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The extraocular muscle (EOM) suffers much less injury from

Duchenne muscular dystrophy (DMD) than other skeletal

muscles such as diaphragm and gastrocnemius. The present

study was undertaken to test the hypothesis that differential

expression of regulatory proteins between the EOM and other

skeletal muscles is responsible for the observed difference in

the sensitivity to DMD-associated damage. Protein expression

in the tissue samples obtained from EOM, diaphragm or

gastrocnemius of C57BL/6 mice was analyzed by two-dimen-

sional gel electrophoresis and mass spectrometry. There were

35 proteins that were identified to be differentially expressed

among different skeletal muscle tissues. Among the 35 proteins,

a fast skeletal muscle isoform myosin light chain 1 (MLC1f)

protein was further studied in relation to muscle cell prolifer-

ation. The EOM-derived myoblasts had much lower levels of

MLC1f and higher rate of cell proliferation in contrast to the

myoblasts derived from diaphragm or gastrocnemius, which

displayed a higher expression of MLC1f along with a slow

proliferation. Deletion of MLC1f using siRNA targeting MLC1f

resulted in an increased rate of cell proliferation in the

myoblasts. Cell cycle analysis revealed that MLC1f inhibited

the transition of the cell cycle from the G1 to the S phase.

Therefore, the present study demonstrates that MLC1f may

negatively regulate proliferation of myoblasts through inhibition

of the transition from the G1 to the S phase of the cell cycle. Low

levels of MLC1f in myoblasts of EOM may ensure cell

proliferation and enhance the repair process for EOM under

the DMD disease condition, thus making EOM suffer less injury

from DMD. Exp Biol Med 233:1374–1384, 2008
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Introduction

Early in embryonic development, muscle stem/precur-

sor cells, so called myoblasts, are formed through myogenic

determination (1, 2). These cells proliferate and eventually

differentiate into myotubes. At birth, the terminally differ-

entiated myofibers will no longer divide. But the myogenic

precursor cells, which are situated beneath the basal

membrane of muscle fibers and known as satellite cells,

remain in their proliferating phase and are responsible for

postnatal muscle growth and repair (3, 4). In adult muscle,

the satellite cells enter the quiescent phase and they only

become activated and proliferate under some abnormal or

pathological conditions, such as muscle trauma and muscle

diseases (5–7). Ultimately, the progeny of activated satellite

cells, myoblasts, undergo terminal differentiation and fuse

to myotubes to repair damaged muscle fibers (8, 9).

Under the same pathological conditions, skeletal

muscles in different tissues may respond differentially. It

has been known that the extraocular muscles (EOMs) are

clinically and anatomically spared in the muscle degener-
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ative disease, Duchenne muscular dystrophy (DMD), a

debilitating X-linked muscle disease, primarily caused by

the absence of dystrophin, leading to the disruption of the

dystrophin-associated glycoprotein complex and substantial

changes in skeletal muscle function (10, 11). In contrast, the

skeletal muscles in the diaphragm suffer from severe

damage due to a widespread necrosis under the DMD

condition (12–14). Compared with other skeletal muscles,

EOMs are significantly different in their developmental,

morphological, and physiological properties. It has been

hypothesized that the high expression of a homologue/

isoform of dystrophin, i.e., dystrophin-related protein(s), in

EOMs can compensate for the mutated dystrophin (15, 16).

However, this hypothesis has been challenged (17, 18).

Using microarray analysis, Porter and colleagues have

shown that the general mechanisms in DMD are highly

conserved, and that muscle group-specific transcriptional

profiles contribute to the muscle response to muscular

dystrophy (14). Another study by Fisher et al. has identified

a specific expression pattern of a series of genes related to

myogenesis, stem cells, and apoptosis in EOMs, and

concluded that efficient and continuous regeneration may

contribute to the EOM sparing in DMD (19). In support of

this conclusion, an earlier study has demonstrated that EOM

satellite cells have higher potential of proliferation (20).

Recent studies using proteomics approach have further

demonstrated differential expression of proteins in the

skeletal muscles in different tissues under the disease

condition of DMD (21–24). However, these studies have

not defined the cause-effect relationship between the differ-

ential expression of proteins and the sensitivity or resistance

of some muscles to the DMD-associated damage. In the

present study, we used the proteomics approach to determine

differential expression of proteins in myoblasts obtained

from EOM, diaphragm and gastrocnemius in mice. We

further determined the relationship between the differentially

expressed proteins, focusing on a fast skeletal muscle

isoform myosin light chain 1 (MLC1f) protein, and muscle

cell proliferation. The results demonstrated that MLC1f

expression is reversely related to the proliferation of muscle

cells and low levels of MLC1f in the EOM are likely

responsible at least in part for the high proliferating rate of the

EOM cells.

Materials and Methods

Preparation of Mouse Muscle Tissues. Animal

experiments were carried out following the Guidelines of the

Institutional Animal Care and Use Committee of Sichuan

University. Male C57BL/6 mice, 12 weeks old, were

euthanised by cervical dislocation. The EOM, diaphragm

and gastrocnemius muscles were immediately removed and

washed with ice-cold PBS, then stored in liquid nitrogen until

use.

Cell Culture. Mouse skeletal muscle cell line C2C12

was maintained in DMEM with 10% FBS (HyClone).

Primary myoblasts from EOM, diaphragm and gastrocnemius

muscles of 3-week-old C57BL/6 mice were cultured using a

modified preplate technique (25). Briefly, after being excised,

muscles were minced into a coarse slurry and incubated in a

mixture of 0.2% collagenase-type I and 2.4 units/ml dispase

at 378C for 1 h. The cells were centrifuged and resuspended in

growth medium (DMEM containing 20% FBS and 100 U/ml

penicillin and 100 lg/ml streptomycin). First, the cells were

plated in 6-well plates for 2 h (preplate 1 or pp1). Then, the

nonadherent cells were transferred to other wells (pp2). After

48 h, the floating cells in pp2 were collected and plated in new

wells (pp3). The adherent cells in pp3 were obtained after 48

h. The pp1 and pp2 cells were discarded because they

contained nonmyogenic cells (25, 26). The pp3 cells were

cultured in growth medium at 378C in a humidified incubator

with 5% CO2 and underwent the passage process. The

passage 1 cells were used in the following experiments.

siRNA Transfection. Oligonucleotides encoding

MLC1f-siRNA and Ncontrol-siRNA (negative control

siRNA) were commercially synthesized by Ribobio

(Guangzhou, China). The target sequence for MLC1f

(NM_021285) siRNA was 59-GAGAGAAGAUGAAG-

GAGGA-39. Ncontrol-siRNA sequence was 59-UUCUCC-

GAACGUGUCACGU-39. Cells were transfected with

MLC1f-siRNA (40 nM final) or Ncontrol-siRNA (40 nM

final) using Lipofectamine 2000 (Invitrogen). Lipofectamine

2000 without the oligonucleotides was used as the control.

Forty-eight hours following transfection, cells were col-

lected and prepared for RT-PCR and Western blot analysis.

Proliferation Assay and Cell Cycle Analysis.
Myoblasts from EOM, diaphragm and gastrocnemius were

seeded at about 4,000 cells/cm2 in 96-well plates. The cells

were continuously counted every day for seven days. To

demonstrate the effect of MLC1f on muscle cell prolifer-

ation, C2C12 cells and myoblasts from EOM, diaphragm and

gastrocnemius were seeded at about 8,000 cells/cm2 and

10,000 cells/cm2, respectively, and cultured overnight in the

growth medium. MLC1f-siRNA (40 nM final) was then

added to the cultures. The cell number was determined by

hemocytometer and the methylene blue assay (27) at 0, 1, 2,

and 3 d. To investigate the effect of MLC1f-siRNA on the

cell cycle, C2C12 cells transfected with siRNA for 48 h were

collected and fixed in 70% ethanol. Then cells were stained

with 50 lg/ml propidium iodide (Sigma) and assayed by

flow cytometry (Coulter, EPICS ELITE ESP model).

Synchronization Analysis. To investigate the dif-

ference in cell cycle distribution and transition between

myoblasts derived from different muscle tissues, synchro-

nization at the G1/S boundary was performed as described

by Chen (28). Briefly, myoblasts were plated on the

coverslips at about 13,000 cells/cm2 and maintained over-

night in the growth medium. After being washed with PBS,

cells were switched to DMEM with 1% FBS. After 36 h, the

media was replaced with DMEM containing 1% FBS and 1

mM hydroxyurea and the culture was incubated for another

14 h. After being released from synchronization by washing
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off hydroxyurea and addition of the growth medium,

myoblasts were pulsed with 0.1 mM BrdU for 15 min at

0, 1, 2, 4, 6 and 8 h, then fixed and immunostained for BrdU

as described previously (29).

2D Gel Electrophoresis and Protein Identifica-
tion. The EOM, diaphragm and gastrocnemius muscles

excised from ten C57BL/6 mice were pulverized under

liquid nitrogen into a fine powder using a pestle and mortar.

The resulting powder was collected, homogenized in lysis

buffer (8 M urea, 4% CHAPA, 20 mM Tris, 60 mM DTT, 1

mM PMSF), ultra-sonicated on ice and centrifuged at

40,000 g at 48C for 40 minutes. Supernatant was harvested

and protein concentration of each sample was determined

using the Bradford assay (Bio-Rad). The protein samples

were stored in aliquots at �808C.

2D gel electrophoresis was performed with the Ettan

IPGphor system and Ettan DALTsix vertical gel electro-

phoresis system (Amersham Biosciences) as described

previously (30, 31). Briefly, one milligram of total proteins

was applied to an immobilized pH gradient (IPG) strip (180

mm, pH3–11 nonlinear, Amersham Biosciences) and run

with isoelectric focusing (IEF) method. The second

dimension of SDS-PAGE was carried out on a 12%

polyacrylamide gel. Triplicate gels for each sample were

visualized with Coomassie Blue G250 (Bio-Rad) and the

images were recorded by an Image Scanner (Amersham

Biosciences). The detection, quantification analysis and

matching of protein spots were performed using Image-

Master 2D Platinum Software v5.0 (Amersham Bioscien-

ces) according to Deniel et al. (32). To diminish the

experimental variations caused by factors such as protein

loading, the densities of the spots were determined after

normalization based on the total spot volumes on the gel. To

identify the differentially expressed proteins between EOM,

diaphragm, and gastrocnemius tissues, every pairwise ratio

(i.e., EOM/diaphragm, EOM/gastrocnemius, diaphragm/

gastrocnemius) was calculated. The protein spots of one

tissue showing at least 3.0-fold changes in densities

compared with both of the other two tissues (Student’s t
test, P � 0.05) were selected. The selected spots were

excised from gels and extracted by in-gel digestion as

described previously (30). Then peptide mixtures were

analyzed using a Bruker-Daltonics AutoFlex MALDI-TOF/

TOF LIFT mass spectrometer (Bruker). The protein

identification was carried out using the MASCOT search

engine (http://www.matrixscience.com; Matrix Science,

London, UK) against the NCBI nonredundant protein

database. For those protein spots that could not be identified

by MALDI-TOF MS, peptide mixtures were analyzed with

a LTQ Orbitrap mass spectrometer (Thermo Finnigan, San

Jose, CA, USA) equipped with an electrospray interface and

operated in positive ion mode. Peptides and proteins were

identified using Bioworkers Software (Thermo Finnigan),

which uses the acquired MS/MS spectra to search against

the IPI mouse database. The protein identification criteria

were based on Dalta CN (�0.1) and SEQUEST cross-

correlation value (one charge � 1.9, two charges � 2.2,

three charges � 3.75).

RT-PCR Analysis. Total RNA from mouse tissues

and cells was isolated by using an RNAprep Tissue/Bacteria

kit (TIANGEN) and TRIzol reagents (Invitrogen), respec-

tively. After synthesis of the 1st strand of cDNA, the

following primers were used for PCR: MLC1f (148 bp), 59-

TGCCCATGATGCAAGCTATCTC-39 and 59-ATCTTCT-

CTCCCAGAGTGGCGA-39; MLC1s (slow skeletal

muscle/ventricular isoform myosin light chain 1) (197 bp),

59-CCAAGAACAAGGA CACTGGCA-39 and 59-CGCT-

TCATAGTTGATGCAGCC-39; and GAPDH (191 bp), 59-

AACGACCCCTTCATTGAC-39 and 59-TCCACGA CAT-

ACTCAGCAC-39. The band intensity ratio of the specific

gene to the internal standard (GAPDH) was used to

represent the level of gene expression. To eliminate

genomic DNA contamination, primers spanning an intron

were used and reverse transcription reactions without

reverse transcriptase were performed.

Western Blot Analysis. Whole-cell proteins from

mouse tissues or cells were resolved by SDS-PAGE on 12%

acrylamide gels and transferred onto PVDF membranes

(Boehringer Mannheim GmbH, Germany). The membrane

blots were probed with mouse anti-MLC (Clone MY-21,

Sigma; 1:800). Following incubation with HRP-conjugated

anti-mouse IgG antibody (1:50000), blots were visualized

with an ECL reaction (Pierce, Rockford, IL). Densitometric

analysis was performed using the Quantity One 1-D analysis

software (Bio-Rad).

Statistical Analysis. Statistical analysis was per-

formed using SPSS14.0. The significance between groups

was determined by ANOVA. Statistical correlation between

MLC1f gene expression and proliferation rate of the muscle

cells was assessed by Pearson correlation coefficient

analysis. All results are presented as mean 6 SD.

Results

Identification of Differentially Expressed Pro-
teins in EOM, Diaphragm and Gastrocnemius. In

the 2D gel analysis, more than 1500 protein spots were

detected on each gel (Fig. 1A). Among the differentially

displayed protein spots detected between the samples

obtained from EOM, diaphragm and gastrocnemius, a total

of 35 proteins or polypeptides were identified by MALDI-

TOF-MS and LTQ-MS/MS. Table 1 summarizes the

identification result of these 35 proteins. Seventeen of the

identified proteins were expressed at lower levels in EOM as

compared to those in diaphragm and gastrocnemius. Eleven

proteins were expressed at higher levels in diaphragm

relative to EOM and gastrocnemius, and seven proteins

showed lower expression in gastrocnemius in comparison

with EOM and diaphragm. Cytoskeleton and metabolism

proteins accounted for most of these identified proteins.

MLC1f and MLC1s were expressed at lower levels in EOM

(Fig. 1B). To further validate the quantificational results of
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the spots obtained in gel image analysis, RT-PCR with

primers designed specifically to amplify MLC1f and

MLC1s and Western blot analysis with mouse monoclonal

antibody to MLC protein were performed, and confirmed

the data obtained from 2D gels (Fig. 1C).

Reverse Correlation Between Cell Proliferation

and MLC1f Expression in Myoblasts. We examined

the proliferation of myoblasts derived from EOM, dia-

phragm and gastrocnemius tissues in mice. As seen in

Figure 2A, the myoblasts derived from EOM, diaphragm

Figure 1. Identification of proteins differentially expressed between EOM, diaphragm and gastrocnemius. (A) 2D electrophoresis patterns of
whole-cell proteins extracted from EOM, diaphragm and gastrocnemius of the C57BL/6 mouse. Two kinds of proteins with different expression
patterns are indicated. (B) The levels of MLC1f and MLC1s were much lower in EOM. (C) RT-PCR results of MLC1f and MLC1s and Western
blot results of MLC (1: EOM; 2: Diaphragm; 3: Gastrocnemius). The ratios determined by proteomics of EOM/Diaphragm (E/D), EOM/
Gastrocnemius (E/G) and Diaphragm/Gastrocnemius (D/G) are presented to the right.
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Table 1. The Proteins Identified by MALDI-TOF-MS and LTQ-MS/MS from Extraocular Muscle, Diaphragm and
Gastrocnemius Tissuesa

Protein description
Accession

no.

Parameters
MALDI-TOF-MS/

LTQ-MS/MS*
Functional

classificationMr pI Peptides Cover (%)

Extraocular muscle "
Myosin light chain 1, skeletal muscle isoform,

spot 1
P05977 20463 4.98 9 26.20* Cytoskeleton

Myosin light chain 1, skeletal muscle isoform,
spot 2

P05977 20463 4.98 22 62.57* Cytoskeleton

Myosin light chain 1, skeletal muscle isoform,
spot 3

P05977 20463 4.98 29 67.91* Cytoskeleton

Myosin light polypeptide 3b P09542 22390 5.03 10 56.00 Cytoskeleton
Tropomyosin 1 alpha chain P58771 32680 4.69 70 75.35* Cytoskeleton
Splice isoform A6e17 of Troponin T, fast skeletal

muscle
Q9QZ47-6 30374 6.47 6 25.00 Cytoskeleton

Troponin T fast skeletal muscle isoform (fragment) Q8R563 36269 5.08 6 9.68* Cytoskeleton
Splice isoform A5e17 of Troponin T, fast skeletal

muscle
Q9QZ47-5 30578 5.98 14 19.77* Cytoskeleton

Splice isoform 14 of Troponin T, fast skeletal
muscle

Q9QZ47-14 32131 5.26 17 35.00 Cytoskeleton

Troponin T fast skeletal muscle isoform (fragment) Q8R563 36269 5.08 64 33.87* Cytoskeleton
CDNA sequence BC031593 Q8K2E4 57552 7.55 8 11.30* Cytoskeleton
Creatine kinase M-type P07310 43044 6.58 4 6.82* Energy

metabolism
Fructose-bisphosphate aldolase A P05064 39224 8.4 16 39.94* Glysometabolism
Parvalbumin alpha P32848 11792 5.02 8.00 Calcium

homeostasis
Esterolytic antibody heavy chain CAA66137 12262 9.28 5 65.00 Immunity
Transmembrane and ubiquitin-like domain

containing 1(Tmub1)
Q9JMG3 26585 4.91 5.00 Protein

modification
TBX3 (T-box3) AAN37692 19792 9.66 6 30.00 Transcription

factor

Diaphragm "
Myosin light polypeptide 2, regulatory, cardiac, slow NP_034991 18780 4.92 12 69.00 Cytoskeleton
Myosin, heavy polypeptide 2, skeletal muscle, adult Q5SX41 219737 5.63 27 9.05* Cytoskeleton
Troponin T fast skeletal muscle isoform

(fragment)
Q8R563 36269 5.08 16 20.97* Cytoskeleton

Splice isoform 14 of Troponin T, fast skeletal
muscle

Q9QZ47-14 32131 5.26 14 33.00 Cytoskeleton

Splice isoform 14 of Troponin T, fast skeletal
muscle

Q9QZ47-14 32131 5.26 14 30.00 Cytoskeleton

Troponin T fast skeletal muscle isoform
(fragment)

Q8R563 36269 5.08 23 26.13* Cytoskeleton

Splice isoform 14 of Troponin T, fast skeletal musc Q9QZ47-14 32131 5.26 2.00 Cytoskeleton
Splice isoform 14 of Troponin T, fast skeletal musc Q9QZ47-14 32131 5.26 2.00 Cytoskeleton
Trifunctional enzyme beta subunit, mitochondrial

precursor
Q99JY0 51386 9.43 64 39.58* Lipid metabolism

Malate dehydrogenase, mitochondrial precursor P08249 35596 8.82 7 23.37* Energy
metabolism

Unnamed protein product BAE37675 51418 9.09 7 23.00 Other

Gastrocnemius #
Peroxisomal membrane protein 20 AAF27532 17175 7.71 13 77.00 Antioxidant
ATP synthase beta chain, mitochondrial precursor P56480 56300 5.91 18 22.87* Oxidative

mechanisms
ATP synthase alpha chain, mitochondrial precursor Q03265 59752 9.22 22 26.94* Oxidative

mechanisms
CRL-1722 L5178Y-R cDNA, RIKEN full-length en-

riched library, clone:I730028I05 product: glucose
regulated protein, full insert sequence

P27773 56604 5.99 54 40.99* Heat shock

Adult male tongue cDNA, RIKEN full-length
enriched library, clone:2310022E02 product:
SIMILAR TO ENIGMA HOMOLOG

Q9CRA2 23792 9.92 36 59.35* Other
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and gastrocnemius all displayed three phases of prolifer-

ation. In the first two days, myoblasts proliferated slowly,

followed by a higher rate of proliferation in the subsequent

three days. Then the proliferation rate decreased and at day

7, most of the myoblasts fused to multinucleated myotubes,

leading to cessation of cell proliferation. Compared with

myoblasts derived from diaphragm and gastrocnemius, the

EOM-derived myoblasts proliferated at a significantly

higher rate at each time point.

We next examined the relationship between MLC1f

and MLC1s expression and the rate of proliferation of the

myoblasts. The myoblasts were harvested at varying time

points (1, 3, 5, 7 d after seeding) to determine the expression

of MLC1f and MLC1s by RT-PCR. As shown in Figure 2B,

MLC1f mRNA was detected in all of the myoblasts, but the

level of its expression was associated with the myoblast

proliferation pattern. The level of MLC1f mRNA was

higher at day 1 and decreased at day 3, reversely correlating

with the initial cell proliferating pattern. From day 3 to day

7, the MLC1f expression was elevated progressively, which

reversely correlated with cell proliferation from exponential

phase to cessation. Furthermore, MLC1f expression in the

EOM-derived myoblasts, which have much higher rate of

cell proliferation, was much lower relative to both

diaphragm- and gastrocnemius-derived myoblasts at each

time point. Interestingly, MLC1s mRNA was not detected in

any of these myoblasts. In agreement with this observation,

previous studies have proposed that Myl1s is not expressed

during myogenesis in vitro and can be detected only in

mature skeletal muscles (33, 34). To determine the possible

relationship between the levels of MLC1f and cell

proliferation, statistical correlation between MLC1f mRNA

expression and cell proliferation rates was performed with

the Pearson correlation coefficient analysis. The result

showed that MLC1f mRNA level was reversely correlated

with the rate of muscle cell proliferation (Fig. 2C).

Suppression by MLC1f of Skeletal Muscle Cell

Proliferation. To test the function of MLC1f in cell

proliferation, siRNA targeting MLC1f was used to inhibit

the expression of MLC1f in the skeletal muscle-derived

myoblasts and C2C12 cells. Cell proliferation was then

determined in the MLC1f deletion cells in comparison with

normal myoblasts in cultures. As shown in Figure 3,

MLC1f-siRNA efficiently suppressed the MLC1f expres-

sion in these cells. After treatment with MLC1f-siRNA, the

proliferation of skeletal muscle-derived myoblasts and

C2C12 cells was significantly enhanced (Fig. 4A and B).

It was also observed that the diaphragm- and gastrocnemius-

derived myoblasts treated with MLC1f-siRNA proliferated

even faster than EOM-derived myoblasts without MLC1f

deletion (Fig. 4C and D). These results thus indicated that

MLC1f suppresses myoblast cell proliferation.

Prevention by MLC1f of Cell Cycle Transition

from G1 to S Phase. To examine how MLC1f inhibits

skeletal muscle cell proliferation, we examined the effect of

MLC1f on the progression of cell cycle. The flow cytometry

analysis of cell cycle distribution of asynchronous popula-

tions of C2C12 cells at 48 h after treatment with MLC1f-

siRNA revealed that MLC1f deletion increased the

percentage of cells in S phase and decreased the number

of cells in G1 phase (Fig. 5A). To confirm this result, we

monitored the cell cycle progression by synchronizing

myoblasts at the G1/S boundary and then releasing the cells

to S phase. The percentage of cells in S phase was

determined by BrdU labeling. The results showed that

within the first hour after being released, 12.29% of

myoblasts derived from EOM entered S phase, but only

3.74% from diaphragm and 5.45% from gastrocnemius

entered the S phase. The percentage of BrdU-positive cells

of EOM-derived myoblasts peaked at 2 h, but that of

diaphragm or gastrocnemius peaked at 4 h (Fig. 5B). These

Table 1. (Continued)

Protein description
Accession

no.

Parameters
MALDI-TOF-MS/

LTQ-MS/MS*
Functional

classificationMr pI Peptides Cover (%)

Mixture 1
(malate dehydrogenase, voltage-dependent anion

channel 1)
AAA39509 36044 8.93 13 42.00 Energy metabolism,

voltage-gated
ion-selective
channel activity

NP_035824 30851 8.62 9 42.00
Unnamed protein product BAE25770 86036 8.08 12 22.00 Other

a Three gels from each tissue were analyzed using the ImageMaster 2D Platinum software v5.0. Protein spots of one tissue showing more than
3.0-fold increased (") or decreased (#) in relation to the other two tissues that were selected. The selected spots were subjected to in-gel
trypsinization and the resulting peptide mixes were analyzed by MALDI-TOF-MS. The nominal molecular weight (Mr) and nominal isoelectric
point (pI) were calculated from the sequence of the protein in the database. The number of peptides matched to the protein sequence is
indicated. The percentage coverage (Cov (%)) is the amount of the protein sequence covered by the matched peptides.
b indicates the protein that was also " in diaphragm.
*The spots that could not be identified by MALDI-TOF-MS were then analyzed by LTQ-MS/MS.
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results thus indicated that MLC1f inhibits the transition of

cell cycle from the G1 to the S phase.

Discussion

In this study we show that protein expression profiles

differ in myoblasts obtained from different skeletal muscle

tissues. In particular, we have identified 35 proteins that

were differentially expressed in EOM, diaphragm and

gastrocnemius tissues. Most of the identified proteins were

expressed at lower levels in EOM compared with diaphragm

and gastrocnemius, and cytoskeleton and metabolism

proteins were the largest groups, implicating that these

were related to the unique nature of EOM. Among these 35

proteins, MLC1f was of specific interest, in that the

expression of this protein was reversely correlated with

the rate of myoblast cell proliferation. This reverse

correlation between MLC1f levels and cell proliferation

was observed through comparison between the myoblasts

derived from EOM and the myoblasts derived from

diaphragm or gastrocnemius. The EOM-derived myoblasts

had much lower levels of MLC1f and a higher rate of cell

proliferation in contrast to the myoblasts derived from

diaphragm or gastrocnemius, in which higher levels of

MLC1f along with a lower rate of cell proliferation were

observed. The cause-effect relationship between MLC1f

expression and suppression of cell proliferation was

determined by MLC1f deletion using the approach of

siRNA targeting MLC1f. Deletion of MLC1f resulted in an

increased rate of myoblast cell proliferation, thus demon-

strating that MLC1f negatively regulates myoblast cell

proliferation. Through the cell cycle analysis, we further

defined that MLC1f inhibited the transition of cell cycle

from the G1 to the S phase.

Upon the onset of myogenesis, muscle contractile

protein gene expression is induced and the products are used

to assemble the sarcomeric structures that allow contraction

of the muscle cells (35, 36). MLC1f, the fast-muscle isoform

of alkali light chain, is one of the muscle-specific contractile

proteins and is associated with myosin heavy chain heads. It

is generally believed that MLC1f, as other muscle specific

contractile proteins, is synthesized during myogenesis (35,

37). However, some studies indicated that MLC1f gene

expression may be activated before the onset of myogenesis.

Figure 2. The relationship of cell proliferation and the levels of MLC1f
gene expression. (A) Proliferation curves. Proliferation rates of
myoblasts from EOM, diaphragm and gastrocnemius were deter-
mined by cell counting. Experiments were performed in quadruplicate,
and three independent experiments were done. * P , 0.05, ** P ,
0.01 (EOM vs Diaphragm); # P , 0.05, ## P ,0.01 (EOM vs
Gastrocnemius). (B) Expression of MLC1f and MLC1s genes in the
skeletal muscle-derived myoblasts (1: EOM; 2: Diaphragm; 3:
Gastrocnemius) at various time points. Gene expression was
calculated as the percentage of analyzed RT-PCR products

 
to GAPDH (mean 6 SD from three independent experiments with
proliferation assay samples). MLC1s amplifications were not detected
at the same time. * P , 0.05 vs EOM and # P , 0.01 vs Diaphragm at
the same time point; þ P , 0.05 vs 1 d and 5 d. (C) Correlation of the
levels of MLC1f mRNA with the proliferation rates of the myoblasts
from skeletal muscles. The levels of MLC1f mRNA at three time points
were expressed as described in Figure 2B. The proliferation rate of
the myoblasts was expressed as the rate of cell doubling during three
time periods (i.e., 1 d to 3 d, 3 d to 5 d and 5 d to 7 d in Fig. 2A), and
expressed by the formula: Rn ¼ (Nnþ2/Nn)/2. R stands for rate; N for
cell number; n for 1, 3, or 5 d. The rates were measured from three
independent experiments. The statistical correlation was determined
by Pearson Correlation Coefficient analysis (P , 0.01, r¼�0.728).
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Studies by Lyons et al. showed that at an early stage of

mouse embryo (9.5 days embryo) mononucleated myotomal

cells have expressed MLC1f transcripts before they fuse to

form multinucleated myotubes (38). Freshly isolated

myoblasts in cultures are morphologically and biochemi-

cally undifferentiated. After dividing several times, mono-

nucleated myoblasts exit from the cell cycle and undergo

fusion to form multinucleated myotubes. Once the myotubes

are formed, cell proliferation stops. The expression of

MLC1f was lower in exponentially proliferating myoblast

cells in cultures, but significantly increased in the myotubes.

Importantly, when the slow proliferating cells were treated

with siRNA targeting MLC1f, they displayed a fast rate of

cell proliferation. Although the present study cannot settle

the argument regarding when MLC1f is activated in the

embryonic development, it would indicate that the expres-

sion of MLC1f inhibits cell proliferation and is associated

with the formation of myotubes.

One of the interesting findings from this study is that

MLC1f expression was lower in the myoblasts derived from

EOM, which had a higher rate of proliferation in cultures in

comparison with those derived from diaphragm or gastro-

cnemius. In DMD disease, EOM can escape from the injury

effect, which has been ascribed to the high capacity of

regeneration of EOM (19). The link defined in the present

study between lower levels of MLC1f expression and higher

rate of proliferation in the myoblasts derived from EOM

would provide a partial explanation for the observed effect

of EOM spared in DMD-induced damage. An additional

evidence that indicates the link between MLC1f expression

and the susceptibility of muscle damage in DMD is that in

the myoblasts derived from diaphragm, the MLC1f

expression was much higher and the proliferation rate was

much lower relative to the myoblasts derived from EOM.

Importantly, as deletion of MLC1f by RNA interference in

the myoblasts derived from diaphragm, the proliferating rate

was significantly increased and even much higher than that

in the myoblasts derived from EOM.

Unlike those of other skeletal muscles, myoblasts

derived from EOM require a very short time period for

activation and division (20). In the present study, we have

obtained evidence to explain this observation. In the cell

Figure 3. The mRNA level and the protein level of MLC in myoblasts and C2C12 cells after MLC1f siRNA transfection. (A, B) Cells were
transfected with MLC1f siRNA (40 nM final) or Ncontrol-siRNA (40 nM final) using Lipofectamine 2000. The vehicle alone was used as the
control. After 48 h, cells were collected and prepared for RT-PCR and Western blot analysis (1: Control; 2: Ncontrol; 3: MLC1f-siRNA). * P ,
0.01 vs Control; # P , 0.01 vs Ncontrol.
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Figure 4. Increase in proliferation with lower levels of MLC1f. (A, B) Skeletal muscle-derived myoblasts and C2C12 cells were plated in 96-well
plates. After overnight incubation in the growth media, MLC1f siRNA (40 nM final) was added. Cell counting by hemocytometer and the
methylene blue assay was made at the indicated time points. The assays were performed in quadruplicate and the data were expressed as
mean 6 SD from three independent experiments. * P , 0.05, ** P , 0.01 vs Control; # P , 0.05, ## P , 0.01 vs Ncontrol. (C, D) Comparison in
cell proliferation between diaphragm (D)- and gastrocnemius (G)-derived myoblasts treated with MLC1f siRNA and EOM (E)-derived myoblasts
without MLC1f siRNA treatment. * P ,0.05, ** P ,0.01 vs EOM control.
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cycle analysis study, we have found that MLC1f deletion

increased the number of cells in the S phase and decreased

the number in the G1 phase in C2C12 cells in cultures.

When the cultured myoblasts derived from EOM, dia-

phragm or gastrocnemius were synchronized and followed

by releasing from the synchronization, the myoblasts

derived from EOM showed a fast rate of transition from

the G1 phase to the S phase and a much higher percentage in

the S phase than those derived from either diaphragm or

gastrocnemius. Therefore, high levels of MLC1f suppress

the transition of cell cycle from the G1 to the S phase.

The important finding of this study is that MLC1f

negatively regulates cell proliferation in myoblasts through

suppression of the transition of cells from the G1 to the S

phase. However, there is a limitation in this study. That is,

the exact mechanism by which MLC1f suppresses the

transition from the G1 to the S phase is unknown. It is

presumable that MLC1f might negatively regulate the

signaling cascade associated with one or more of the cell

cycle control proteins, such as Cdk and p21, or MLC1f

might directly interact with these cell cycle control proteins

to exert its negative regulatory action. This remains to be

determined.

In summary, our results demonstrate that MLC1f may

be a negative regulator of muscle cell proliferation. MLC1f

regulates cell proliferation by inhibiting the transition of cell

cycle from the G1 to the S phase. Elucidation of the

molecular mechanism by which MLC1f intervenes with the

cell cycle progression will help us to understand the

function of MLC1f in myogenesis, which is the direction

of our future study.

Supplemental Data. The supplemental data include

three figures and are available in the online version of the

journal.
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Buckingham M, Frézal J. Chromosomal assignment of two myosin

alkali light-chain genes encoding the ventricular/slow skeletal muscle

isoform and the atrial/fetal muscle isoform (MYL3, MYL4). Hum

Genet 81:278–282, 1989.

34. Wade R, Feldman D, Gunning P, Kedes L. Sequence and expression of

human myosin alkali light chain isoforms. Mol Cell Biochem 87:119–

136, 1989.

35. Sutherland CJ, Esser KA, Elsom VL, Gordon ML, Hardeman EC.

Identification of a program of contractile protein gene expression

initiated upon skeletal muscle differentiation. Dev Dyn 196:25–36,

1993.

36. Faerman A, Shani M. The expression of the regulatory myosin light

chain 2 gene during mouse embryogenesis. Development 118:919–929,

1993.

37. Keller LR, Emerson CP. Synthesis of adult myosin light chains by

embryonic muscle cultures. Proc Natl Acad Sci U S A 77:1020–1024,

1980.

38. Lyons GE, Ontell M, Cox R, Sassoon D, Buckingham M. The

expression of myosin genes in developing skeletal muscle in the mouse

embryo. J Cell Biol 111:1465–1476, 1990.

1384 ZHANG ET AL

 at SAGE Publications on November 19, 2014ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/

