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In vitro drug testing based on 
contractile activity of C2C12 cells  
in an epigenetic drug model
Kazushi Ikeda1, Akira Ito2, Ryusuke Imada2, Masanori Sato2, Yoshinori Kawabe2 & 
Masamichi Kamihira1,2

Skeletal muscle tissue engineering holds great promise for pharmacological studies. Herein, we 
demonstrated an in vitro drug testing system using tissue-engineered skeletal muscle constructs. 
In response to epigenetic drugs, myotube differentiation of C2C12 myoblast cells was promoted in 
two-dimensional cell cultures, but the levels of contractile force generation of tissue-engineered 
skeletal muscle constructs prepared by three-dimensional cell cultures were not correlated with the 
levels of myotube differentiation in two-dimensional cell cultures. In contrast, sarcomere formation 
and contractile activity in two-dimensional cell cultures were highly correlated with contractile force 
generation of tissue-engineered skeletal muscle constructs. Among the epigenetic drugs tested, 
trichostatin A significantly improved contractile force generation of tissue-engineered skeletal muscle 
constructs. Follistatin expression was also enhanced by trichostatin A treatment, suggesting the 
importance of follistatin in sarcomere formation of muscular tissues. These observations indicate that 
contractility data are indispensable for in vitro drug screening.

Tissue-engineered skeletal muscle constructs have attracted attention for regenerative therapy1, basic biological 
studies2, bio-actuators3, as a meat alternative4, and for drug discovery5. In vitro culture systems have been applied 
for drug discovery for patients with injured, diseased and age-related muscle dysfunction6,7. Conventionally, 
two-dimensional (2D) cell culture systems have been used to elucidate the efficacy of new drugs by examin-
ing their effect on the formation of myotubes8. However, 2D cell culture systems are limited in their ability to 
mimic in vivo skeletal muscle function, mainly due to lack of native muscle architecture. One of the most impor-
tant characteristics of skeletal muscle is its ability for force generation. Thus, artificial skeletal muscle constructs 
should mimic the architecture of native muscle and exhibit contractile force generation. Using primary myoblasts 
and/or a C2C12 myoblast cell line, several researchers have developed three-dimensional (3D) culture systems 
that are available for contractile force measurement9,10, and tissue-engineered skeletal muscle constructs have 
been applied in drug testing11,12, atrophy modeling7,13 and muscular disease modeling6. In a previous study, we 
developed a method for fabricating functional skeletal muscle tissue constructs using a magnetic force-based 
tissue engineering (Mag-TE) technique14,15, in which C2C12 cells were labeled with magnetite cationic liposomes 
(MCLs)16 as a functional magnetic nanoparticle, and assembled by applying a magnetic field to form a cell-dense 
and aligned fascicle-like structure15.

Here, we describe a tissue-engineered skeletal muscle culture system for drug testing based on contractility 
data presented in force generation. In the present study, tissue-engineered skeletal muscle constructs fabricated by 
Mag-TE were exposed to small-molecule drugs known to enhance myotube formation. The myogenic effects of 
small-molecule drugs were compared between 2D cell culture and 3D tissue culture. Small molecules (<  1000 Da) 
drugs that cause epigenetic changes, such as histone deacetylase (HDAC) inhibitors and DNA methyltransferase 
(DNMT) inhibitors, have the potential to promote myogenic differentiation. The stimulatory effect of histone 
acetyltransferases on gene expression is inhibited by HDACs that promote chromatin condensation and thereby 
repress transcription. HDAC inhibitors promote myogenesis because they inhibit class I and class II HDACs, 
which repress MyoD and myocyte enhancer factor (MEF) 2 activity, respectively17,18. Iezzi et al. were the first 
to show that HDAC inhibitors, including trichostatin (TSA), valproic acid (VPA) and sodium butyrate (SB), 
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promoted muscle differentiation in in vitro 2D cell culture and in vivo mouse embryos19. Conversely, the relation-
ship between epigenetic modification and myogenesis was first observed when C3H10T1/2 embryonic fibroblasts 
were treated with a DNMT inhibitor, 5-azacytidine (5AC)20. Upon exposure to 5AC, the promoters of muscle 
regulatory factors (MRFs), including MyoD, were demethylated during myogenic differentiation21. Hupkes et al. 
reported that the treatment of C2C12 cells with 5AC induced genome-wide demethylation and upregulation of 
muscle-specific genes, resulting in enhanced myogenesis in 2D cell culture22. In the present study, four different 
HDAC inhibitors with three types of chemical structure [the hydroxamic acid TSA, the short-chain fatty acids 
VPA and SB, and the cyclic tetrapeptide apicidin (API)] and a DNMT inhibitor (5AC) were used for drug testing.

The therapeutic potential of HDAC inhibitors for muscular dystrophy has been previously confirmed, with 
their therapeutic effect partly relying on a myostatin antagonist follistatin23. Follistatin expression is regulated by 
class I HDACs, which inhibit MyoD activity24. Iezzi et al. reported that muscles from mice treated with HDAC 
inhibitors exhibited elevated production of follistatin, indicating follistatin as a central mediator of the myogenic 
effects exerted by HDAC inhibitors on skeletal muscles23. Therefore, we further investigated the effects of fol-
listatin overexpression in C2C12 cells on myogenic differentiation, sarcomere formation and force generation of 
artificial skeletal muscle constructs.

Results
Effects of epigenetic drugs on myogenic differentiation in 2D culture. To investigate the effects of 
epigenetic drugs on myogenic differentiation and hypertrophy of 2D cultured myoblasts, differentiating C2C12 
cells were exposed to TSA, VPA, SB, API or 5AC. Immunofluorescent staining with anti-α -actinin antibody 
revealed that C2C12 myotubes were formed by fusion of single nucleated cells in response to differentiation 
medium (Fig. 1A). C2C12 cells treated with TSA (0.01 and 0.1 μ M), VPA (1 mM), SB (5 mM), API (0.1 mM) and 
5AC (0.001, 0.01 and 0.1 mM) significantly (P < 0.05) increased the differentiation rate compared with the control 
(Fig. 1B). Similarly, myogenic hypertrophy, which is the augmentation of skeletal muscle through an increase in 
size of myotubes, was induced in C2C12 myotubes by TSA (0.01, 0.1 and 1 μ M), VPA (0.1, 1 and 10 mM), SB (0.5, 
5 and 50 mM), API (0.01, 0.1 and 1 mM) and 5AC (0.001 and 0.01 mM) (Fig. 1C).

Effects of epigenetic drugs on contractile force generation of tissue-engineered skeletal muscle  
constructs. We fabricated 3D tissue constructs of C2C12 cells using the Mag-TE technique (Fig. 2A), to 
investigate the effects of epigenetic drugs on contractile force generation. As shown in Fig. 2B, the outer cell 
layer of the tissue constructs was composed of dense and oriented myotubes. Since myogenic hypertrophy is 
generally involved in contractile force generation of skeletal muscle in vivo, myotube width was measured in the 
tissue constructs. Consistent with the results of the 2D cell culture (Fig. 1C), myotube width of C2C12 cells in 3D 
tissue constructs was significantly increased by TSA (0.01 and 0.1 μ M), VPA (0.1 and 1 mM), SB (0.5 and 5 mM), 
API (0.01, 0.1 and 1 mM) and 5AC (0.001 and 0.01 mM) (Fig. 2C). The maximum twitch forces produced by 
tissue-engineered skeletal muscle constructs are shown in Fig. 2D. Interestingly, contractile force generation was 
significantly (P <  0.05) enhanced by TSA (0.01 and 0.1 μ M) treatment (Fig. 2D); however, myotube width, in both 
2D cell culture (Fig. 1C) and 3D tissue culture (Fig. 2C), was increased by all epigenetic drugs tested.

Two-dimensional contractile activity of myotubes exposed to epigenetic drugs. To clarify the 
effects of epigenetic drugs on myogenic differentiation and contractile force generation, 2D contractile activity 
was investigated by examining myotube movement in response to electrical pulse stimulation (EPS). On day 7 
of culture, myotubes displayed contractile responses to EPS of 0.3 V/mm for 4 ms at 1 Hz. Figure 3A shows the 
contractile profile of C2C12 myotubes treated with TSA. Control myotubes displayed a small range of displace-
ment and arrhythmic contraction, while myotubes treated with TSA (0.01 and 0.1 μ M) contracted rhythmically 
in response to EPS, with a dynamic range of displacement. Consistent with the results of contractile force gener-
ation in 3D tissue culture (Fig. 2D), the contractile activity of myotubes in 2D cell culture was enhanced by TSA 
(0.01 and 0.1 μ M) treatment (Fig. 3B), suggesting that 2D contractile activity partially mimics the contractile 
force generation capability of 3D tissue constructs. EPS for 20 min induced the formation of striated patterns 
on myotubes (Fig. 3C). TSA (0.01 and 0.1 μ M) treatment resulted in an obvious striated pattern consisting of 
sarcomeric α -actinin (Fig. 3C) and an increase in the number of myotubes with striations (Fig. 3D). Consistent 
with the results of myotube displacement (Fig. 3B), TSA (0.01 and 0.1 μ M) treatment increased the number of 
myotubes with striations (Fig. 3D). These results indicate that there is a high correlation between sarcomere 
formation as well as contractile activity in 2D cell culture and contractile force generation of 3D skeletal muscle 
tissue constructs.

Effects of follistatin expression on TSA-treated myotubes in 2D cell culture. TSA enhanced force 
generation of artificial skeletal muscle tissues (Fig. 2D). To elucidate the mechanism, we investigated whether 
follistatin expression was responsible for the enhanced muscular functions of skeletal tissues treated with TSA. 
First, endogenous follistatin in C2C12 myotubes was suppressed by siRNA. Treatment of siRNA-follistatin coun-
teracted the effects of TSA on myogenic differentiation (Fig. 4A), including the increased differentiation rate 
(Fig. 4B) and myotube width (Fig. 4C), suggesting that follistatin is a key mediator in the myogenic events exerted 
by TSA treatment.

Effects of follistatin gene transfer on muscular functions. To verify the involvement of follistatin in 
myogenic differentiation and contractile force generation, we created genetically-engineered C2C12 cells capable 
of Dox-inducible follistatin expression (C2C12/FST). The expression levels of C2C12/FST cells in the absence 
and presence of Dox were 3.9 and 6.6 fg/cell, respectively. In 2D cell culture, immunofluorescent staining with 
anti-α -actinin antibody (Fig. 5A) revealed that C2C12/FST myotubes exhibited an enhanced differentiation rate 
(Fig. 5B) and increased myotube width (Fig. 5C) in the presence of Dox. Moreover, the contractile activity of 
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C2C12/FST myotubes indicated a significant increase of displacement in the presence of Dox (Fig. 5D). Finally, 
artificial skeletal muscle tissue constructs comprised of C2C12/FST cells were fabricated using Mag-TE, and 
contractile force generation of the tissue constructs was measured. With Dox treatment, the contractile force 

Figure 1. Effects of epigenetic drugs on the myogenic differentiation of C2C12 cells in two-dimensional 
culture. (A) Fluorescence microscopy images of myotubes at day 7. C2C12 cells were treated with trichostatin 
A (TSA, 0.1 μ M), valproic acid (VPA, 1 mM), sodium butyrate (SB, 5 mM), apicidin (API, 0.1 mM) or 
5-azacytidine (5AC, 0.01 mM) at day 4. Red, α -actinin-positive myotubes; blue, DAPI-positive nuclei. Scale bar, 
200 μ m. (B) Quantitative image analysis of myotube differentiation rate. The data are expressed as mean ±  SD. 
*P < 0.05 vs. control. (C) Quantitative image analysis of myotube width. The data are expressed as mean ±  SD of 
triplicate experiments. *P < 0.05 vs. control.
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Figure 2. Effects of epigenetic drugs on force generation of tissue-engineered skeletal muscle constructs.  
(A) Macroscopic image of the skeletal muscle constructs fabricated using the Mag-TE technique. Scale bar, 10 mm. 
(B) Fluorescence microscopy images of α -actinin-positive myotubes (red) in the tissue-engineered skeletal 
muscle tissue constructs at day 7. Nuclei were stained using DAPI (blue). Tissue-engineered skeletal muscle tissue 
constructs were treated with trichostatin A (TSA; 0.1 μ M), valproic acid (VPA; 1 mM), sodium butyrate (SB; 
5 mM), API (0.1 mM) or 5-azacytidine (5AC; 0.01 mM) at day 4. Scale bars, 50 μ m. (C) Quantitative image analysis 
of myotube width in tissue-engineered skeletal muscle tissue constructs. The data are expressed as mean ±  SD 
of three constructs. *P < 0.05 vs. control. (D) The force generated by tissue-engineered skeletal muscle tissue 
constructs on day 7. The data are expressed as mean ±  SD of three constructs. *P < 0.05 vs. control.
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generated by C2C12/FST tissue constructs was 9.1 times higher than that without Dox treatment (Fig. 5E). EPS 
culture, in which C2C12/FST cells were cultured for 7 days in differentiation medium with continuous EPS at 
amplitude of 0.3 V/mm, width of 4 ms, and frequency of 1 Hz, further enhanced the contractile force generated 

Figure 3. Effects of epigenetic drugs on the contractile activity of C2C12 myotubes in two-dimensional 
culture. (A) Contractile movement of myotubes. C2C12 cells were treated with trichostatin A (TSA; 0.01, 
0.1 or 1 μ g/ml) on day 4. Electrical pulse stimulation (voltage, 0.3 V/mm; width, 10 ms; frequency, 1 Hz) was 
applied, and the displacement of a single cell within the myotubes was analyzed. (B) Quantitative analysis of 
the range of displacement. The data are expressed as mean ±  SD of triplicate experiments. *P < 0.05 vs. control. 
(C) A representative fluorescence microscopy image of a myotubes (treated 0.1 μ M of TSA) with striations of 
sarcomeric α -actinin (red). Scale bar, 50 μ m. Inset: Magnified image of area in white rectangle. (D) Quantitative 
image analysis of the number of myotubes with striations. The number of myotubes displaying striations 
of sarcomeric α -actinin was quantified by counting myotubes. The data are the means ±  SD of triplicate 
experiments. *P < 0.05 vs. control.
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by C2C12/FST tissue constructs. In addition, Dox-induced C2C12/FST tissue constructs cultured with EPS had 
17.1 times higher contractile force generation than C2C12/FST tissue constructs cultured without Dox or EPS 
(Fig. 5E). These results indicate that follistatin has a crucial role in the expression of muscular functions, including 
myogenic differentiation and contractile force generation.

Discussion
In this study, the utility of tissue-engineered skeletal muscle constructs for drug testing was evaluated by meas-
uring contractile force generation in response to exposure to epigenetic drugs. The use of established myoblast 
cell lines, including mouse C2C12 cells, has numerous benefits for drug screening and testing, as they provide 
repeatable and reproducible systems, which reduces the number of animal studies. Additionally, drug screening 
using tissue-engineered skeletal muscle constructs should serve as a useful secondary screening method that 
could reduce the time, cost and the number of animals required. In this study, we fabricated tissue-engineered 
skeletal muscle constructs using the Mag-TE method as follows: (1) MCL-labeled C2C12 cells were seeded into 
a well with a polycarbonate cylinder fixed to the center; (2) cells were uniformly accumulated at the bottom of 

Figure 4. Role of follistatin expression in myotube differentiation in two-dimensional culture.  
(A) Fluorescence microscopy images of α -actinin-positive myotubes (red) at day 7. Nuclei were stained using 
DAPI (blue). C2C12 cells were treated with trichostatin A (TSA; 0.1 μ M) at day 4. siRNAs for follistatin (siRNA-
follistatin) or a negative control (siRNA-Control) were transfected at day 5. Scale bars, 200 μ m. (B) Quantitative 
image analysis of myotube differentiation rate. The data are expressed as mean ±  SD of triplicate experiments. 
*P < 0.05. (C) Quantitative image analysis of myotube width. The data are expressed as mean ±  SD of triplicate 
experiments. *P < 0.05.
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Figure 5. Effects of follistatin gene transfer on muscular functions. (A) Fluorescence microscopy images of  
α -actinin-positive myotubes (red) of C2C12/FST cells at day 7 in two-dimensional (2D) culture. Nuclei were 
stained using DAPI (blue). C2C12/FST cells were cultured in the presence (Dox +  ) or absence (Dox−) of 
doxycycline (Dox) for 7 days. Scale bars, 200 μ m. (B) Quantitative image analysis of myotube differentiation 
rate at day 7 in 2D culture. The data are expressed as mean ±  SD of triplicate experiments. *P < 0.05 vs. Dox−. 
(C) Quantitative image analysis of myotube width at day 7 in 2D culture. The data are expressed as mean ±  SD 
of triplicate experiments. *P < 0.05 vs. Dox−. (D) Contractile movement of myotubes in 2D culture. Electrical 
pulse stimulation (EPS; voltage, 0.3 V/mm; width, 10 ms) was applied at 1 Hz, and the displacement of a single 
point was analyzed within the myotubes on day 7. Quantitative analysis of displacement was performed. The 
data are expressed as mean ±  SD of triplicate experiments. *P < 0.05 vs. Dox−. (E) The force generated by tissue-
engineered skeletal muscle tissue constructs on day 7. Tissue-engineered skeletal muscle constructs were cultured 
with (EPS +  ) or without (EPS−) continuous EPS at an amplitude of 0.3 V/mm, width of 4 ms, and frequency of 
1 Hz during tissue culture. The data are expressed as mean ±  SD of three constructs. *P < 0.05 vs. EPS−Dox−.
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the well by applying a magnetic force; (3) a sheet-like structure contracted to form a ring-like tissue construct 
surrounding the cylinder; (4) the tissue ring was coated with extracellular matrix and detached from the cylinder; 
(5) the tissue ring was cultured in the differentiation medium to form fascicle-like tissues. During the differenti-
ation culture, some tissues were ruptured because of their high degree of compaction; however, tissues remained 
more than 95% intact at day 7. Tissue fabrication was performed in a 24-well tissue culture plate, allowing for 24 
tissue-engineered skeletal muscle constructs to be successfully prepared in one procedure. The tissue-engineered 
skeletal muscle constructs showed high reproducibility in contractile force generation. Taken together, this sys-
tem of using tissue-engineered skeletal muscle constructs fabricated by Mag-TE has proven to be robust and 
highly reproducible.

Consistent with previous reports, the exposure of C2C12 cells to HDAC inhibitors (TSA, VPA or SB)19 or a 
DNMT inhibitor (5AC)22 induced a dramatic increase in the formation of myotubes in 2D culture (Fig. 1). We 
found that API also enhanced myogenic differentiation. As a HDAC inhibitor, it was reported that API inhibited 
the proliferation of tumor cells via the induction of p2125. During myogenic development, an appropriate balance 
between proliferation and differentiation of muscle progenitor cells is essential for the maturation of skeletal 
muscle26. Because MyoD induces cell cycle arrest during myogenic differentiation via inducing p21 expression27, 
API may also enhance myogenic differentiation via p21 upregulation.

Drug screening based on contractile force generation of tissue-engineered skeletal muscle constructs is a 
promising approach; however, there have been very few reports using a skeletal muscle tissue culture system for 
drug testing based on measuring contractility. Vandenburgh et al. reported that 0.2 μ M TSA increased contractile 
force generation of skeletal muscle tissue constructs derived from mdx murine myoblasts, and the results showed 
a relatively narrow range of effective concentration and cytotoxicity at higher concentrations6, which is consistent 
with our results (Fig. 2D). In contrast, other epigenetic drugs tested in this study exhibited no positive effect on 
contractile force generation at all concentrations used (Fig. 2D); however, myogenic differentiation was enhanced 
in both 2D cell culture (Fig. 1B,C) and 3D tissue culture (Fig. 2C). We believe that this is the first report com-
paring the effects of drugs on myogenic differentiation in 2D culture and the contractile force generation of 3D 
tissue-engineered skeletal muscle. Our results suggest that morphological analysis using myogenic differentiation 
markers alone is not sufficient for drug testing. Contractile force generation capability reflects not only the extent 
of differentiation, including the expression of MRFs, but also the niche, including the ECM, and the architecture, 
including sarcomere formation. In the present study, TSA increased the number of myotubes displaying striation 
of sarcomeric α -actinin (Fig. 3D), along with enhanced 2D contractile activity (Fig. 3B), and these parameters 
were highly correlated with contractile force generation of tissue-engineered skeletal muscle constructs (Fig. 2D). 
As a conclusion, we believe that both 2D (contractile activity) and 3D (force generation) constructs can be used 
for drug testing. The evaluation of sarcomere formation and/or contractile activity in 2D cultured myotubes is 
particularly advantageous for high-throughput and high-content drug screening. In contrast, drug testing based 
on force generation of artificial skeletal muscle tissues, mimicking the architecture of native muscles, is more 
effective for quantitative evaluation of drugs, because unidirectionally aligned myotubes in the tissue construct 
efficiently exert a contractile force that enables quantitative measurement of force generation.

Mal et al. reported that follistatin expression is upregulated by HDAC inhibitors24. To elucidate the mecha-
nism of enhanced contractile force generation in TSA-treated tissue constructs, we examined follistatin expres-
sion after TSA treatment. TSA is one of the most potent HDAC inhibitors in myoblasts, and several groups have 
reported the effects of TSA on myogenic differentiation23,28. Using microarray analysis, Iezzi et al. reported that 
follistatin is one of the most highly upregulated transcripts after TSA treatment of C2C12 cells23. Follistatin, a gly-
coprotein that interacts with the transforming growth factor (TGF)-β  superfamily, is essential for skeletal muscle 
development and growth29. Follistatin was originally reported as an antagonist of myostatin; myostatin induces 
myotube atrophy via inactivation of insulin-like growth factor (IGF)/phosphoinositide 3-kinase (PI3K)/Akt sig-
naling30, and enhances the degradation of sarcomeric proteins31. Additionally, follistatin was shown to increase 
muscle mass and strength through the Smad3/Akt/mammalian target of rapamycin (mTOR) signaling pathway, 
independent of myostatin32. Iezzi et al. reported that VPA and SB increased follistatin expression23. In the pres-
ent study, however, no significant increase in follistatin was observed in VPA- or SB-treated C2C12 myotubes 
(Supplementary Figure 1), suggesting that TSA is the most potent HDAC inhibitor among them. Conversely, 
a significant increase in follistatin expression was also observed in C2C12 myotubes treated with API and 5AC 
(Supplementary Figure 1). Fan et al. reported that 5AC (0.01 mM) increased follistatin expression in porcine 
satellite cells33, which is consistent with our results. These results suggest that these small-molecule drugs induce 
epigenetic changes in various genes during myogenic differentiation and that follistatin is not the sole effector 
involved in contractile force generation. Although the detailed mechanism remains unclear, follistatin signaling 
pathways are partly responsible for increased contractile force generation of TSA-treated muscles. Furthermore, 
we evaluated the effects of follistatin gene transfer in C2C12 cells on myogenic differentiation. C2C12/FST cells 
exhibited increased differentiation rate (Fig. 5B), myotube width (Fig. 5C), and contractile activity (Fig. 5D) in 
2D cell culture. The contractile force generation of tissue constructs was also dramatically enhanced by follistatin 
gene transfer (Fig. 5E). Collectively, these data indicate that follistatin is a key mediator of contractile force gener-
ation. In our previous study, we demonstrated that EPS culture, functioning as “physical training”, enhanced force 
generation of artificial skeletal muscle tissues34. These results prompted us to apply EPS culture for C2C12/FST 
cells, in which we successfully achieved a 17-fold increase in contractile force generation compared with control 
tissue constructs (Fig. 5E). In the previous study, we showed that EPS culture induced sarcomere formation in 
tissue-engineered skeletal muscle constructs34. Interestingly, in the present study, overexpression of follistatin 
gene induced sarcomere formation in tissue-engineered skeletal muscle constructs, even without EPS culture 
(Supplementary Figure 2). These results suggest that follistatin is a promising therapeutic target for improving 
muscle functions.
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In conclusion, we demonstrated the feasibility of an in vitro system for drug testing using tissue-engineered 
skeletal muscle constructs fabricated by the Mag-TE technique. Our observations may provide important insight 
for in vitro drug screening. Most importantly, we demonstrated that contractility data is indispensable for in vitro 
drug discovery and pharmacological studies.

Methods
Epigenetic drug treatment. Mouse myoblast C2C12 cells35 were cultured as described previously36. C2C12 
cells were exposed to TSA (0.01, 0.1 or 1 μ M; Wako Pure Chemical Industries, Osaka, Japan), VPA (0.1, 1 or 10 μ M;  
Wako Pure Chemical Industries), SB (0.5, 5 or 50 μ M; Wako Pure Chemical Industries), API (0.01, 0.1 or 1 μ M; 
Enzo Life Sciences, NY, USA) or 5AC (0.001, 0.01 or 0.1 mM; Wako Pure Chemical Industries) for 24 h, 4 days 
after the induction of differentiation (day 4). The following day, the medium was replaced with fresh medium to 
remove the small-molecule drugs.

Measurement of differentiation rate and myotube width. Immunofluorescent staining was per-
formed according to a previous study36. Myogenic differentiation rate and myotube width were determined at 
day 7. Micrographs of five fields, in each of three separate wells per sample (2D cell culture) or in each of three 
tissue constructs (3D tissue culture), were randomly captured. The α -actinin-positive myotube width and the 
number of 4′ ,6-diamidino-2-phenylindole (DAPI)-stained nuclei were measured using a BZ-9000 microscope 
(Keyence). The differentiation rate was defined as follows: Differentiation rate =  (the number of DAPI-stained 
nuclei in α -actinin-positive myotubes in a field) / (the number of DAPI-stained nuclei in a field). For estimating 
the mean value of myotube width, the five largest myotubes in five fields for each of three separate wells per sam-
ple (2D cell culture) or for each of three tissue constructs (3D tissue culture) were measured.

Fabrication of artificial skeletal muscle tissues using a Mag-TE technique. Artificial skeletal mus-
cle tissues were fabricated with the magnetic force-based tissue engineering (Mag-TE) method36. Briefly, magnet-
ite cationic liposomes (MCLs) were prepared from colloidal magnetite (Fe3O4; average particle size, 10 nm) and a 
lipid mixture consisting of N-(α -trimethylammonioacetyl)-didodecyl-D-glutamate chloride, dilauroylphosphati-
dylcholine, and dioleoylphosphatidylethanolamine, in a molar ratio of 1:2:2. To label C2C12 cells magnetically, 
3 ×  106 cells were seeded in 100-mm tissue culture dishes containing 10 mL growth medium in the presence of 
MCLs (net magnetite concentration, 100 pg/cell) and incubated for 6 h to allow MCL uptake. A collagen solution 
was prepared by mixing type I collagen solution (Nitta Gelatin, Osaka, Japan), DMEM and neutralization buffer 
(0.05 M NaOH) at a volume ratio of 8:1:1. An MCL-labeled cell suspension (1 ×  106 cells in 50 μ L) was mixed with 
an ECM precursor solution composed of collagen solution (70 μ L; final concentration, 0.5 mg/mL), FBS (15 μ L)  
and Matrigel basement matrix (15 μ L; BD Biosciences). Subsequently, the mixture was added into wells of a 
24-well ultra-low attachment plate (150 μ L/well, Corning, New York, NY, USA) with a polycarbonate cylinder 
(diameter, 12 mm; height, 5 mm) fixed at the center of each well, and a neodymium magnet (diameter, 30 mm; 
magnetic induction, 0.4 T) was placed under the well. Thereafter, growth medium was added to each well. One 
day after cell seeding, the cell layer shrunk around the cylinder, resulting in the formation of a ring-shaped arti-
ficial skeletal muscle tissue construct. The cellular ring was removed from the cylinder and hooked around two 
stainless-steel pins (Shiga, Tokyo, Japan) that were positioned 10 mm apart from one another. The cellular tissues 
were cultured using differentiation medium (day 0) in wells of a 6-well culture plate for 7 days, to induce myo-
genic differentiation to fabricate skeletal muscle tissue constructs (The average diameter, 500 μ m).

Measurement of contractile force generation. Two carbon electrodes were arranged 18 mm apart 
at opposite sides of a well of a 4-well tissue culture plate. A tissue-engineered skeletal muscle tissue construct 
was hooked around two stainless-steel pins. One pin was attached to a force transducer (AE-801; SensorOne, 
Sausalito, CA, USA) and the other was fixed to a silicone sheet placed on the bottom of a well of the culture plate. 
Electrical pulse generation was controlled with specially-designed LabView software (National Instruments, 
Austin, TX, USA). For measuring twitch contractions, the tissue samples were stimulated with an electrical pulse 
of 18 V and a width of 10 ms.

Myotube contractile activity assay. C2C12 cells (5 ×  104) were seeded in 35-mm tissue culture dishes on 
day − 3. The medium was replaced with differentiation medium on day 0. On day 7, an electrical pulse stimulation 
was applied to the cells. Carbon electrodes were placed 18 mm apart at opposite sides of a tissue culture dish. The 
generation of electric pulses was controlled by a function generator (NF Corporation, Kanagawa, Japan). The cells 
were stimulated with an electric pulse for 30 min with the following properties: voltage, 0.3 V/mm; width, 4 ms; 
frequency, 1 Hz. After 30 min of EPS, the electric pulses were applied again and myotube movement was recorded 
at a rate of 15 frames/s for 25 s at three positions on the bottom surface in each of three separate dishes using a 
BZ-9000 microscope (Keyence). To estimate the range of displacement, three myotubes displaying the highest 
contractile activity in each of three fields in three separate dishes were measured using motion analyzer software 
(Keyence).

To visualize striation patterns in myotubes, C2C12 cells (5 ×  104) were seeded into 35-mm glass bottom dishes 
(Code 3970-035, Asahi Techno Glass) and α -actinin staining was performed at day 7. Microscopic images of 
five fields in each of three separate wells per sample were captured under a BZ-9000 fluorescence microscope 
(Keyence) and processed by using BZ-Analyzer software (Keyence), and the number of myotubes possessing 
sarcomeric α -actinin striations was counted.

RNA interference. C2C12 cells were transfected with an oligonucleotide for follistatin siRNA (Silencer 
siRNA, 50 μ M; Cat# s66250, Thermo Fisher Scientific, Waltham, MA, USA) or Silencer Negative Control #1 
siRNA (50 μ M; Cat# AM4611, Thermo Fisher Scientific) at day 5 using Endo-Porter (Gene Tools, Philomath, 
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OR, USA), according to the manufacturer’s protocols. The Silencer siRNA is designed for maximum potency and 
specificity using a highly effective and extensively tested algorithm.

Follistatin gene expression system. 293FT cells were used as a producer of retroviral vectors based on 
the Moloney murine leukemia virus (MoMLV)37. MoMLV-derived mouse stem cell virus (MSCV)-based retro-
viral vectors were used for gene transfer into C2C12 cells. The Tet-On system (Clontech, Mountain View, CA, 
USA) was incorporated into the retroviral vectors for inducible expression of the follistatin gene. For the con-
struction of pQMSCV/EGFP-TRE-follistatin-WPRE, a follistatin cDNA fragment from pCMV-SPORT6 (Clone 
ID LIFESEQ95153976; Open Biosystems, Huntsville, AL, USA) was ligated into BamHI-digested pQMSCV/
EGFP-TRE-WPRE37 to generate pQMSCV/EGFP-TRE-follistatin-WPRE.

Retroviral vectors pseudotyped with the vesicular stomatitis G protein (VSV-G) were produced by transient 
transfection of 293FT cells with three plasmid DNAs, comprising of a retroviral vector plasmid (pQMSCV/
EGFP-CMV-rtTA-WPRE37 and pQMSCV/EGFP-TRE-follistatin-WPRE), pcDNA4-gag/pol and pLP/VSV-G38, 
using the lipofection reagent Lipofectamine 2000 (Thermo Fisher Scientific). The culture medium containing 
viral vector particles was collected, filtered through a 0.45-μ m cellulose acetate filter (Advantec, Tokyo, Japan) 
and used for infection. For the retroviral infection, C2C12 cells (2.5 ×  105) were seeded into a 100-mm tissue 
culture dish (Thermo Fisher Scientific) and cultured for 24 h. Subsequently, the medium was replaced with 10 mL 
of retroviral solution, containing retroviral vectors encoding rtTA (MSCV/EGFP-CMV-rtTA-WPRE37) and fol-
listatin (MSCV/EGFP-TRE-follistatin-WPRE) expression cassettes. The cells were then cultured in the presence 
of polybrene (8 μ g/mL) for 6 h, resulting in the generation of C2C12 cells capable of doxycycline (Dox)-inducible 
follistatin expression. For all retroviral infections, the viral titers against C2C12 cells were determined by flow 
cytometry using a FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA). The viral titers for infection were 
approximately 2.5 ×  105 IU/mL for each vector. Follistatin gene expression was induced by Dox addition (1 μ g/ml;  
Sigma-Aldrich) at day 0, and C2C12 cells or tissues were cultured for 7 days, with daily replacement of the dif-
ferentiation medium containing Dox (1 μ g/ml; Sigma-Aldrich). To measure follistatin expression levels quanti-
tatively, cells were analyzed using a follistatin ELISA kit (cat# DFN00, R&D Systems, Minneapolis, MN, USA) 
according to the manufacturer’s protocol.

Electric pulse stimulation during tissue culture. Four days after differentiation induction, the 
tissue-engineered skeletal muscle constructs in a 6-well plate were placed in a chamber (C-Dish, IonOptix, 
Milton, MA, USA) to apply EPS. The tissue constructs were placed between two carbon electrodes, 20.3 mm 
apart from each other. Bidirectional electric pulses were generated using a function generator (NF Corporation), 
alternator (Matsusada Precision, Shiga, Japan) and amplifier (Apex Microtechnology, Tucson, AZ, USA). 
Tissue-engineered skeletal muscle constructs were stimulated with continuous electrical pulses at an amplitude 
of 0.3 V/mm, width of 4 ms, and a frequency of 1 Hz. The differentiation medium was replaced daily.

Statistical analysis. Statistical comparisons were evaluated using the Mann-Whitney rank sum test, and the 
values of P <  0.05 were considered significantly different.
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