To
induce differentiation, the amount of serum in the media was de-
creased to 2%. Cells were differentiated for 8 days. Growth medium
was replaced with fresh medium every 2 days over a period of 8 days.
At day 8 post differentiation, we observed less than 5% cell death
(Tryphan blue staining). After 8 days, differentiated C2C12 (myotubes)
were harvested for proteomics analysis.

Protein Sample Preparation—Triceps muscle and differentiated
C2C12 cells were lysed in buffer consisting of 0.1 m Tris-HCI, pH 7.5,
0.1 m DTT, and 4% SDS, and incubated at 95 °C for 5 min. Triceps
muscle homogenization was achieved with Ultra Turbax blender (IKA,
Staufen, Germany). Lysates were sonicated using a Branson type
sonicator and were then clarified by centrifugation at 16,100 X g for
10 min.

Protein Digestion and Peptide Fractionation—Cell lysates were
diluted in 8 M urea in 0.1 M Tris-HCI followed by protein digestion with
trypsin according to the FASP' protocol (23). After an over-night
digestion peptides were eluted from the filters with 25 mm ammonium
bicarbonate buffer. From each sample, 100 ug of peptides were
fractionated by isoelectric focusing on an OffGel fractionator (Agilent,
Santa Clara, USA) in 12 well formats as described (24). Peptides from
each of the 12 fractions were purified on C,g StageTips.

LC-MS Analysis—Analysis was performed in triplicates. Samples
were measured using LC-MS instrumentation consisting of an Easy
nano-flow HPLC system (Thermo Fisher Scientific, Odense, Denmark)
coupled via a nanoelectrospray ion source (Thermo Fisher Scientific,
Bremen, Germany) to a Q Exactive mass spectrometer (25). Purified
peptides were separated on 50 cm C,4 columns (inner diameter 75 um,
1.8 um beads, Dr, Maisch GmbH, Germany). Peptides were loaded
onto the column with buffer A (0.5% formic acid) and eluted with a 150
min linear gradient from 2-30% buffer B (80% acetonitrile, 0.5% formic
acid). After the gradient the column was washed with 90% buffer B and
re-equilibrated with buffer A. Mass spectra were acquired in a data-de-
pendent manner, with automatic switching between MS and MS/MS
using a top-10 method. MS spectra were acquired in the Orbitrap
analyzer with mass range of 300—1750 m/z and 70,000 resolutions at
m/z 200. HCD' peptide fragments acquired at 25 normalized collision
energy were analyzed at high resolution in the Orbitrap.

Data Analysis—Raw MS files were analyzed by MaxQuant version
1.3.7.4 (26) (http://www.maxquant.org). MS/MS spectra were
searched by the Andromeda search engine (27) against the decoy
UniProt-mouse database (Version June 2012, 59,345 entries) supple-
mented with 262 frequently observed contaminants and forward and
forward and reverse sequences. In the main Andromeda search pre-
cursor mass and fragment mass were identified with an initial mass
tolerance of 6 ppm and 20 ppm, respectively. The search included
variable modifications of methionine oxidation and N-terminal acety-

" The abbreviations used are: FDR, false discovery rate; FASP,
filter-aided sample preparation; HCD, Higher-energy collisional
dissociation.

lation, and fixed modification of carbamidomethyl cysteine. Minimal
peptide length was set to seven amino acids and a maximum of two
mis-cleavages was allowed. When we checked for the occurrence of
demidation, we found it to be negligible (supplemental Fig. S6, sup-
plemental Table S9). We therefore did not include it as a variable
modification. The false discovery rate (FDR') was set to 0.01 for
peptide and protein identifications. MS runs from skeletal muscle
were analyzed with or without the “match between runs” option. For
matching, a retention time window of 30 s was selected. In the case
of identified peptides that are all shared between two proteins, these
were combined and reported as one protein group. Proteins matching
to the reverse database were filtered out. For the proteins that were
identified with single peptide, detailed information about the MSMS
spectrum, peptide sequence, precursor m/z is provided (supplemen-
tal Table S8 and supplemental Fig. S5).

Bioinformatics Analysis— All bioinformatics analysis was performed
with the Perseus software (http://www.perseus-framework.org). Cat-
egorical annotation was supplied in form of Gene Ontology (GO)
biological process (BP), molecular function (MF), and cellular compo-
nent (CC), as well as participation in a KEGG pathway. All annotations
were extracted from UniProt database. Hierarchical clustering and 2D
annotation enrichment were based on label-free quantitation of the
samples (28). Because of randomness of peptide sampling in shotgun
proteomics, quantification will be missing in some samples for each
protein. In order to retain sufficiently informative protein expression
profiles for bioinformatics analysis, the protein expression data was
filtered to have at least two valid abundance values in at least one
group (muscle or C2C12). The data was inputed to fill missing abun-
dance values by drawing random numbers from a Gaussian distribu-
tion with a standard deviation of 30% in comparison to the standard
deviation of measured protein abundances, and one standard devi-
ation downshift of the mean. These parameters have been tuned in
order to best simulate the distribution of low abundant proteins.
These values are universally applied to nearly all data sets that were
generated with the label-free quantitation algorithm. Two sample t
test were performed on muscle and C2C12 groups with FDR = 0.05.
Hierarchical clustering of significantly different proteins was per-
formed after z-score normalization. We then performed Fisher exact
test on particular clusters, testing for enrichment or depletion of any
annotation term in the cluster compared with the whole matrix. The
specific test used is a two-dimensional version of the nonparametric
Mann-Whitney test. Multiple hypothesis testing was controlled by
using a Benjamini-Hochberg false discovery rate threshold of 5%.
Fisher exact test was performed with an FDR value of 0.04.

2 D Annotation Enrichment— Categorical annotations are supplied
in the form of GOCC, GOMF, GOBP, and KEGG. A two-dimensional
two-sample test was performed to find the significant differences
between the two-dimensional means of the two protein populations
(skeletal muscle and C2C12 myotubes). The nonparametric Mann-
Whitney test was used. Multiple hypothesis testing was controlled by
using a Benjamini-Hochberg FDR threshold of 5%. For categories
that are significant, a two-dimensional difference score was calcu-
lated by determining the average rank of the protein abundance
belonging to the corresponding annotation category. This average
rank was then rescaled to the interval between —1 and 1. A value of
1 in one of the dimensions would mean that all members of this
category are the largest values in this dimensions, whereas a value of
0 means that the ranks of the members of the category are distributed
in same way as the background proteins having no significant bias
toward larger or smaller values. For detailed explanation of the rank
and scaling of 2D score between 1 to —1, please refer to (29).

Absolute Protein Abundance— Absolute protein abundance (mass)
was calculated as described before (30). Briefly, the mass spectro-
metric signal of an individual protein was divided by the sum of all
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Fic. 1. Proteome analysis of mouse skeletal muscle. A, Protein lysates (triplicate) from mouse triceps muscle and C2C12 were digested on
FASP filter and peptides were separated on an OFFGEL fractionator. Each fraction was analyzed by LCMS on a Q Exactive mass spectrometer.

Representative spectrum from skeletal muscle, B, and C2C12 myotubes,

C, at MS and MSMS levels. D, Number of protein identification without

match between runs (black) and with match between runs option (gray). E, Total number of proteins identified in skeletal muscle and C2C12 cells.

proteins. Because the resulting values were small, we multiplied them
by 1 million and expressed absolute abundance as part-per-million
(ppm) (Figs. 5, 6, and supplemental Table ). In other words, the
absolute protein abundance described here is the fractional signal of
each protein in relation to the total protein signal and hence is ex-
pressed in ppm. Quantifiable proteins in the analysis of skeletal
muscle and C2C12 myotubes were defined as those identified at
least two times in each group. Error bars in Figures 5, 6, and
supplemental Fig. S4 denote standard deviation of median. In Table
Sl, quantifiable proteins were defined as those identified at least
two times in skeletal muscle. The absolute abundances that are
provided were calculated for the list of the proteins identified after
using “match between runs” (Table Sl).

Western Blot Analysis—The lysates from the muscle and C2C12
cells were electrophoresed, transferred to nitrocellulose, and probed
for selected proteins. This analysis was performed on the very same
lysate that were used for MS analysis (n = 2). The following antibodies
were used: goat anti-AMPK alpha 2 (Santacruz, Dallas, USA), rabbit
anti-HK Il (Cell Signaling, Beverly, USA), rabbit anti-GLUT4 (Thermo
scientific, Naerum, Denmark), and rabbit anti-GAPDH (Cell signaling,
Beverly, USA). The anti-AMPK-a1 antibody (raised in sheep) was kindly
provided by Prof. D. G. Hardie (University of Dundee, UK).

RESULTS

Proteome Analysis of Mouse Skeletal Muscle—In previous
attempts at very deep proteome coverage of cell lines, we
have employed protein level fractionation as well as several
proteolytic enzymes (15). However, recent experience in our
laboratory suggested that single enzyme digestion and frac-
tionation only at the peptide level, when coupled to advanced
MS instrumentation, would be sufficient to achieve great
depth of protein identification (31). We therefore developed a
streamlined workflow, consisting of cell line or tissue homog-
enization, filter-aided sample preparation (FASP) (23), fol-
lowed by peptide separation into twelve fractions according
to their isoelectric point as described (24). Peptides were
measured by a linear quadrupole-Orbitrap mass analyzer,
which achieves sub or low parts per million mass accuracy for
peptide ions and their fragments (25). This streamlined
method required only 1 day of measurement time for a single
analysis each of the proteomes and computational analysis
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followed by automated computational in the
MaxQuant environment (26) (Fig. 1A-1C).

We performed triplicate analyses of triceps muscles from
C57BL/6J mice and of differentiated C2C12 cells and ana-
lyzed the results together in MaxQuant specifying a false
discovery rate of 1% at the peptide and protein level. This
identified a total of 10,218 proteins, a vastly larger number
than reported in muscle proteome studies so far (Fig. 1D)
(supplemental Table S1). A total of 8,309 proteins were iden-
tified in skeletal muscle, 9880 proteins in C2C12 myotubes,
and 7,973 (78% of the total) proteins were identified in both
systems. A mere 338 proteins were exclusively identified in
the tissue.

Interestingly, when skeletal muscle samples were analyzed
separately, only 5,887 proteins were identified, whereas the
corresponding number for myotubes was 9,624 (supplemen-
tal Table S2). This large difference is partially because of the
complexity of the tissue and its large dynamic range, which
makes MS analysis challenging. Peptides from a few highly
abundant proteins of skeletal muscle interfere with the iden-
tification of lower abundant proteins, thereby reducing the
overall number of identifications (Fig. 1B—-1C). This is illus-
trated with a representative example from skeletal muscle:
because of one high abundant peptide (originating from my-
osin), neighboring low abundant peptides are suppressed in
comparison and may not be picked for fragmentation (Fig.
1B). This is not the case when analyzing C2C12 myotubes,
where a larger number of peptides share approximately equal
abundance and can all be fragmented and identified (Fig. 1C).

Combined analysis of mouse skeletal muscle and C2C12
myotubes efficiently mitigated the challenge of dynamic range
on protein identification in muscle tissue. MaxQuant aligned
the retention times and—based on the accurately determined
masses—efficiently transferred the peptide identification from
C2C12 myotubes to more complex mouse skeletal muscle
(“Match between runs” feature in MaxQuant). This identifica-
tion, by matching is statistically controlled and high confi-
dence of identification, is further indicated by the fact that
95% of the identified peptides were observed in a tight 0.4
min match time window (supplemental Fig. S1A). Altogether,
this approach boosted protein identification by about 30%,
which resulted in identification of 8,309 proteins in total in
skeletal muscle (Fig. 1D-1E, supplemental Table S2). Most of
proteins identified partially or exclusively by matching are of
low abundance and include interesting regulatory classes
such as skeletal muscle specific transcription factors (myod1,
myog, mef2c), nuclear receptors (Smad1, Notch3), and circa-
dian clock proteins (Bmal1, Cry1, FbxI3) (supplemental Fig.
S2A-S2B).

Our experiment did not use isotope labeling but relied on
label-free quantitation in the MaxQuant environment (28). We
examined reproducibility of this procedure between biological
triplicates and found very high correlations within the skeletal

analysis

muscle and C2C12 groups (0.9-0.96, supplemental Fig.
S1B).

Cumulative Protein and Ranked Protein Abundance—Using
summed MS-signals (“abundances”) of the peptides identify-
ing each protein in the MS measurements, we estimated their
contribution to the proteome. For protein isoforms, the shared
peptides were counted as contributing to each of them. To
obtain a global view of the dynamic range of the muscle
proteome, the C2C12 myotube proteome and their differ-
ences, we plotted the cumulative contribution of each protein
to total protein mass (Fig. 2A) as well as the individual, ranked
abundance (Fig. 2A, 2B; supplemental Table S3). Combining
the abundances of all identified heavy and light myosin iso-
forms results in 18% of total muscle mass, positioning myosin
as the highest abundant protein in skeletal muscle. The giant
protein titin (390 kDa) alone accounts for another 16% of total
protein mass. The 10 most abundant proteins according to
MS measurement were titin, myosin-4, nebulin, calcium
ATPase 1, actin «, creatine kinase, a-actinine-3, glycogen
phosphorylase, and myosin-1 and together they make up
50% of total protein mass in skeletal muscle. Actin and my-
osin are the key members of the contractile units (sarcomere)
in muscle. The estimated ratio between actin/myosin abun-
dances was ~1:7. The summed abundance of proteins that
are assigned to the contractile machinery by Gene Ontology
Cellular Compartment (GOCC) annotation was 53.6% of total
protein mass for skeletal muscle. The ranked distribution of all
individual proteins revealed a much steeper decline of abun-
dances for the tissue compared with the cell line (Fig. 2B). In
skeletal muscle, the lower half of the proteome accounts for a
negligible fraction of its total mass (<0.1%). Our data also
allows us to determine the amino acid make up of mouse
muscle proteome as the weighted contribution from all iden-
tified protein sequences. For instance, branched chain amino
acids, which are important in protein synthesis, constitute
20.5% of all amino acids weighted by protein abundance,
which is similar to values in other mouse tissues (supplemen-
tal Fig. S3).

Although almost all proteins identified in muscle were also
identified in C2C12 myotubes, these two model systems
turned out to be quite different on a quantitative level. For
instance, the top 10 proteins contribute fivefold less to total
proteome mass than they did in muscle tissue (Fig. 2A, 2B).

Our data provides very high confidence identification as
well as estimates of the abundance for thousands of skeletal
muscle proteins. To make this data conveniently available to
the community, it has been deposited in the MaxQB database
(http://maxgb.biochem.mpg.de/mxdb) (32). MaxQB has a
user-friendly interface that allows querying any protein or
gene of interest for the MS-data acquired in the proteomics
experiments and it is linked to additional details such as
description of protein, chromosome location, ensemble ID,
links to other databases such as Uniprot, or Protein Atlas (Fig.
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2C). Apart from estimated expression levels within or between
proteomes, one can also gather further information such as
sequence coverage or post-translational modifications. Such
knowledge of the expression pattern of a protein of interest
under different circumstances may be helpful in prediction
and interpretation of certain phenotypes of skeletal muscle
under normal or diseases conditions. Furthermore, expres-
sion levels can be compared with those in other data sets
including a set of human cell line proteomes as well as an
initial atlas of mouse tissue proteomes (18, 31).

Functional Differences between C2C12 Mpyotubes and
Adult Skeletal Muscle—To gain insights into biological differ-
ences between the cell line and tissue systems, we analyzed
the label-free quantification values of close to 10,000 pro-
teins. Examination of the complete data set by two sample t
test extracted 4,310 proteins (44% of total identified) that are
significantly different between skeletal muscle and C2C12
myotubes (FDR 0.05, supplemental Table S4). As depicted in

Fig. 3A, the majority of them were of high abundance,
presumably at least in part because it is more difficult to reach
statistical significance for the low expressed proteins. The
statistical test will tend to more easily identify statistically
significant differences in proteins abundant in one or the other
systems. Low abundance proteins can be expressed differ-
ently without passing the significance threshold of our test.
Note also that we do not claim that proteins that we do not
detect are not present, even when we use “match between
runs.” Fig. 3B shows the heat map of significantly different
proteins, with Cluster 1 representing 3,308 proteins, which
were significantly down-regulated and Cluster 2 representing
1,002 proteins, which were significantly up-regulated in skel-
etal muscle (Fig. 3C). Fischer’s exact test for the enrichment
of Gene Ontology (GO) protein annotations in the set of sig-
nificantly changing proteins returned many significantly
changing protein categories (FDR 0.05; Fig. 3C). As expected,
glycolysis, tricarboxylic acid (TCA) cycle, mitochondrion, con-
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muscle and C2C12 myotubes (gray) and proteins that are significantly changing between the skeletal muscle and C2C12 myotubes (blue). B,
Hierarchical clustering of significantly changing proteins. Cluster 1 (3,308 proteins) represents significantly down-regulated and Cluster 2 (1,002
proteins) significantly up-regulated proteins in skeletal muscle. Annotation categories below the respective clusters are representative
examples from significantly enriched categories.
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Calculation of significance is detailed under “Experimental Procedures.”

(blue), and GOBP (red).

tractile proteins, respiratory chain, and calcium signaling were
significantly enriched in skeletal muscle (Cluster 2). In fact,
members of GOCC category “mitochondrial part” were the
most significantly up-regulated proteins in skeletal muscle
(p < 10772 and collectively this category was expressed
about twofold higher in muscle. Conversely, cell lines lacked
the transverse tubular system (GOCC category “t-tubules”;
p < 107°). Tables of all significantly enriched protein annota-
tions for Cluster 1 and Cluster 2 are presented in supplemen-
tal Table S5.

Comparative analysis of two closely related systems high-
lights their significant differences but not their commonalities.
Therefore, we next employed 2D annotation enrichment, which
calculates enrichments in each of the systems compared with a
background proteome, in this case the mouse proteome (29),
and thereby reveals protein categories with significant regula-
tion in the combined space of skeletal muscle and C2C12
myotubes proteome (Fig. 4). Together the differential protein
quantification, the cluster analysis, and the 2D analysis allow us
to probe functional differences between two different biological
systems as reflected in their proteomes.

Proteins associated with GO categories like “intermediate
filament bundle assembly,” “sarcomere organization,” and
“z-disc, myosin filament” were overrepresented in the skeletal
muscle tissues compared with the cell line. This was also

The annotations analyzed were: KEGG (purple), GOMF (green), GOCC

evident by the percentage contribution of individual sarcom-
eric proteins to the total proteome (supplemental Fig. S4A).
Individual proteins such as titin and myosin were as much as
eight times higher in the skeletal muscle tissue whereas
SERCA (sarco/endoplasmic reticulum calcium-ATPase), which
regulates the calcium homeostasis and muscle contraction,
was 10 times higher in the skeletal muscle tissues. Despite
these differences, some features are preserved between
these systems (diagonal line in Fig. 4). For instance, compo-
nents of stable protein complexes such as 20S proteasome,
large ribosomal subunits, chaperones, protein folding com-
plexes, and proteasome complex maintain similar protein ex-
pression in both systems (supplemental Table S6). Proteins of
the contractile machinery were of different abundance be-
tween the systems; however, the protein abundance ratios
were often preserved. For instance, expression ratios be-
tween tropomyosin and troponin, which are crucial in the
regulation of muscle contraction via calcium binding, were
similar between the skeletal muscle tissues and C2C12 (about
1:1.3 in both).

Over-representation of proteins associated with the mini
chromosome maintenance (MCM) complex, the integrator
complex, the mediator complex, DNA-dependent replication
initiation, RNA metabolic processes, and DNA replication in
C2C12 myotubes compared with muscle, suggest the pres-

Molecular & Cellular Proteomics 14.4

847


http://www.mcponline.org/cgi/content/full/M114.044222/DC1
http://www.mcponline.org/cgi/content/full/M114.044222/DC1
http://www.mcponline.org/cgi/content/full/M114.044222/DC1
http://www.mcponline.org/cgi/content/full/M114.044222/DC1

Deep Skeletal Muscle Proteome

ence of a small population of dividing cells in myotubes.
Mature skeletal muscle tissue is post-mitotic meaning that
myofibers are incapable of further cell division. Muscle cells
(myoblasts) differentiated into myotubes are thought to be
postmitotic. However, our analysis revealed that even after an
8 day differentiation protocol, C2C12 cells still contain some
dividing myoblasts as evidenced by expression of proteins
regulating cell division and DNA replication. Our proteomics
data also provides a percentage of protein mass attributed to
major GO categories in the skeletal muscle tissues and
C2C12 myotubes on a global basis (supplemental Fig. S4B-
S4C). Proteins associated with various metabolic processes
accounts for >30% of the total proteome, indicating the
central role of metabolism in skeletal muscles and, by exten-
sion, in the whole body. Our analysis also indicates that
diverse molecular functions like apoptosis, phosphorylation,
proteolysis, translation, endocytosis, and RNA splicing are
more pronounced in C2C12 myotubes, highlighting less ob-
vious processes that are rearranged in the cultured muscle
cells in contrast to the muscle tissues.

Our analysis also directly reveals the cellular heterogeneity
of tissue compared with the cell line. Total protein extract
from the skeletal muscle tissues also contain components
derived from nerves, capillaries, and other cell types. Their
presence was evident from over-represented KEGG catego-
ries like “complement and coagulation cascade” (p < 1079),
high expression of proteins like myelin basic protein, and
cholinesterase (supplemental Table S4). Over-representation
of the proteins categories from the heterogeneous tissue like
fibrinogen complex, complements activation, very low density
lipoprotein (VLDL) particles, and regulation of coagulation in
skeletal muscle was also evident in the 2D annotation distri-
bution. For example, compared with C2C12 myotubes, pro-
teins from coagulation cascade such as fibrinogen and «-2-
antiplasmin were several fold higher in skeletal muscles,
indicating the presence of a minor contribution from blood
cells in skeletal muscles (supplemental Table S1). The abun-
dances of these proteins can be used to estimate the extent
of these other cell types in muscle lysate. These results sug-
gest that proteomic studies of skeletal muscles should ac-
count for the protein contribution of motor neurons and blood
capillaries, the extent of which can easily be gauged by the
above analyses.

Glucose Uptake, Insulin, and AMP-activated Protein Kinase
(AMPK) Signaling— Skeletal muscle is the major site for glu-
cose disposal. In skeletal muscle, insulin and muscle contrac-
tion stimulate translocation of glucose transporter (GLUT4)
from the cytoplasm to the plasma membrane by distinct sig-
naling pathways (33, 34). AMP-activated protein kinase
(AMPK) is a key player in contraction or exercise-mediated
glucose uptake in skeletal muscle (35, 36). Our deep pro-
teome analysis of skeletal muscle enabled us to determine the
absolute abundance of glucose transport associated compo-
nents of insulin and AMPK signaling (Fig. 5). We found dra-

matically higher levels of GLUT4 than GLUT1 (about 34-fold)
underlining the importance of insulin and exercise-like stimuli
in the regulated versus basal glucose uptake (Fig. 5B). In
contrast, in the C2C12 myotubes, GLUT1 was more highly
expressed than GLUT4, which suggests that these cells take
up relatively more glucose under nonstimulated conditions
(via GLUT1) and that their response to insulin and AMPK
mediated glucose uptake (via GLUT4) is compromised.

TBC1D1 and TBC1D4 regulate GLUT4 trafficking via acti-
vating Rab proteins. In skeletal muscle expression of TBC1D1
was higher than that of TBC1D4 (Fig. 5C), as has already been
reported for a similar muscle type (EDL) consistent with pre-
vious studies (37). Out of the 52 identified Rab proteins in our
data set, Rab 4a, 4b, 5a, 5b, 5c, 8a, 8b, 10, 11a, 11b, 13, 14,
and 31are linked to GLUT4 trafficking (38) (Fig. 5D). Rab5c
and Rab14 were the most abundant Rabs in C2C12 myotubes
whereas Rab10 and Rabi1a were the most abundant in
skeletal muscle. Protein 14-3-3 isoforms are also involved
in regulation of insulin and AMPK mediated glucose uptake
in skeletal muscle (38). Compared with expression levels in
the skeletal muscle tissues, all isoforms of protein 14-3-3
were highly expressed in C2C12 myotubes (Fig. 5E). Rela-
tive expression between individual isoforms, however, was
similar for both systems; for example, isoform ¢ and /6 are
the most abundant and n and vy are the least abundant in
both systems.

AMPK exists as a heterotrimeric complex comprising cat-
alytic «, and regulatory B and vy subunits. Each « and B
subunit are encoded by distinctive genes (a1, a2 and 1, 2),
whereas the y subunit is encoded by three genes (y1, y2, and
v3), giving the possibility to form 12 different heterotrimers
(39). Based on absolute abundances of «, 3, and vy isoforms,
our data indicates that the complexes containing «2B82y1 are
predominant in triceps muscle (Fig. 5F), in line with previous
findings in the EDL muscle (40). Remarkably, this MS-based
quantification was possible even though the AMPK subunits
are relatively low abundance, for instance, we estimate the 31
subunit to be about 70,000-fold less than titin and it ranks in
the bottom quarter of the proteome. Among the upstream
kinases of AMPK, protein serine threonine kinase 11 (Stk11)
appears to be more abundant compared with calcium/cal-
modulin-dependent protein kinase kinase (CaMKK1), which
was identified but did not pass our filter for quantification
(supplemental Table S7; Fig. 5F). CaMKK2, another upstream
kinase for AMPK was detected in C2C12 cells but not in
skeletal muscle, confirming an earlier observation (41).

The absolute abundance of members of the insulin signal-
ing pathways of special interest because of its importance in
diabetes and in particular because multiple isoforms of target
proteins in insulin signaling drive different metabolic and gene
regulatory effects in skeletal muscle (42). Globally all compo-
nents of the core insulin signaling pathways were highly rep-
resented in C2C12 myotubes compared with the skeletal
muscle, with the notable exception of protein kinase C 6 (Fig.
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5@G). This negative regulator of insulin signaling (43) was iden-  (Fig. 5G). Despite this, in both systems, insulin receptor sub-
tified with 17 unique peptides in skeletal muscle and we strate 1 (IRS1) and Akt2, the protein isoforms that primarily
estimate its abundance to be >40 higher than in C2C12 cells  drive glucose uptake are much more abundant compared
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with other isoforms (Fig. 5G). We performed Western blots of
selected proteins involved in glucose metabolism. As ex-
pected, this followed the same pattern as our MS analysis
(supplemental Fig. S5). Together, our results suggest partial
conservation of regulatory metabolism for glucose uptake
processes between C2C12 myotubes and skeletal muscle.
The abundances of members of insulin and AMPK signaling is
provided in supplemental Table S7.

A Proteomic View of Skeletal Muscle Metabolism— Glucose
and lipids are the major sources of energy in skeletal muscles.
Their energy demand is mainly fulfilled by phosphocreatine
and ATP produced during glucose and fat oxidation (glycol-
ysis, Krebs cycle, and oxidative phosphorylation). Here we
sought to generate a global, systems level map of the proteins
involved in glucose and lipid metabolic pathways in skeletal
muscle (Fig. 6). Metabolic enzymes were generally very well
covered in our MS data. Taking advantage of this fact, we
required at least four unique peptides in our analysis of this
class of proteins. We first focused on the glucose (GLUT) and
fatty acid transporters (FATs), that function in the uptake of
glucose and lipids. As expected we quantified GLUT1 and
GLUT4, whereas GLUT3 and the liver and blood cell specific
GLUT2 were absent in both systems. A wide range of FATs
were quantified in both systems—Cluster of differentiation 36
(CD36), Fatty acid binding protein (FABP) 3,4,5, and long
chain fatty acid transporter protein 1 and 2. Interestingly,
although adipose tissues are the primary storage sites for
fatty acids, we found that the combined absolute abundances
of FATs were dramatically higher than that of the GLUTSs in
both skeletal muscle tissues and C2C12 myotubes (Fig. 6B).

Skeletal muscles are the major site of glycogen storage in
the body and is readily mobilized during contraction and we
were interested in the ratios of the three key enzymes regu-
lating glycogen synthesis (Glycogen synthase (Gys)), glyco-
gen breakdown (Glycogen phosphorylase (Pyg)), and inhibit-
ing glycogen synthase activity (Glycogen synthase kinase 3
(GSK3)). In skeletal muscle, the Pyg to Gys ratio was 1:13,
whereas Gys to GSKS3 ratio was 1:17 (Fig. 6C). This shows
that quantitation of enzymatic levels is readily feasible and
could be applied in glycogen turnover studies of resting,
exercised, or diabetic muscles. We further quantified the en-
zymes regulating glycolysis, the Krebs cycle OXPHOS, and
pentose phosphate pathways, providing a total proteome
overview of muscle function (Fig. 6D). In skeletal muscle,
contractile proteins accounted for 53% of total proteome
mass. Of the remaining 47%, core metabolic pathways con-
tribute ~10%, underlining their importance to skeletal muscle
function. Total abundances of enzymes involved in glycolytic
pathways alone accounted for more than 5% of the muscle
proteome. Interestingly, the pentose phosphate pathway
(PPP) was strikingly different between C2C12 myotubes and
skeletal muscle. The enzymes of oxidative and nonoxidative
phase of PPP were 10 and 2.5 times more abundant in C2C12
myotubes, respectively.

DISCUSSION

Recent advances in MS-based proteomics now allow rapid
quantification of complete proteome in simple organisms like
yeast (44) and near exhaustive proteomes of mammalian cells
(15-17). Nevertheless, comprehensive proteomics of complex
samples such as tissues in general and skeletal muscle in
particular is challenging (18) (reviewed in (14)). This is because
the highly abundant sarcomeric proteins including the various
isoforms of myosins, troponins, tropomyosins, and associ-
ated proteins dramatically increases the dynamic range of the
expressed proteome, which extends down to low-abundant
proteins such as transcription factors.

In the present study transfer of the identifications from
C2C12 myotubes to skeletal muscle also increased protein
identification in skeletal muscle by about 30%. Using this
method, we identified and quantified many transcriptional
regulators that were barely detectable in previous skeletal
muscle proteomics studies. Together, we identified over
10,000 proteins in mouse skeletal muscle and C2C12 myo-
tubes, which included skeletal muscle specific transcription
factors like myod1 and myogenin and very low abundant
circadian clock proteins. Our data represents by far the larg-
est accurately quantified proteome for either skeletal muscle
or skeletal muscle cells from any species.

The mouse-derived C2C12 muscle cell line is commonly
used as a model system for investigating skeletal muscle.
C2C12 myobilasts are differentiated to the myotubes to adjust
them more “skeletal muscle like.” Clearly C2C12 myotubes,
being an in vitro system, have a number of limitations as a
biological system. Although this is generally acknowledged in
the field, our proteomic analysis now allows us to pinpoint
these differences in an objective way. It should also be noted
that C2C12 cell cultures do not contain satellite cells equiva-
lent to adult mouse skeletal muscle tissues. Moreover, the
degree and quality of differentiation can vary.

Despite these limitations, we found that at least 8000 proteins
were commonly expressed between mouse skeletal muscle
and C2C12 myotubes, suggesting similarity of C2C12 cells
with mouse skeletal muscle. Quantitative expression profiles
showed that 44% of proteome is significantly changing be-
tween skeletal muscle and C2C12 cells. The overall picture that
emerges from our proteomic and bioinformatic investigation is
that C2C12 myotubes do not possess many of the specialized
features of skeletal muscle in vivo. Although this might have
been expected, functional differences between these models
have never been quantified in a global and unbiased way. Our
data set now allows biologists to consider advantages and
disadvantages of these systems while performing specific bio-
logical assays. This may help to manipulate the muscle cells to
better reflect the in vivo situation. It also highlights areas in
which findings from muscle cell lines can be most readily ex-
trapolated to adult muscle tissue.
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In our data set, we accurately quantified every single known
member of the insulin and AMPK signaling pathways that are
linked to glucose uptake in skeletal muscle (33, 38), which
revealed interesting similarities and differences between skel-
etal muscle and C2C12 myotubes. For instance, given that the
absolute abundance of GLUT1 was 60 times higher in C2C12
compared with skeletal muscle, these cells likely take up
glucose largely independent of stimulation. This may explain
the difficulties in studying GLUT4 mediated glucose uptake
upon insulin and AMPK activation in C2C12 myotubes.

The complexity of glucose regulatory signaling is high-
lighted by the existence of multiple isoforms of target proteins
that we found. In human skeletal muscle, based on the inten-
sity of exercise, certain types of AMPK heterotrimers are
activated, which potentially dictate muscle preference for ei-
ther glucose or lipids (45, 46). In our data set, heterotrimers
containing a2 AMPK subunits were predominantly present in
skeletal muscle whereas C2C12 myotubes predominantly ex-
press a1l containing AMPK heterotrimers. These differences
might produce a differential effect of AMPK activators in skel-
etal muscle and C2C12 myotubes. Conversely, our data
shows conserved expression patterns of isoform regulating
glucose metabolism (IRS1-Akt2) C2C12 myotubes and skel-
etal muscle, suggesting that C2C12 myotubes can serve as a
model system to study glucose metabolism in muscle tissues.

The glycolysis, TCA, and OXPHOS pathways help to main-
tain steady-state of ATP synthesis flux which is critical for
sustained muscle performance (47). Comparative analysis of
C2C12 myotubes and skeletal muscle showed very distinct
profiles related to glucose utilization and the abundances data
of these proteins should be useful in interpreting differential
responses to glucose uptake or glycogen synthesis assays in
these systems. Although glycolytic enzyme were more than
twofold up-regulated in skeletal muscle, enzyme of oxidative
PPP were 10-fold higher in C2C12 myotubes. This indicates
that C2C12 myotubes use considerable amounts of glucose
to produce NADPH and ribose sugars potentially for reductive
biosynthesis reaction and nucleic acid synthesis.

Clearly, MS-based quantitation can accurately provide a
relationship between individual signaling components and
muscle pathology or pathophysiology, for instance in type 2
diabetic muscle (5) and exercise training modulated AMPK
signaling (33). This approach can be particularly useful in the
context of complex conditions involving skeletal muscle dys-
function, such as type 2 diabetes and the metabolic syndrome
and training-induced adaptations in muscle, where many met-
abolic processes are altered simultaneously.

Data Availability—The mass spectrometry proteomics data
have been deposited at the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE
partner repository with the dataset identifier PXD000288. The
data is also accessible and can be visualized in the MaxQB
database (http://maxgb.biochem.mpg.de/mxdb) (29) under
“deep muscle proteome.”
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