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Introduction

There is a need for tissue-engineered skeletal muscle for 
treatment following severe trauma or surgery. Significant 
loss of skeletal muscle due to trauma is normally treated 
using autologous grafts. In this process, a vascularised 
muscle flap is removed from a donor site and grafted to 
the site of injury.1 In addition to the formation of signifi-
cant quantities of scar tissue, such procedures necessar-
ily generate a second site of injury which can lead to 
further morbidity.1,2 There is therefore a significant need 
to produce tissue-engineered skeletal muscle as a source 
of tissue for grafts. Such an approach would avoid the 
problem of donor-site morbidity and could avoid scar 
tissue formation that results from the grafting of mature 
muscle flaps.

Skeletal muscles are hierarchically structured organs 
that are mainly composed of a tissue consisting of muscle 
fibres that run almost the entire length of the muscle 
organ. Despite their length, muscle fibres are in fact sin-
gle cells formed by the fusion of precursor cells during 
development. They therefore contain many nuclei within 
the confines of a single cell membrane (the sarcolemma) 

surrounding the assembly of filamentous proteins (the 
sarcomere), which produces the force responsible for 
muscle contraction. Proliferative precursor cells of a 
myoblastic phenotype may be induced to fuse to form 
myotubes in vitro which resemble nascent muscle fibres. 
Although significant advances have been made in apply-
ing myogenic precursors to tissue engineering,3 such 
approaches are problematic therapeutically due to diffi-
culty in the sub-culture of myoblasts and the lack of  
availability of donor cells (autologous or otherwise). 
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Mesenchymal stem cells (MSCs) are an attractive alter-
native source of progenitor cells due to their multipo-
tency, high propensity for self-renewal and the possibility 
of harvesting large numbers from several different 
tissues.4,5

There have been several different approaches published 
to induce myogenic differentiation of MSCs. The earliest 
such method employed the use of 5-azacytidine, a pharma-
cological modulator of DNA methylation.6 Others have 
artificially forced myogenic differentiation by, for exam-
ple, retroviral transfection to promote expression of PAX3 
leading to expression of downstream myogenic regulatory 
factors (MRFs) and consequent differentiation.7 Such 
studies, while interesting, perhaps only indicate that MSCs 
are not prohibited epigenetically from myogenic differen-
tiation. They do not, in themselves, present a useful proto-
col for culture of skeletal muscle.

Myogenic differentiation of MSCs has also been dem-
onstrated using induction media containing high doses of 
the steroids dexamethasone and hydrocortisone.8–11 It 
should be noted that none of these studies employed MSCs 
from bone marrow. Instead they used adipose tissue or 
adherent mononuclear cells from cord blood. Some exam-
ples of apparently spontaneous differentiation of MSCs 
have also been reported. MSCs from bone marrow were 
shown to undergo early stages of myogenic differentiation 
in response solely to matrix stiffness.12 More recently, this 
effect has been shown to result in the formation of fused 
myotubes only from adipose-derived and not bone mar-
row–derived MSCs.13

Finally, there are a group of studies in which the appar-
ent differentiation of MSCs in coculture with nascent myo-
tubes derived from myoblast cell lines or primary 
myoblasts was observed. It was shown initially that human 
MSCs derived from bone marrow were capable of sponta-
neous fusion with murine C2C12 myoblasts14 and later 
that such fusion led to expression of human proteins char-
acteristic of skeletal muscle indicating that the MSC nuclei 
were transcriptionally active post-fusion.15,16 Similar 
results have also been demonstrated using MSCs derived 
from adipose tissue.17

Given its role as the principle effector of voluntary 
motion, skeletal muscle is a mechanically dynamic tissue. 
Indeed, muscle fibres exert force as a result of contraction 
and are also subject to the action of external forces.18 It is 
therefore essential to understand the role of externally 
applied strain on the development, repair and maturation of 
muscle in order to develop effective protocols for tissue 
engineering. The overall effect of cyclic mechanical strain 
on skeletal myogenesis in vitro is not entirely clear from the 
literature. Several researchers have reported that cyclic 
mechanical strain generally increases myogenesis or some 
aspect of it,19–21 and several others have reported that myo-
genesis, or at least sarcomeric maturation, is perturbed  
or hindered by cyclic mechanical strain.22–24 Further 

investigations are clearly needed in order to clarify the role 
of mechanical strain and to identify implications for tissue 
engineering.

In this study, a FlexCell mechanical stimulation device 
was used to apply cyclic mechanical strain to both mono-
cultures and cocultures of murine C2C12 myoblasts and 
human adipose–derived MSCs. The coculture system was 
chosen in order to study the potential of MSCs in tissue 
engineering skeletal muscle and because the myogenesis 
in such systems reported in the literature has not been fully 
characterised. Adipose-derived MSCs were chosen due to 
their potential for therapeutic use arising from their plenti-
ful source and ease of harvesting. Serum withdrawal only 
was used in the myogenic differentiation protocols in order 
to isolate only the effects of the presence of C2C12s and 
mechanical strain on the MSCs.

Experimental methods

Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM) low glu-
cose variation, Dulbecco’s phosphate buffered saline 
(PBS), trypsin–ethylenediaminetetraacetic acid (EDTA) 
preparation and foetal bovine serum (FBS) were obtained 
from PAA (Pasching, Austria). Adult horse serum, goat 
serum, paraformaldehyde, Triton X-100, bovine serum 
albumin and diamidinophenylindole (DAPI) were 
obtained from Sigma–Aldrich (Dorset, UK). Complete 
mesenchymal stem cell growth medium was obtained 
from Promocell (Heidelberg, Germany). ProLong Gold 
antifade reagent, AlexaFluor-488 conjugated goat-anti-
mouse IgG antibody and AlexaFluor-546 goat-anti-rabbit 
IgG antibody were all purchased from Molecular Probes 
(Life Technologies, Paisley, UK). DNAse I and DNAse 
buffer were obtained from Ambion (Life Technologies). 
Monoclonal mouse-anti-rabbit fast skeletal myosin (myo-
sin heavy chain (MHC)) antibody, monoclonal mouse-
anti-mouse (synthetic fragment) MyoD1 antibody and 
monoclonal rabbit-anti-human lamin A (human only) pri-
mary antibody were obtained from Abcam (Cambridge, 
UK). MicroMACS one-step complementary DNA 
(cDNA) kit was purchased from Miltenyi Biotec (Surrey, 
UK). Precision 2X PCR Master Mix with SYBR Green, 
GeNorm reference gene selection kit and custom designed 
primers for quantitative reverse transcriptase polymerase 
chain reaction (RT-PCR) were obtained from Primer 
Design Ltd (Southampton, UK).

Cell culture

C2C12 myoblasts were obtained from the European 
Collection of Animal Cell Cultures and maintained in 
DMEM supplemented with 10% (v/v) FBS. The cells were 
sub-cultured every 2–3 days or when 80%–90% confluent. 
Terminal differentiation was induced by changing the 
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growth medium to a low serum formulation containing 2% 
(v/v) adult horse serum in place of FBS.

Human adipose–derived MSCs were obtained from 
PromoCell having been isolated from a 26-year-old 
Caucasian female and enriched and screened for a popula-
tion positive for CD44 and negative for CD31 and CD45 
surface antigens. The cells were maintained in mesenchy-
mal stem cell growth medium (a proprietary, low serum 
medium) and were seeded for experiments at passage 5 
having been purchased at passage 2.

Cocultures of C2C12 myoblasts and MSCs were seeded 
at a ratio of 1:5 in myoblast growth medium with a total 
seeding density of 22,222/cm2 in flexible-bottom 6-well 
plates pre-coated with collagen I (FlexCell, Dunn 
Labortechnik, Asbach, Germany). The same total seeding 
density was also used for monocultures of C2C12 myo-
blasts and MSCs.

Cyclic strain experiments

Cell cultures were subjected to cyclic uniaxial strain using 
a FlexCell system (Dunn Labortechnik, Asbach, Germany) 
with UniFlex culture plates and ArcTangle loading posts. 
The system employs 6-well plates in which the growth sur-
face is a flexible sheet of polymer. A vacuum is employed 
to deform the flexible growth surface over a cylindrical 
post machined with truncations, which results in a uniaxial 
strain field. The vacuum is modulated to give cyclic strain 
with a choice of waveforms. The waveform employed in 
this study was a half sine wave with frequency of 1 Hz and 
amplitude of 12% pulsed in 1-s pulses with a pause of 1 s 
between each pulse. A plot of the strain waveform is shown 
in Figure 1.

Cells were seeded in coculture or monoculture to col-
lagen I–coated UniFlex plates in myoblast growth medium 

(including 10% v/v foetal calf serum). The cells were 
allowed to adhere and proliferate for 24 h before changing 
medium to myoblast differentiation medium (including 
2% v/v adult horse serum). The strain regimen was then 
initiated and continued for 48 h before refreshing the dif-
ferentiation medium. Cultures were then continued for a 
further 5 days under static conditions, refreshing the 
medium once more half way through. The cells were then 
fixed for immunocytochemistry (ICC) or harvested for 
gene expression analysis.

ICC

For ICC, cultures were fixed in 3% (w/v) paraformalde-
hyde in PBS for 10 min at room temperature before rins-
ing three times with fresh PBS. Cell membranes were 
partially permeabilised and cultures were blocked against 
non-specific antibody binding by incubating fixed cul-
tures for 30 min at room temperature in a complete stain-
ing buffer containing 0.1% (v/v) Triton X-100, 0.1% 
(w/v) bovine serum albumin and 1% (v/v) goat serum in 
PBS. The cultures were then stained with a combination 
of primary antibodies in staining buffer for 16 h at 4°C. 
The antibodies against MHC, lamin A and MyoD1 were 
used at working dilutions of 1/1000, 1/500 and 1/200, 
respectively. The cultures were then incubated with a mix-
ture of AlexaFluor-546-conjugated goat-anti-rabbit IgG 
and AlexaFluor-488-conjugated goat-anti-mouse IgG sec-
ondary antibodies for 1 h at room temperature. After two 
rinses in fresh PBS, the cultures were finally incubated 
with DAPI (300 nM) for 10 min. The cultures were rinsed 
once and then mounted for microscopy in ProLong Gold 
antifade reagent. Fluorescence micrographs were cap-
tured using a Leica SP5 confocal microscope.

Gene expression analysis by quantitative  
RT-PCR

For gene expression analysis, the growth medium was 
aspirated and the cultures rinsed once with PBS before 
trypsinisation with trypsin-EDTA preparation. The trypsin 
was removed from the cell suspension by centrifugation, 
and the cell pellet was lysed in lysis buffer (kit compo-
nent). Extraction of messenger RNA (mRNA) and reverse 
transcription to prepare cDNA was carried out using a 
column-based MicroMACS one-step cDNA kit (Miltenyi 
Biotec) according to the manufacturer’s instructions. 
Although the manufacturer stated that the MicroMACS kit 
removes genomic DNA from samples, an additional 
DNase treatment was carried out on-column prior to 
reverse transcription to ensure that no genomic DNA was 
present in the final cDNA samples. The columns were first 
equilibrated with DNase I buffer before addition of RNase-
free DNase I (two units) in DNase buffer (50 µl). The col-
umns were incubated at room temperature for 2 min before 

Figure 1. Cyclic strain waveform. Cultures were subjected 
to 12% strain applied as a half-sinusoidal waveform at a rate of 
1 Hz. Strain was applied in pulses of 1 s duration with 1 s rest 
between each pulse.
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eluting the DNAse with lysis/binding buffer and wash 
buffer (kit components) prior to continuing with the on-
column reverse transcription according to the kit manufac-
turer’s instructions.

Quantitative RT-PCR (qPCR) was carried out using a 
StepOne Plus qPCR cycler (Applied Biosystems, Life 
Technologies). SYBR Green detection chemistry was 
employed, and cycling conditions were programmed 
according to the mastermix manufacturer’s instructions. 
Primers were custom designed by a commercial supplier 
(Primer Design Ltd). The aim of the experiments was to 
quantify expression of skeletal muscle genes by the human 
MSCs in the presence of differentiating mouse myoblasts 
which would be expected to concurrently express equiva-
lent mouse skeletal muscle genes. Given that the relative 
copy number of human target sequences was often low in 
comparison to the equivalent mouse sequences in the same 
samples, and given the relatively high degree of homology 
between many of the mouse and human genes, some opti-
misation of annealing temperature was required in order to 
ensure strict species specificity. Given such strict require-
ments for species specificity, it was also not possible to 
design exon spanning primers for every gene, hence the 
additional DNAse treatment prior to reverse transcription. 
Primers were validated by amplification of cDNA pre-
pared from monocultures of differentiating C2C12 myo-
blasts and primary human skeletal muscle myoblasts for 
mouse and human targets, respectively. The primer pair 
sequences and annealing temperature for each pair along 
with the melt temperature of the amplification products as 
measured by post-amplification melt curve analysis are 
listed in Table 1.

Experimental threshold cycle times were determined 
from amplification curves using ABI StepOne Plus soft-
ware. High-resolution melt curves were acquired after 
amplification in order to assess the validity and specificity 
of amplification in comparison to positive controls. 
Amplification of target sequence was determined as nil 

(below measurable limits) if the value of CT exceeded 32 
cycles or the melt curve showed multiple or incorrect 
peaks. Data were deemed valid if the melt curve showed 
good specificity in comparison to positive controls.

A GeNorm reference gene selection kit was used to 
determine the most stable reference genes for the experi-
mental conditions employed. Informed by the GeNorm 
test, values of CT were normalised to aggregate expression 
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
cytochrome c-1 (CYC1) and beta-2-microglobulin (B2M). 
Relative gene expression was calculated relative to expres-
sion at the beginning of the experiments (day 0) and plot-
ted as fold change plus or minus the standard error of the 
mean. Statistical differences with respect to expression at 
day 0 and between static and strained cultures were deter-
mined by application of Student’s t-test.

Proliferation assay

Six replicate samples were used for each condition. After 
seeding, the C2C12s were allowed to attach, spread and 
proliferate for 24 h after which the cultures were assumed 
to be in the log phase of growth. The Alamar Blue (resa-
zurin) viability assay was used to determine the rate of 
proliferation using the manufacturer’s protocol. First, the 
growth medium was aspirated and replaced with exactly 
2 mL of fresh differentiation medium per well. Alamar 
Blue working solution (150 µM, 200 µL) was added to 
each well, and the plates were incubated at 37°C for 2 h; 
200-µL aliquots of medium were removed in triplicate to 
black 96-well plates, and the fluorescence was measured 
using a multiwell plate reader with excitation and emis-
sion wavelengths of 560 and 590 nm, respectively. The 
growth medium was then aspirated from the sample wells 
and replaced with fresh medium. A total of 48 h after 
seeding, the assay was repeated giving a total of two time 
points from which the population doubling rate (rd) was 
calculated for each well using equation (1), where f1 and 

Table 1. Primer sequences and annealing temperatures (Ta) for gene expression analysis by quantitative RT-PCR. Values of 
amplification product melting temperature (Tm) were measured experimentally by post-amplification melt curve analysis.

Gene Species Sense Antisense Ta (°C) Tm (°C)

Myod1 Mouse AGGACACGACTGCTTTCTTC CGGAACCCCAACAGTACAA 60.0 84.6
MYOD1 Human CCACAGGGCAAGGACACAG TAGCCCCTCAAGGTTCAGC 70.0 87.5
Myog Mouse GCCCAGTGAATGCAACTCCC CAGCCGCGAGCAAATGATCT 60.0 87.0
MYOG Human GCCCTGATGCTAGGAAGCC CTGAATGAGGGCGTCCAGTC 70.0 85.0
Myh2 Mouse GGACCTCATGCTGGATGTG GCGTGGGTTTCCTCATACTT 60.0 84.6
MYH2 Human TAGTAATGTAGAAACGGTCTCCAAA CCTTTGATTTCAGTTCACTCAGTT 68.0 80.7
Ttn Mouse TTTCTTGTGAGGTCAGCGGG CTGGAGCGACTCACACTGAT 60.0 79.9
TTN Human TAGTAAAATGCTTAAAGCAGGCATAA TACTGTTAGAACTTTGCCTTCATC 68.0 78.8
RUNX2 Human GAGCAATTAAAGTTACAGTAGATGGA GAGGCGGTCAGAGAACAAAC 68.0 81.0
PPARG Human AACACTAAACCACAAATATACAACAAG GGCATCTCTGTGTCAACCAT 68.0 78.6
ALCAM Human AAAAGTGCTACATCCCCTTGAA TGTCAGCCTTGGTTGTCTTG 68.0 81.3

RT-PCR: reverse transcriptase polymerase chain reaction.
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f2 are the background-subtracted fluorescence values at 
time point 1 (t1) and time point 2 (t2), respectively. Mean 
values of rd were plotted plus or minus the standard error 
of the mean.
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Results and discussion

Cyclic mechanical strain of C2C12 
monocultures

C2C12 myoblasts in monoculture fused to form multinu-
cleated myotubes expressing MHC (Figure 2). The relative 
degree of myotube bulk orientation and the apparent num-
ber of myotubes appeared qualitatively increased in cul-
tures subjected to cyclic strain compared to static cultures. 
However, even when subjected to cyclic strain, some vari-
ability in the direction of bulk orientation was observed 
with the most common orientation being approximately 
45° relative to the strain axis. This contrasts with the find-
ings from other studies that showed parallel orientation of 
myotubes along the strain axis.19,24 It has been shown that 

fibroblasts (which share a mesenchymal morphology with 
myoblasts and MSCs) generally adopt orientations perpen-
dicular to an applied uniaxial strain field in order to mini-
mise the deformation of stress fibres.25 It may be that the 
observed orientation at 45° is a combination of this effect 
and a second effect particular to myotubes which acts to 
orient the myotubes parallel to the strain axis and which 
has yet to be fully characterised.

After a period of differentiation, the C2C12 myotubes 
displayed myosin in a striated arrangement, indicating sar-
comeric assembly and maturation of the nascent myotubes 
(Figure 2(b) and (d)). However, the application of cyclic 
strain led to a qualitative reduction in striation, with both 
the number of striated myotubes (relative to non-striated) 
and the extent of striation clearly reduced. A similar find-
ing has also been reported elsewhere,24 and may indicate 
that contrary to some other reports, cyclic mechanical 
strain of the amplitudes employed here may perturb sarco-
meric assembly and maturation in vitro.

The application of cyclic strain also affected the rate of 
proliferation of C2C12s (Figure 3). After strain, a signifi-
cant increase in proliferation rate was observed relative to 
before the application of strain, an effect also reported 
elsewhere and attributed to the modulation of extracellular 
signal-regulated kinase (ERK) phosphorylation as a direct 
result of mechanical stimulation.22 A small but statistically 
insignificant decrease in proliferation rate was observed 

Figure 2. Confocal micrographs of MHC expression. Green staining corresponds to MHC and blue to nuclei (DAPI staining); (a) 
large-scale tile scan of static culture: scale bar = 750 µm, (b) high magnification scan of static culture: scale bar = 25 µm, (c) large-
scale tile scan of culture subjected to cyclic strain: scale bar = 750 µm and (d) high magnification scan of culture subjected to cyclic 
strain: scale bar = 25 µm.
DAPI: diamidinophenylindole; MHC: myosin heavy chain.
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for the cells that were not subjected to cyclic strain, as 
would be expected as the cells begin to terminally differ-
entiate and withdraw from the cell cycle in response to 
serum withdrawal.

Whether cyclic mechanical strain is beneficial or detri-
mental for skeletal muscle myogenesis in vitro is unclear 
from the literature, with different studies drawing often 
very different conclusions. The choice of strain direction 
may be one aspect of experimental design that leads to 
variability between studies. The majority of the studies 
have been carried out using devices that deform a flexible-
bottom culture plate using a vacuum (e.g. the FlexCell 
device used in this study). Such devices may be configured 
to exert uniaxial strain (as observed in the extension of a 
muscle) or equibiaxial (radial) strain which deforms cells 
in two orthogonal axes, and indeed, both geometries have 
been employed in studies on skeletal muscle myogenesis. 
It may be expected that uniaxial strain promotes myogen-
esis, and indeed, this has been reported,19 and yet, the 
opposite has also been demonstrated elsewhere.24 
Likewise, equibiaxial strain may be expected to lead to 
decreased myogenesis as it has no physiological relevance 
for skeletal muscle, and yet a positive effect has been 
reported.20,21 In contrast, the detrimental effect of equibi-
axial strain on myogenesis has also been reported in two 
independent studies, and both sets of researchers demon-
strated a rational mechanism in the activation of cell cycle 
regulators via focal adhesion kinase (FAK) or ERK, 
respectively, leading to increased proliferation and a con-
sequent decrease in myogenesis and terminal differentia-
tion.22,23 The only study in which a direct comparison of 
uniaxial and equibiaxial cyclic strain was compared in 
skeletal muscle myogenesis found that uniaxial strain led 

to an increased number of myotubes formed from a larger 
number of myoblasts, whereas equibiaxial strain made lit-
tle difference to the progression of myogenesis.19 One 
effect of strain which is clear, however, is in the imposition 
of orientation and long-range order in the nascent myo-
tubes in vitro. Uniaxial strain has been reported to produce 
oriented cultures of parallel myotubes, whereas equibiax-
ial strain leads to no such long-range order.19,24

It seems likely from the results presented here and the 
seemingly confusing picture painted by the published lit-
erature that in fact the effect of cyclic mechanical strain on 
skeletal muscle myogenesis in vitro may be multifaceted. 
An increase in proliferation has clearly been demonstrated 
both in this study and elsewhere.22,23 As withdrawal from 
the cell cycle and cessation of proliferation is an integral 
process in terminal differentiation, it may be that in upreg-
ulating proliferation terminal differentiation is prevented 
or at least delayed. No such clear reduction in differentia-
tion was observed here, however, possibly indicating a 
second process or group of processes by which cyclic 
strain may actually promote myogenesis or at least myo-
tube fusion. Indeed, if two separate effects of cyclic strain 
act to prevent or delay onset of terminal differentiation 
while promoting other processes downstream of cell cycle 
withdrawal, this may go some way to explaining the appar-
ent contradictions and variation in the published literature 
as subtle differences in experimental protocol may lead to 
different balances of the opposing effects. It should be 
noted, however, that the mechanism of a pro-myogenic 
effect of cyclic strain has yet to be elucidated.

Cyclic mechanical strain of MSCs in 
monoculture and coculture

In contrast to the C2C12s, after the period of culture under 
differentiation conditions, no evidence of myotube forma-
tion or MHC expression was observed by ICC in the MSC 
monocultures (Figure 4). In coculture, many small and 
some large MHC-positive myotubes formed and the two 
cell populations appeared homogeneously distributed on 
the collagen I–coated substrates (Figure 4(e) and (f)). A 
primary antibody against human specific lamin-A (a com-
ponent of the nuclear envelope) was employed in order to 
distinguish the two cell populations by ICC. For most 
fields-of-view, the MHC-positive myotubes contained 
only mouse nuclei and had apparently formed only from 
C2C12s. However, a small number (approximately 1% or 
less) of MHC-positive myotubes clearly contained nuclei 
of both mouse and human or just human origin originating 
from both the C2C12s and MSCs or only from the MSC 
population (Figure 5). Great care was taken during confo-
cal microscopy to ensure no crosstalk between channels by 
sequentially scanning with each excitation laser and 
detecting only narrow emission bands. The human nuclei 
were clearly located within the myotubes rather than above 

Figure 3. Proliferation of C2C12s expressed as doubling rate 
(number of doublings per day). Statistical differences arising 
from the application of cyclic strain and relative to day 1 
(before application of strain) were determined using Student’s 
t-test. *denotes a statistically significant difference with p ≤ 
0.05.
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or below, as there was a clear reduction in intensity of 
MHC staining at the nuclear location as indicated by the 
white arrows in Figure 5(b).

Characteristically, the C2C12 myoblasts expressed the 
MRF MyoD1, both in monoculture (not shown) and in the 
coculture experiments (Figure 6). Some cytoplasmic local-
isation of MyoD1 was observed, although the majority of 
expression was localised to the nuclei suggesting func-
tional activity in modulating downstream transcription. 
Some MyoD1 expression was observed in the MSCs in 
monoculture, although localisation to the nucleus was 
never observed. In monocultures of both the C2C12s and 
MSCs and in the coculture experiments, there was no qual-
itative difference in the expression and spatial distribution 
of MyoD1 in response to cyclic strain. In the small number 

of mixed mouse/human myotubes resulting from the 
coculture experiments, MyoD1 was localised to both the 
mouse and human nuclei, as indicated by colocalisation 

Figure 4. Confocal micrographs of monocultures and 
cocultures of C2C12s and MSCs under static and strained 
culture conditions. Green staining corresponds to MHC, red 
staining corresponds to human lamin-A (marker of human 
nuclei) and blue corresponds to nuclei (DAPI staining). Scale 
bars = 75 µm. (a) Static monoculture of C2C12s, (b) C2C12 
monoculture subjected to cyclic strain, (c) static monoculture 
of MSCs, (d) MSC monoculture subjected to cyclic strain, (e) 
static coculture and (f) coculture subjected to cyclic strain.
MHC: myosin heavy chain; MSC: mesenchymal stem cell; DAPI: diamid-
inophenylindole.

Figure 5. Confocal micrograph of a representative example of 
co-fusion of C2C12s and MSCs. Green staining corresponds to 
MHC, red staining corresponds to human lamin-A (marker of 
human nuclei) and blue corresponds to nuclei (DAPI staining). 
(a) Overlay of confocal channels. Scale bar = 100 µm. (b) high 
magnification scan of MHC channel. Arrows indicate location of 
human lamin-A positive nuclei. Scale bar = 50 µm.
MHC: myosin heavy chain; MSC: mesenchymal stem cell; DAPI: diamid-
inophenylindole.

Figure 6. Representative confocal micrographs of MyoD1 
expression in a myotube containing both mouse and human 
nuclei. Green staining corresponds to MyoD1 (reactive for both 
mouse and human), red staining corresponds to human lamin-A 
(marker of human nuclei) and blue corresponds to nuclei (DAPI 
staining). (a) Overlay of confocal channels; (b) MyoD1 channel; 
(c) colocalisation analysis of MyoD1 and DAPI (all nuclei) and (d) 
colocalisation analysis of MyoD1 and human lamin-A. The gold 
colour scale shows regions in which strong expression (greater 
than the mean for the image) was observed for both stains. The 
blue colour scale shows regions in which strong expression was 
only measured in one of the two stains. Scale bars = 25 µm.
DAPI: diamidinophenylindole.
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with human lamin-A (Figure 6). Although the antibody 
against MyoD1 was reactive against both murine and 
human forms, the observed colocalisation with human 
lamin-A indicated likely regulation of human skeletal 
muscle regulators and proteins downstream of MyoD1, 
assuming sufficient homology between murine and human 
forms of the transcription factor.

Expression of skeletal muscle genes

Quantitative gene expression analysis of C2C12s in mono-
culture revealed a pattern of expression characteristic  
of terminally differentiating myoblasts (Table 2 and  
Figure 7). Relative to day 0 (proliferative myoblasts prior 
to terminal differentiation), Myod1 expression was slightly 
reduced and expression of Myog (myogenin) was signifi-
cantly increased as expected when myogenic cells undergo 
terminal differentiation, withdraw from the cell cycle and 
begin fusion.26 Positive expression of Myh2 (encoding 
MHC) and Ttn (encoding the sarcomeric protein titin) was 
also observed, with significant increases in expression 
relative to day 0. In response to the application of cyclic 

strain, only Ttn expression was affected, with significantly 
reduced expression following the application of strain. 
While most published studies examining the effect of 
strain on myogenesis make no mention of Ttn expression, 
a recent study reported a decrease in observed striation of 
myotubes which was also observed here (Figure 2).24 It 
seems likely, therefore, that this strain regimen may per-
turb sarcomeric assembly as the myotubes mature, result-
ing in less striation and reduced expression of Ttn. 
However, it is not entirely clear by what mechanism this 
perturbation may occur. It may be that cyclic strain slows 
the differentiation and subsequent maturation, or at least 
delays onset of terminal differentiation, by the same mech-
anism as that responsible for the observed increase in pro-
liferation (Figure 3). However, given that expression of 
Myog and Myh2, respectively, a regulator of terminal dif-
ferentiation and a key sarcomeric protein, were unchanged 
in response to strain, it seems more likely that the process 
of maturation and sarcomeric assembly may be distinctly 
mechanosensitive via a mechanism not yet elucidated.

In monoculture, no expression of skeletal muscle mark-
ers was observed in the MSCs, irrespective of the applica-
tion of cyclic strain (Table 2). While there is some evidence 
in the literature that adipose-derived MSCs, such as those 
used in this study, are more likely to differentiate down the 
myogenic lineage than those from bone marrow, there 
remains little clarity on what conditions are required for 
such differentiation. It is perhaps unsurprising, however, 
that the adipose-derived MSCs failed to differentiate in 
response to simple serum withdrawal. Indeed, only 
recently have adipose-derived MSCs been shown to 
express myogenin and also undergo fusion in vitro under 
such conditions.13 Sarcomeric assembly was not shown, 
however, and the effect was only observed on matrices 
with carefully tuned mechanical properties.

In the coculture experiments, quantitative gene expres-
sion by PCR was carried out using strictly species-specific 
primers to interrogate expression of both murine and human 
skeletal muscle markers (i.e. expression originating from 
the C2C12s and MSCs respectively). Expression of murine 
markers revealed a very similar expression profile to the 
monoculture experiments and also showed the same 
response to cyclic strain, with significantly reduced  
expression of Ttn in the cultures subjected to strain  
(Table 3 and Figure 8(a)). Expression of human skeletal 
muscle markers in coculture revealed a strikingly different 
expression profile compared to the monoculture experi-
ments however (Table 3 and Figure 8(b)). As in the mono-
cultures, no expression of MYOD1 or MYOG was observed. 
Positive expression of MYH2 and TTN were observed, 
however, in contrast to the monoculture experiments 
although cyclic strain had no effect on levels of expression. 
The positive expression of MYH2 agrees with the ICC of 
the cocultures (Figure 5) as multinuclear myotubes contain-
ing human nuclei (from the MSCs) were observed.

Table 2. Expression of skeletal muscle markers in 
monoculture experiments.

MYOD1 MYOG MYH2 TTN

Murine C2C12s + + + +
Human MSCs − − − −

MSC: mesenchymal stem cell; +: positive expression, −: no measurable 
expression under the conditions of the assay.

Figure 7. Expression of murine skeletal muscle genes in 
C2C12 monocultures by quantitative RT-PCR. Data are 
expressed as fold change relative to day 0 plus or minus 
the standard error of the mean. Statistical differences were 
measured by Student’s t-test and denoted with asterisks. 
***statistical difference at p ≤ 0.001, **statistical difference at p 
≤ 0.01 and *statistical difference at p ≤ 0.05.
RT-PCR: reverse transcriptase polymerase chain reaction.
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With the absence of expression of the key MRFs MyoD1 
and myogenin, it seems highly unlikely that the MSCs had 
actually undergone myogenic differentiation in the true 
sense. Rather the observed phenomenon resonates more 
strongly with work published in the 1980s in which the 
existence of MRFs was first postulated.27 In this seminal 
study, primitive human cells collected from amniotic fluid 

were artificially fused with maturing murine myotubes. In 
much the same way as observed here, expression of human 
skeletal muscle–specific proteins soon followed which was 
taken as evidence that key MRFs must exist and that the 
cytoplasm-borne factors may activate transcription of skel-
etal muscle–specific genes. In their study, the different spe-
cies of the two cell types was used as a tool in order to 
distinguish between expression arising from transcription 
from the two different nuclei within the same multinuclear 
cell. Whereas in their study, the co-fusion event was artifi-
cially induced using a chemical agent, the fusion demon-
strated here is apparently spontaneous. Similar co-fusion of 
human MSCs with murine myoblasts has also been demon-
strated more recently.14–17 In all such studies, however, the 
authors attribute the observed expression of human muscle 
markers to myogenic differentiation.

Expression of genes of other lineages

Given that no bulk myogenic differentiation of MSCs 
occurred and that only a small number of co-fusion events 
were observed, expression of key markers of the other major 
mesodermal lineages by the MSCs was also assessed 
(Figure 9). In monoculture, no significant changes in expres-
sion of runt related transcription factor 2 (RUNX2 a key 
regulator of osteogenic specification) or PPARG (peroxi-
some proliferator-activated receptor (PPAR)-gamma, a reg-
ulator of adipogenesis) were observed relative to day 0 or in 
response to cyclic strain. A small but statistically significant 
decrease in expression of activated leukocyte cell adhesion 
molecule (ALCAM), a marker of the multipotent MSC phe-
notype,28 was observed in static monocultures indicating a 
possible decrease in the multipotent fraction of the MSC 
population. However, given the small change (less than two-
fold) and the lack of observed changes in RUNX2 and 
PPARG expression, it seems likely that this may indicate 
simply a small shift closer to senescence in the absence of 
other mechanical, biological or chemical factors.

In coculture, a several-fold increase in RUNX2 expres-
sion and concurrent reduced expression of PPARG was 
observed although cyclic strain apparently made little dif-
ference to levels of expression. Some factor or combination 
of factors originating from the C2C12s in the coculture 
milieu clearly constitutes a pro-osteogenic environment for 
MSCs. Nonetheless the increase in RUNX2 and decrease in 
PPARG expression were only fourfold relative to day 0 and 
therefore indicate only a rather moderate differentiation 
event. Furthermore, expression of ALCAM was unchanged 
relative to day 0 irrespective of cyclic strain. It seems likely, 
therefore, that the majority of the MSCs in coculture 
remained in a multipotent state throughout the experiment.

Conclusion

Uniaxial cyclic mechanical strain was found to increase pro-
liferation of C2C12 myoblasts. Although progression 

Table 3. Expression of skeletal muscle markers in coculture 
experiments.

MYOD1 MYOG MYH2 TTN

Murine markers + + + +
Human markers − − + +

+: denotes positive expression; −: denotes no measurable expression 
under the conditions of the assay.

Figure 8. Expression of skeletal muscle genes in coculture 
experiments by quantitative RT-PCR (a) murine genes and (b) 
human genes. Data are expressed as fold change relative to 
day 0 plus or minus the standard error of the mean. Statistical 
differences were measured by Student’s t-test and denoted 
with asterisks. ***statistical difference at p ≤ 0.001, **statistical 
difference at p ≤ 0.01 and *statistical difference at p ≤ 0.05.
RT-PCR: reverse transcriptase polymerase chain reaction.
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of terminal differentiation and fusion of myotubes was 
apparently unaffected by cyclic strain, maturation and sarco-
meric assembly was perturbed. In coculture with human 
adipose–derived MSCs, a small number of MSCs fused with 
the C2C12 myotubes and expression of human sarcomeric 
proteins was observed irrespective of the application of 
cyclic strain. No expression of human MRFs was observed, 
however, indicating that true myogenic differentiation of 
MSCs did not occur, at least not via the usual sequence of 
signalling events. Nonetheless, the myogenic potential of 
adipose-derived MSCs was clearly evident, and the potential 
for such approaches in tissue engineering remains highly 
promising.
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