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Fig. 1-2 Schematic image of muscle tissue engineering using iPS cells for Regenerative therapy. 
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Fig. 2-1 A top-down view of skeletal muscle structure. 
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Fig. 2-2  

 

Fig. 2-2 Interaction of actin with myosin filament. 
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Fig. 2-3 Molecular mechanism of muscle contraction. 
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Fig. 2-4 Contraction of rubber artificial muscle with air pressure11. 
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Fig. 2-5 View of motor unit (left) and artificial muscle arm (right)12. 
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Fig. 2-6  

Fig. 2-6 Schematic diagram of application for bio-actuator. 
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Fig. 2-7 Primary myoblasts derived from muscle disease patient16. 
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Fig. 2-8  

Fig. 2-8 Schematic diagram of application for drug testing system. 
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Table 2-1 17, 18

 

 

Table 2-1 Efficacy data from the MAGIC study18. 
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Fig. 2-9 Schematic diagram of adhesion and detachment of a cell sheet to poly (N-

isopropylacrylamide) grafted surface. 
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Fig. 2-10 Fabrication of RPE-cell sheet from iPS cells. 

http://www.riken.jp/pr/topics/2013/20130228_1/  
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Fig. 2-11 The common approaches currently used to bio-print tissue, are laser-assisted, inkjet-

based and extrusion-based robotic dispensing techniques21. 
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22
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Fig. 2-12  

Fig. 2-12 Main components of the 3D biopringing platform. (A) Aseptic hood containing the 

assembling line: a plate storage magazine (far left), followed by two feeding magazines and a 
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plate transportation line toward the mobile arm (far right) and an imaging system (red light). (B) 

Cell spheroid imaged within its feeding plate’s well. (C) Top view of a completed cell construct 

and the tips of supporting microneedles. (D) Fluid-immersed Kenzan holder. (E) Nozzle 

aspirating a spheroid. (F) Nozzle depositing a spheroid onto a needle. (G) Three types of 

kenzans (with 9 9 regular and hollow, and with 26 26 needles); note the needle-perforated 

plastic bases. (H) A virtual double-layered tube created with the ‘‘Bio 3D Designer’’ program. 

(I) An actual spheroid construct awaiting postprinting maturation22. 
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Fig. 2-13 Schematic image of Mag-TE technique. 
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Fig. 2-14 Contractile properties of the artificial skeletal muscle tissue constructs. (A) A 

representative peak of the twitch force generated by the muscle bundles (left) and the fusion of 

tetanus of the muscle bundles (right) after 7 days of culture in the differentiation medium. (B) 

Maximum twitch (left) and tetanus (right) forces of the muscle bundles. The data are expressed 

as the means ± SD of three bundles. *P < 0.05 and **P < 0.05 versus normal C2C12 bundles 

and C2C12/IGF (Dox−) bundles, respectively29. 
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Fig. 2-15 36  

Fig. 2-15 Contractile properties of artificial skeletal muscle tissue constructs using a culture 

system with EPS. (A) Contractile twitch force of EPS-treated artificial tissue constructs (day 7), 

using a single electric pulse (voltage, 0.83 V/mm; width, 10 ms). The maximum twitch force 

generation was observed for tissue constructs applied the EPS culture of 0.3 V/mm, 4 ms and 1 

Hz. (B) Relationship between %Pt and the contractile force36. 
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2.4.3 iPS   
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Fig. 2-16 37  

Fig. 2-16 Myosin Staining of Different Cell Lines Transfected with the MyoD Expression 

Vehicle lmmunostained myosin heavy chain-positive colonies: C3H10T1/2 (A), NIH 3T3 (B), 

Swiss 3T3 (C), Swiss 3T3-clone 2 (D), L cells (E), 3T3-Ll adipocytes (F), 3T3-F442A 

adipocytes (G), and TAl adipocytes (H)37.  
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Fig. 2-17 Modeling Miyoshi Myopathy (MM) by patient derived-hiPSCs. Entry of FM1-43 

green fluorescent dye into differentiated myofibers from MyoD-MM #5 (left), rescued MyoD-

MM #5 with DYSF expression (middle), or control MyoD-hiPSC clone B7 #9 (right), before (0 

s) and 20 s after (20 s) two photon laser-induced damage of the sarcolemmal membrane (arrow). 

Scale bars = 20 mm5.  
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Fig. 2-18 Skeletal muscle differentiation of hiPSCtet-MyoDmC in 96 multi-well plate by replating 

method. (A) A schematic diagram of the replating for skeletal myogenic differentiation of 

hiPSCtet-MyoDmC. (B) A total number of cells are compared between direct plating and replating 

methods at day 9 39. 

A 

B 



2   

26 
 

2.5  

 

2.1

2.2

2.3

2.4

 



3  
  

27 
 

3     
        
 

3.1  
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44 	

	 	

L- n (AscP)

	 C2C12 	

 

 

3.2  

 

3.2.1 C2C12  

 

ǜưƾăĨďĢ¶ C2C12 ďĢƚŀé�døĀ�ſƥ��ƆƨƎƢƙƫ�èƇƎŹ

]ÂYVƚ DMEMǬDulbecco’s modified Eagle’s medium; GibcoǭƘưƼġ'ĮÓ

ǬFetal Bovine Serum, FBSǭƫ 10%Ò:ƇƎƢƙŸ3>ĽmYVƚ�ÞĮÓǬCSǭƫ

2%Ò:ƇƎƢƙƫ�èƇƎŹƞƎŸAscPǬWakoǭƚ 0, 50, 100, 200, 400 µMƙÚvƔ

:ŽƎ 43, 44ŹƖƐƥƙYVƢ 100 unit/mlǘǌƼǥǩŸ100 µg/mlƾǉǧǖǉǜƯƼǩŸ3.7 

mg/ml ÛŒÆĎǋǉǥưǞƫÒ:ƇƎŹ]ÂYŮƚ 37ºC, 5%CO2 ƯǩƵǢǗǪǃ+Ɣ

įŻŸ50ǯ80%ƺǩǔǦƲǩǉƘƗƑƎƥǥǩŒęİæäŭ\ÆǬPBSǭƔ 2QÌÎƇŸ

0.25%ǉǥǖƼǩ-EDTA ƫèŻƓďĢƫƚƀƇƓ 1/8 ſƥ 1/16 ƘqœƆƨƎďĢjv

ƔĔ�ƇƎŹƞƎŸ3>ĽmYŮƚ 6 well ǖǧǪǉǬGreinerǭƘďĢƫ 5.0×105 cells 

/wellƔ�ýƇŸ2¢Ś]ÂYVƔŸ37ºC, 5%CO2ƯǩƵǢǗǪǃ+ƔYŮƫįƑƎ~Ÿ

3>ĽmYVƘ_ŽŸ7¢ŚYŮƫįƑƎŹÝƾǉǧƾA:ƚ 37, 39źƧŻƚ 41ºCƘ

ĹhƇƎ 5%CO2ƯǩƵǢǗǪǃ+ƔYŮƉƧƅƕƔįƑƎŹ 
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3.2.2  

 

ďĢƫ PBS ƔÌÎƇŸ4%ǐǤǙǦǞƭǦǈǑǊǬPFAǭLª PBS Ɣ 15 3ŚShƇ

ƎŹƆƥƘ 0.2% Triton-X 100ƫLƠ PBSƔ 153ŚÏƇƎ~ŸPBSƔ 3QÌÎƇŸ1%

ưƼĮÓƭǦǕǝǩǬBSAǭƫLƠ PBS Ɣ 30 3ŚǕǨǆƵǩƸƇƎŹÁƘ 1 Á��Ɣ

źƧ� αƭƷǅǌǩ��ǬSigmaǭƫ 1%BSALª PBSƔ 800�qœƇƎØÐƔ 453

ŚC�ƆƋƎŹPBSƔ 3QÌÎƇŸ2Á��ƔźƧ Alexa Flour 488ǬInvitrogenǭƕǔƬ

ǨƯƽǩǬAlexa Flour 546 phalloidin, InvitrogenǭžƤƛ DAPIǬRocheǭƫ 1%BSALª

PBS Ɣ 1000�qœƇƎØÐƔ 453ŚC�ƆƋƎŹC�~ŸPBS Ɣ 3QÌÎƇŸĬ

%ū�ŗǬBZ-9000, ƵǪƲǩƾǭƔĵkƇƎŹ 

 

3.2.3  

 

	

RT-PCR 	C2C12

2 	 7 	RNA

RNAiso plus, Takara 	Total RNA 	

Total RNA oligo-dT

ReverTra Ace Toyobo 	cDNA B-

Crystallin	HSP47	HSP72	HSP90 	Type I collagen

	G-taq DNA Cosmo Genetech PCR

PCR 	95°C 2 	95°C 20 	60°C 10

30 	 72°C 5

GAPDH 	 	

Table 3-1  
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Table 3-1 Primer sequences for RT-PCR 

Gene  Primer sequences 
Product 

size 

ŵB-Crystallin 
FW 5Ŷ- TCAGAGGCGAAGGCAACAGTC -3Ŷ 

151 bp 
RV 5Ŷ- AACCTTGACTTTGAGTTCCTCCG -3Ŷ 

HSP 47 
FW 5'- GATGGGGCACTGCTTGTGAA -3' 

168 bp 
RV 5'- TCTCCTTCTCGTCGTCATAGTAGTTG -3' 

HSP 72 
FW 

RV 

5'- TGGAGGAGTTCAAGAGGAAGCA -3' 

5'- GCGTGATGGATGTGTAGAAGTCG -3' 
170 bp 

HSP 90 
FW 

RV 

5'- TGGACGAGAAATCCTGATGACAT -3' 

5'- CTTGGGACAAAAAGAAGGGC -3' 
145 bp 

Type I collagen 
FW 

RV 

5'- TCAGAGGCGAAGGCAACAGTC -3' 

5'- GCAGGCGGGAGGTCTTGG -3' 
119 bp 

GAPDH 
FW 

RV 

5'- CTACCCCCAATGTGTCCGTC -3' 

5'- GCTGTTGAAGTCGCAGGAGAC -3' 
150 bp 

 

3.2.4 SDS-PAGE  

 

7 ¢Ś3>ĽmYŮƫƇƎďĢƫǥǩŒęİæäŭ\ÆǬPBSǭƔ 2 QÌÎƇŸ

0.25%ǉǥǖƼǩ-EDTAƫèŻƓďĢƫ6ţƇƎŹ/ēĭĶ1äĐ�~ƘŸ15000 rpmŸ

4°CƔ 53Śŏ�ƫįŻŸ�ÓƫQDƇƎŹÁƘ BCAÉƘƤƦHƻǩǖǦƙėǃǩǐ

ƷŁÚvƫÖhƇƎŹBicinchoninic Acid SolutionǬBCA, Sigmaǭƕ copperǬIIǭ sulfate

ǬSigmaǭƫ 50Ǯ1ƙ7IƔÑIƇƓ BCAĻĪƫ�ĲƇƎŹÃŞqœƇƎHǃǩǐƷŁ
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ƻǩǖǦ 50 µlƘlƇƓ BCAĻĪƫ 500 µlƊƒ:ŽƓ 37ºCƔ 1¥ŚƯǩƵǢǗǪ

ǉƇƎ~ŸÇ�Ɣ�.ƇƎŹÁƘŸSmart Spec 3000 (Bio-Rad) ƔÊŘ 562 nm ƔƙM

%vƫÖhƇŸƻǩǖǦÚvƫą2ƇƎŹƗžŸ¹ŕĘƘƚÚv¡õƙǃǩǐƷŁƔ

źƧ BSA (Bovine Serum Albumin) ØÐ (Sigma) ƫèŻƎŹƌƇƓƻǩǖǦƙǃǩǐ

ƷŁÚvƀ 1.5 µg/µl ƘƗƧƤżƘ PBS ƫèŻƓľĲƇƎŹ©~Ƙ 3×BufferǬ195 mM 

Tris-HClǬpH6.8ǭŸ9% SDSŸ30%ƸǥǀǨǪǦŸ15% 2-ǟǦƴǖǉƲǃǎǪǦŸ0.075% 

BPBǭƫ:ŽƓ 100°CƔ 53Ś:ÕƇƎ~ŸÇ�Ɣ.ƣƇŸƅƨƫË<èƻǩǖǦƕƇ

ƎŹMyosin heavy chainǬMHCǭžƤƛ Myosin heavy chain fast (MHC fast) ƘƒŻƓ

ƚ Lower gelƫ 7.5%ŸMyosin heavy chain slow (MHC slow), Akt, pAkt, Myogeninž

Ƥƛ GAPDH ƘƒŻƓƚ Lower gel ƫ 10%Ɣľ�ƇƎŹË<¥ŚƚŸMHC žƤƛ

MHC fastƚ 2¥Ś 153ŸAkt, pAkt, MHC slow , MyogeninŸžƤƛ GAPDHƘƒŻ

Ɠƚ 1¥Ś 453ƕƇŸƌƨƍƨhŤT 100 VƔË<ƇƎŹ 

 

3.2.5  

 

SDS-PAGE Đ�~ƙƹǦƫ 15 3üvǉǤǩƾǔƬǪǏǆǔƬǪǬ25 mM TrisŸ192 

mM ƸǥƼǩŸ0.1% SDSŸ20% ǟǃǎǪǦǭƘÏƇƓžŻƎŹǔƮǦǃǪǐǆǊŸƩč

ǬBio-radǭŸǌǉǨǀǦǨǪƾǟǩǕǧǩǬAmershamǭƢJ½ƘǉǤǩƾǔƬǪǏǆǔƬǪ

ƘÏƇƎŹƹǦƕǟǩǕǧǩƫ 2 ±ƙƩčƔƚƆƟŸƌƙ�ſƥƆƥƘǔƮǦǃǪǐǆǊ

ƔƚƆƟŸǉǤǩƾǔƬǪèıĝƘǀǆǉƇƎŹ350 mAŸ1 ¥ŚƔƹǦſƥǟǩǕǧǩƜ

ǃǩǐƷŁƫŅ-ƇƎŹŅ-Đ�~ŸǟǩǕǧǩƫ TBS-TǬ25×TBSǬpH7.4ǭ20 mlŸ

Tween20 250 µl ƘĩëÆƫ:ŽƓ 500 ml ƕƉƧǭƔÌŻŸ3ǯ5%ƙƾƵǞǝǦƷƫ�

èƇƓŸ�¦ 4ºC ƔǕǨǆƵǩƸƫįƑƎŹ�Á��Ƙƚǜưƾ� Myogenin ��

ǬAbcamǭŸưƻƶ�MHC��ǬSanta Cruz BiotechnologyǭŸǜưƾ�MHC-fast��
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ǬSanta Cruz BiotechnologyǭŸǜưƾ�MHC-slow��ǬSanta Cruz BiotechnologyǭŸ

ưƻƶ� Akt ��ǬCell Signaling TechnologyǭŸưƻƶ� pAkt ��ǬCell Signaling 

TechnologyǭŸưƻƶ� GAPDH��ǬCell Signaling Technologyǭƫ�èƇŸMyogenin

ƚqœ�âƫ 1Ǯ200 Ɣ 1 ¥ŚC�ƆƋŸMHCŸGAPDH ƚqœ�âƫ 1Ǯ1000 Ɣ 1

¥ŚC�ƆƋŸAktŸpAkt ƚqœ�âƫ 1Ǯ1000Ɣ 1¦C�ƆƋƎŹƞƎ 2Á��ƚ

ƌƨƍƨŸMyogenin ƕ MHC-fast ƕ MHC-slow ƀǡƶ�ǜưƾ��ǬSanta Cruz 

BiotechnologyǭŸMHC ƕ Akt ƕ pAkt ƕ GAPDH ƚǡƶ�ưƻƶ��ǬSanta Cruz 

Biotechnologyǭƫ�èƇŸqœ�âƚ)Ɠ 1Ǯ5000 Ɣ 1 ¥ŚC�ƆƋƎŹ��ƫqœ

ƉƧšƘŸ¹2�vƫ�ƄƧƎơƘ CangetsignalǬToyoboǭƫ�èƇƎŹ2 Á��C�

Đ�~ŸECL Plus Western Blotting Detection Reagent Solution A ƕ BǬGE Healthcareǭ

ƫÑIƇƎƢƙƫ PVDF ĥƘ×ōƗƂſƃƓ 5 3ŚťĝƇƎŹƌƙ~ŸǟǩǕǧǩƫ

mini cameraǬAmershamǭƘǀǆǉƇƓ�{ƫįƑƎŹ 

 

3.2.6 Magnetite Cationic Liposome (MCL)  

 

Ċf} 10 nm ƙǜƸǍǃƯǉǬFe3O4; �éoºǭƫŃČÆƔÌÎƇŸ�3ƗƯƳǩ

�3ƫ?3ƘŝŻƎ~Ÿ1 ¥ŚŃŨÊ1äƘƤƦ3�ǜƸǍǃƯǉÐƫ�ƎŹÁƘŸƷ

ǨǨǙǦǞƘØĶƆƋƎĤŁǬTMAG; ó	ĪoŸDLPC; SigmaŸDOPE; Sigmaǭƫƌ

ƨƍƨßŁŕÄ 1:2:2ƙđ�ƔÑIƆƋŸǋƾWǔǤƾƺƘ(ƨƓǨǪǃǥǪƲǏǛǧ

ǪǃƔQŅƆƋƗƀƥMÅƇŸǔǤƾƺ+^ƘĤŁĥƫ�ĲƇƎŹ10 mg/ml ƘľĲƇ

Ǝ3�ǜƸǍǃƯǉÐƫƌƙǔǤƾƺƘ:ŽŸǚǦǇǆƷƾ��ƉƧƅƕƘƤƦǜƸǍǃƯ

ǉƫĤŁƔ=XƇƎŹ 

 

3.2.7 MCL C2C12   
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C2C12 ďĢƫúÅ¾ĿƇŸú8ƘƤƑƓďĢƫűjvƘYŮuŧƘŢþƆƋƓ�

Á#đĜƫ¼ĈƉƧƎơƘŸMCL ƫèŻƓúÅ¾ĿƇƎŹ80%ƺǩǔǦƲǩǉƙǈƮ

ǆƼǢƙďĢƫQDƇŸķ�ƫįƑƎ~Ƙ 100 pg/cell ƙÚvƘƗƧƤżƘľĲƇƎ

MCL(ƦYVƕYV
�ƇŸ8¥ŚYŮƉƧƅƕƔ C2C12ďĢƘúÅ¾ĿƇƎŹ 

 

3.2.8  

 

8¥ŚúÅ¾ĿƇƎ C2C12ďĢƫQDƇŸ1.0×106 cells/ 50 µlƔ DMEMǬGibcoǭ

Ƙ FBS ƫ 10%Ò:ƇƎYVƘ�ÙƇƎŹ0.3 %Type I ƺǤǪƹǩǬ�éǁǤǅǩǭŸ

10×DMEMŸ,¼�èęİÐǬ0.05N ÆŒ>ǋǉǥưǞØÐ 100 mlƘlƇŸÛŒÆĎ

ǋǉǥưǞ 2.2 gŸHEPES 4.77 g ƫØſƇƎƢƙǭŸǜǉǥƹǦǬBD BiosciencesǭŸFBSŸ

ďĢ�ÙÐƫƌƨƍƨ 56Ǯ7Ǯ7Ǯ15Ǯ15Ǯ50ƙ7IƔÑIƇƎÑIØÐƫľĲƇƎŹÑ

IØÐƚŸƺǤǪƹǩBƛǜǉǥƹǦƀƌƨƍƨ©ĐÚv 0.5 mg/ml Bƛ 0.8ǯ1.2 

mg/ml ƕƗƧƤżƘľĲƇƎŹ��ƚÇ�ƔįƑƎŹ 

ÁƘŸ��ô� 24ưƱǦǖǧǪǉƙ��ƘƸǥǪƾƫèŻƓò} 12 mmƙƼǥƺǩ

µƫĹĝƇŸƅƨƫ 4000 Gƙú÷ƙ�ƘĹĝƇƎŹưƱǦƕƼǥƺǩµƙŚƘƔƁƎŠ

ŚƘŸ�ĲƇƎÑIØÐƫ 1 wellzƎƦ 150 µlƊƒ�ýƇƎŹ 

åáăđĜƫ 12 ¥Ś]ÂYVƔYŮƇƎ~ƘŸåáăđĜƫEƦ`ƇŸīǓǩƫ

èŻƓåáăđĜƫƼǥƺǩǤǏǪ�ƘShƇƎŹƼǥƺǩǤǏǪƘƒŻƓƚŸ35 mm 

dish ƢƇƂƚ 6 well plateƙưƱǦ+ƘĹĝƇƎŹƞƎŸīǓǩƕīǓǩƙŚşƘƒŻƓ

ƚ 6 mm ƕƇƎŹƌƙ~Ÿ3>ĽmYVƕƇƓŸDMEMƘĮÓƙ�¨ßƕƇƓõƥƨƧ

Ultroser GǬPallǭƫ 0.4ǫLƠYVƫ:ŽŸ5ǫCO2ƯǩƵǢǗǪǃ+Ɣ 7 ¢Ś3>Ľ

mYŮƫįƑƎŹƅƙšŸCO2 ƯǩƵǢǗǪǃƙĹhÕvƫ_ŽƧƅƕƔŸÝƾǉǧƾƫ

A:ƇƎŹƞƎŸAscPƚ 200 µM ƙÚvƔ:ŽƎŹ 
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3.2.9  

 

Ų 4 laneYŮǖǧǪǉǬNalgen Nunc Internationalǭƙ�ŧƘ 18 mmƙŚşƔÛĎŤ»

ƫĹĝƇŸ3>Ľm¥Ƙ�èƇƓŻƎ DMEMƘ 0.4 %ƙ Ultroser GƫLƠYVƫ(

ƨƎ~ƘŸÛĎŤ»ŚƘĽmƇƎ�oăđĜƫĹĝƇƎŹÁƘŸăđĜƫShƇƓ

ŻƎǓǩſƥEƦ`ƇŸx8_�Pƙ$ƘĹĝƇƎīǓǩƘShƇƎŹƌƙ~ŸA:

ŤT 15 VŸǐǦƾs 10 ms ƙŤÅǐǦƾƫ�ŽŸLabView ǂǔǉưƱƭǬNational 

InstrumentsǭƫèŻƓDĚ�ĄƙĶ°ƫįƑƎŹ 

 

3.2.10   

 

	P < 0.05 	

 

 

 

3.3  
 

3.3.1  

 

Ų ÁƘŸ3>Ľm¥ƘYŮÕvƫ_ŽƧƅƕƔŸÝƾǉǧƾƫ:ŽƧƅƕƘƤƧăĠbƕ

3>ģƜƙ;²ƫ¹ĺƇƎŹYŮÕvƚŸ37, 39, 41ºCƙ 3¯�ƕƇŸ37ºCƫƺǩǉǨ

ǪǦŸ39ºCƫÿƣſƗÝƾǉǧƾƫ:ŽƎ[IŸ41ºCƫyŻÝƾǉǧƾƫ:ŽƎ[Iƕ

ƇƎŹƞƎŸ3>Ľm 7 ¢ñƘ&í´ħƫįƑƎǬFig. 3-1AǭŹα ƭƷǅǌǩĬ%´ħ

ê"ƕ DAPI´ħê"ſƥ3>âǬ3>ƇƎďĢƙ·�/ėďĢ·�ǭƕăĆƙcƆƫ

ÖhƇƎǬFig. 3-1BǭŹƗžŸα ƭƷǅǌǩƕ DAPI ƘƤƑƓŸ3>ƇƎăĆƕ·ƀ´ħ
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ƆƨƧŹē²ŸHYŮÕvƔ3>âƚ_ƪƥƗſƑƎƀŸƺǩǉǨǪǦǬ37ºCǭƕÄŇƇ

Ɠ 39ºCƘžƃƧYŮƔƚăĆƀĠbƇŸ41ºCƘžƃƧYŮƔƚăĠbƚłƅƥƗſ

ƑƎŹƅƨƘƤƦŸÿƣſƗÝƾǉǧƾƀăĠbƫĽmƉƧƅƕƀ3ſƑƎŹ 

 

Fig. 3-1 Effects of heat stimulation on myogenic differentiation. (A) Fluorescence microscopic 

images of myotubes on day 7. C2C12 cells were cultured at 37, 39, or 41°C for 7 days in 

differentiation medium. Green, α-actinin-positive myotubes; blue, DAPI-stained nuclei. (B) 

Quantitative image analysis of the number of nuclei (left), differentiation rate (center), and 

myotube width (right) on day 7. The data are expressed as mean ± SD (n=3). *P < 0.05.  

 

3.3.2  

Ų  

Ų Ýƾǉǧƾ¯��ƘžƃƧă3>Ľm�ƙÝƼǣǆƷǃǩǐƷŁƙïãƫľƝƧƎơ

ƘŸŵB-ƷǥƾǃǥǩŸHSP47ŸHSP72ŸHSP90 ƙő�fïãǧǗǦƫ RT-PCR ƘƓ@

A 

B 
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hŕðƘĶ°ƫįƑƎŹƌƙē²ŸÝƼǣǆƷǃǩǐƷŁƙïãƚŸ39ºC ƢƇƂƚ 41ºC

ƙÝƾǉǧƾƘƤƑƓĽmƆƨƧƅƕƀƪſƑƎǬFig. 3-2ǭŹ 

 

 

Fig. 3-2 Effects of heat stimulation on heat shock protein gene expression. Semiquantitative RT-

PCR analysis of HSP gene expression at 37, 39, or 41°C on day 1. 

 

3.3.3  

 

ÁƘŸÝƾǉǧƾƫA:ƉƧ«Śƙ{ũƘƒŻƓƢľƝƎŹ37 žƤƛ 39ºC Ɣ 7 ¢Ś

3>ĽmYŮƇƎ[IǬFig. 3-3; ¯� i, iiǭƕ 39ºC Ɣ 1 ¢Ś3>ĽmYŮƇŸƌƙ

~Ÿ37ºC Ɣ 6 ¢Ś3>ĽmYŮƇƎ[IǬFig. 3-3; ¯� iiiǭƙ 3 ¯�ƕƇŸǬiǭƫƺ

ǩǉǨǪǦŸǬiiiǭƫÿƣſƗÝƾǉǧƾƫö«ŚA:ƇƎ[IŸǬiiǭƫÿƣſƗÝƾǉǧ

ƾƫŘ«ŚA:ƇƎ[IƕƇƎŹ3>Ľm 7 ¢ñƘ&í´ħƫįŻŸα ƭƷǅǌǩĬ

%´ħê"ſƥăĆƙcƆƫÖhƇƎŹƺǩǉǨǪǦǬiǭƕÄŇƇƓŸ39ºC Ɣ 1 ¢ŚY

ŮƇŸƌƙ~Ÿ37ºC 6¢ŚYŮƇƎ[IǬiiiǭƚª�ƘăĆƀĠbƇƎŹƞƎŸ39ºCƔ

7¢ŚYŮƇƎ[IǬiiǭƕÄŇƇƓŸ39ºCƔ 1¢ŚYŮƇŸƌƙ~Ÿ37ºCŸ6¢ŚYŮ
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ƇƎ[IǬiiiǭƚJĂƘĠbƇŸ·�ƙÔnƚĴƥƨƗſƑƎŹ 

 

Fig. 3-3 Effects of heat stimulation on myogenic differentiation. Effects of heating period on 

myogenic differentiation. Time schedule (top) indicates heating periods: (i) incubation at 37°C 

for 7 days; (ii) incubation at 39°C for 7 days; and (iii) incubation at 39°C for 24 h and subsequent 

incubation at 37°C for 6 days. Quantitative image analysis of the number of nuclei (left), 

differentiation rate (center), and myotube width (right) on day 7. The data are expressed as mean 

± SD (n=3). *P < 0.05. 

 

3.3.4  

 

ƅƨƞƔƙē²ſƥŸÝƾǉǧƾƘƤƑƓăĠbƀłƅƧƢƙƙŸ3>âƙ�£ƚĴ

ƥƨƗŻƅƕƀƪſƑƎŹ� Ÿǒǃǝǩ C Ľm�ƔźƦŸŘ«ŚÍ�ƀĖ�ƆƨƧ

AscP ƫ3>ĽmYVƘÒ:ƉƧƅƕƘƤƦűŻ3>�ŋ;²ƀ�ƥƨƧƕZNƀź

Ƨ 43ŹƌƅƔŸÝƾǉǧƾƫ:ŽƧƕƕƢƘŸAscPƫÒ:ƉƧƅƕƘƤƦŸăĠbƇŸƆƥƘ

3>âƀ�£ƉƧƙƔƚƗŻſƕĞŽƎŹƞƊŸC2C12ďĢƙ3>ƘŐƇƎ AscP ƙ
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Ò:Úvƫ¹ĸƉƧƎơƘŸ50, 100, 200, 400 µMƙAscPƫ3>ĽmYVƘÒ:ƇŸ

3>ģƜƙ;²ƫ¹ĺƇƎŹƞƎŸƺǩǉǨǪǦƕƇƓŸAscP ƫÒ:ƇƓŻƗŻ3>Ľ

mYVƔƢJ½Ƙ3>ĽmYŮƫįƑƎŹ3>Ľm 7 ¢ñƘ&í´ħƫįŻŸα ƭ

Ʒǅǌǩ´ħê"ƕ DAPI´ħê"ſƥ3>âƕăĆƙcƆƫÖhƇƎǬFig. 3-4ǭŹē

²ŸÒ:Úv 50 µMſƥ 200 µMƞƔƚŸÒ:Úvƀ�£ƉƧƘƒƨŸ3>âƀ�

£ƉƧ KƀƟƥƨŸƺǩǉǨǪǦǬAscP Ò:ƗƇǭƕÄŇƇƓŸ200 žƤƛ 400 µM 

Ɣª�Ƙ3>âƀ�£ƇƎŹ� ƔŸăĆƙcƆƘƒŻƓƚŸAscP ƙÒ:Ɣª�Ɨ

pƚĴƥƨƗſƑƎŹƅƨƥƙƅƕſƥŸ�ŜƙiůƔƚ AscP ƙÒ:Úvƫ 200 µM 

ƕƇƎŹ 

 

Fig. 3-4 Effects of AscP concentration on myogenic differentiation. Quantitative image analysis of the 

differentiation rate (left) and myotube width (right) on day 7. The data are expressed as mean ± SD 

(n=3). *P < 0.05 vs. 0 µM. 

 

3.3.5  

C2C12  
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Ų ÁƘŸă3>ƘžƃƧƭƾƺǦǒǩŒƙ|7ƘƒŻƓľƝƧƎơƘŸÝƾǉǧƾƕƭ

ƾƺǦǒǩŒƫ:ŽƓYŮƇƎ C2C12ďĢƙǃƯǖ I ƺǤǪƹǩƙő�fïãƫ@h

ŕðƘĶ°ƇƎŹƌƙē²ŸÝƾǉǧƾƘƤƑƓƺǤǪƹǩƙïãƚĽmƆƨƗſƑƎ

ƀŸƭƾƺǦǒǩŒÒ:ƙ¯��ƔƚƖƙYŮÕvƔƢŸƺǤǪƹǩƙïãƫĽmƇ

ƓŻƧƅƕƀƪſƑƎǬFig. 3-5ǭŹ 

 

Fig. 3-5 Semiquantitative RT-PCR analysis of type I collagen expression in myogenic differentiation 

with (+) or without (−) AscP supplementation. Time schedule indicates heating periods: (i) incubation 

at 37°C for 7 days; (ii) incubation at 39°C for 7 days; and (iii) incubation at 39°C for 24 h and 

subsequent incubation at 37°C for 6 days. 

 

3.3.6 C2C12  

 

Ų ÁƘŸYŮÕvƫ_>ƆƋƧƕ*ƘŸAscP ƫ3>ĽmYVƘÒ:ƉƧƅƕƘƤƧŸ

ăĠbƕ3>ģƜƙ;²ƫ¹ĺƇƎŹYŮÕvƚŸƺǩǉǨǪǦƔźƧ 37ºC ƕŸAscP

ƫÒ:ƇƓŻƗŻ3>ĽmYVƔăĠbƀùļƆƨƎ 39ºC ƙ 2 ¯�ƕƇƎŹƞƎŸ

3>Ľm 7 ¢ñƘ&í´ħƫįƑƎǬFig. 3-6AǭŹƌƙ~Ÿα ƭƷǅǌǩ´ħê"ƕ

DAPI ´ħê"ſƥ3>âƕăĆƙcƆƫÖhƇƎǬFig. 3-6BǭŹē²ƕƇƓŸƺǩǉǨ

ǪǦƕÄƝƓ 39ºC ƘžƃƧYŮƔƚŸAscP ƫÒ:ƇƎ3>ĽmYVƕŸÒ:ƇƓŻ
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ƗŻ3>ĽmYVƙ�¯�Ɣª�ƘăĠbƀƟƥƨƎŹƞƎŸAscP ƫÒ:ƇƓŻƗ

Ż3>ĽmYVƕÄƝƓŸAscP ƫÒ:ƇƎ3>ĽmYVƔƚŸ3>âƀ�£ƇƎŹ

ƅƙƅƕſƥŸAscP ƫÒ:ƉƧƅƕƘƤƦ3>ģƀ�£ƉƧƅƕƀ3ſƑƎŹƅƨƥƙē

²ſƥŸ39ºC ƙÝƾǉǧƾƕ AscP ƙÒ:ƫđƟIƪƋƧƅƕƔŸăĠbƕ3>âƙ�

 ƫK�ƆƋƧƅƕƘ�9ƇƎŹ 

Fig. 3-6 Combined effects of mild heat stimulation and AscP supplementation on myogenic 

differentiation. (A) Fluorescence microscopic images of myotubes on day 7. C2C12 cells were 

cultured at 37 or 39°C for 7 days, with (+) or without (−) AscP supplementation in differentiation 

A 

B 
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medium. Green, α-actinin-positive myotubes; blue, DAPI-stained nuclei. (B) Quantitative image 

analysis of the differentiation rate (left) and myotube width (right) on day 7. The data are 

expressed as mean ± SD (n=3). *P < 0.05. 

 

3.3.7 ÝƾǉǧƾƕƭƾƺǦǒǩŒÒ:ƘžƃƧ C2C12ďĢƙǃǩǐƷŁïãƙ_> 

 

	39ºCƘžƃƧYŮƕ AscPÒ:ƙđƟIƪƋƙăǃǩǐƷŁƙïãƙ_

>ƫưƲƾǃǩǕǨǆǉÉƘƤƦĶ°ƇƎǬFig. 3-7ǭŹƆƥƘŸ�ƥƨƎǏǩǊƫ ImageJ

ǬNIHǭǂǔǉưƱƭƔ��>ƇŸïãŕƫÄŇƇƎŹăĠbƚŸƼƸǋǦ�ŎßŁƔź

Ƨ AktƀǥǩŒ>ƆƨƧƅƕƘƤƦłƅƧƅƕƀõƥƨƓŻƧŹƌƅƔŸAkt ƕǥǩŒ> Akt

ǬpAktǭƙïãƫľƝƎƕƅƩŸƺǩǉǨǪǦǬ37ºC, AscP Ò:ƗƇǭƕÄƝŸ39ºC Ɣ

AscPƙŦgU�ƔŸpAktƙïãƀ 3.2��£ƇƎŹƞƎŸ39ºCƔ APSƫÒ:ƇƎY

ŮƔƚŸpAkt ƙïãƀƺǩǉǨǪǦƕÄŇƇƓŸ6.8 �]:ƇƓŻƧƅƕſƥŸAkt ƙǥ

ǩŒ>ƀ�ŋƆƨŸăĠbƀłƅƑƎƕĞŽƥƨƧŹ3>âƙ�£ƘƒŻƓŸă3>

ǜǪƴǪƔźƧ myogenin ƕMHCƙïãƫľƝƎƕƅƩŸ39ºCƔ AscP ƫÒ:ƇƎ[

IŸƺǩǉǨǪǦƕÄŇƇƓŸmyogenin ƚ 2.7 �ŸMHC ƚ 2.2 �ïãŕƀ]:ƇƎŹ

ƞƎŸ�ĦðƘăğƚŌăƕŉăƘ3ŬƆƨƧŹăWƘƒŻƓľƝƎƕƅƩŸŌăě

ĖƘžŻƓïãŕƀaŻMHC slowƙïãŕƚŸƺǩǉǨǪǦƕÄƝƓ 39 ºC ƔƙY

ŮƘžŻƓŸAscP ŦgU�Ɣ 2.7 �ŸAscP Ò:¯�Ɣ 3.5 ��£ƇƎŹƅƙƅƕſ

ƥŸ39ºC Ɣ3>ĽmYŮƫƇƎšƘŸ�ĕðƔÿƣſƗÝƾǉǧƾƘƤƦŐvƗŘ«

ðǉǧǪǌǩƸƔĽmƆƨƧŌăƘƼǔǉƇƓŻƧGģ�ƀûOƆƨƎŹ 
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Fig. 3-7 Western blot analysis of myogenic differentiation proteins in C2C12 cells cultured at 37 or 

39°C, with (+) or without (−) AscP supplementation for 7 days. 

 

3.3.8  

 

ÝƾǉǧƾƙA:ƕƭƾƺǦǒǩŒÒ:ƙđƟIƪƋƘƤƧăđĜƙDĚ8Ɯƙ;

²ƫ¹ĺƉƧƎơƘŸåáăđĜƫ�ĲƇƎǬFig. 3-8AǭŹFig. 3-8B �ƙYŮƾƵǪ

Ǟƙ3>Ľm¯�ƔYŮƫįŻŸ3>Ľm 7 ¢ñƘDĚ8ƙÖhƫįƑƎǬFig. 3-

8BǭŹƭƾƺǦǒǩŒƫÒ:ƇƓŻƗŻYŮǬAscP-ǭƕÄŇƇƓŸƭƾƺǦǒǩŒƫÒ:

ƇƎYŮǬAscP+ǭƔƚŸJƈÕv¯�ƘžŻƓǬ¯� iƙAscPŴŸ¯� iiƙAscPŴŸ

¯� iii ƙ AscPŴƙÄŇǭŸª�ƗpƚĴƥƨƗſƑƎƀŸDĚ8ƀ]:ƉƧ KƘ

źƑƎŹ 

ƞƎŸ39ºCƔ 7¢ŚYŮƇƎ[IŸ37ºC Ɣ 7¢ŚYŮƇƎ[IƕÄŇƇƓǬ¯� i

ƙ AscP-ƕ¯� iiƙ AscP-Ÿ ¯� iƙ AscP+ƕ¯� iiƙ AscP+ƙÄŇǭŸDĚ8ƚÔ

nƇƎŹ�oăđĜƙ�ĲƘžŻƓŸ39ºCƔ 7¢ŚYŮƇƎăđĜƚŸ37ºCƔYŮ
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ƇƎđĜƘÄƝƓŸ3>ĽmYŮň�Ɣ4ƨƓƇƞżƢƙƀaſƑƎŹtŧYŮƙď

Ģ·�ƙē²ƘžŻƓŸ39 ºCŸ7 ¢ŚƙÝƾǉǧƾƔďĢ·�ƀÔnƇƎƤżƘŸå

áăđĜƘžŻƓƢďĢƜƙǄǟǪƽƀźƑƎƢƙƕ�ÖƆƨƧŹ 

� Ÿ39ŷƙÝƾǉǧƾƫ3>Ľmřeſƥ 1 ¢Ś�:ƇƎăđĜǬ¯� iiiǭƚ

37ºCƔ 7¢ŚYŮƇƎăđĜƕÄŇƇƓǬ¯� iƙ AscP-ƕ¯� iiiƙ AscP-Ÿ ¯� i

ƙ AscP+ƕ¯� iii ƙ AscP+ƙÄŇǭDĚ8ƀª�ƘK�ƇƎŹƅƨƘƤƦŸö«Śƙ

ÝƾǉǧƾƙA:ƕAPSÒ:ƘƤƦŸ�oăđĜƙDĚ8ƀK�ƉƧƅƕƀ3ſƑƎŹ 

Fig. 3-8 Combined effects of mild heat stimulation and AscP supplementation on bioengineered 

skeletal muscle tissue constructs. (A) Macroscopic observation of a tissue construct fabricated by the 

Mag-TE technique. The tissue construct is indicated by the arrow. (B) Contractile properties of skeletal 

A 

B 
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muscle tissue constructs. Time schedule (top) indicates heating periods: (i) incubation at 37°C for 7 

days; (ii) incubation at 39°C for 7 days; and (iii) incubation at 39°C for 24 h and subsequent incubation 

at 37°C for 6 days. (left) Representative peaks of the twitch force generated by skeletal muscle tissue 

constructs on day 7. (right) Maximum twitch forces of the skeletal muscle tissue constructs. The data 

are expressed as mean ± SD (n=3). *P < 0.05. 

 

3.4  

 

	 C

ÿƣſƗÝƾǉǧƾƫ:ŽƧƅƕǬ39ºC ƘžƃƧY

ŮǭƔăĠbƉƧƅƕƀƪſƑƎŹƅƙšŸÝƼǣǆƷǃǩǐƷŁƔźƧŵB-ƷǥƾǃǥǩŸ

HSP47ŸHSP72ŸHSP90 ƙő�fïãǧǗǦƙ�£ƀùļƆƨƎŹƭǛǉǪƼƾƘ�

5ðƘ!ƂƕƆƨƧ HSP72ƙïãŕƚŸ37ºCƙYŮ¯�ƕÄƝƓ 39ºCƔ 1.8��£

ƇƎŹÝƾǉǧƾƘžŻƓ HSP72 ƚŸǃǩǐƷŁƙ�r�Ė�ƘŔĳƗ|7ƫ�ƑƓ

žƦŸăƽƾǉǨǔƮǪǠǈǦǜưƾƫèŻƎøĀƔƚŸăğ+Ɣ HSP72 ƙïãƫ]

yƆƋƧƅƕƔŸăƽƾǉǨǔƮǪƙî�ƀņÔƆƨƧƅƕƀZNƆƨƓŻƧ 45, 46ŹƇſƇ

ƗƀƥŸǜưƾăĨďĢ¶ C2C12ďĢƘ HSP72 ƫy5ïãƆƋƎƏƃƔƚŸăĆƙ

cƆƢ3>âƢ�ŋƆƨƗŻƕŻżZNƀźƧƅƕſƥŸăďĢƙĠb>ƀłƅƧƎơ

ƘƚŸÝƼǣǆƷǃǩǐƷŁƙïãƏƃƔƚ?3ƔƚƗŻƅƕƀĞŽƥƨƧ 47Ź� Ÿ

ƙăĠbƙǟƴǌƿǞƕƇƓŸC2C12ďĢƘžŻƓŸƴǦƼưǞƯƳǩ�gðƗƴǦƼ

ǌǢǪǥǩƼƸǋǦ�ŎĒńƙÍ�>ƀăĠbƕăěĖWƙƼǔǉƫwƁłƅƉƅƕ

ƀZNƆƨƓŻƧ 48Ź®øĀƘžŻƓƢŸÿƣſƗÝƾǉǧƾƘƤƧ MHC-slow ƙǃǩ

ǐƷŁïãƙ]yƀùļƆƨƎŹƅƨƚŸÝƘƤƑƓďĢ+ƙƴǦƼưǞƯƳǩƀ]

:ƇƎƅƕƔŸƴǦƼưǞƯƳǩ�gðƗƼƸǋǦƀÍ�>ƆƨƎƎơŸăĠbƀĽ

mƆƨƎƕĞŽƥƨƧ 49, 50Ź 
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ƞƎŸăďĢƚƺǤǪƹǩƙI�Ƙ�ŪƕƗƧǒǃǝǩ C ƫæçƉƧƅƕƀƔƁƗŻ

ƅƕſƥŸǒǃǝǩ C Ľm�ƔźƧƭƾƺǦǒǩŒǬAscPǭƫŰ¸ăďĢƙ3>Ľm�

ƘÒ:ƉƧƅƕƚªèƔźƧƕĞŽƥƨƧ 51ŹišƘŸC2C12 ďĢƙ3>Ľm�Ƙƭ

ƾƺǦǒǩŒƫÒ:ƉƧƅƕƔ3>ģƀ�£ƇŸăàìðŅ-RfƔźƧ myogenin

ƙïãŕƀ]:ƇƎŹƅƙǟƴǌƿǞƚ¬ƏƘ¤ƥſƘƗƑƓŻƗŻƀŸăďĢƙ�

Üƣă3>ľćő�fƘƕƑƓŸƺǤǪƹǩƗƖƙďĢ`ǜǉǥǆƷƾƙI�Í�>

ƀ�ĳƔźƧƕŻżƅƕƘśŊƇƓŻƧƕĞŽƥƨƧ 52Ź 

ƌƇƓŸtŧYŮƘžŻƓ3>ĽmYVƘƭƾƺǦǒǩŒƫÒ:ƇŸÿƣſƗÝƾ

ǉǧƾƫ:ŽƧƅƕƔăĠbƕ3>ģƫ�£ƆƋƧƅƕƘ�9ƇƎŹƞƎŸƅƙYŮÉƔ

�ĲƇƎăđĜƀŸÝƾǉǧƾƕƭƾƺǦǒǩŒƙŻƊƨƢ:ŽƓŻƗŻƺǩǉǨǪǦƕ

ÄƝƓŸƤƦyŻ8ƫïæƉƧƅƕƀ3ſƑƎŹƅƨƥƙē²ſƥŸYŮÕvƫ_§Ɖ

ƧƕŻżĉ�Ɨ�ÉƔ�oăđĜƙÀģƫy>ƉƧƅƕƀƔƁŸƆƥƘƭƾƺǦǒǩŒ

Ò:ƫđƟIƪƋƧƅƕƔŸDĚ8ƫ�ŋƔƁƧƅƕƀûƆƨƎŹ 
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4   
 

 

4.1  

 

28, 29

 

Myostatin

2005 Myostatin

5 3 kg

53 Myostatin

 

Myostatin TGF-β ± 1997

McPherron 54

Myostatin Myostatin

MRI

55 Myostatin

Follistatin Myostatin

TGF-β I TGF-β II 56

Follistatin
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Ito

5 36 Follistatin

 

 

4.2  

 

4.2.1 C2C12  

 

C2C12

C2C12 DMEM Dulbecco’s modified 

Eagle’s medium ; Gibco 10% Fetal Bovine Serum , FBS

100 unit/ml Wako 100 µg/ml

Wako 25 mM HEPES 3.7 mg/ml

Wako 10%FBS

2% CS 37ºC  

5%CO2 50 80%

PBS 2 0.25% -EDTA

2000 cells/cm2 5000 cells /cm2

2 37ºC, 5%CO2

7  

 

4.2.2 293FT  

 

293FT 293FT 10% 

FBS 0.1 mM ± NEAA, Invitrogen 25 mM HEPES

100 unit/mL 0.1 mg/mL
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3.7 g/L

DMEM Iwaki

37°C 5% CO2  

 

4.2.3 ±  

 

4.2.3.1  

 

Inoue 57

LB 1% 1%NaCl 0.5% 2%

3 ml LB 37°C

1 ml 30 ml LB

OD600 = 0.5 37°C 3,000 × g 10

4°C 10 ml

10 mM PIPES 15 mM CaCl2 2H2O 250 mM KCl

MnCl2 4H2O pH6.8 10 3,000 × g

10 4°C 7%DMSO 2.4 ml

100 µl

-80°C  

 

4.2.3.2  

 

10 µl ± DNA

100 µl 30

42°C 45 5

1 ml LB  (1% 1%NaCl 0.5

) 37°C 1
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100 µl LB  (LB 2% ) 

37°C

 

 

4.2.3.3 ± DNA  

 

1 ml 6,000 × g 1

100 µl  (50 

mM 25 mM Tris-HCl (pH 8.0) 10 mM EDTA 2 mg/ml )

200 µl -SDS  (0.2 N NaOH 1 SDS) 

150 µl 3 M  

(pH 4.5) 450 µl

- 12,000 × g 5 4°C 

DNA  

DNA 300 µl

12,000 × g 10 4°C DNA

200 µl 70%

20,000 × g 5 4°C DNA

20 µl  

 

4.2.3.4 DNA  

 

± ±  (50~200 ng) 

 ( ) 37°C 1  

 

4.2.3.5 DNA  
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DNA

 (λ-HindIII-digested  φX174-

HincII-digested marker) 

 

DNA UV

1.5 ml DNA

 (MagExtractor-PCR & Gel Clean Up-, Toyobo) DNA

 

 

4.2.3.6 ± DNA  

 

± DNA LB 3 ml 8

80 µl LB 40 ml 12 6,000 

× g 15 4°C ±

 (QIAfilter Plasmid Midi Kits, Qiagen) ±

 

 

4.2.4 Follistatin C2C12  

 

4.2.4.1 ±  

 

C2C12 MSCV

Tet-On Clontech

Follistatin

reverse tetracycline-dependent transactivator; rtTA
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± pQMSCV/EGFP-CMV-

rtTA-WPRE Dox rtTA

 

pQMSCV/EGFP-TREtight-Follistatin-WPRE

tetracycline-responsive element; TRE Follistatin

Follistatin rtTA

±

LTR Enhanced green 

fluorescent protein EGFP pQMSCV/EGFP-CMV-rtTA-WPRE

58 Follistatin cDNA Follistatin

± pCMV-SPORT6 Clone ID: LIFESEQ95153976, Open 

Biosystems 2-1 PCR

BamHI Follistatin DNA BamHI

pQMSCV/EGFP-TREtight-WPRE pQMSCV/EGFP-TREtight- 

Follistatin -WPRE  

Table 4-1 Primer sequences for cloning of follistatin gene. 

Gene Primer sequences Enzyme 

Follistatin 
FW 5'- AAGGATCCACCATGGTCCGCGCGAG-3' BamHI 

RV 5'-GCGGATCCTTACCACTCTAGAATAGAAGATATAGGAAAG -3' BamHI 

 

4.2.4.2  

 

Hotta 59

293FT 6.5×104 cells/dish

90 95% pQMSCV/EGFP-CMV-rtTA-WPRE
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pQMSCV / EGFP- TREtight- Follistatin- WPRE pcDNA4/gag-pol

pLP/VSV-G Lipofectamine 2000 Invitrogen

48

293FT

0.45 µm Advantec

-80°C

C2C12 24 well plate Thermo Fisher Scientific 1×104 

cells/well DMEM 8 µg/mL Sigma-Aldrich

48

C2C12 100 mm Thermo 

Fisher Scientific 2.5	105 cells/dish

MOI Multiplicity of infection 5

2.5×106 IU/mL 8 µg/mL

37°C 6  

 

4.2.5 Follistatin  

 

Follistatin RT-PCR

Follistatin C2C12 C2C12/FST 2

7 RNA RNAiso 

plus, Takara Total RNA

Total RNA oligo-dT ReverTra Ace Toyobo

cDNA Follistatin

G-taq DNA Cosmo Genetech PCR

PCR 95°C 2 95°C 20 72°C 10

30 72°C 5
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GAPDH

Table 4-2  

 

Table 4-2 Primer sequences for RT-PCR 

Gene  Primer sequences 
Product 

size 

Follistatin 
FW 5�- TGGACCGAGGAGGATGTGAAC -3� 

155 bp 
RV 5�- GCAGCGGGGTTTATTCTTCTTGT -3� 

GAPDH 
FW 5'-CTACCCCCAATGTGTCCGTC-3' 

150 bp 
RV 5'-GCTGTTGAAGTCGCAGGAGAC-3' 

 

4.2.6  

 

C2C12 C2C12/FST 6 

well Thermo Fisher Scientific 5.0×104 cells/well

80 90%

0 7

7 Phosphate buffered saline; 

PBS 4% PFA PBS 15

0.2% Triton-X 100 Wako PBS 15

PBS 3 1 % ± BSA, Wako PBS

30 α Sigma

1% BSA PBS 1 1000 45

PBS 3 Alexa Flour 488 Invitrogen Alexa Flour 546 phalloidin

Invitrogen DAPI Roche 1% BSA PBS 1 1 1 1000
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45 PBS 3 BZ-9000, 

1 well 5 3 well

15 Image J NIH α

 

 

4.2.7  

 

C2C12 C2C12/FST 5×104 cells/dish 35 mm

Corning 2

7 C2C12/FST Dox

1 µg/ml

C-Dish

C-dish 0.3 V/mm 4 

ms 1 Hz

BZ-9000, 24

 

 

4.2.8 Magnetite Cationic Liposome(MCL)  

 

3.2.6 MCL  

 

4.2.9   

 

MCL 80%

100 pg/cell
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MCL 4 C2C12

 

C2C12 1.0×106 cells/ 50 µl

10%FBS DMEM 0.3 %Type I

10×DMEM 0.05N 100 ml

2.2 g HEPES 4.77 g BD 

Biosciences FBS 56 7 7 15 15 50

24 well well

Corning 12 mm

4000 G well

1 well 150 µl  

 

4.2.10 (EPS)  

 

12 35 mm dish

 6 well well

7 mm

Ultroser G 0.4 DMEM

5 CO2 7

4

C-Dish C-dish

0.3 V/mm 4 ms 1 

Hz 7

Follistatin

0 1 µg/mL Dox  
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4.2.11   

 

3.2.9  

 

4.2.12 Follistatin   

 

Follistatin

C2C12/FST

0

7

4 7 4 Follistatin

7 PBS

4%PFA PBS 15 0.2% Triton-X 100 PBS

15 PBS 3 1 %BSA PBS 30

α 1% BSA PBS 1

1000 45 PBS 3

Alexa Flour 546 DAPI 1% BSA PBS 1 1 1000

45 PBS 3

Flouview FVi10, OLUMPUS  

 

4.2.13   

 

× P < 0.05
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4.3  

 

4.3.1 Follistatin C2C12  

 

Follistatin , Dox

Tet-on C2C12

C2C12/FST Follistatin C2C12/FST

2 7 RT-PCR

Follsitatin Fig. 4-1

Dox Dox+ Follistatin  

Fig. 4-1 Follistatin expression of C2C12/FST cells at day7 in the presence (Dox+) or absence 

(Dox-) of doxycycline (Dox) for 7 days. 

 

4.3.2 Follistatin C2C12  

 

C2C12 C2C12 C2C12/FST

2 7 C2C12

α

DAPI Fig. 
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4-2 Dox Follistatin C2C12/FST Dox+

Dox C2C12/FST Dox-

ImageJ

α DAPI

/ C2C12

Dox C2C12/FST Dox- Dox C2C12/FST

Dox+ Fig. 4-2

C2C12 Follistatin

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-2 (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) 

A 

B C 
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for 7 days. Scale bars, 200 µm. (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-. 

 

4.3.3 Follisatatin C2C12  

 

C2C12 C2C12/FST 2

7

Fig. 4-3  

Follistatin Dox+ Follistatin

Dox-

Follistatin C2C12

 

Fig. 4-3 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 
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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-. 

 

4.3.4 Follisatatin  

 

Follistatin

C2C12/FST MCL

24 well

7 1 V/mm 10 ms

Fig. 4-4 Follistatin

Dox- EPS-

Follistatin FST+ EPS- 9

Dox- EPS+

4.8 Follsitatin

Dox+ EPS+ 17

C2C12 Follistatin
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Fig. 4-4 The force generated by tissue-engineered skeletal muscle tissue constructs on day 7. 

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-. 

 

4.3.5 Follistatin  

 

C2C12/FST Follistatin

C2C12/FST

Follistatin

4 7

α DAPI

Fig. 4-5 Follistatin Fig. 

4-5 29.2 2.8 µm

Fig. 4-5 14.1 1.4 µm
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C2C12/FST

Fig. 4-5

27.9 2.7 µm

Fig. 4-5

Dox Follistatin Fig. 4-5

Follistatin

Follistatin Fig. 4-5

40.8 9.4 µm Follistatin

 

 

Fig. 4-5 Fluorescence microscopy images of α-actinin-positive myotubes (red) in the C2C12/FST 

tissue constructs at day 7. Nuclei were stained by DAPI (blue). Muscle tissue constructs were 
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cultured in the presence (Dox+) or absence (Dox-) of doxycycline, and cultured with (EPS+) or 

without (EPS-) continuous EPS at amplitude of 0.3 V/mm, width of 4 ms, and frequency of 1Hz. 

Sarcomere structures were indicated by white arrows. Scale bars, 50 µm. 

 

4.4  

 

×

 

C2C12 Tet-

on Follistatin

Dox C2C12/FST

Follistatin RT-PCR Follistatin

Dox Follistatin

Follistatin

α DAPI

Follistain

Follistatin

Follistaitn

Follistatin

Follistain
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Follistatin

Follistain

Follistatin

Follistatin

Follistain
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5   
 

 

5.1  

 

Mag-TE

 6, 28, 29, 36

0.5Δ

in vitro

 

60-70

DNA ×

HDAC

71 HDAC

HDAC

HDAC 11

71

HDAC I

HDAC II III IV HDAC

4
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A TSA VPA

SB API

HDAC HDACI HDACII

HDAC DNA

5 5AC DNA

/

10, 66  

5

C2C12

Mag-TE

 

 

5.2  

 

5.2.1 C2C12  

 

C2C12

DMEM Dulbecco’s modified Eagle’s medium ; Gibco

Fetal bovine serum: FBS 10Δ

Calf serum: CS 2Δ

TSA VPA SB

API 5AC 5 3
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C2C12

1

4 day7 60-65

TSA Wako 0.1 µM VPA Wako 1 mM SB Wako 5 

mM API Enzo 0.1 mM 5AC Wako 10 µM 10

1 10 60-70  

100 unit/ml 100 µg/ml 3.7 

mg/ml 37 5ΔCO2

50 80Δ

PBS 2 0.25Δ -EDTA

1/8 1/16 24 well plate

Corning 5.0 104 cells/well 2 37

5ΔCO2 7

5ΔCO2  

 

5.2.2  

 

4.2.7  

 

5.2.3 MCL  

 

3.2.6 MCL  

 

5.2.4  
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MCL 80%

100 pg/cell MCL

4 C2C12  

 

5.2.5  

 

C2C12 1.0×106 cells/ 50 µl 10%FBS

DMEM 0.3 %Type I

10×DMEM 0.05N 100 ml

2.2 g HEPES 4.77 g BD 

Biosciences FBS 56 7 7 15 15 50

 

 

5.2.6   

 

12 35 mm 

dish  6 well well

7 mm

Ultroser G 0.4Δ DMEM

5ΔCO2 7

4

C-Dish C-

dish 0.3 V/mm 4 

ms 1 Hz 7
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5.2.7  

 

3.2.9   

 

5.2.8 ��������$��
�� 

 

C2C12 5×104 cells/dish 35 mm

Corning 2 7

4

C-Dish

C-dish 0.3 V/mm 4 

ms 1 Hz

BZ-9000, 24

 

 

5.2.9 PCR Follistatin���$���� 

 

5

RNA RNAiso plus, Takara Total RNA

Total RNA oligo-dT ReverTra Ace

Toyobo cDNA cDNA

THUNDERBIRD SYBR qPCR RT Set Toyobo

PCR GAPDH

Table 4-2 Follistatin QuantiTect Primer 

Assays Cat# QT00105483, Qiagen PCR

LightCycler1.5 Roche 95°C 5 56°C 20 72°C 30 1
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40 GAPDH

		CT Follistatin

 

 

5.2.10   

 

P < 0.05

 

 

5.3  

 

5.3.1 C2C12  

 

C2C12 5

C2C12

3 4 4

1

7

DAPI

Fig. 5-1A  

Fig. 5-1B 1/10 10 10

VPA 0.1 mM

63  
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TSA 0.01 µM 0.1 µM VPA 1 

mM SB 5 mM API 0.1 mM 5AC 10 µM  100 µM 1000 µM

Fig. 5-1C

1/10 10

API C2C12

API Fig. 

5-1C D API P21

65 API

HDAC TSA VPA SB

C2C12

C2C12

 

TSA 0.1 µM

2 TSA

4

60, 61 5AC C2C12 1/10

10

10

1.7 5AC DNA
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1/10

Fig. 5-1C

API 0.01 mM 1.8 5AC 10 µM

1.6

4 HDAC 5AC

 

A 

B C 
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Fig. 5-1 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 µM), 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 µm. (B) Quantitative image analysis of number 

of nuclei. (C) Quantitative image analysis of myotube differentiation rate. The data are expressed as 

mean ± SD. *P < 0.05 vs. control. (D) Quantitative image analysis of myotube width. The data are 

expressed as mean ± SD of triplicate experiments. *P < 0.05 vs. control. 

 

5.3.2 �	���$��"���#�!%�  

 

Mag-TE

C2C12

 

1

D 
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4

7 4%PFA

DAPI

Fig. 5-2A

DAPI

1/10

Fig. 5-2B API 10

5AC 10 µM

2.5

10

10

TSA 0.01 µM

0.1 µM Fig. 5-2C TSA 0.1 µM

1.8 VPA

SB API 5AC

Fig. 5-1
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B 

A 

C 
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Fig. 5-2 Effects of epigenetic drugs on force generation of tissue-engineered skeletal muscle 

constructs. (A) 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 µM), 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 µm. (B) 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. (C) 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. 

 

5.3.3 C2C12  

 

C2C12

C2C12

2 4

7

Fig. 5-3A  

TSA 0.01 µM 0.1 µM

Fig. 

5-3B TSA 0.01 µM 0.1 µM
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Fig. 5-3 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 µg/ml) on day 4. Electrical pulse stimulation (voltage, 0.3 

V/mm; width, 10 ms; frequency, 1Hz) 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. 

 

5.3.4  

B 

A 
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C2C12 2

4 7

30

PBS 3

4%PFA Fig. 5-4A

TSA 0.01 µM 0.1 µM

TSA 0.01 µM 0.1 µM

 

 

 
A B 



5  
 

79 
 

Fig. 5-4 Effects of epigenetic drugs on the contractile activity of C2C12 myotubes in two-

dimensional culture. (A) Fluorescence microscopy images of myotubes at day 7. C2C12 cells were 

treated with small molecular drugs on day 4. (B) 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.  

 

5.3.5 Follistatin  

 

C2C12 Follistatin

4 5 Follistatin

C2C12

PCR TSA API

5AC Follistatin Fig. 5-

5 API 5AC Follistatin

Follistatin
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Fig. 5-5 Effects of epigenetic drugs on follistatin gene expression. Relative expression level of 

follistatin mRNA. C2C12 cells were treated with TSA (0.1 µM), VPA (1 mM), SB (5 mM), API 

(0.1 mM) or 5AC (0.01 mM) at day 4. Total RNA was isolated on day 7 and real time-PCR was 

performed with primers for follistatin and GAPDH. The data are expressed as mean ± SD of 

triplicate experiments. *P < 0.05 vs. control. 

 

5.4  

 

5
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TSA 0.01 µM 0.1 µM

TSA 0.01 µM 0.1 µM

TSA 0.01 µM 0.1 µM

5 Follistatin

TSA API 5AC Follistatin

Follistatin

4  

in vitro
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6   
 
6.1  

 

	

	 5

	 

 

1

	 

 

2

	

	

	 

 

3

	 C2C12

39ºCe4kRc/uvyur�P\��M6

?�rD�X\SM<'�S-�X`QmM8@*jD�X\VbS3�Wo\N[V

aM39ºC e/uvyur�Pn#Gr	D� 1 !2e 24 #G]UdX\bVpM

39ºC e/uvyur 7 !G�P\��b�5e6?�rD�YnVbSaTM8@*
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fD�WocOVbSqR^\N 

L )dM�K+�e,�0bX`MsutxwzFe,�.�(CrB^\N	D

��K+�esutxwzFe9.� 0M50M100M200M400 µM a(CX\bVpM

200M400 µMe.�%�a	1S$�d�"X\N� aMsutxwzFe,�

f6?�d�IXcOVbSqR^\NVol�_e�K%�r:i�qZ\bVpM

�H�KdQO`M	1b67�We� r��WZnVbd��X\NWldM/

uvyubsutxwzFr:i�qZ\bTe��6:>e�=
ge�IrEh

\;&M�=
SJAd�"YnVbSqR^\N 

 

4 	 3

C2C12

	 Follistatin C2C12

PCR Follistatin 	

Follistatin

	

	

Follistatin C2C12

	 

 

5

	 5

5

TSA 	
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