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ABSTRACT: Studying (neuro)muscular disorders is a major topic in
biomedicine with a demand for suitable model systems. Continuous cell
culture (in vitro) systems have several technical advantages over in vivo
systems and became widely used tools for discovering physiological/
pathophysiological mechanisms in muscle. In particular, myoblast cell lines
are suitable model systems to study complex biochemical adaptations
occurring in skeletal muscle and cellular responses to altered genetic/
environmental conditions. Whereas most in vitro studies use extensively
characterized murine C2C12 cells, a comprehensive description of an equivalent
human cell line, not genetically manipulated for immortalization, is lacking.
Therefore, we characterized human immortal myoblastic RCMH cells using
scanning (SEM) and transmission electron microscopy (TEM) and
proteomics. Among more than 6200 identified proteins we confirm the
known expression of proteins important for muscle function. Comparing the
RCMH proteome with two well-defined nonskeletal muscle cells lines (HeLa,
U2OS) revealed a considerable enrichment of proteins important for muscle
function. SEM/TEM confirmed the presence of agglomerates of cytoskeletal
components/intermediate filaments and a prominent rough ER. In conclusion,
our results indicate RMCH as a suitable in vitro model for investigating muscle
function-related processes such as mechanical stress burden and mechano-
transduction, EC coupling, cytoskeleton, muscle cell metabolism and
development, and (ER-associated) myopathic disorders.
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■ INTRODUCTION

Functional, biochemical, and morphological studies using
continuous cell culture (in vitro) have a number of advantages
over in vivo studies. In general, in vitro systems are easier to
handle, and therefore technical but even more important
biological variability is considerably reduced, improving
reproducibility while allowing us to conduct experiments
under well-defined conditions without limitations of sample

material.1 Therefore, in vitro studies have become common and
useful tools either for studying physiological and pathophysio-
logical mechanisms or for proof-of-principle examinations
evaluating a potential use in myogenic stem-cell-based therapy.2

Undifferentiated myoblast cell lines serve as model systems for
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investigating the complex biochemical adaptations occurring in
skeletal muscle under different conditions.3−7 Moreover,
cellular responses to altered genetic or environmental
conditions can be studied to obtain deeper insights into the
pathophysiology of myopathic disorders.8,9 Human inherited
and acquired myopathies are in the focus of current research. A
wide range of respective in vitro studies were performed using
C2C12 cells, a well-defined and extensively characterized murine
myoblastic cell line.3−7,10 Apart from that, a growing number of
human immortalized myoblast cell lines, generated by human
telomerase reverse transcriptase overexpression (hTERT
immortalization), were studied and characterized also using
proteomics;11−14 however, a comprehensive description for an
equivalent cell line of human origin, immortalized without
genetic manipulation, is lacking. In this context, knowledge of
the underlying cellular characteristics on both the morpho-
logical and the biochemical level is decisive for well-planned
hypothesis-driven studies. To fill this gap of knowledge, we
characterized the human myoblastic cell line RCMH.15,16 The
human spontaneously immortalized adherent RCMH myo-
blastic cell line was established by Caviedes and Freeman in
1992.15 (For further information and use of this cell line, please
contact Dr. Pablo Caviedes, pcaviede@med.uchile.cl.) Since
then, expression of the cytoskeletal proteins α-actinin, α-
sarcomeric actin, myosin, titin, vimentin, desmin, the muscle
specific myoglobin, creatine kinase, and dystrophin as well as
presence of receptors for α-bungarotoxin, dihydropyridine,
ryanodine, and an active IP3 metabolism have been
reported.15−18

Here we combined proteome profiling to investigate the
molecular composition of RCMH cells19 with scanning (SEM)
and transmission electron microscopy (TEM) focusing on
morphological characteristics. We identified 6236 unique
proteins spanning approximately 5 orders of magnitude in
protein abundance. Electron microscopic (EM) studies
revealed the presence of microvilli on the cell surface as well
as prominent endoplasmic reticulum (ER) networks. This
study expands our knowledge on human RCMH myoblast
morphology and protein composition and confirms that this
cell line is a suitable in vitro system to study muscle physiology
and pathology, especially with regard to ER-related processes
and other cellular mechanisms altered in myopathy.

■ EXPERIMENTAL PROCEDURES

Culturing of RCMH Cells

After defrosting RCMH cells were cultured in Dulbecco’s
modified Eagle’s medium F-12-Ham containing 0.1% sodium
bicarbonate (Sigma-Aldrich, Taufkirchen, Germany) and 12.5%
fetal calf serum (Biowest) at 37 °C in a 5% CO2 atmosphere to
a confluence of ∼70% before being subjected to morphological
and proteomic studies.
Sample Processing for Electron Microscopic Studies

For transmission electron microscopic studies, RCMH cells
grown in culture dishes were gently scraped, centrifuged at
500g, and washed with 1× PBS (room temperature).
Subsequently, cells were fixed with 2.5% glutaraldehyde in 0.1
M phosphate buffer for 12 h. Pellets were further processed and
samples were analyzed as previously reported.20 For scanning
electron microscopic studies, RCMH cells were fixed in 3.0%
glutaraldehyde in 0.1 M phosphate buffer for at least 4 h at
room temperature, rinsed with sodium phosphate buffer (0.1
M, pH 7.39, Merck, Darmstadt, Germany), and dehydrated by

incubating consecutively in ascending ethanol series (30, 50, 70,
and 90%) with a final incubation in 100% ethanol for 10 min.
The latter was repeated three times. Cells were incubated for 20
min in hexamethyldisilaxane (Sigma-Aldrich, Steinheim,
Germany) and air-dried. After fixation on a section table,
samples were sputter-coated (Leica EMS CD 500) with a 10
nm gold layer. Samples were analyzed using an environmental
scanning electron microscope (ESEM XL 30 FEG, FEI,
Eindhoven, The Netherlands) in a high vacuum environment
using an acceleration voltage of 10 kV.

Sample Preparation for Proteomics Analysis

Cell Lysis and Protein Extraction. Approximately 2 mg of
cells was lysed using 0.5 mL of 50 mM Tris-HCl (pH 7.8)
buffer containing 150 mM NaCl, 1% sodium dodecyl sulfate
(SDS), and complete mini-EDTA free. Subsequently, 6 μL of
benzonase (25 U/μL) and 2 mM MgCl2 were added to the
lysate and incubated at 37 °C for 30 min. The cell lysate was
clarified by centrifugation at 20 000 rcf and 4 °C for 30 min. To
the supernatant, ice cold ethanol was added in 10-fold excess
and stored at −40 °C for 1 h followed by centrifugation as
above. The pellet was washed with 200 μL of ice cold acetone
and was allowed to dry under laminar flow hood.

Protein Digestion and Reversed-Phase (RP) Peptide
Fractionation at pH 6.0. The protein pellet was resolubilized
with 0.3 mL of 6 M GuHCL/50 mM NH4HCO3 buffer (pH
7.8), and protein concentration was determined by BCA assay
according to the manufacturer’s instructions (Pierce BCA
Protein Assay Kit, Thermo Scientific). Cysteines were reduced
with 10 mM dithiothreitol (DTT) at 56 °C for 30 min, and the
free thiols were carbamidomethylated with 30 mM iodoaceta-
mide (IAA) at RT for 30 min in the dark. Sample cleaning and
enzymatic proteolysis were carried out based on the filter-aided
sample preparation (FASP) protocol.21,22 An aliquot corre-
sponding to 100 μg of protein was diluted 2-fold with 50 mM
ammonium bicarbonate (NH4HCO3) buffer (pH 7.8) and
loaded on a 30 kDa molecular weight cutoff (MWCO)
membrane filer (Microcon), which was centrifuged at 13 900
rcf for 30 min. The filter was washed thrice with 100 μL of 50
mM NH4HCO3 buffer (pH 7.8) by centrifugation at 13 900 rcf
for 15 min each. Finally, 100 μL of digestion buffer comprising
2.5 μg of trypsin (Promega), in 0.2 M GuHCl, 2 mM CaCl2,
and 50 mM NH4HCO3 buffer (pH 7.8), was added and
incubated overnight at 37 °C. The generated tryptic peptides
were recovered by centrifugation with 50 μL of 50 mM
NH4HCO3, followed by 50 μL of ultrapure water. Finally, the
peptides were acidified to pH ∼3 using 10% TFA (v/v).
Proteolytic digests were quality-controlled, as previously
described.23 Acidified peptides were desalted with C18 solid-
phase extraction cartridges (SPEC, 4 mg, Varian) according to
the manufacturer’s instructions, and the eluted peptides were
dried under vacuum. The dried peptide pellet was resuspended
in buffer A (10 mM ammonium acetate, pH 6.0), and an
aliquot equivalent to 25 μg was fractionated on an Ultimate
3000 LC system (Thermo Scientific) using reversed-phase
chromatography at pH 6.0. Peptides were separated on a 1 mm
× 150 mm C18 (ZORBAX 300SB) column with a 75 min LC
gradient ranging from 3 to 50% buffer B (84% ACN in 10 mM
ammonium acetate, pH 6.0) at a flow rate of 12.5 μL/min. In
total, 16 fractions were collected at 1 min intervals in
concatenated manner. Each fraction was dried under vacuum
and resuspended in 15 μL of 0.1% TFA for nano-LC−MS/MS
analysis.
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Nano-LC−MS/MS Analysis. All 16 fractions were analyzed
using an Ultimate 3000 nano RSLC system coupled to an

Orbitrap Elite mass spectrometer (both Thermo Scientific).
Peptides were preconcentrated on a 75 μm × 2 cm C18

Figure 1. Comparison of proteomic data from RCMH, HeLa, and U2OS cells. All three data sets were searched and processed in the same way, and
NSAF (normalized spectral abundance factor) values for 6244 (RCMH), 6304 (HeLa), and 7158 (U2OS) proteins were determined as a measure of
normalized protein abundance in the respective cell type. For selected GO terms the following parameters were determined: (i) the number of
proteins corresponding to this GO term, represented by size of the bubbles, and (ii) the sum of the individual NSAF values of these proteins,
represented as the share of the complete proteome on the Y axis. This value reflects the relative expression of the particular GO term; for example,
∼6.6% of the protein molecules detected in RCMH are related to the GO term “striated muscle”, compared with 4.3% for HeLa and 4.5% for U2OS
(see also Table 1). (iii) The average NSAF per protein of the respective GO term, reflecting the relative expression per protein. Processes important
for studying muscle cell function (neuromuscular process, muscle cell development, striated muscle) are overrepresented in the RCMH cells, as
compared with U2OS and HeLa.
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trapping column for 10 min using 0.1% TFA (v/v) with a flow
rate of 20 μL/min, followed by separation on a 75 μm × 50 cm
C18 main column (both Pepmap, Thermo Scientific) with a
128 min LC gradient ranging from 3 to 42% B (84% ACN in
0.1% FA) at a flow rate of 250 nL/min. MS survey scans were
acquired in the Orbitrap from 300 to 1500 m/z at a resolution
of 60 000 using the polysiloxane ion at 371.101236 m/z as lock
mass.24 The 15 most intense ions were subjected to collision-
induced dissociation (CID) in the ion trap, taking into account
a dynamic exclusion of 30 s. CID spectra were acquired with a
normalized collision energy of 35% and an activation time of 10
ms. AGC target values were set to 106 for Orbitrap MS and 104

for ion trap MSn scans, and maximum injection times were set
to 100 ms for both full MS and MSn scans.
MS Data Analysis. MS raw data were converted into peak

lists (mgf files) using the ProteoWizard software (version
2.2.2954)25 and were searched against a concatenated target/
decoy version of the human Uniprot database (downloaded on
11th of December 2013, containing 20 273 target sequences)
using Mascot 2.4 (Matrix Science), MS-GF+,26,27 and X!
Tandem Jackhammer (2013.06.15) with the help of searchGUI
1.18.4.28 Trypsin with a maximum of two missed cleavages was
selected as enzyme. Carbamidomethylation of Cys was set as
fixed, and oxidation of Met was selected as variable
modification. MS and MS/MS tolerances were set to 10 ppm
and 0.5 Da, respectively. The results of the different search
algorithms were imported into the PeptideShaker software
0.29.129 for thresholding the data using a false discovery rate
(FDR) of 1% on the PSM, peptide, and protein level. The
quality-controlled data was exported, and only proteins that
were identified with ≥1 validated peptide were considered for
data analysis. NSAF (normalized spectral abundance factor)30

values were calculated, and additional information like
subcellular location and disease, was retrieved from the Uniprot
Web site (http://www.uniprot.org/) to roughly estimate the
abundance of the identified proteins.
The mass spectrometry proteomics data have been deposited

to the ProteomeXchange Consortium31 via the PRIDE partner
repository with the data set identifier PXD001974 and
10.6019/PXD001974.

■ RESULTS

The comprehensive characterization of a cell line is a
mandatory step to classify its suitability for (i) studying
physiological processes, (ii) discovering pathological processes,
and (iii) developing novel cell-based therapies for human
genetic diseases, including muscular disorders.9,32 Mass-
spectrometry-based proteome profiling provides unique and
broad insights into protein composition and allows a general
understanding of biological systems.19,33 Here we analyzed the
morphological characteristics and the proteome of the human
immortal RCMH myoblastic cell line. We identified 6244
proteins (Supplemental Table 1) with a false discovery rate
(FDR) of ≤1% on the peptide spectrum match, peptide, and
protein level. Determined NSAF values, which correlate to the
relative expression of a protein within the respective cell line,
cover a range of more than four orders of magnitude between
the most abundant protein actin (ACTG1) and the ryanodine
receptor 3 (RYR3). According to Uniprot KB and considering
multiple subcellular localizations, 2132 proteins are localized in
the cytoplasm (398 cytoskeletal), 1957 in the nucleus, 500 in
mitochondria, 355 in the ER, 264 in the Golgi and 69 in
lysosomes, whereas 169 proteins are secreted. To classify the
composition of the RCMH proteome, we analyzed all 6236
identified proteins for an enrichment of GO (gene ontology)
terms compared with the human proteome. Indeed, this
analysis did not show major differences between RCMH and
other cell types. We hypothesize that this might be a
consequence of the undifferentiated stage of the RCMH cell
line in the culture conditions utilized, which favor proliferation
rather than fusion and myotube formation in vitro34 or the
general way of GO term analysis, which merely takes into
account proteins, rather than their expression levels. Con-
sequently, as long as similar numbers of proteins for a given
GO term are detected in two different cell types, they produce
similar results, even if the respective proteins are considerably
higher expressed in one of the two cell types. Therefore, we
decided to look for a subset of GO terms that with respect to
the origin of these cells play a role in muscle function or are
involved in myopathic disorders. For the corresponding
proteins we determined their relative abundances by consider-
ing their NSAF values as a measure of protein expression.
Additionally, the individual abundance of each protein was

Figure 2. Morphological surface studies of RCMH cells using SEM: (A−C) Spread elongated cells (diameter: ∼10 μm) forming a network. Studies
indicate numerous cytoplasmic extensions on the surface of these cells (D−F).
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compared with the abundance of GAPDH, a well-known
house-keeping protein. Next, we compared the obtained values
with two other cell types with well-characterized proteomes,
namely, HeLa and U2OS cells, to identify an up/down-
regulation of certain pathways and biological functions in
RCMH cells. Comprehensive raw data of hTERT immortalized
myoblastic cells derived from healthy donors were not available
for our comparison. We researched the raw data from Guo et al.
(HeLa)35 and Beck et al. (U2OS)36 using the same software
and settings as applied to our own RCMH data. This led to the
identification of 6304 (89 groups) HeLa and 7158 (84 groups)
U2OS proteins (with at least 1 validated peptide) compared
with the 6244 (111 groups) proteins in RCMH. Next, for the
following GO terms we extracted NSAF values of the
corresponding proteins in each sample: cytoskeleton
(GO:0005856), proteasome complex (GO:0000502), striated
muscle (combination of adaptation (GO:0014888), atrophy
(GO:0014891), cell development (GO:0055002), nuclear part
(GO:0044428), plasma membrane (GO:0005886), mitochond-
rion (GO:0005739), regulation of response to stress
(GO:0080134), muscle cell development (GO:0055001),
metabolic process (GO:0008152), endoplasmic reticulum
(GO:0005783), Golgi apparatus (GO:0005794), neuromuscu-
lar process (GO:0050905), and autophagy (GO:0006914). For
each GO term and sample we (i) determined the number of
corresponding proteins and (ii) calculated the sum of the
individual protein NSAF values. This represents the relative
expression of that GO term within the respective proteome.
Moreover, (iii) we calculated the average NSAF value per
protein (NSAF sum divided by the number of proteins), which
reflects the relative expression per protein of that GO term.
These values are presented in Figure 1 as a representative

comparison of the different proteomes. Thus, differences in the
expression patterns of RCMH, HeLa, and U2OS become
apparent: For instance, proteins corresponding to striated
muscle are clearly more abundant in RCMH than in U2OS and
HeLa. The same holds true for proteins involved in muscle cell
development.
Morphological studies of RCMH cells grown for 24 h were

performed using transmission (TEM) and scanning (SEM)
electron microscopy. SEM studies revealed spread cells that
exhibit cytoplasmic extensions (see Figure 2). TEM studies
confirmed the presence of cytoplasmic extensions and more-
over revealed large nuclei (relative to cytoplasm) and a
prominent ribosome dense sarcoendoplasmic reticulum as well
as accumulations of cytoskeletal components/intermediate
filaments (see Figure 3).

■ DISCUSSION

RCMH Proteome Composition Allows Investigation of
Cytoskeleton and Mechanical Stress Burden

Skeletal muscle consists of tightly bundled cylindrical multi-
nucleated cells, each packed with myofibrils, which form the
bulk of muscle mass. They are composed of ordered tandem
arrays of sarcomeres, the core structural unit of dynamically
interacting chains of actin and myosin. Together, these
filaments account for nearly 40% of the total mass of the
human body and are responsible for muscle contraction.4 This,
in turn, reflects expectations in a suitable cell model for in vitro
muscle studies, in which several important cytoskeletal
components apart from actin and myosin are expressed, such
as desmin and titin. Notably, in RCMH cells desmin is among
the 100 most abundant proteins, whereas it could not be
detected in the two control cell lines. Moreover, our MS data

Figure 3. Morphological studies of RCMH cells using TEM: (A−C) Large (myo)nuclei (diameter: ∼5 μm) with peripheral condensed chromatin.
(D,E) Cytoplasmic extensions on the cell surface (length: ∼1 μm) indicated black arrows and (D,F) prominent (sarco)endoplasmic reticulum
indicated by white arrows. (G,H) Black arrows indicate accumulations of cytoskeletal components/intermediate filaments.
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indicate substantially higher levels of actin and myosin in
RCMH cells, compared with HeLa and U2OS (see
Supplemental Table 1). In general, proteins belonging to the
GO term cytoskeleton (GO:0005856) are more highly
expressed in RCMH, both on average and in sum (see Figure
1; Tables 1 and 2). We found a considerable number and
expression of cytoskeletal proteins, with a high abundance of
beta- and gamma-actin concomitant with expression of different
actin-related or processing proteins such as F-actin-capping
protein subunits α-1, α-2, β, Rho-associated protein kinase 1
and 2, cofilin-1 and 2, and calponin-2 and 3. Moreover,
expression of different myosin light and heavy chains as well as
12 different unconventional myosins, 3 tropomyosins, and a
myosin phosphatase Rho interacting protein (MPRIP), serving
in intracellular movements, could be demonstrated. Notably,
the expression levels of these unconventional myosins were
substantially higher than in HeLa (NSAF ∼ 5-fold higher) and

U2OS cells (NSAF ∼1.5-fold higher). The dynamic structure of
the cytoskeleton also contributes to cell stability during the
contraction cycle by anchoring myofibrils to subcellular
compartments via respective linker proteins. In this context,
we also identified expression of such linker proteins such as α-
and β-chain spectrins (expression levels higher than in HeLa
but similar to U2OS) together with calmodulin-regulated
spectrin-associated proteins 1 and 2 (likewise). Filamins
(connecting the plasma membrane to the cytoskeleton) and
respective assembly promoting proteins like α-, β-, and γ-
adducin (membrane-cytoskeleton-associated protein that pro-
motes the assembly of the spectrin-actin network; expression
considerably higher than in HeLa and similar to U2OS levels)
as well as dystrophin (DMD; connecting intracellular
cytoskeletal filaments and extracellular matrix; expression
substantially higher than in both HeLa and U2OS) were also
detected. These proteins are known to stabilize mechano-

Table 1. Quantitative GO Term Representation in RCMH, HeLa, and U2OS Cells Shows Differences in Cellular Compositiona

RCMH

GO term

relative
expression term
(sum NSAF)

no.
proteins

relative expression
per protein
(⌀ NSAF)

cytoskeleton
(GO:0005856)

26.2% 813 0.032%

proteasome complex
(GO:0000502)

2.0% 59 0.034%

striated muscle
(adaptation, atrophy,
cell development)

6.6% 134 0.049%

nuclear part
(GO:0044428)

27.8% 1464 0.019%

plasma membrane
(GO:0005886)

19.6% 1005 0.020%

mitochondrion
(GO:0005739)

11.9% 752 0.016%

regulation of response to
stress (GO:0080134)

5.2% 359 0.015%

muscle cell development
(GO:0055001)

4.4% 58 0.076%

metabolic process
(GO:0008152)

69.6% 3878 0.018%

endoplasmic reticulum
(GO:0005783)

7.1% 504 0.014%

Golgi apparatus
(GO:0005794)

6.3% 498 0.013%

neuromuscular process
(GO:0050905)

0.2% 19 0.008%

autophagy (GO:0006914) 0.3% 57 0.006%
HeLa

GO term

relative
expression term
(sum NSAF)

no.
proteins

relative expression
per protein
(⌀ NSAF)

cytoskeleton
(GO:0005856)

27.3% 819 0.033%

proteasome complex
(GO:0000502)

2.3% 60 0.039%

striated muscle
(adaptation, atrophy,
cell development)

4.3% 105 0.041%

nuclear part
(GO:0044428)

28.6% 1493 0.019%

plasma membrane
(GO:0005886)

19.0% 953 0.020%

mitochondrion
(GO:0005739)

15.5% 893 0.017%

regulation of response to
stress (GO:0080134)

5.1% 265 0.019%

HeLa

GO term

relative
expression term
(sum NSAF)

no.
proteins

relative expression
per protein
(⌀ NSAF)

muscle cell development
(GO:0055001)

2.3% 48 0.047%

metabolic process
(GO:0008152)

76.1% 3896 0.020%

endoplasmic reticulum
(GO:0005783)

7.3% 514 0.014%

Golgi apparatus
(GO:0005794)

5.9% 487 0.012%

neuromuscular process
(GO:0050905)

0.1% 23 0.005%

autophagy (GO:0006914) 0.4% 58 0.006%
U2OS

GO term

relative
expression term
(sum NSAF)

no.
proteins

relative expression
per protein (⌀

NSAF)

cytoskeleton
(GO:0005856)

23.1% 920 0.025%

proteasome complex
(GO:0000502)

2.0% 61 0.033%

striated muscle
(adaptation, atrophy,
cell development)

4.5% 141 0.032%

nuclear part
(GO:0044428)

27.9% 1650 0.017%

plasma membrane
(GO:0005886)

17.9% 1128 0.016%

mitochondrion
(GO:0005739)

12.9% 912 0.014%

regulation of response to
stress (GO:0080134)

4.9% 282 0.017%

muscle cell development
(GO:0055001)

2.6% 54 0.048%

metabolic process
(GO:0008152)

71.2% 4349 0.016%

endoplasmic reticulum
(GO:0005783)

6.3% 568 0.011%

Golgi apparatus
(GO:0005794)

6.0% 507 0.012%

neuromuscular process
(GO:0050905)

0.2% 22 0.008%

autophagy (GO:0006914) 0.6% 59 0.010%
aRelative expression per GO term (sum NSAF) and per protein
(average NSAF) were calculated for selected GO terms based on the
corresponding proteins identified in the respective cell lines.
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transducer action, an important process that helps muscle fibers
to cope with mechanical stress.37 Thus, our data confirm
RCMH cells as a well-suited model for studying muscular
pathologies of cytoskeleton in vitro, including consequences of
mechanical stress burden. Different components of the
extracellular matrix such as numerous identified collagen
isoforms (COL4A3BP, COL1A1, COL1A2, COL2A1,
COL4A1, COL4A2, COL5A1, COL5A2, COL6A1, COL6A2,
COL6A3, COL8A1, COL17A1), integrins (ITGA2B, ITGA3,
ITGA5, ITGA7, ITGAV, ITGB1, ITGB2, ITGB4, and ITGB5),
integrin-related proteins (CIB1, ILK, ILKAP, and ITGB1P1),
laminins (LAMA5, LAMB1 and 2, LAMC1), and assembly
factors such as PGS1 (Supplemental Table 1) also provide
physical stabilization during the extreme tensile forces
generated by contraction and mechanical stress burden.38,39

Hence, knowledge of the expression of these proteins in
RCMH cells provides the basis for muscle in vitro experiments
focusing on cytoskeleton and cytoskeleton-modifying mecha-
nisms.

RCMH Proteome Composition Allows In vitro Investigation
of the Dystroglycan Complex and Several Congenital
Muscular Disorders

In mammalian muscle, dystrophin (DMD) connects cytoske-
letal actin via the dystroglycan complex (DGC) to laminin
(LAMB1) localized in the extracellular matrix. Thereby, β-
dystroglycan, an integral plasma membrane protein, is non-
covalently associated with α-dystroglycan and associated with a
macromolecular protein complex: the α, β, γ, and δ-
sarcoglycans (SGCA, SGCB, SGCG, SGCD), CAV3, SNTA1,
SNTB1, dystrophin, DTNB, and the neuronal isoform of the
nitric oxide synthase (NOS). The expression of DMD was
already demonstrated by Caviedes and colleagues;15 however,
the number of DGC components expressed in RCMH cells is
increased by our proteomic data: Apart from dystrophin, we
identified dystroglycan (DAG1; expression highest in RCMH),
SGCB (much higher in RCMH than in HeLa, not detected in
U2OS), SGCD (only detected in RCMH), SNTA1 (RCMH
much higher than HeLa, not detected in U2OS), SNTB1 (only
detected in RCMH), SNTB2 (clearly highest expression in
RCMH), and DTNB (considerably higher in RCMH than in
HeLa, not detected in U2OS). Additionally, our proteomic map
of RCMH cells includes NOS3 (not detected in HeLa nor
U2OS), the endothelial isoform of the nitric oxide synthase as
well as DGC assisting factors like ANK3 which are required for
costamere localization of dystrophin and DAG1.40 The value of
RCMH cells as an in vitro model for myopathic processes is
also highlighted by the detection of the DGC components
previously mentioned and also by the expression of more than
90 myopathy-related proteins that are listed in Supplemental
Table 1 (column N, involvement in disease).

RCMH Proteome Composition As a Prerequisite of In vitro
Investigation on Muscle Metabolism

Muscle cells metabolize large amounts of glucose and fatty
acids to fuel contraction and the marked concomitant ATP
requirement.41 The term metabolic myopathy is applied to a

Table 2. Comparison of GO Term Expression Levels
between RCMH, HeLa and U2OS Cells, Based on Both
NSAF Sum and NSAF Average

Figure 4. GO-term-based comparison of expression of proteins belonging to different metabolic areas in RCMH, HeLa, and U2OS and the Uniprot
database (“proteome”; downloaded on 11th of December 2013, containing 20 273 target sequences).
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heterogeneous group of diseases that result from the inability of
the muscle cells to produce or retain adequate levels of ATP.
Thereby, the metabolic myopathies can be categorized into
muscle diseases due to (i) altered glycolytic activity/muscle
glycogenosis, (ii) impaired lipid metabolism, (iii) impaired fatty
acid metabolism, (iv) presence of oxidative stress, and (v)
mitochondrial dysfunction.42−45 Expression of proteins in-
volved in the various aspects of metabolism is illustrated in
Figure 4. Lipid metabolism represents the major source of
energy for muscle fibers during prolonged exercise and
symptoms associated with disorders of lipid metabolism
typically appear after exercise. In this context, it is interesting
to note that RCMH cells express proteins involved in
neuromuscular lipid metabolism disorders (ABHD5, APOB,
NSDHL; expression levels are similar in the three cell lines).
Muscle cells are characterized by a huge consumption of

ATP and mitochondria function as cellular “power plants”.
Accordingly, mitochondrial dysfunction or damage can severely
perturb metabolism, leading to muscular disorders.46 Therefore,
the known expression of the succinate dehydrogenase subunits
SDHA, SDHB, SDHC, and of SDHAF2 as well as of the
cytochrome c oxidase subunits COA3, COX5A, COX6B1,
COX6C, COX7A2L, COX17, and TACO1 in RCMH provides
a catalogue for in vitro studies of mitochondrial pathophysi-
ology in muscular disorders. Hence, our proteome profile
suggests that RCMH cells are a well-suited model for
investigations on metabolic processes in muscle.
The pathophysiological impact of oxidative stress has been

proposed to play a role in several types of muscular dystrophy
(MD), collagen-, selenoprotein N-, and dysferlin-related
myopathies, as well as the processes of muscle fatigue and
injury. These results imply that oxidative stress, commonly
connected to mitochondrial dysfunction, is detrimental for the
homeostasis of muscle cells. Moreover, ryanodine receptor
(RYR), a calcium channel and redox sensor, plays a role in
muscle function during oxidative stress.47−50 In this context,
expression of not only this receptor (RYR3) but also different
oxidoreductases such as ETFD, FDXR, FOXRED1, GLYR1,
HTATIP2, NDUFS1, SQRDL, and WWOX as well as the nitric
oxide synthase NOS3 in RCMH cells is worth noting. An
increase in the expression of the redox-sensitive transcription
factor NF-κB (NFKB1 and 2) leading to p65 (RELA) signaling-
induced activation of the ubiquitin pathway is shown to occur
in several muscle wasting disorders.50 Expression of NF-κB, p65
and related proteins as well as of several proteins involved in
the ubiquitin pathway (see Supplemental Table 1, Figure 1) is
of particular interest with regard to the usability of RCMH
myoblasts for investigating these pathways. The expression of
these proteins is also interesting with respect to the in vitro
study of neuromuscular disorders caused by extensive protein
aggregation and/or proteolytic impairment (see below).

RCMH Proteome Composition Allows In vitro Investigation
of SR/ER-Related Pathophysiology in Muscular Disorders

The sarcoendoplasmic reticulum (SR/ER), a major subcellular
compartment of muscle fibers, plays a pivotal role in vital
functions including translation and folding of membrane
proteins and proteins of the secretory pathway as well as in
calcium storage.51,52 Calcium is sequestered in the SR and
released after stimulation of the muscle cell, thus playing a
major role in excitation-contraction coupling (see above).
Moreover, the SR/ER is involved in cellular stress defense
mechanisms like unfolded protein response (UPR) and ER-

associated degradation pathway (ERAD).53 Because disturban-
ces in the protein processing capacity of the SR/ER are
frequently associated with the manifestation of neuromuscular
disorders,52 the considerable expression of proteins belonging
to these defense mechanisms (i.e., UPR- and ERAD-assisting
factors like ATF6, BiP/HSPA5, CALR, CANX, DNAJB6,
EDEM2 and 3, EIF2AK3/PERK, ERN1/IRE1, HSPA1A,
HYOU1/GRP-170, P4HB/PDI, SIL1/BAP, and UGGT;
Supplemental Table 1) suggests that RCMH cells can be
used to investigate such pathophysiological processes. Notably,
the three major transducers of UPR named ATF6, IRE1, and
PERK were identified in RCMH, whereby IRE1 and PERK
presented with much higher levels compared with HeLa or
U2OS (Table 1). Several of these factors are involved in
neuromuscular diseases (Supplemental Table 1). Moreover,
expression of HSP90B1/GRP94/endoplasmin is also of
particular interest for potential in vitro studies: GRP94
regulates insulin-like growth factor secretion in muscle cells
and therefore has an important role in muscle differentiation
and homeostasis, especially due to the production of contractile
proteins.54

Several distinct domains with diverse functions comprise the
ER.55 One of these special domains is the nuclear envelope
(NE), which is in continuity with the rough ER.56 Notably,
mutation of several nuclear envelope proteins leads to
neuromuscular disorders. Well known examples are AAAS
(aladin), EMD, LMNB1, ROGDI, SYNE1, and SYNE2, for
which an expression could be demonstrated in RCMH.
Similarly, the BiP-GRP170-SIL1 chaperone complex (cellular
molecular ratio in RCMH ∼ 1:0.1:0.01) is expressed in RCMH
cells. Localization of BiP within the NE of skeletal muscle fibers
was already described in 1993,57 and disturbances of this
functional complex lead to Marinesco−Sjögren syndrome
(MSS; MIM:248800), which is associated with specific NE
alterations in the muscle biopsy of man and mouse.58−60 A
comparison of the BiP-GRP170-SIL1 molecular ratio in RCMH
cells with the ratio in canine pancreas (∼1:0.1:0.001)61 revealed
increased SIL1 level in myoblastic cells, indicating a particular
function of SIL1 in muscle tissue.

RCMH Proteome Allows Investigation of Ca2+-Dependent
Excitation-Contraction-Coupling-Related Proteins

Excitation−contraction coupling (EC coupling) is a funda-
mental process of muscle physiology, whereby the electrical
stimulus is converted into a mechanical response (contraction).
In skeletal muscle, this process relies on a direct coupling
between the ryanodine receptor (RYR), a sarcoplasmic
reticulum (SR) Ca2+ release channel, and dihydropyridine
receptors (DHPRs), acting as voltage-gated L-type
Ca2+channels. DHPRs are located on the sarcolemma, which
includes the surface sarcolemma and the transverse tubules.
Thereby an action potential arrives to depolarize the
sarcolemma/cell membrane, resulting in an increase in cytosolic
Ca2+ (calcium transient), which in turn activates Ca2+-sensitive
contractile proteins. In RCMH cells, expression of RYR and
DHPR/QDPR was already reported.15,16,18 Consistent with
this, we found expression of further contraction-related Ca2+-
dependent proteins such as ATP2A2, ATP2B1, ATP2B4,
CACNA1S, ESYT1, ESYT2, KCNMA1, CAMK2D, CAMK2G,
and CHERP (Supplemental Table 1). Apart from that,
CALM1, CALU, and STIM1 were detected (Supplemental
Table 1). Notably, accumulation of the latter proteins was
linked to muscle fiber degeneration in neurogenic muscular
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atrophies, in which EC coupling is altered due to neuronal
dysfunction.62 Moreover, the identified α and β chains of
spectrin (SPTAN1, SPTBN1) (Supplemental Table 1) interact
with CALM in a Ca2+-dependent manner and are thus
candidates for the Ca2+-dependent movement of the
cytoskeleton at the membrane, a process important for muscle
contraction.63,64 Therefore, our proteomic profile indicates that
RCMH cells are suitable to study alterations in EC-coupling-
related proteins upon change of physiological conditions.

Morphological Characteristics of RCMH Cells

The implementation of mammalian cells for clinical research or
application often requires a synchronized, phenotypically
homogeneous and well-described cell population. In this
work, we defined the morphological characteristics of RCMH
cells grown for 24 h, with the help of transmission (TEM) and
scanning (SEM) electron microscopy. The latter investigation
revealed spread cells that displayed cytoplasmic extensions.
This is in contrast with the morphological characteristics of
murine C2C12 myoblastic cells for which a less villous or rather
smoother surface is described.65 However, these microscopic
protrusions of the plasma membrane not only increase the cell
surface but also are responsible for cellular communication and
mechanotransduction. With respect to the latter function, it is
important to note that mechanical signals and their proper
reprocessing are critical for the development and maintenance
of skeletal muscle.66 Because the respective mechanisms that
convert the influence of cell shape to biochemical alterations
are often not fully understood,67 this cell surface property
defines RCMH cells as a well-suited model for studying relative
processes on both the morphological and the biochemical level.
Our TEM studies confirmed the presence of cytoplasmic
extensions and moreover revealed prominent ribosome dense
sarcoendoplasmic reticulum (ER) networks. This morpholog-
ical finding is in line with an increased expression of ER
proteins in RCMH cells as compared with U2OS (see Table 2),
mirrored by the relative expression of 7.1% of SR/ER proteins
including the major transducers (ATF6, PERK, IRE1) of the
unfolded protein response (see Table 1 and Supplemental
Table 1). On a more general note this finding indicates that
RCMH cells are an appropriate model to study ER-related
pathophysiological processes of muscle cells. Additionally,
accumulations of cytoskeletal components/intermediate fila-
ments are in line with our proteomic findings and suggest that
RCMH cells are also suitable for in vitro studies of the
cytoskeleton in muscle function.
Under appropriate cell culture conditions, RCMH cells can

undergo fusion and myotube formation in vitro.15 This also
classifies RCMH cells as a promising model to study
pathophysiological phenomena depending on the differ-
entiation stage, such as Miyoshi muscular dystrophy 1
(MMD1; MIM:254130) and Limb Girdle Muscular Dystrophy
type 2B (LGMD2B; MIM: 253601), both related to mutations
in dysferlin.

■ CONCLUSIONS

In the present study, we aimed at characterizing the human
myoblastic RCMH cell line on both the morphological and
biochemical levels. Therefore, electron microscopic and
proteomics studies were performed. Our results demonstrate
that this cell line has a prominent rough endoplasmic reticulum
and accumulations of cytoskeletal components/intermediate
filaments and constitutively expresses proteins, leading to

myoblastic differentiation as well as contractile and cytoskeletal
proteins and shows an expression pattern of plasma membrane
proteins and of proteins involved in muscular disorders. Our
results demonstrate that this cell line is suitable for the
investigation of relative processes like mechanical stress burden
and mechanotransduction as well as ER-associated myopathic
disorders.
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