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þ��������	õ(Myostatin) 
��.����'ª���Å.� �

������5�� Myostatin E�ªG���5�E���@ ����
��

.�������ª����' ���� �����!"���$��#

$%õ~á�&�'× myostatin(E�)*+@5� ,-J.J�/J01J

23J4/�56 7��89:;$%��*+�� (ÁÔÙ<��)*+

$$%=>;���?@ABCD&	õ�	õEª 24 ºÙ cDNA 	õE@F

G	õ� DNA ª cDNA  @AHI myostatin 	õ$$%�`Á;JGs%+

K 7 VÓLM�	õ� DNA  �@ÓNVGsOF myostatin I 	õ* @AF

Zg 3-1� 13.5Kb JZg 15-1� 24Kb ª Zg 17-3� 15Kb �@ù 15-1 �PÓ

myostatin I	õ�Q�~ª	õ*ER FS@TQ�~�5� -U PCR �V

NWX+Q�~YZ 5.9KbJ5.18KbJ3.4KbJ2.85KbJ2.55KbJ1.69Kb ª 0.6Kb

� 7 VYZ �[�\]^ pGL3-basic _`5�a�ª pEGFP-1 bcd`ef

a�£ �[ pGL3-basic _`5�GsOgsK C2C12 JZFLJNIH3T3 ��

@h�5� E C2C12 ª ZFL ��@ù 3.4Kb ��Q�~Óà�Ki 

NIH3T3 ��5�jk?ù 0.6 Kb ÓàlKi [P pEGFP-MSYN bcd`e

fGsO-UmnopqrCD&st@ uv myostatin Q�~E���$5

�jk wx�7y]$bcd`$5�;

âFz{ myostatin $`Á ¡CD& 24 ºÙstt|.� cDNA EtG

s} myostatin II �[ exon III ~A 281 bp-U vector base-RNANW[�\]

^ pEGFP-C1 a� -UmnopqrCD&st@ X+ÂV���� myostatin

	õ knockdown �����CD&;wxEst�]!"ÙF��!� ̂ 72 º

Ù�*��/�@^ 96 ºÙ?5�!�/ª� ���bcd`5�!.&

@ J<Â���%�~��(���ç��5�;�������	
��



III

�@T�� RNA��F��*� 30% ��ef�P��F��*� 36.76%á

���.=>@ÝS��õ~ MyoDJmyogeninJ Mrf4 � Myf5 $ RNA �'

F�Æ� 2�ù£á@T����.��� !�E 4V �Ù ���*�g

	õ*¡*^Ø¢�£ 0.38 ± 0.05 ¤¥ª 0.55 ± 0.11 ¤¥ g	õ*�£�'

S 45%áJ t-test ¦§@T¡*^¨4Óm©ª« <Â�[ÂV �¬&Y

ªJ HE ®c@T��¯©���º¡��*Ø¢° �����	�
���	�����2 �'^

g	õ*$ ����	�� 
� ������ �2 Ø¢�'S 85.95± �¡²^³Óm©ª«

(p<0.05);E���@´�CD& myostatin <µ	õ¶· (gene silence) (+K

����¸�5�$gs	õ& ¹�º».`+K³Ó "double muscle" 5��

3¼�½WCD&;

S¾¿ÀCD&J����	õJQ�~J	õ¶·J	õgs&
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Abstract

Myostatin belongs to the transforming growth factor (TGF)-� superfamily, and is a

secreted growth and differentiation factor and also a potent negative regulator of

skeletal muscle development and growth. The myostatin (MSTN) null phenotype in

mammals were characterized by extreme gains in skeletal muscles mass or �double

muscle� as the cytokine negatively regulates skeletal muscle growth and development.

Several aspects of MSTN biology in the fish were quit different from that in mammals.

MSTN homologs had been identified in many different fish species. This diverse patter

of expression in fish suggests that the biological actions of MSTN may not be restricted

to skeletal muscle but may additionally influence other fish tissues as well. In this study,

we had establish the zebrafish genomic library and obtained seven lambda clones by

using the zebrafish MSTN I cDNA as probe. After subcloning, analysing and

comparison sequence with the documented MSTN I cDNA, we found that Zg3-1 clone

included 13.5Kb, Zg15-1 including 24 Kb and Zg17-3 including 15 Kb genomic clone.

To analyze the promoter activity of myostatin I gene, we ligated 7 different DNA

fragments of the myostatin I gene into pGL3-basic vector and constructed plasmids

pMSTN5.9K, pMSTN5.18K, pMSTN3.4K, pMSTN2.85K, pMSTN2.55K,

pMSTN1.69K and pMSTN0.6K. As transfection to C2C12, ZFL (zebrafish liver cell)

and NIH3T3 cells, the expression of luciferase activity was analyzed. The results

indicate that the 3.4Kb fragment of the zebrafish myostatin promoter had higher

activities in C2C12 and ZFL cells.

We utilized microinjection of an antisense RNA-expressing vector to establish a

myostatin gene knockdown hereditarily stable zebrafish strain with a double-muscle

phenotype. Through real time-PCR and immunostaining analysis, the myostatin
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messenger (m)RNA and protein levels of homozygous transgenic zebrafish were only

33% and 26% those of the non-transgenic control, respectively. And the mRNA level of

myogenic regulatory factor markers, such as MyoD, myogenin, Mrf4, and Myf5 were

dramatically increased in myostatin-suppressed transgenic fish compared to the

non-transgenic controls. Although there was no significant difference in body length,

homozygous transgenic zebrafish showed 45% heavier body weights than those of

non-transgenic controls. Histochemical analysis of 1-month-old fry showed that the area

of the cross-section of homozygous transgenic fish muscle fiber was twice as large as

that of non-transgenic controls. This is the first model zebrafish with a hereditarily

stable myostatin-suppressed genotype and a double-muscle phenotype.

Key word: zebrafish, myostatin, gene silence, promoter, transgene fish
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1.1J����	õ�Double muscle geneáMyostatin�À

Myostatin 	õEþ����5�E��� (McPhenon et al.,1997) �	*+

,
�*+ (Gonzalez-cadavid et al.,1998) �� (Ji et al., 1998) ��(Sharma et

al.,1999)PÓ�5� ��Æef!�G�J�J����� myostatin 	õ�

������A(knock-out)%��'�����ª���º. hypertrophy �

hyperplasia (McPherron et al., 1997áMcPherron and Lee, 1997áSchuelke et al., 2004á

Lee, 2004)á� Myostatin Ki��>AS�'����D �(�'����

(strength) ª$%���×��õ~��9�� (McPherron and Lee, 2002á

Jeanplong et al., 2003) myostatin >�5�����.�Ù��� dramatic

systemic wasting syndrome <'.����� (Zimmers, 2002);

Myostatin	õFÂ$%���.$#$%õ~�negative regulator� F 1997

� McPherron and Lee ¡³����5���double muscle phenotype����

�Belgian Blue and Piedmontese�@t!� ��5�E��� 4	õ�!��

�Ñ�®c�£ (bovine chromosome 2$ muscular hypertrophy�mh�locus�� 

£)�Grobet et al., 1997áKambadur et al., 1997áMcPherron and Lee, 1997áSmith et

al., 1997áWesthusin, 1997�;�4	õ����?�.�����5��;

McPherron �G!�����5��� Belgian Blue Ù!)�E exon 3 @��

821-831�� £Ó 11Väå�~A�deletion� . C"�C-terminal�9ÓÒ

7V#	åF)�g$ %O�ef�%&��'\Ø(�� (protein frame shift

mutation) U)* 14 V#	å+g$ k.ÂV�,+�� myostatin ef�

(truncated myostatin protein��Kambadur et al., 1997áMcPherron and Lee, 1997áCasas

et al., 1999�;Piedmontese Ù!��?õF 2 V� !�äåïðg-.U

�nucleotide transition��/� �@AF exon 1¡ AX���� C .� 94
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Vef�%&¡��� leucine /�F phenylalanineáâÂV���!�E exon

3 ¡ A X���� G U� 313 Vef�%&¡��� cysteine /�F

tyrosine ¹0���1���ÑVg-.U�transition�tX�� cysteine U

myostatin �23¾¾w/�. myostatin N�4^w\� three-dimensional

structure��/� '56S�Ó���Ki�biological activity� �Å Piedmontese

�³Ó�����5���double muscle phenotype��Smith et al., 1997�;Myostatin

	õ��EG�£P! 2004 ��!� õF4	õ����Å¹�þ7ºóô

³Ó8�¶����9(Schuelke et al., 2004);E&�efNO-U antisense

morpholino knock-down :;�>CD&st@ myostatin I mRNA �5� .

��!"���< (Amali et al., 2004);

Myostatin ef�¡ 376 V#	åt*. �3¼F³ÓÂZ<µ@=.U

�secretion��L>ïð�signal sequence�D ?ÓÂZÝ@iA��ef�B{

CD�proteolytic processing site�ERXXR ÔÙE C"�C-terminal�PÓ 9VF

G½W� cysteine#	å�conserved pattern of cysteine residues� õ£Hw\3i

�I��gÚ��õ~òJ�transforming growth factor-� superfamilyáTGF-��@

3Ó�@~w\�`ÁÂÅ 7[ myostatin K�!gÚ��õ~@�ÂÂ

McPherron et al., 1997�ágÚ��õ~òJFÂ�`Á���L×(cytokine) �w

��������� (related peptide) �P����J@Úõ~�growth and

differentiation factors��*+=M>? (tissue repair processes) (Massague, 1990) 

¹Nõ~��$%st�]!"�embryonic development�ª©ç.�*+�O�

Pù�homoeostasis�;

G�� myostatin 	õ�E�ÑM®c�£ 4	õPNV exon ª¡V

intron �g$F:ÂV 376 #	å�º�ef�Ò�� (prepro-myostatin) [

Ò 24 V#	å�[4L>ïðQ�. pro-myostatin <Â�¡ furin family Ö

×�RE� 240-243 V#	å RSRR(Arg-Ser-Arg-Arg) �� S[ pro-myostatin
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. N "� 27.680 kDa � C "� 12.400 kDa ¡Z+Ô�º�YZ (Lee and

McPherron, 2001áThies et al., 2001)á ' C" 12.400 kDa �YZ<Â�ù23¾

¾w.ÑT� (dimer) �8KiPù� latent state (Thomas, 2000áLee and

McPherron, 2001áHill et al., 2002áWolfman et al., 2003)�N»U?�E C "�

� 76 V#	å[ C "U.³ÓKi (Lee, 2004 );

Myostatin Eû�)^ ef���ºP+ÝÔ;�� Myostatin efÒ��

( precursor) @~�VF 52 kDa JÒ=W.U�prepro processing�%�.X

myostatin�mature myostatin��@~�VF 15 kDa;YZ[@ myostatin ?ù2

3¾¾w$ÑT��disulfide-linked dimer��NW\E õ4E���R$

myostatin �ù�=W�unprocessed�ª=W>�processed form�¡)�W\E 

�@~�@AF 101 kDa ª 25 kDa�McPherron et al., 1997�;

@T]&���J^_J�/J-ýª���¯©�ef@~�F 55 kDa

(Sharma et al., 1999; Thomus et al., 2000);����� myostatin ef�@~�F

35� 37 kDa 4wx�@ myostatin :�(Wehling et al., 2000` 'º�����

ef�@~�F 37 kDa (Zhu et al., 2000);a&P8KÚ���(Latent porpeptide)

ef� �ºF 25 kDa 	b&���-U@mc�01��5�}.X�

myostatin ef��º@AF 13� 15 kDa;'��� precusor protein�ef�º

F 52 kDa (McPherron et al., 1997; Rodger et al., 2001); Fun � Rebban E 2007�

efm�]&� precusor fusion protein @AF 50 kDaJ37 kDa � 15 kDa -U

0.5V:�� furin Ö×.U 50ºÙ wx([ef�Ò��. 37 kDa � 13~14

kDa �º� 2 Vef� ÔÙ@A!d���d�Pù)eöf wxE�d�

�g)(+K@~�F 37 kDa �ef� <Â�(S@é} 13 kDa � 25 kDa

�º�ef�(Funkenstein and Rebban, 2007);-UG� myostatinh�<µa&i

j@T (hKÂV 53 kDa �ef�Ò��ª 40 kDa �������(latency

associated peptidá LAP)���� �� 17 kDa (Martin and John, 2005);
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âD McPherron �G-U��è�:;�whole-mount in situ hybridization�

��EûVst!"Ù] myostatin E��st�mouse embryo�£�5��  

+k myostatin Est!">?@5�(@F¡VlZÀ�ÂlZE�]st!

">?@ myostatin m5�!!"@$�n�developmental somite� J�st�

�è�@T+k WÚ 9.5 o%�9.5 P.C.����st E�n�� £pÓ

myostatin mRNA �ôõK ÔÙq¡��è�@T WÚ 10.5 o%�10.5 P.C.�

��stY+k myostatin 5�r8!�n!".��n�C^�myotome

compartment�;�ÑlZ?!st%]!">?@ myostatin �5�?st��û

V!"����developing muscles� Z' myostatin �5��+u©!">?�

wv'wx E.��adult animals�@�Zç�+y�5� McPherron �G!

1997 �-UzNR{@T�northern blotting analysis� +k myostatin E.�5

�9r8Eû)+Ô����*+�skeletal muscle tissues�@ '�|�*+�

}Ó!�K�McPherron et al., 1997�;

1.2JMyostatin �`Á:

Myostatin���`Á�biological function� McPherron �G-U���st

~���embryonic stem cell�ù homologous targeting �:;Æ�� myostatin 	

õ �FG�� myostatin 
���� wxm�-U homologous gene targeting

t������V�$����m8)����wild-type mice�������

�muscle mass��)����' 2-3 �ù£ Z'�*.@T�wxm�

myostatin 
�����)���
�P��fat content�ª+� 4wx��S

myostatin 
���������'���ÆY��������' '8��@


�P���'�McPherron et al., 1997�áFS<Â�ef myostatin 
����

������'�õF���s.U�hyperplasia������.U�hypertrophy�

:�.�îú ��¡���s.U�����.U¡²�Ô.U�Å���
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'�wx õ4-U*+Y@T+Ô���*+ !����U������

�'����õ������<µ�����s.U �Ý������.U�

�����'PÓîú;

�Ò��ef myostatin gene $� �� ��À���murine�J���rat�J

G��human�J���baboon�J��bovine�J��porcine�J��ovine�J��chicken�J

���turkey�ùªCD&�zebrafish��McPherron and Lee 1997áMcPherron et al.,

1997� �@� myostatin �!�ÑM®c�� muscular hypertrophy�mh�locus

�� £�Grobet et al., 1997á Kambadur et al., 1997á Smith et al., 1997áWesthusin,

1997á Fahrenkrug et al., 1999á Pirottin et al., 1999� �� myostatin�!� 15

M®c�$ muscular hypertrophy�mh�locus�� £�Sonstegard et al., 1998� 

G�� myostatin?�!�ÑM®c�£� muscular hypertrophy�mh�locus��

 £�Sonstegard et al., 1998á Pirottin et al., 1999�;

Myostatin E����@�5� 9��:ÂV myostatin gË���single

myostatin transcription product� V 2.9 kb� mRNA ��}�E����skeletal

muscle�ª�5�E
�*+�adipose tissue��Kambadur et al., 1997á McPherron

et al., 1997�á�?Ó¡V myostatingË�� �º@AF 1.5 kb � 0.8 kb J

@T�Eû*+5�jk !�E
�*+@�}ÓôõK ��5��+95

�!��� ÔÙE=������P@=º��tubuloalveolar secretory lobules of

lactating mammary gland�PÓ5� ¡4�õ myostatin (Á��©��$%T

�]�=�]��.�!"��c�Ji et al., 1998�á' Sharma�G-U RT-PCR

:; ���AS���*+�skeletal muscle tissues�(ôõK myostatin ùD 

âDEt��fetal��.��adult���/*+@�Ó myostatin �5� 3A�

�
�¯©�Purkinje fibers��� Ó8�m�5� �E�/*+@�}���

���post infarct��CD myostatin �5��)�PùÙ�m© õ4�F

myostatin E�/�M=>�cardiac pathophysiological conditions�£��ÂV£�
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��c�Sharma et al., 1999�;

Zhu�G! 2000� -Um©#O�Nß�dominant negative manner���

myostatin ���	õgs���transgenic mice� |÷[ myostatin ef�B{

CD�proteolytic processing site�£�� 264-267 #	å� RSRR U� 

�cleavage site��ïð�/F GLDG . myostatin 7ß)�U'��Ò=

W.U�prepro-processing� <'7ß��³Ó��Ki�biological activity��

.X myostatin�mature myostatin� '4m©�#O�dominant negative��x 

.)�.X$ myostatin�processed mature myostatin��)� 40% �Å��

�����'S 35%  ��³Ó����5��	õgs�� .4wx$�

õF�������.U'8���s.U õ4.²+KÂV��À���

> myostatin �5�9�îú����.U '���> myostatin �5�?�Ô

Ùîú����.U����s.U�Zhu et al., 2000�;

1.3J���.�Myogensis�À

� �����*+(@FN�À����skeletal muscle�JØ���smooth

muscle�J����cardiac muscle� �@¡���t*.���*+ �Â¡t¢

���ý@ (<µJY¡:R�6��.;�����FÂ�ä��kJ³£

¤$¯©P�� ¥¦F����myotubes� ����¡:ä��¯©§��

�myoblasts�J¨|�fusion�%k.�ÂV�ä���¨|k.��ä���÷

�syncytium�;� ������.�myogenesis�@FNVlZÀ�¡st©�

@sª�mesodermal cells�@��n©��¯©§��J>«��myoblasts

determination�J¬(�migration�K�.��*+��  �@Ú�differentiation�

k.�n�myotome� 4Ù�¯©§��+S<µ��@��*¨|@Ú.�

�*+�myotubes�ùª�¯©�muscle fibers��Lyons and Buckingham, 1993á

Williams and Ordahl, 1994�;������.�!"EûV+Ô�!"Ù]®�+
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Ô�	õ5���Ü.UÉu E 1970���]�efm�������.�!

"WKþ)���.	õ�myogenic gene�EMyoD�myoblast determination

protein�JMyf5Jmyogenin� Mrf4t$% ¹þ)���.	õE���.>?

@@A��+Ô��c;¡!¹N���.	õ�ef�w\�@ MyoD

�MyoD-like proteins� �MyoD�¹N���.	õ³Ó£�$%�up-regulation�

�Weintraub et al., 1989á Rudnicki et al., 1992�ùª)¯°$%�positive feedback�

�=>�Thayer et al., 2001� 7[¹þ)���.	õK�FMyoD gene family

�Weintraub et al., 1991�;MyoD 	õòJÓÂV£��i� p	�£*ÓÂV

Y����w|ý� Â± MyoD 	õ²+5� p(ùq¡)¯°$nNW©

ç�ç�5� ùF������@Ú<µ�".;ef!� MyoD �5���

�@ÝS	õ�5�¨4^ÓÝÜ³h�S´ ý@��n��J�¯©§�

�«�@Ú.�¯©§���>?@MyoD��©Ý�£���c�Davis et al.,

1987� �P(µ!8����@Ú.�¯©§���Taylor and Jones, 1979áLasser

et al., 1986�á'Myf5³Ó�MyoD�@�`Á �#¶�n��$V�.F�¯

©§���>?;âDE+Ô�ef@!��:�5� MyoD � Myf5 ����

Z�@Ú.�¯©§��S!".)����*+ �"�+5� MyoD �

Myf5 ��� ·7ß)�@Ú.�¯©§�� ¡4(k MyoD � Myf5 �5

���¯©§���k.ùª\KÓS � MyoD � Myf5 E`Á£³Ó¸¹.

U�Braun et al., 1992á Hasty et al., 1993á Rudnicki et al., 1993�á4Dº Myogenin

	õ����wx�Å�¯©§��7ß)�k.��� õ4�� myogenin

��¯©§���*@Ú.����ÓS�Hasty et al., 1993áNabeshima et al.,

1993�áMrf4`ÁF".��ef$�|.ª[���T�F.X�³Ó»�`Á

$�¯©�>?@��©AF£���c�Venuti et al., 1995� £HþV���.

	õ ¼�ef�\� [�K½! basic helix-loop-helix�bHLH�family 4	

õòJ-U N"�N-terminus��¾i#	å$)ö� DNAw| <µ��3�
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	õ�gË.U�muscle-specific transcription� ' C"?-U¿Bi#	åù@

~^¿Bi�Ü.U�hydrophobic interaction��Ô)��@�ef�@~k.Ô

)ÑT��homo-dimer��«)ÑT��hetero-dimer��Jones, 1990� '¹þ)�

��.ef�myogenic proteins�¥¦F��ÀÂigËõ~�muscle-specific

transcription factors��Lassar et al., 1989áDavis et al., 1990�;A4 âÂV basic

helix-loop-helix òJ.Â��>@Úef�¥¦F Id ef� inhibitor of

differentiation protein� (���ÀÂigËõ~w| k.«)ÑT� UÆ�

>��3�	õ�5� <Â�$%������s�proliferation�'6K#Á

°�negative feedback��³h.U�Benezra et al., 1990áJen et al., 1992�;

1.4J���.$$%=>�The mechanism of regulation in myogenic gene�À

������.�!"WKþ)���.	õEMyoDJMyf5Jmyogenin �

Mrf4 t$% ¹þ)���.	õE���.>?@@A��+Ô��c;¼Â

McPherron �Gefm� myostatin E��st!"Ù]£�5���E��n

���n�� £ � myostatin �`Á�õ���s.U�����.U 

.��������'�McPherron et al., 1997�'U��³����5��;Ý

@�����5����?! 1999 ��!� � myostatin mRNA �����

5���!)��� ' MyoD mRNA �5���ÓÝÔwx�Bass et al.,

1999� Ô� Ferrell �G��E myostatin 	õ£*�ÃN³ÓÂV MyoD w|

�  õ4�õ myostatin �5�(ÁWK MyoD 5��îú�Ferrell et al.,

1999�;

Â¡���@�¡ cell-cycle @� G1 phase <r DNA |.� S phase

�* 4.UWK��+Ô� cyclin � cyclin-dependent kinases t$%�Nigg,

1995� 4�$%��Àcyclin-E/Cdk2 Ä|�.U! G1 phase <r S phase �>

? cyclin-D/Cdk4 Ä|�� cyclin-D/Cdk6 Ä|�<� G1 phase �Û� '
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cyclins � Cdks ÔÙWK CKIs �inhibitors of Cdks�.Â,Àp15Jp16Jp21J

p27 � p57 �ef�t�>áCyclin/Cdk Ä|�E cell-cycle @[ Rb

�retinoblastoma susceptibility gene�ÅåÚ�phosphorylation�<'UÅåÚ� Rb

	õ56� E2F gËõ~�¾wÁ9 ��¾w E2F ?³ÓgËKi(U

cell-cycle �� G1 phase @� restriction point <r S phase;Thomas�G! 2000

���wx+k myostatin ��' p21 ��<'. Cdk2 protein �)� õ

4�}SÂÝ$% myoblast �s�proliferation��ÆÇáp)�� myostatin ³

3«i�£*$% p21�5� p21��'�>S cyclin-E/Cdk2 ÅåÚ�Á9 

<'.�ÅåÚ� Rb � E2F gËõ~¾w õ'56¡ G1 phase <r S

phase �Á9�Corrtnik et al., 1992áHiebert et al., 1992áWeintraub et al., 1992á

Hollingsworth et al., 1993� 4ÂÆÇÇ�³Ó2���5����������

����s.U�õF myostatin ���'56$%�¯©§���s�`Át

�Å�wx�Thomas et al., 2000�;

1.5JMyostatin �$%:

Myostatin ef��Â)@=i�@ÚJ��$nõ~ ½gÚ��õ~òJ

�ÂÂ 4òJ�ef�P�K�F��L×�Â) 4Âef��@=KÈÉ

@�u©R@=!¦�Y@= (autocrine) ªÊ@= (paracrine) ËÌNWK6�

����<µ$%;

�Ò myostatin $%=>NO�ef)�NO<µ@ ÓS myostatin w|e

f�kÓ follistatin ª follistatin ÝS	õ ,ÀFLRÍ follistatin like-3 FSTL-3

� follistatin related ��! FLRP ª��/@Úõ~w|ÈÉef�(GASP-1)ª

titin-T-caÎ ¹NÝS	õef$.U@AF: T-cap F sarcomeric protein � titin

� N "w|¿À$%����*+���� T-cap w|J�õE golgi�.UF

Ïx�@=� N"��# pro-myostatin � proleolytic processing w| myostatin
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� like follistatin ³Ó�Ð|9 ' FLRG � GASP-1 ÁyÏ myostatin �W�

w|�KÚ(Lee and McPherron, 2001) ��Ü.U?�@ ����-superfamily

membrane (Koli et al., 2001);EG�4/£Ì�� (293T) efwxm�G�

Myostatin E���(ÁýÑq¡ myostatin����� �������!" #" $�%&���" -3 (LTBP-3)

� myostatin E��D^�w|�ÒÓ���Ki Z' ectopic 5�� LTBP-3

E�������'£O$¯©OÔáâD decorin FÂ^�w|ef

(Matrix-associated protein) � myostatin ù��Õ.U³Ó�Ð�9�78KÚÝ

����Ïx�W�w|$Ki(Anderson et al., 2008);Spatiotemporal expression

wxm� myostatin � decorin E�����@��@ decorin`s *.(Nishimura

et al., 2007);�@º� Leucine-rich proteoglycan w| myostatin %($ncollogen

fibrillogenesis ��¯©§���s(Velleman et al., 1999);

c-ski�ÂV corepressor � smad � ski w|% Á���+KÚ smad2/3/4

Ä|�( Xu et al., 2000áSuzuki et al., 2004 ) wxm���> smad2 � smad3 �

L>% Óý@Û��q¡Ö×ØÙ*ef6ÚÛ
�Ki(blocking histone

deacetylase activity`  Ü�ÝwÂVgËÞÀKÚ~ (transcriptional coactivator)

(Akiyoshi et al., 1999áKobayashi et al., 2007);c-ski Eäå�.UÝ�!��

myogenin transactivation 	Ö×.UE myoD � MEF2 �«)ÑT� 4wxm

����� smad7 � c-ski E��D�#$%=>� myostatin ��| TGF-��

superfamily ligands �L>�ß , smad2 � smad3 (Kobayashi et al., 2007);

Myostatin L>+�àá smad �â� pathways E<µ �ã3�îú

mitogenic pathways NW�q¡ IGF-1 ÆäL�¯©§���s���

progression �@ IGF-1 �äL�¯©§��<'�' p21 �Ki ÔÙ���

>�|äL@Ú�� ' myostatin ���' p21 �Ki �+Ü IGF-1 Â0�

�>�|äL@Ú�� Z' myostatin �KÚ Akt ª MAPKS õ~ �Ò

myostatin � IGF-1 ¨4ÜÝ�Ü.U+åæ � myostatin ,ñäL��áç
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(cell cycle) U�wèE G2 phase ??é<Â�HI;��k myostatin�w|ê

Ù��>��@Ú(Thomas et al., 2000; Rios et al., 2001; Taylor et al., 2001)

âÂNOÓefm� myostatin �L>�J¡����@� activin receptor

type II (ActRII B) ¹Âë* (cascade) �Û�Æ<µ º°��õ myostatin �

type I receptor w| ALK5� ActRII B W�w| <'. smad2� 3ÅåÚ 

'ÅåÚ$ smad2 � smad3 �ì smad4 k.Ä|�%<r��ä <'$n

myoD� myogenin�5�;Myostatin efm��$n��¯©���5�ÓS 

myostatin � ActRII B �5�E���� �<��s�����R�ÝSe

f �. smad �!¦��ª)* p38 � Akt pthway �<µ �Þ�i�>

myostatin �jí) MyoD Ki��' .������(Lawlor and arotwen,

2000á Zhu et al., 2004á Morissette et al., 2006á Yang et al., 2006á Yang et al., 2007)

1.6J&������	õ�Fish myostatin gene�À

ÓS&� myostatin �efà�¡ McPerron �G! 1997 �ECD&

�zebrafish��R!��;Ý�!�|þ��� Õ,À���murine�J���rat�J

G�J��J�J�Jùª�$ myostatin î³ÓA��Ý@i�homology�;Z

'CD&� myostatin ��|þ����ï�� myostatin ·9Ó 88% ðñ�Ý

@i�homology��McPerron and Lee, 1997�;�ÑVY&�@@é} myostatin �

¡ Rodgers�G! 2001�B�N�¥	b&�tilapiaáOreochromis mossambicus�

ùªfò&�white bassáMorone chrysops��Rt@é} ¨4^�Ý@i�6

95% '�CD&� myostatin ?Ó 80% �Ý@i +>��|þ����ï�

myostatin�Ý@i·9Ó 60-70%;̂ !ef�B{CD�proteolytic processing site�

?F RARR �CD&�ERIRR ùª�|þ����ï��ERSRR +Ô;âD

Rodgers �GÔ0Ã��S myostatin E�N�¥	b&@�5� �+ó8!�

�� E23J.ôJ-J^J�01îÓ5� EÚ19Ón��5� '�
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/J4/JõJ��/·7 myostatin�5� 4wxm� myostatinE�N�¥	

b&@+9��>����.��skeletal muscle growth�E%>�|*+�RØ

O.��homeostatic growth�£P��£���c ÔÙE.ô£!� myostatin

�5� õ'�õ&�@� myostatin(Á�&�ö÷ø�$n�osmoregulation�

Óù�S ;́âDE01�Ú1�Ó myostatin�5��õ myostatin(Á�&�

�s*+�reproductive tissues��©çÓù�S´�Rodgers et al., 2001�;E�

N�¥	b&�&ú�larvae�@!� myostatinE&ú�]�!">?@Óûm©

�5��8�ü��£ýK5��à�R ¡4�y myostatin E&ú�]��

��.>?@ (Á��þ@£���c�Rodgers et al., 2001�;

Roberts� GoetzE 2001�B�a�brook troutá Salvelinus fontinalis�@Gs

}�� myostatin ùª@AYzò&�yellow percháPerca flavescens�Jmach-mach

�Coryphaena hippurus�Jº�&�little tunnyáEuthynnus alletteratus�Jùªm�

�&�king mackereláScomberomorus cavalla�@Gs}ýÑ� myostatin;�@¡

�a@Gs} 2 V myostatin ��myostatin isoforms� 5�E-���*+�

myostatin@AF-���� BT myostatin (b/m BT myostatin) ùª5�E01*

+� myostatinF01� BT myostatin (ov BT myostatin` ¹ 2) myostatin�Ý@

i�6 92� '-����� BT myostatin�CD&� myostatin?Ó 84%�Ý@

i ��|þ����ï�� myostatin·9Ó 65%�Ý@i �@-���� BT

myostatin E-@�5��@@tE���optic lobes�J%-�hindbrain�ùª)

���hypothalamus��CD '01� BT myostatin E§&	0�ovulation�]

^E01*+�ovarian tissue�Ó«����5� 7��01� BT myostatin �

§&	0.U�ovulation�(ÁÓù�S´�Roberts and Goetz, 2001�;2005�

Biga�G-U real time PCRÆôõCD&$ GDF11 � myostatin II !� GDF11

5�E01J.J���
ý�E 24 ºÙÓà�5� ' myostatin I ?E 48 º

ÙÓà�5� (Biga et al., 2005); 2004 � Amali �Gù RT-PCR @T
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myostatin I ECD&û*+@$5�jk !�-J23J4/JÚ1J01J

�Ú_��/�Ó5� ��/ª.?75� âE 1 cell stage p(ôõK

myostatin I �5� (Amali et al., 2004);E 2005� Acosta-U RNAi �Nß[	

b& myostatin 	õ� dsRNA@~ùmnopNWqKCD&0 75o%!�o

p 5.5� 5.5X106@~�CD&��£�' 39~45% (Acosta et al., 2005)á'CD&

myostatin II 	õE 2005� Kerr�G-U PCRNß�V myostatin II !�E 8

V somite (13 hpf) ÙøÓ myostatin II �5� E 5.5 hpfJ19hpf ªÚÙ]

�7ßôõK myostatin II �5� â-U��è�E somite stage �7 myostatin

II�5� (Kerr at al., 2005);

CD&Ó¡V myostatin 	õ�5�@AF myostatin I � 1125 bp �

myostatin II � 1101 bp (Amali et al.,2008) J�� myostatin I � II ïðÂÅ�

(identity)F 66� J#	å$@T�8 2 V#	å�ÂÅ��Ý@�@AF 60%

� 71%;Z'k.��������³��Kief��ÂÅ��Ý@�@AF

57/71% ª 88/92% (Kerr et al., 2005);�a myostatin I � myostatin II @AF

1600 bp ª 1100 bp;�a myostatin I Eû*+@�Ó5� ' myostatin II ?9

5�E-ý�����@;âÓefm� �a$ myostatin I � II ¨4^Ó

94% �Ý@� ��a$ myostatin I � II �CD&� myostatin I � II ^Ó

84.2% � 82.3% Ý@�á�ï��8?9Ó 64.3% � 63.8% Ý@�;@T� ���

"³Ó`Ái� 414 $�%�&' !����� myostatin Ó 90% �Ý@�;

Myostatin E�N»UÙ�R()
*+,- (�!#	å 267~270)�[

myostatin .³`Ái�ef� 4`Ái�ef�E�a�CD&^�Ý@�

F 95% ��J��$Ý@�F 89%;CD&Y��� myostatin I � II $ïð

�� ��Ý@�F 64.4% ÂÅ�F 70.0% E exon I� exon II �Ý@�F

49% ÂÅ�F 67% â³`Ái� exon III ïð�Ý@�F 79%;
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&��ÒE myostatin Q�~NOef8 �@ Xu �G-U��3�Q�

~×£ myostatin prodomain%gsKCD&0@h myostatin`Á !�EstÙ

]��/�����ª<����$@Úª myogenin	õ�5�;ECD&�Q

�~NO Xu �GFG}�CD& myostatin Q�~!��7*+ÀÂi õ4

âD\]ÂV��ÀÂi myosin light chain Q�~×£ myostatin 	õ%S×£

myosin light chain ��~�P EGFP ñ�	õ��� �[�gs^CD&0@

+K�	õgs&�@ line 1 �CD&�5�E���ùDE-ý����Ón

Ó�bcd`5� ÔÙù��@T 7J45 � 240 o�º myogenic ÝS	õ

!�E4gs&@ MyoDJMyogenin � Myf5 %>*�	õgs*¡²�7ª

«(Xu et al., 2003)

1.7Jef�=���À

¡! myostatinEþ����@�!�95�E����@ �4	õ��A

�����Ù�.����$Dm�(phenotype) u©	��Äref@�Á�

UE���N.�����3���£;��Ç! 2004 � Amali �G�´�

myostatin I$`ÁiHI��!5 7���?��÷>½W��(animal model)

CD& myostatin $`Áef q¡Ô�	õgs$��ÆX+³Ó myostatin �

��Q�~Q�Û� RNA ���&)Æ�> myostatin $`Á ù������

�CD&) ùz{ myostatinECD&@t��$�c ��[Æ<'HI��

����$=>�����$NW;A4$DP(.F%�$J�&)$�!�

UªÝSef;
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�� myostatin ���������

2. JÇ�

���?@ABCD&	õ�	õEª 24 ºÙ cDNA 	õE@FG	õ�

DNA ª cDNA  @AHI MSTN 	õ$$%�`Á JGs%+K 7 VÓL

M�	õ� DNA �@ÓNVGsOF MSTNI 	õ* @AF 3-1� 13.5KbJ

15-1 � 24Kb ª 17-3 � 15Kb �@ù 15-1 �PÓ MSTNI 	õ�Q�~ª	

õ*ER FS@TQ�~�5� -U PCR �VNWX+Q�~YZ 5.9KbJ

5.18KbJ3.4KbJ2.85KbJ2.55KbJ1.69Kb ª 0.6Kb � 7 VYZ �[�\]^

pGL3-basic _`5�a�ª pEGFP-1 bcd`efa�£ �[ pGL3-basic _

`5�GsOgsK C2C12JZFLJNIH3T3 ��@h�5� E C2C12 ª ZFL

��@ù 3.4Kb ��Q�~Óà�Ki ' NIH3T3 ��5�jk?� 0.6 Kb

ÓàlKi [ pEGFP-1bcd`efGsO-UmnopqrCD&0@ J

Ú%ùbcd`mn!uv wxÓ�%>*���7*+3«i;

"#"JÒ×

myostatin Q�~�ef�+�Ö �@´�CD&NO?Ó Xu �GFG}

�CD& myostatin Q�~ �[ 1.2 Kb �º�Q�~×£ EGFP ñ�	õ%

qr&st@h�5�jk wx��,y]E��5� '�nÓ�5�E	

$ (floor plate) �
ý E�|*+'8��� 7�� myostatin E&��5�

(Á+Üþ����³Ó*+ÀÂi õ4âD\]ÂV��ÀÂi myosin light

chain Q�~×£ myostatin 	õ%S×£ myosin light chain ��~�P EGFP

ñ�	õ���  �[�gs^CD&0@+K�	õgs&�@ line 1 �CD

&�5�E���ùDE-ý����ÓnÓ�bcd`5� ÔÙù��@T

7J45 � 240 o�º myogenic ÝS	õ!�E4gs&@ MyoDJMyogenin �
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Myf5 %>*�	õgs*¡²�7ª« (Xu et al., 2003 ) ;

@TCD& 2 kb �� myostatin Q�~ TATA box £*ïð!�CD&�

G�J��J�ªCD&Y�� myostatin IQ�~Ó8����ÝS,W$n~ 

E myostatin II £*Ó��©ç myogensis � myogenic $%õ~ªgËõ~ �

9!�E myostatin II Q�~£ ��P 3 V androgen response elementsJ 3V

myo binding siteJ 2 V myogenin siteJ 1 V myogenic enhancer factor (MEF-3) w

|ý�J1 V glucocorticoid response element � 1 V muscle initiator site (Ma et al.,

2001áCrisa et al., 2003);E¹N%×�@ myostatin IIQ�~â�P MEF2 binding

site � myostatin transcription factor (TET-1) ��V E-boxes (kerr et al., 2005);

2.3JÓÔ

2.3. J���)

CD&	õE (zebrafish, Danio rerio genomic library  ̀¡��Çt|.��;

2.3."J����

Zebrafish Liver cell

NIH3T3 cell

C2C12 cell

2.3.&JÕ)

Escherichia coli XL-1 Blue MRA

Escherichia coli XL-��'�(��)*��

Escherichia coli XL-10 Gold

DH'(
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2.3.)J�� DNA:

pBluescript SK(-)À�� DNA£PÓ Ampr	õ(*h Ampicillin E	

õ�»Gs (Subclone)ÙUU;

pEGFP-1À�� DNA £PÓ EGFP d`ef	õùª Kanr/Ampr	õ(

*h Kanamycin ª Ampicillin �
�Q�~ýÑ (.FQ�~@TÙ�

d`5���;

2.3.'JTA cloning a�À

�� DNA£PÓ Ampr	õ(*h Ampicillin UÆ×| PCR�� ù

N+F\ùª��;Ú (7,S÷> PCR�V�NW+K DNAYZ;

2.3.-J Ö×

8>Ö× BamH IJEcoR IJEcoR ÌJHind IIIJSac IIJXba IJXho I (.

Y NE/ New England BioLab¤0`áPCRÖ×:(1) Vio Taq DNA polymerase

(2) Vent DNA polymerase (proofreading`áT4 DNA Ligas1 DNase I-RNase

fre1 , T3 RNA polymeras1 T7 RNA polymerase (.Y BM ¤0 á̀Porteinase

K(.Y Sigma ¤0)

2.3.2J ØÙÚÛ�\ÜÝ*À

º��� DNA 3XÀMini-M Plasmid DNA Extraction Syste4á����

DNA 3XÀHighpure plasmid Maxiprep kit (.Y invitrogen ¤0`

+-32P dCTP labelingÀrediprimerTM II random primer labeling system (.Y

Amersham¤0)

Gel ElutionÀGel-M Plasmid Gel Extraction System(.Y VIOGENE¤0)
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2.3.5JÞÙ:

Tris base EDT6 NaC7 SD8 Formamid1 MgSO497H2: NaO; 

HC7 CaCl" Iso-propano7 Glycero7 Sucros1 Maltos1 Na2HPO4  

NaH2PO) Ethano7 Pheno7 <= Acetic anhydrat1 Benzyl benzol 

Triethanolamin1 Benzyl alcoho7 Formaldehyd1 Sodium acetate(.YMerck

¤0` Ampicillin (.Y CALBIOCHEM` Protector RNase Inhibitor (.Y

Roche ¤0` Agarose  NBT/BCIP stock solution (.Y>3¤0` 

methanol Polyethylene glycol 8000 (PEG 8000` Diethyl pyrocarbonate

(DEPC` Ethidium Bromide (EtBr` MOPS ( .Y Sigma ¤0 )  

Lipofectamine 2000 reagent (invitrogen¤0  ̀TRIzol reagent (invitrogen  ̀Fetal

Bovine serum (.Y Gibco ¤0`;

2.4JNß

2.4.1JCD& myostatinQ�~$FG

2.4.1.1JàÕ�á���$âr

Y -80? X} XL-1 Blue MRAÕ) ù×)ç! LB âr	£<µN

C@A ù@é}:ÂÕí;E LB âr	£BX�:ÂÕí r 15 mL r

Õ�RP 3 mL � LB (C' 10 mM MgSO4/0.2% maltose) ârÉ@ ù

37? âr 2 ºÙ X} 20 , (1/100 �Ô) �ÕÉ'rùÂ¤ýDkER

P 200 mL� LB (C' 10 mM MgSO4/0.2% maltose) �ârÉ@ç�âr 

éâr^ OD600 �F`°F 0.5Ùp(wx �[ÕÉù 3000 Xg ! 4?

)é� 15@G%6A£åÉ ùH� 10 mL (20X I�) 10 mM MgSO4 [�

�JK�qL� ! 4? )�U((! 4? )M\ÂN]);

2.4.1.2JCD&	õ�	õEgã
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Y	õ�	õE@X}£*	õàÕ�FFG$�� X 0.6 mL�XL-1

Blue MRA á���'r 2.5 L �àÕ�<µO| �! 37? .U 10 @

G é.U"P%X 15 mL �rÕ�'r 12 mL QR (48~50?) � NZY

top agar �O|¢S [O|ÉÖ×TrÖ� 15 ¤@� NZY U�âr	

£ [âr	TV^ 37? ârWârXY%V ! 4? HW@_· 6 ºÙ

% ù Hybond-N Z[\Ø]! NZY U�âr	£ 1 @G[çÕCgã^

Z[\£ �@AEþðù´^_�`Mù���Ý��  X}gã%�

Z[\ r denature buffer@ab 5@G S(r neutralize buffer@ab 5@

G à%ù 2 � SSC buffer abcd% ! 3 MM�ef£gc gc%

�Z[\ùUV STRATALINKER 1800-UhDA[ DNA U�! Hybond-N

Z[\£;

2.4.1.3JäåH´$æ�

[ PCR |.$ 0.5 Kb �º$ myostatin ý@ïð�	õYZ ù

Gel-M Plasmid Gel Extration System 3X%-U random primer labeling system

NW".æ�;[t+$ myostatin 	õYZX} 20 ng �C' TE buffer

U���ÔF 45 L ù 100? Bi 5 @G[2j DNA {é.F:j

DNA %nk !H£ 5 @G [�ýÉ�g(^ rediprimerTM II �Û��

@ 'r 5 , � +-32P dCTP (specific activity 3000 ci/mmol) ùn�F�<µ

£)FV��.[Û��O|¢S  ! 37? .U 20@G% 'r 5 , 0.2

M EDTA lxÛ� �ù NucTrap Probe Purification Column (Stratagene) 6A

*é� +-32P dCTPùª8,���YZ ùm» 50 ,� STE buffer nb�

��@AÁ»nb$É� @A!mÂ»Á»É�@X 1 ,^o�n�é�

�@põ�VpA�� ùq�äåH´YZ$Ki [æ�".�VpA

�� DNA H´ù 100? 'R 5 @G[2j DNA {é.F:j DNA %
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 !H£ 5@G [tÓäåH´'rè|r@<µè|Û�;

2.4.1.4JàÕ�çÕCè|Û�

[PCD&	õ�	õEZ[\ !è|r@ù 50% Hybridization

buffer ! 42? s�tu^ 2 ºÙ<µyè| (Pre-Hybridization) [�U

VpA���äåH´�ý'rè|r@<µù 42? <µ 12-16 ºÙè|

Û� .U"P%[äåH´Á»^ 50 mL é��@M\ �[Z[\ !

0.1 X SSC-0.1% SDS wash buffer @ @Aù 25?J37?J42? ûYåb 30

@G ��v\�VpA���- wash buffer��w»$�åbQ� [å

b".�Z[\ ! 3 MM ef£gc% Øx!Y�mîyz@£O�V

ÂY X`_`Y ! -80? Y�mî 72 ºÙ;[ X`Y� NZY âr	£

�´^�{% B}ÓLM�çÕC  ! SM buffer@ù 4? XYç}à

Õ� ��S[àÕ�<µ�Ñ»J�N»�FG+(B}:Â��n��

�	õçÕC;

2.4.2JLambda àÕ�£*	õ$;Ú

ù+ÔàÕ��á����Õ� MOI ° (multiplicity of infection) ù 15

mL �rÕ�<µ 5 mL 12-16 ºÙ��âr uv+ÔàÕ��àl MOI

°(E 12-16 ºÙÕÉ|�"�}å�ÓfcôP���-pFàl MOI

°) +Kàlâr�g% ùÂ¤ý$DkEù 200 mL NZYÉ�âr	<µ

âr é NZY ârÉ|�}åÙnk'r 4 mL <= (2% �Ô) ç�âr 15

@GU�wx�� [ârÉù 10,000 Xg é� 20 @G¡» X£åÉ�[

�(^o�é��@ 'r 30 , � RNase -���$.,/ ùª 50 U DNase I (10

0.,/ ! 37? .U 2 ºÙ 'r NaCl U�àlÛ�I�F 1 MáS'r

PEG 8000 U�à%I�F 10% éO|¢S% !H£ 1 ºÙ 6,000 Xgé
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� 30@G [àÕ�JK)Æ 6A£åÉ%ù 5 mL SM buffer Û~nbJ

K� 'r��Ô�<=<µ3X^ 2 » [ PEG 8000 6Acd �'r

SDS U�àlI�F 0.1% S'r Proteinase K Uà%I�F 50 $.�, ù

65? .U 1 ºÙ%@Aù��Ô� phenol ª<=3X 1» Sù<=3XÂ

» X}£åÉ'r 2 ��Ô� 100% Ú�JK �ù 70% Ú�åb%g

c �JK���'rã��Ñ»��BÁç;

2.4.3Jmyostatin	õ�$@é�ê�

[;Ú�	õ� DNA GsO@Aù+Ô�8>Ö×<µU [Û��

�ý<µq����öf $%[öf�Y r denature buffer @s�tu 30

@G �ùÑ»��Bb6v\� denature buffer S[öf�Y ! neutralize

buffer @s�tu 30 @G $%SùÑ»��B[ neutralize buffer åbc

d %��! 20 X SSC buffer @�-U�Wg�ß[	õ� DNA g�^Z[

\£â�<µ¨N{R@T;¨N{R@TÀX�ºã����r Tr 10 X

SSC buffer E��r££VÂY���Y E��Yx£���º�öf�Y

��Ý�� 3 MM ef ef���ù¡"(ù×�Kr��(F» SSC

buffer F�?;[öf�Y�ý�£ ! 3 MM ef£ �o:öf�Y�e

f$^+(Ó�� �HM>?@���� ®[����(A;��Â��

öf���ºÝ�� Hybond-N Z[\Øx!öf��£N P,o:öf�

��Z[\$^P+(���� S~�£¡��öf����� 3 MM e

f m~�Âª¢®�o:������� ef�£N�£ã������

f !��f�"V ÂY��YSù 500 ¤¥£�øê V XY DNA p

�gãK Hybond-N Z[\£ gã%EZ[\£ù���£`Mª DNA Ý

�� %p((AöfY �[ Hybond-N Z[\ ! 3 MM ef£gc%ù

UV STRATALINKER 1800 -UhDAY�Ýw5[ DNA ÝwEZ[\£ ù
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�%�<µè|Û�;

2.4.4JpMSTN-1 EGFPa�$\]

[ pEGFP-1 ñ�a�ù Sac È� Hind � 8>Ö×<µÖ×U é

U".%ù phenol/chroloform 3X �ùÚ�JKùÑ»��BÁç;[J

U".%�ñ�a�� DNA YZù T4 DNA ligase <µ×|Û� [4+K

�£* myostatin Q�~Pbc�` EGFP ñ�	õ$GsO� F

pMSTN-(Q�~��) �â�<µ��gk��� DNA �óX;

2.4.5Jëì��æ�

Y -80? @X} XL-1 Blue MRFJXL-10 GoldÕ)ù×)ç<µNC@

A ! 37? @âr 12~16 ºÙ B}ÂV:ÂÕí! 15 mL rÕ�@ù 3

mL PÓ 20 mM MgSO4 � NZY ârÉ@ ! 37? @âr 12-16 ºÙ X

} 30 , (1/100 �Ô) ��V�!Â¤ý$DkEâr! 200 mL PÓ 20

mM MgSO4 � NZY ârÉ@ ! 37? @âr^ OD600 VF 0.4 Ù [Õ

É»)ù 3,000 Xg é� 15@G T6£åÉ%ù 20 mL H_� 0.1 M CaCl2

RP 1% Glycerol çÉ[JK�¢SqL� !H£_· 30 @G Sù 3,000

Xg é� 15 @G 6A£åÉ%ù 2 mL H_� 0.1 M CaCl2 RP 1%

Glycerol çÉ[JK�Áç% ! 4? V XY%ùm 200 ,FÂV:�@

¡!n�é��@ �M\! -80? @�U XoXÂ�_¢M\�ëì��

����,�'r 10 ng �â DNA <µgk\�ù��ëì���9£<µõ\;

2.4.6J��gk

[×|".� myostatin Q�~$ pMSTN-6.0Kb �	õ� DNA GsO

ûY@A'rn�é��@$+Ô� XL-��'�(��)*���ëì��@ ùn�F�
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O|¢S V !H£¶ 30 @G%¤^ 42? �Bi¥RRäL 1 @ 30

¦ u%nk !H£_· 2 @G%(r 15 mL rÕ�@ �'r 800 L �

LB ârÉ! 37? )§0âr 30 @G ù 3,000 Xg é� 5 @G%F6

����L �£åÉ9è) 200 , ��Ô S¨JK�qL@Aù 1À3 ��Õ

(50 ,À150 ,/�¢S�©ªE¡V 9 ¤@âr«��I°x£ Hybond-N Z

[\� LB-Ampicillin âr	£ �TV! 37? ârW@âr 16 ºÙ â

�<µÕíè|Û�;

2.4.7JÕíè|Û��mî

[�}Õí�âr	X} âX¬Yo� Hybond-N Z[\V !Âo�

9 ¤@âr«RP LB-Ampicillin âr	£ �%X)�®�!��}Õí

�Z[\£<µgãªÄæ$�. �ù´^<µN���� ogã��Z

[\��V !o� LB-Ampicillin âr	£��âr^Õí£oS�}F

x '���Z[\@A¼ïù DenatureJNeutralization bufferûYab 5 @

G% SùÑ»��B,¯åb% ! 3MM ef£gc [�gc�Z[\

ù UV STRATALINKER 1800 °hDAY�Ýw [J>Ýw%PÓ myostatin

Q�~Õí�Z[\ rè|r@ Trã��� 50% Hybridization buffer ù

±@²�Z[\F�? up !è|W@ ù 42? s�tu<µyè| 

[I°�|.�äåH´'r�@ Ô0ù 42? <µè|Û� 12 ºÙù£

��XY;[�è|".�Z[\ù Wash buffer <µnb @AùÇQJ42?

åb% S�VpA���w�$�åbQ� à%[Z[\ ! 3 MM ef

£gc%U� �V !Yz@ù -80? <µ X`YY�mî;

2.4.8Jº���æ�

[ X `Y£�´^�} �q�LM��Ý�� % B}Õíâr! 3
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mL LB-Ampcillin ârÉ@ ! 37? ârXY 12 ^ 16 ºÙ;[ 1.5 mL Õ

ÉTrn�é��@ ù 3,500 Xg ��é� 5 @G% 6A£åÉ�'r 100

, solution I nLJK� S'r 200 , solutionÈ s�tuU�O|¢S%

S'r 150 , solution � £)tu^}�fc³´P��%ù 12,000 Xg �

�é� 10 @G [£åÉg(^o�n�é��%'r��Ô� phenol O|

%ù 8,000 Xg é� 10 @G X£ªÉ^o�n�é���'r��Ô�<=

%ù 8,000 Xg é� 10 @G X£ªÉ^o�n�é���'r 1/10 �Ô�

3M NaOAC � 2 ��Ô� 100% Ú�O|¢S% V ! -80? 1 ºÙ¿À

JK $%[�� DNA ù 12,000 Xg ��é� 15 @G º�6A£åÉ�

ù 70% Ú�çÉåbJK� T6Ú���gc DNAùã��Ñ»��BÁ

ç;

2.4.9J�� DNA�ê�

Xã�º�æ���� DNA ù SacÈ � Hind � �ÔU% <µ��

öf�uvtU}� DNA YZ���y]�YZ�ºÂ0 ��%[)�

�ÕOX} 0.5 mLÕÉ'£ 0.5 mL 30% glycerol O|¢S% r -80? _¢

µ<µÕ)F\ ¶·ÕÉ?(×)K 2 ¤ý�DkE@P Ampecilin � LB

É�ârÉ 1 L @<µ���� DNA æ�ù��%���U;

2.4.10J����æ�

ù Highpure plasmid Maxiprep kit ;Ú����;[�ê��ÕOX}�Õ

É 0.5 mL 'rI°�O|¸ Ampecilin � LB ârÉù 37? 150 Xg §0

âr 12-16 ºÙ%[ÕÉù 3,000 Xg ��é� 15 @G%T6£åÉ ù 10

mL Resuspension buffer [JK�qL S'r 10 mL lysis buffer s�O|¢S

� !ÇQ 5 @G%'r 10 mL precipitation buffer �ù 3,000 Xg é�15 @
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G [£åÉs�TrªT�@ éªT".%ù 60 mL wash buffer ¹>ªT

�ùåbè� $%[ªT� !âÂæo� 50 mLé��£ ù 15 mL elution

buffer [ DNA ç}ªT� 'r 10.5 mL «º�O|¢S% ù 3,500 Xg é

� 30 @G T6£åÉ�ù 70% Ú�åbJK� à%ùÑ»��BÁç

DNA;

2.4.11JDNAïð�ï�@T

DNA �ï».D¼^	[½¥¾¤0<µ pMSTN-6 Kb ��ïð$�ï

». DNAïð@Twx¼Á%-U DNA star ¿�<µïð@Tª8>Ö×

R�@T;

2.4.12Jmyostatin Q�~GsO$gs

[ ZFLJC2C12JNIH3T3��O��Àr!�^��ârÁ@ J> 24 º

Ù��®�.�^Â@Ã%<µ��gk;-U Lipofectamine 2000 reagent .

��gk X} 4 $ ��� DNA ù+PÈå� L-15 ârÉÄÅ^��Ô

���,áX} 10 ,��"%�������" ������ ù+PÈå� L-15 ârÉÄÅ^��Ô

���,�V !ÇQ).U 5 @G [¡²O|V !ÇQ)Û� 20@G S

'r 0.4 mL +PÈå� L-15 ârÉO|%s�'r��Á@ V ! 28?

ârW@âr 3 ºÙ% [ârÉFc S'r 3 mL L-15 ârÉâr 24 º

Ù%p(uvd`�5�jk ùq�t\]�����³Ó`Ái;4��

ùP myostatin Q�~$ûGsO pMSTN-6Kb EGFP �.Fgk$�� '

pEGFP-N1 ?.F positive control¡ CMV promoter tÆ�;

2.4.13JpGL3-Basic ñ�a�$\]

[û)+Ô��$ myostatin Q�~)Ç×rPÓñ�	õ Luciferase �
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a� pGL3-Basic @ �[4+K�£*ñ�a�� F myostatin

promoter 1pGL �<µ��gk�º��� DNA �óXª��;Ú;

2.4.14Jò�~Ki@T:

[+Ô�,YZ� myostatin promoter 1pGL ñ�a�@Aù lipofectamine

2000 reagent [�.��gkK ZFLJC2C12JNIH3T3��O��âr!�^

��ârÁ@ J> 24 ºÙ��®�.�^Â@Ã%<µ��gk �ù

Luciferase @TÝ*<µò�~Ki@T;ÔÙù 10 ng pRL-CMV (plasmid

Renilla Lucferase reporter vector - CMV promoter) a�<µ�È*�� wx@

TÙù pRL-CMV F 1 �|��*@A��È*Ý�'§É�Ki�º;

2.5Jwx

2.5.1JCD& myostatin IQ�~Gs�@TÀ

J¡CD&	õ*�£ 1X107 PFU/mL genomic library @Gs} 24VÓL

M�GsO�J¡N»ÄæJè|Û�%��B} 7 V:Â�PÓ myostatin

L> DNA � Ê àÕ� J<Â��ïð@T%X+¡V�P"Ð myostatin

I 	õ*GsO@AF Zg15-1 � 24 Kb ª Zg 17-3 � 15Kb �º$	õ*

YZ( Fig. 2-1) �ï%wx�ö-�ÔE NCBI Blast ��@T%ËA	õ*�

º%ÌQ�~YZ@AF 6.061 Kb ª 0.87 Kb , Fig. 2-2;JY�<��ï%

wx, Fig. 2-3t� ���ÓCD&	õ�ÔE@�ïð����!CD&�

9 �®c�£ Ý@�F 97� ù GCG ¿�@TQ�~£���$%ÝS�

gËõ~ý@ wx, Table 2-1t� �@´����ÝS�$%õ~<µ@

TÐM !�E 6.06 Kb Q�~ïð(@E ATG Ò 104 bp Ó� ÂV TATA

box  �([�C@F 6 V claster �@Ó���ÝgËõ~��PÓ 21 V

E boxJ 6 V TATA boxJ5 V CAAT boxJ1 V AP-1 binding siteJ8 V N box
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1 376 377 743 744 1125

Zg 3-1

Zg 15-1

13.5Kb

24Kb

Zg 17-3 15Kb

Fig. 2-1. Genomic structure and organization of zebrafish myostatin genes.
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(transcription repressor)J4V myocyte enhance factorJ2 V MEF2J1 V MEF3

� 1V muscle segment homeo box;

2.5.2JMyostatin I Q�~Ki@TÀ

@A[ 6.06 Kb Q�~ïð-UÖ×U. 5.9 KbJ5.18 KbJ3.4 KbJ2.85

KbJ1.69 KbJ0.6 Kb�+Ô�ºYZ�×K pGL3-basic ª pEGFP-1 a�£@

Ah�E+Ô��OªCD&K�£5�jk [t\]�Q�~YZgs!

CD& ZFL ��O@wxù 3.4 Kb YZ�ºÓà��Ki(Fig. 2-4) �»F

1.69 Kb ª 2.85 Kb  'E C2C12 ��O@?Ô0ù 3.4 Kb Óà�KiF�

È*� 16 � �»F 0.69 Kb �Kiõ\wxF�È*� 8 �J2.55 Kb K

iõ\wxF�È*� 7 �áâE NIH3T3 ��@T�wx?ù 0.6 Kb YZ

³Óà�Ki F�È*� 20 � �»F 2.55 Kb � 11 � 4wxm�

Myostatin I Q�~ECD&���ª������ù 3.4 Kb ÓàlKi �E

G��¯©§��?ù 0.6 Kb ÓàlKi 4wxm� myostatin I Q�~E

+Ô���£³Ó+Ô�5�jkáÔÙ[¹NQ�~ -KP EGFP ñ�	

õa�£ <Â�gs^CD&0@HI+ÔYZQ�~EK�R�5� w

x��,y]¡Ó*+3«i$bcd`5�;
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exon 2 exon3exon 1

1 376 1191 1569 2470 2851

-870

exon 2 exon3exon 1

1 376 1191 1569 2470 2851

-6061

Fig. 2-2. Zebrafish myostatin gene genomic Zg15-1 and Zg17-3 clones.

Zg17-3

Zg15-1
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Fig. 2-3. Sequencing analysis of the myostatin I promoter.
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Fig. 2-3. Continue.
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Fig. 2-3. Continue.
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Table. 2-1. Distribution of selected transcription response elements on the zebrafish

Myostatin I promoter

Identified elements position(s) from transcription initiation site

TATA box
-100/-105, -435/-430, -1224/-1219, -3417/-3412, -4787/-4760,

-6002/-5995

CAAT box -520/-515, -1484/-1480, -1861/-1865, -2637/-2621, -4402/-4384

AP-1 binding site -4471/-4457

E-box
-264/-253, -350/-345, -499/-493, -707/-702, -720/-714, -1924/-1919,

-1989/-1984, -2040/-2035, -2082/-2077, -2377/-2372, -2960/-2955,

-3020/-3015, -3460/-3455, -3955/-3950, -4000/-3995, -4135/-4130,

-4375/-4370, -4500/-4495, -4952/-4949, -4964/-4959, -5806/-5801,

-5864/-5859

N-box
-231/-236, -695/-688, -2313/-2308, -2371/-2308, -2371/-2366,

-3204/-3199,

-3237/-3232, -3433/-3428

myocyte enhance factor -379/-362, -5169/-5147, -5166/-5234, -5426/-5455

MEF2 -2212/-2206, -6049/-6025

MEF3 -3634/-3622

muscle specific Mt binding site -1564/-1548, -1900/-1891, -3275/-3267, -4703/-4774

muscle segment homeo box -3970/-3957

E box: HLH family that interact with a common DNA element .

N box: transcription repressor.

MEF3: skeletal muscle specific transcriptional enhance.
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Fig. 2-4�� ���� ������� ��� ��-deletions on the transcriptional activity of the myostatin I

promoter in three different cell lines. (A) The 7 clones of myostatin promoter. (B) The

activities of myostain I promoter in ZFL. (C) The activities of myostain promoter in

C2C12. (D) The activities of myostain promoter in NIH3T3.
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2.6JI�

myostatin IQ�~Gs�@T

-U	õ*FG}� 7 VGsO@U 5� "�H´F}NO³ÓQ�~�

YZ �@ù Zg 15-1 GsOJ»Gs}� 6.166 Kb �Q�~ Jïð���

�J�JGJ���8�Ý@�@AF 22.5%J46.1%J52.5% ª 47.5% ( GenBank

accession No AF093798 AF348479 AX058992 and AX139025 respectively ) Ô

Ù�8ÓS�|�)Q�~@Ý�£�$gËõ~!�+�E� ª��£�

ÓA��ª«i (Á�õ4. myostatin 	õE&��H5�$�õ <

Â�[ myostatin I Q�~��kû���@ 1.6 Kb myostatin Q�~�� C

D&Ó 5 V E box ��J�JGJ�?ûÓ 5J15J6 ª 10 V+�� E box  

�@ E-box $ïðF NTCANG  FÂgËõ~ E��@Ú>?@�£�$

nõ~ MyoD òJ(�w\½! bHLH ábasic helix-loop-helix)ef���

E-bo xw|<'$%���@Ú(Coustry et al., 1995);

myostatin Q�~£���ÝS�gËõ~@Íjk��|�)�@ÍÓ

û��ª«áCD& myostatin I Q�~ (Table 2-1) wx@T!��! -3634

^ -3622 �� £ÓÂ���3«i�gË�Ú~ MEF3 ��� 2Kb �

myostatin Q�~@�! -827~-837 bp ÓÂ MEF3 ����3«i�gË�

Ú~ÓÝ���íªáwxm� myostatin I Q�~E -2212 ~ -2206 ª -6049 ~

-6025 �� £Ó¡V MEF2 ' Kerr �G@TCD& myostatin II Q�~�

!�Ó¡V MEF2 @A�! -1037~-1059 ª -1307~-1329 (Kerr et al., 2005) 

' MEF2 (TTAAAAATAA)òJF MADS-box $gËõ~ E���.>?@

�� MEF2 w|%$n)*	õ�5� (Naya et al., 1999) âDCD&

myostatin I Q�~��|�)Q�~+Ô��E -3970~ -3975 ÓÂ muscle

segment homeo box \E'�ÝS`Á?é<Â�HI Î|£Hwxm�CD

& myostatin I Q�~���ÝS�£�$%õ~tÏí�� �ý@EQ�
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~£* 3 Kb ù£��  4wx��÷Ð}CD& myostatin I Q�~ÓS�

����$%C(ÁE 3Kb ùÒ��£*�� ;âD�Ý@�8��G�Q

�~ïð���£*ÝSgËõ~ wx!�¡²ª«û� E C2C12 ��

@G� myostatin Q�~�KiE -3322 bp @ù -1187 bp �p³Óà�K

i �@E -1174 bp £ÓÂ MyoD w|� (Ma et al., 2001) �CD&

myostatin I Q�~£��Ñ�K MyoD w|�  4wx��.&�

myostatin 7ßÀÂi�5�!���$õ×$Â Ô0�CD& myostatin I

Q�~E C2C12 ��@�à�KiE pMSTN 3.4 Kb �GsO �KiF%

>*� 16 � � 2.85 Kb �Ki� 4 � '¹¡VGsO�ª«E 3.4 Kb

Q�~@PÓ E box 11 � E box 12 âDdÓÂV Muscle Mt- binding site �

NV³Ó��3«i�w|� (Blackwell and Weintraub, 1990áOlson, 1990) 

'E�� 1.6 Kb Q�~@Ki�'F 13 � �@PÓ E3JE4 � E6 NV

£�� MyoD w|� (Spiller et al., 2002) '�� 2.5 Kb Q�~�Kià

� 	PÓ 7 V E box �[�@� E5 truncat Q?�UQ�~�KiS�'

18% ��[ E5 ��Q?Ki)�.�Æ� 18% (Salerno et al., 2004) '+

Ô��)�Q�~KiP+Ô Xu �G-UCD& 1.2 Kb �º�Q�~×£

EGFP ñ�	õ%qr&st@h�5�jk wx��,y]E��5� '

�nÓ�5�E	$ (floor plate) �
ý õ4�� myostatin E&��5�(

ÁE�|*+'8��� (Xu et al., 2003) 4� Fig.4 �Q�~Ki@Twx

m� 1.69 Kb Q�~KiF%>*� 6 ��wx³ÓÂÅi 4wx���5

CD&@³8�Ki�Q�~���(Á� 1.69 Kb �� ��8ÀÂ�5�

!��� �E&�5�� (Á�þ�����Äè��%;' Xu �G�

<Â�[Q�~-.E��ÂÀÂi5�� myosin light chain Q�~ª 1/3

mylc enhancerÆh myostatin 	õ�5� wx�@Ó 33 Vg	õCD&!

���ª<�� (fast muscle) Ó3�5� âDÓÂ	õgs&AS���5
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�DE-ýª� PÓn�5� 4wx����� antisense myostatin 0.9K

DNAgsd`&E� 5�ÓÝÔ�wx;

Kerr�G@TCD& 2 kb �� myostatin Q�~ TATA box £*ïð!

�CD&�G�J��J�ªCD&Y�� myostatin IQ�~Ó8����Ý

S,W$n~ E myostatin II £*Ó��©ç myogensis � myogenic $%õ

~ªgËõ~ �P 3 V androgen response elementsJ 3V myo binding siteJ

2 V myogenin siteJ 1 V myogenic enhancer factor (MEF-3) w|ý�J1 V

glucocorticoid response element � 1 V muscle initiator site(Ma et al., 2001áCrisa

et al., 2003);E¹N%×�@ myostatin IIQ�~â�P MEF2 binding site �

myostatin transcription factor (TET-1) ��V E-boxes (Kerr et al., 2005);

Xu �G-U genome walker NßX+ 6.4Kb ��CD& myostatin 	õ

�GsO �@PÓ 1.2 K b� ��� ��� 2" $�ïð � 5.2K (g$:%;EQ

�~ý@ �@PÓ 2 V E-box p E4 � E5 �@Ò� myostati n	õ� E4

� E5 ��� E5 � E6 �@ 4wx��� E5 � E6 Ý@(Spiller et al.,

2002);ATG£* 10 bp Ó TATA box �V MyoD binding site � Ü E box 

õ myoD FÑT�Ùø³Ó`Á 7�õ�(Á� myoD �$%ÓS(Xu et al.,

2003);

G� myostatin Q�~ 3.3 Kb@ yõPÓ glucocorticoid (w|$,W

%g , glucocorticoid response element (GRE) � androgen response element

(ARE)�J¡ C2C12 ����Ó� GDF8�u© dexamethasone �C'I�

�''�';
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�� Antisense myostatin ���� !"#��

3.1JÇ�

Myostatin FÂ@=i���ª@Úõ~ @�£[�KÔEgk��õ~Õ

ÖòJ(Transforming growth factor, TFG-�/ ���.UF���!"���$#

$%õ~;÷-U vector base-RNA NWùmnop�nÂV���� myostatin

	õ knockdown �����CD&;�������	
��./012g	

õCD& myostatin $ mRNA P���F��*� 30% ��ef�P��F

��*� 36.76%;���.=>@ÝS��õ~ MyoDJMyogeninJ Myf4 �

Myf5 $ RNA�'F�Æ� 2�á@T����.��� !�E 4V �Ù �

��*�g	õ*¡*^Ø¢�£ 0.38 ± 0.05 ¤¥ª 0.55 ± 0.11 ¤¥ g	

õ*�£�'S 45%áJ t-test ¦§@T¡*^¨4Óm©ª«(p<0.05); <Â

�[ÂV �¬&YªJ HE ®c@T��¯©�º¡��*Ø¢° 230.69 ±

��	�����2�'^g	õ*$ 428.97 ± �������2 ¡²^³Óm©ª«(p<0.05);

¹���Â�´�CD& myostatin <µ	õ¶· (gene silence) '+Kgs	

õ(����5���5��3¼³Ó "double muscle" �½WCD&;

3.2JÒ×

CD&Ó¡V myostatin 	õ�5�@AF myostatin I � 1125 bp �

myostatin II � 1101 bp (Amali et al., 2008) J�� myostatin I � II ïðÂÅ�

(identity)F 66� J#	å$@T�8 2 V#	å�ÂÅ��Ý@�@AF 60%

� 71%;345���������678�9ef��ÂÅ��Ý@�@AF

57/71% ª 88/92% (Kerr et al., 2005);�a myostatin I � myostatin II @AF

1600 bp ª 1100 bp;�a myostatin I Eû*+@�Ó5� ' myostatin II ?9

5�E-ý�����@;âÓefm� �a$ myostatin I � II ¨4^Ó
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94% �Ý@� ��a$ myostatin I � II �CD&� myostatin I � II ^Ó

84.2% � 82.3% Ý@�á�ï��8?9Ó 64.3% � 63.8% Ý@�;@T� ���

"³Ó`Ái� 414 $�%�&' !����� myostatin Ó 90% �Ý@�;

Myostatin E�N»UÙ�R()
*+,- (�!#	å 267~270)�[

myostatin .³`Ái�ef� 4`Ái�ef�E�a�CD&^�Ý@�

F 95% ��J��$Ý@�F 89%;CD&Y��� myostatin I � II $ïð

�� ��Ý@�F 64.4% ÂÅ�F 70.0% E exon I� exon II �Ý@�F

49% ÂÅ�F 67% â³`Ái� exon III ïð�Ý@�F 79%;õ4���

[Ý@�8�$ exon III A 281 bp ïð% UU�Ò�k8�5��x�

CMV Q�~�×£ñ�	õ EGFP �A 281 bp �Û: myostatin II DNA <

µCD&stmnop ��ÁX+Â��5�$����Dm�� myostatin

��5�$)& �<Â�HI myostatin II ECD&$��`Á;

3.3JÓÔ

3.3.1J���)ÀCD& (Zebrafish, Danio rerio)ÆY×mØÙwÚn��;

3.3.2JÕ)

Escherichia coli XL-1 Blue MRA

Escherichia coli XL-��'�(��)*��

Escherichia coli XL-10 Gold

� 34�+

3.3.3J�� DNA

pBluescript SK(-)À�� DNA£PÓ Ampr	õ(*h Ampicillin E	õ

�»Gs (subclone)ÙUU;
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pEGFP-C1À�� DNA £PÓ CMV Q�~ª EGFP d`efñ�	õù

ª Kanr/Ampr	õ(*h Kanamycin ª Ampicillin 5��� (.FFG	õ

gs&�d`�`;

3.3.4JTA cloning a�

�� DNA£PÓ Ampr	õ(*h Ampicillin UÆ×| PCR�� ùN

+F\ùª��;Ú (7,S÷> PCR�V�NW+K DNAYZ;

3.3.5JÖ×

8>Ö× BamH IJEcoR IJEcoRÌJHind IIIJSac IIJXba IJXho I (.Y

NEB New England BioLab.¤0)áPCR Ö×:(1) Vio Taq DNA polymerase

(2) Vent DNA polymerase (proofreading)áT4 DNA Ligase DNase I-RNase free ,

T3 RNA polymerase T7 RNA polymerase (.Y BM ¤0)áPorteinase K(.Y

Sigma ¤0)

3.3.6JØÙÚÛ�\ÜÝ*

º���DNA3XÀMini-M Plasmid DNA Extraction Systemá����DNA

3XÀHighpure plasmid Maxiprep kit (.Y invitrogen ¤0)

+-32P dCTP labelingÀrediprimerTM II random primer labeling system (.Y

Amersham¤0)

Gel ElutionÀGel-M Plasmid Gel Extraction System (.Y VIOGENE¤0)

3.3.7JÞÙ

Tris-base EDTA NaCl SDS Formamide MgSO497H2O NaOH HCl 

CaCl2 Iso-propanol Glycerol Sucrose Maltose Na2HPO4  NaH2PO4 
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Ethanol Phenol Chlorform Acetic anhydrate Benzyl benzol Triethanolamine 

Benzyl alcohol Formaldehyde Sodium acetate(.YMerck ¤0) Ampicillin (.

Y CALBIOCHEM) Protector RNase Inhibitor (.Y Roche¤0) Agarose  

NBT/BCIP stock solution (.Y>3¤0) methanol Polyethylene glycol 8000

(PEG 8000) Diethyl pyrocarbonate (DEPC) Ethidium Bromide (EtBr) MOPS (.

Y Sigma ¤0)  Lipofectamine 2000 reagent (invitrogen¤0) TRIzol reagent

(invitrogen) Fetal Bovine serum (.Y Gibco ¤0);

3.4JNß

3.4.1J CD& myostatin cDNA $FG

3.4.1.1JàÕ�á���$âr

Y -80? X} XL-1 Blue MRF� Õ) ù×)ç! LB âr	£<µN

C@A ù@é}:ÂÕí;E LB âr	£BX�:ÂÕí r 3 mL �

LB (C' 10 mM MgSO4/0.2% maltose) ârÉ@ ù 37? âr 2 ºÙ X

} 20 ,-�.�����Ô) �ÕÉ'rùÂ¤ýDkERP 200 mL� LB (C'

10 mM MgSO4/0.2% maltose) �ârÉ@ç�âr éâr^ OD600 �F`

°F 0.5 Ùp(wx �[ÕÉù 3000 Xg ! 4? )é� 15 @G%6A

£åÉ ùH� 10 mL (20X I�) 10 mM MgSO4 [��JK�qL� !

4? )�U((! 4? )M\ÂN]);

3.4.1.2JCD& cDNA 	õEgã

Y	õ�	õE@X}£*	õàÕ�FFG$�� X 0.6 mL�XL-1

Blue MRF� á���'r 2.5 L �àÕ�<µO| �! 37? .U 10 @

G é.U"P%X 15 mL �rÕ�'r 12 mL QR (48~50?) � NZY

top agar �O|¢S [O|ÉÖ×TrÖ� 15 ¤@� NZY U�âr	
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£ [âr	TV^ 37? ârWârXY%V ! 4? HW@_· 6 º

Ù% ù Hybond-N Z[\Ø]! NZY U�âr	£ 1 @G[çÕCgã

^Z[\£ �@AEþðù´^_�`Mù���Ý��  X}gã%

�Z[\ r denature buffer @ab 5 @G S(r neutralize buffer @a

b 5 @G à%ù 2 � SSC buffer abcd% ! 3 MM �ef£g

c gc%�Z[\ù UV STRATALINKER 1800 -UhDA[ DNA U�

! Hybond-N Z[\£;

3.4.1.3JäåH´$æ�

[ PCR |.$ 0.5 Kb �º$ myostatin ý@ïð�	õYZ ù

Gel-M Plasmid Gel Extration System 3X%-U random primer labeling

system NW".æ�;[t+$ myostatin 	õYZX} 20 ng �C' TE

buffer U���ÔF� ���, ù 100? Bi 5@G[2j DNA {é.F:

j DNA %nk !H£ 5 @G [�ýÉ�g(^ rediprimerTM II �Û

��@ 'r� ��,�� +-32P dCTP (specific activity 3000 ci/mmol) ùn�F

�<µ£)FV��.[Û��O|¢S  ! 37? .U 20 @G% '

r� �� ,� ���� )� 53�6� lxÛ� �ù NucTrap Probe Purification Column

(Stratagene) 6A*é� +-32P dCTP ùª8,���YZ ùm» ���, �

STE buffer nb���@AÁ»nb$É� @A!mÂ»Á»É�@X 1

, ^o�n�é��@põ�VpA�� ùq�äåH´YZ$Ki [

æ�".�VpA�� DNA H´ù 100? 'R 5 @G[2j DNA {é

.F:j DNA % !H£ 5 @G [tÓäåH´'rè|r@<µè|

Û�;

3.4.1.4JàÕ�çÕCè|Û�
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[PCD&	õ�	õEZ[\ !è|r@ù 50% Hybridization

buffer ! 42? s�tu^ 2 ºÙ<µyè| (Pre-Hybridization) [�U

VpA���äåH´�ý'rè|r@<µù 42? <µ 12-16 ºÙè|

Û� .U"P%[äåH´Á»^ 50 mL é��@M\ �[Z[\ !

0.1 X SSC-0.1% SDS wash buffer @ @Aù 25?J37?J42? ûYåb 30

@G ��v\�VpA���- wash buffer ��w»$�åbQ� [å

b".�Z[\ ! 3 MM ef£gc% Øx!Y�mîyz@£O�V

ÂY X `_`Y ! -80? Y�mî 72 ºÙ;[ X `Y� NZY âr	

£�´^�{% B}ÓLM�çÕC  ! SM buffer@ù 4? XYç}

àÕ� ��S[àÕ�<µ�Ñ»J�N»�FG+(B}:Â��n�

��	õçÕC;

3.4.2JLambda àÕ�£*	õ$;Ú

ù+ÔàÕ��á����Õ� MOI ° (multiplicity of infection) ù 15

mL �rÕ�<µ 5 mL 12-16 ºÙ��âr uv+ÔàÕ��àl MOI

°(E 12-16 ºÙÕÉ|�"�}å�ÓfcôP���-ÕpFàl MOI

°) +Kàlâr�g% ùÂ¤ý$DkEù 200 mL NZY É�âr	<µ

âr é NZY ârÉ|�}åÙnk'r 4 mL <= (2% �Ô) ç�âr

15 @GU�wx�� [ârÉù 10,000 Xg é� 20 @G¡» X£åÉ�

[�(^o�é��@ 'r� ��� ,��� *7�8�� -�� �$.,/�ùª 50 U DNase I

-���0.,/ ! 37? .U 2 ºÙ 'r NaCl U�àlÛ�I�F 1 MáS'

r PEG 8000 U�à%I�F 10% éO|¢S% !H£ 1 ºÙ 6,000 Xg

é� 30 @G [àÕ�JK)Æ 6A£åÉ%ù 5 mL SM buffer Û~nb

JK� 'r��Ô�<=<µ3X^ 2 » [ PEG 8000 6Acd �'

r SDS U�àlI�F 0.1% S'r Proteinase K Uà%I�F ��$.�, 
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ù 65? .U 1 ºÙ%@Aù��Ô� phenol ª<=3X 1 » Sù<=3

XÂ» X}£åÉ'r 2 ��Ô� 100% Ú�JK �ù 70% Ú�åb%

gc �JK���'rã��Ñ»��BÁç;

3.4.3Jmyostatin cDNA$@é�ê�

[;Ú�	õ� DNA GsO@Aù+Ô�8>Ö×<µU [Û��

�ý<µq����öf $%[öf�Y r denature buffer @s�tu 30

@G �ùÑ»��Bb6v\� denature buffer S[öf�Y ! neutralize

buffer @s�tu 30 @G $%SùÑ»��B[ neutralize buffer åbc

d %��! 20 X SSC buffer @�-U�Wg�ß[	õ� DNA g�^Z[

\£â�<µ¨N{R@T;¨N{R@TÀX�ºã����r Tr 10 X

SSC buffer E��r££VÂY���Y E��Yx£���º�öf�Y

��Ý�� 3 MM ef ef���ù¡"(ù×�Kr��(F» SSC

buffer F�?;[öf�Y�ý�£ ! 3 MM ef£ �o:öf�Y�e

f$^+(Ó�� �HM>?@���� ®[����(A;��Â��

öf���ºÝ�� Hybond-N Z[\Øx!öf��£N P,o:öf�

��Z[\$^P+(���� S~�£¡��öf����� 3 MM e

f m~�Âª¢®�o:������� ef�£N�£ã������

f !��f�"V ÂY��YSù 500 ¤¥£�øê V XY DNA p

�gãK Hybond-N Z[\£ gã%EZ[\£ù���£`Mª DNA Ý

�� %p((AöfY �[ Hybond-N Z[\ ! 3 MM ef£gc%ù

UV STRATALINKER 1800 -UhDAY�Ýw5[ DNA ÝwEZ[\£ ù

�%�<µè|Û�;

3.4.4JpEGFP-C1a�$\]
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[ pEGFP-C1 ñ�a�ù SacÈ � Hind � 8>Ö×<µÖ×U é

U".%ù phenol/chroloform 3X �ùÚ�JKùÑ»��BÁç;[J

U".%�ñ�a�� DNA YZù T4 DNA ligase <µ×|Û� [4+

K � £ * b c d ` EGFP-myostatin ñ � 	 õ $ G s O �   F

CMV-antiMSTN0.9K  �â�<µ��gk��� DNA �óX;

3.4.5Jëì��æ�

Y -80? @X} XL-1 Blue MRFJXL-10 GoldÕ)ù×)ç<µNC@

A ! 37? @âr 12~16 ºÙ B}ÂV:ÂÕí! 15 mL rÕ�@ù 3

mL PÓ 20 mM MgSO4 � NZY ârÉ@ ! 37? @âr 12-16 ºÙ X

} ��� ,� -�.�����Ô) ��V�!Â¤ý$DkEâr! 200 mL PÓ 20

mM MgSO4 � NZY ârÉ@ ! 37? @âr^ OD600 VF 0.4 Ù [Õ

É»)ù 3,000 Xg é� 15@G T6£åÉ%ù 20 mL H_� 0.1 M CaCl2

RP 1% GlycerolçÉ[JK�¢SqL� !H£_· 30 @G Sù 3,000

Xg é� 15 @G 6A£åÉ%ù 2 mL H_� 0.1 M CaCl2 RP 1%

Glycerol çÉ[JK�Áç% ! 4? V XY%ùm� ���� ,FÂV:�@

¡!n�é��@ �M\! -80? @�U XoXÂ�_¢M\�ëì��

����,�'r 10 ng �â DNA<µgk\�ù��ëì���9£<µõ\;

3.4.6J��gk

[×|".� myostatin Q�~$ pMSTN-6.0 �	õ� DNA GsOû

Y@A'rn�é��@$+Ô� XL-1 Blue�)*���ëì��@ ùn�F�O

|¢S V !H£¶ 30 @G%¤^ 42? �Bi¥RRäL 1 @ 30

¦ u%nk !H£_· 2 @G%(r 15 mL rÕ�@ �'r� ����,��

LB ârÉ! 37? )§0âr 30 @G ù 3,000 Xg é� 5 @G%F6



46

����,��£åÉ9è) 200 ,���Ô S¨JK�qL@Aù 1À3 ��Õ

(50 ,À150 ,/�¢S�©ªE¡V 9 ¤@âr«��I°x£ Hybond-N Z

[\� LB-Ampicillin âr	£ �TV! 37? ârW@âr 16 ºÙ â

�<µÕíè|Û�;

3.4.7JÕíè|Û��mî

[�}Õí�âr	X} âX¬Yo� Hybond-N Z[\V !Âo�

9 ¤@âr«RP LB-Ampicillin âr	£ �%X)�®�!��}Õí

�Z[\£<µgãªÄæ$�. �ù´^<µN���� ogã��Z

[\��V !o� LB-Ampicillin âr	£��âr^Õí£oS�}F

x '���Z[\@A¼ïù DenatureJNeutralization buffer ûYab 5 @

G% SùÑ»��B,¯åb% ! 3MM ef£gc [�gc�Z[\

ù UV STRATALINKER 1800 °hDAY�Ýw [J>Ýw%PÓ myostatin

Q�~Õí�Z[\ rè|r@ Trã��� 50% Hybridization buffer ù

±@²�Z[\F�? up !è|W@ ù 42? s�tu<µyè| 

[I°�|.�äåH´'r�@ Ô0ù 42? <µè|Û� 12 ºÙù£

��XY;[�è|".�Z[\ù Wash buffer <µnb @AùÇQJ42?

åb% S�VpA���w�$�åbQ� à%[Z[\ ! 3 MM ef

£gc%U� �V !Yz@ù -80? <µ X `YY�mî;

3.4.8Jº���æ�

[ X `Y£�´^�} �q�LM��Ý�� % B}Õíâr! 3

mL LB-Ampcillin ârÉ@ ! 37? ârXY 12 ^ 16 ºÙ;[ 1.5 mLÕ

ÉTrn�é��@ ù 3,500 Xg��é� 5 @G% 6A£åÉ�'r 100

,�8��(�"� �9 nLJK� S'r� ����,�8��(�"� �È s�tuU�O|¢S%
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S'r ���� ,� 8��(�"� �� £)tu^}�fc³´P��%ù 12,000 Xg �

�é� 10 @G [£åÉg(^o�n�é��%'r��Ô� phenol O|

%ù 8,000 Xg é� 10 @G X£ªÉ^o�n�é���'r��Ô�<=

%ù 8,000 Xg é� 10 @G X£ªÉ^o�n�é���'r 1/10 �Ô�

3M NaOAC � 2 ��Ô� 100% Ú�O|¢S% V ! -80? 1 ºÙ¿À

JK $%[�� DNA ù 12,000 Xg ��é� 15 @G º�6A£åÉ�

ù 70% Ú�çÉåbJK� T6Ú���gc DNA ùã��Ñ»��B

Áç;

3.4.9J�� DNA �ê�

Xã�º�æ���� DNA ù SacÈ � Hind � �ÔU% <µ��

öf�uvtU}� DNA YZ���y]�YZ�ºÂ0 ��%[)�

�ÕOX} 0.5 mL ÕÉ'£ 0.5 mL 30% glycerol O|¢S% r -80? _

¢µ<µÕ)F\ ¶·ÕÉ?(×)K 2 ¤ý�DkE@P Ampecilin �

LB É�ârÉ 1 L @<µ���� DNAæ�ù��%���U;

3.4.10J����æ�

ù Highpure plasmid Maxiprep kit ;Ú����;[�ê��ÕOX}�Õ

É 0.5 mL 'rI°�O|¸ Ampecilin � LBârÉù 37? 150 Xg §0â

r 12-16 ºÙ%[ÕÉù 3,000 Xg ��é� 15 @G%T6£åÉ ù 10

mL Resuspension buffer [JK�qL S'r 10 mL lysis buffer s�O|¢S

� !ÇQ 5@G%'r 10 mL precipitation buffer �ù 3,000 Xg é� 15 @

G [£åÉs�TrªT�@ éªT".%ù 60 mL wash buffer ¹>ªT

�ùåbè� $%[ªT� !âÂæo� 50 mLé��£ ù 15 mL elution

buffer [ DNA ç}ªT� 'r 10.5 mL «º�O|¢S% ù 3,500 Xg é
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� 30 @G T6£åÉ�ù 70% Ú�åbJK� à%ùÑ»��BÁç

DNA;

3.4.11JcDNAïð�ï�@T

cDNA�ï».D¼^	[½¥¾¤0<µ pMSTN-6 Kb ��ïð$�ï

». DNA ïð@Twx¼Á%-U DNA STAR ¿�<µïð@Tª8>Ö

×R�@T;

3.4.12JpMSTN- EGFPCD&stmnop

ù PBS F Microinjection buffer [ pMSTN-EGFP I�$ÐF 0.1

$., ùmnopNW[��or 1~2 ��]�CD&WÚ0;-UTnW

d`mn! ù 488 nm >��`AL!bcd`ef ç�uvbcd`e

f�5�ý�;

3.4.13JCD&&0$ RNAóX

[&0B@6A XV 50 mg V^cd�é��R ù¢�Û[�ÜÝ¢

S �<��'r 4? � �*9:������,�-�p��º«��Ô) ±@�O|¢

S S'r��Ô 1/5 �<=�O|¢S V H£^.U 10 @G ù

12,000 Xg 4? é� 15 @G %óX£ªBª�É� �(rcd�é��

R 'r��Ô�ÞÚ�V H£ 10 @Gù£ JK RNA �! 12,000Xg 4?

)é� 15 @G $%(Ö RNA JK�Eé���ý 6A£åÉ�ù DEPC

B� � 70% ÞÚåbJK� ('r��Ô��Ù TRIzol ��ÝÔ) ùv0

5v0UJK�ßà% ! 7,500Xg 4? )é� ,4£~åb¡» �6A

£åÉ JK�V ÇQ)gc 10 @G �'r DEPC BÁç RNA óX

}� RNA ù@``�§õ�I��;� ùT`° OD260/280 �ÕF 1.6~1.9
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Fl;

3.4.14J1 step RT-PCRôõ myostatin	õª��ÝS	õ

X 200 ng total RNA @AU)ð+Ô$ primer <µ 1 step RT-PCR Û�

myostatin II forward primer���-ATG TTT CTC CTT TTT TTT ATC TGA GC-�� ª

Reward primer ���;6AGA GCA ACC GCA AAG GAC TAC CAC ;6��� á5��+-�/<�

��-GGT GAG TTT GAG GCT GGT ATC TCC AAG AAC-���á5��+-&/<���-GAA

GCC AAC GTT GTC ACC AGG AGT GGC CTC-���á myostatin 9� ��<� ��-GCA

TGT GGT CCA GTG GGT TAT-�� á myostatin 9�*�<���-GTT GTC TGA ACT CAC

ATG TGG AAC A-�� á myostatin 99���<���-TCT CCT TTT TTA TCT GAG CTT

TTG G-�� á myostatin 99� *�<� ��-TCT CCA GGT GTC ACA AAT GCT T-�� á

)=�3-�/<� ��-CAA GAG ATG CAC GTC CAC CA-�� á� )=�3-&/<� ��-TTC TGA

GAA GAG CCT GCA GAG AC-�� á� )=��-�/<���-AAC GCC TCC CCA AGG TAG

A-�� á� )=��-&/<���-CGG CAG GCT GTA GTA TTG CTC-�� á� )=��-�/<���-AAG

ACG GTG CCT AAT CCG AAC-��á Myf4(&/<���-TCC AGC GAA TGC AAG AGG

TC-�� á� )=�$� " -�/<���-CAA TGG TGG CTT CGA GCA A-�� á Myogenin(r),

��-TGT CTT CCA ACC CAA CTG TGG-�� �UU invitrogen 1 step RT-PCR @

TÝ*�ù 60?, 30@G 94? 2@G 1Váç, 94? 30 ¦J63? 30 ¦J72?

2@G 35Váç 72? 7@G 1Váç<µ DNA �VÛ� +K RT-PCR �

�ù 2 % q��öf@T $%�� EtBr ®c 5 @G á® 30 @G V

 UV box <µÈÝù`Ëwx;

3.4.15J *+Yª®c

[âY$*+÷ùãä�ø%UY=[*+÷. 6-8 ) ��ùa

�Y[*+åò�U��U æçÙ@AUU xylene �� 10 @G¡» S@
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A! 100± J95± J90±J80±J70± ÞÚû�� 5 @G%U PBS sèÉ

åb 5 @G%<µ®c ®c$®Ü Hematoxylin ª Eosin U 70± alcohol

�æ 0.5± Eosin Y disodium °U Hematoxylin �� 5 @G%UBnQ

Hematoxylin �U��B��¦%! PBSçÉ@U*+Y|écp(�V

5@G� Z%UU 95± ÞÚ�� 30 ¦%S� eosin 30 ¦%@A-U 95±J

100±J100± � xylene Iª xylene IIû�� 5 @G%��! xylene III çÉ

@ÖKU�êY;

3.4.16J ���º¦§@T

��Y®c%$0Ù-U)nd`mn!(Zeiss Axioplan 2 Imaging MOT)

ÈÝ%UUö-Ýw!¦ MeatMorph ?W¿�<µ���º$OÔ@T;

3.4.17Jöm*+÷�ø

[CD&.&$üý*+÷)%U 2% Glutaraldehyde ! 0.1 M

Cacodylate buffer pH7.2 P 8% sucrose U�É@! 4? )U� 30 @G Z%

ùP 10% DMSO $ Cacodylate buffer! 4? )bë 4-5 » m» 20 @G 

$% iÉ (Incubation buffer) @! 37? )°U 12-16 ºÙ%ùìåsè

É!ÇQ)b 2-3 » Z%ù 1% 3Ú#.U 1 @GU.Zíîc ùìå

sèÉ!ÇQ)b 2-3 » �ù 1% ïåSU� 4 ºÙ%ù��Bb 4-5

» $%<µæBªö� �U Epoxy <µ�ø%<µYªö~mn!uv;
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3.5Jwx

3.5. JAntisense Myostatin 0.9K DNAgsd`&5�

CMV-antiMSTN0.9K $\]F[P CMV Q�~ª EGFP 	õ$a��

antisense myostatin 0.9K DNAYZ×|".;CMV-antiMSTN0.9Ka� DNA

J��ârª;Ú%$ùmnopNß<µ	õgs �@�opS 1573

ð&0�wx, Table 3-1 Jmnop�CD&&0�Ú�F 61.98% 

Ú%<Â�uv�bcd`�5� !�Ð�	õgsCD&Óbc EGFP

d`�5��F 41.74% (407/975) Jñr%9Ó 4�CD& (N§Â¤ ¤

&�s98ª)³��i ��%�� F1 ~� ~�³Ód`5���Õ@

AF 55.7% ª 74.88% , Table 3-2;F1 ~�	õgsCD&��bcd`

jk EWÚ% 2 V��]p(hKnÓ�d`5� u©st!"! 12

ºÙp(Ed`mn!)uvK��!��	õgs& Z'u©st�!

".�&��|ý��d`��ÒÓ ^ 72 ºÙ%���@^�/J23

ª� �d`5�ÂÖ©çK.&, Fig. 3-2� Fig. 3-3;
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Fig. 3-1. The construction of vector-based RNA interference. The pEGFP C1 was fused

with reverse partial zebrafish myostatin II cDNA.
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Table 3-1. The hatch rate and EGFP expression rate of transgenic vector-based RNAi

zebrafish by microinjection.

Injection No. Hatch No. Hatch rate EGFP(+) Expression rate

84 75 89.29%(75/84) 38 50.67%(38/75)

478 468 97.91%(468/478) 259 55.34%(259/468)

103 22 21.36%(22/103) 11 50.00%(11/22)

87 66 75.86%(66/87) 21 31.82%(21/66)

678 257 37.91%(257/678) 57 22.18%(57/257)

143 87 60.84%(87/143) 21 24.14%(21/87)

1,573 975 61.98%(975/1573) 407 41.74%(407/975)
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Table.3-2. The hatch rate and EGFP expression rate of transgenic vector-based RNAi

zebrafish in F1 generation.

Group Total No.
Hatch

No.

Hatch rate
EGFP(+)

Expression rate

Wild type 401 376 93.77%(376/401) 0

306 254 83.01%(254/306) 0

209 174 83.25%(174/209) 0

542 506 93.36%(506/542) 0

Total NO. 1458 1310 89.85%(1310/1458)

Female A 205 67 32.68%(67/205) 49 73.13%(49/67)

220 175 79.55%(175/220) 130 74.29%(130/175)

368 261 70.92%(261/368) 191 73.18%(191/261)

479 357 74.53%(375/479) 109 30.53%(109/375)

Total NO. 1272 860 67.61%(861/1272) 479 55.70%(479/861)

Female B 456 315 69.08%(315/456) 242 76.83%(242/315)

218 60 27.52%(60/218) 48 80.00%(48/60)

244 226 92.62%(226/244) 160 70.80%(160/226)

Total NO. 918 601 65.47%(601/918) 450 74.88%(450/601)
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3.5."JAntisense myostatin 0.9K DNA gsd`&	õ�ªkù

Myostatin 	õEþ����@9:;5�E���@ ��.���

� �&�ù�ÒÆh@��Äè��%;J@T F1 � F2 ~�!�bcd

`ç�����5�!g	õ&�@ ��~�$�0�ò��óô�� J

ù RT-PCR @T 45 o���Â~� F1 ��Ñ~� F2 ���@ÝS	õ

$5�jk, Fig. 3-4 wx F1 $ myostatin I �'F��*� 1.53 � '

myostatin II ?��F 0.86 � �|������ÝS	õ,ÀDesminJ

MyogeninJGHJIGF2aª IGF BP3��Ó�'��õ �@AF��*� 1.27J

1.87J1.25J2.06 ª 1.22 �  ' F2 ?E RT-PCR wx£�ª«Ó�s�j

k �@ myostatin I ¡£ý 1.53 �)�F 1.12 � Myogenin ª IGF2a ?

@A¡ 1.87 ��F 1.31 �ª 2.06 ��F 1.22 �  ÔÙE F2 .&Ù!�

Ó�6 30~50% ��Õ³Ó�c�ö�jk �%>*?74�÷;

stÙ]Du)��	õgs&Jñr.&% �&ø6 2~3 V �Ù�

Ó 30% ðñ�&�.� ùú��÷ ù_¢Y�8g	õCD&ª��

* !�g	õ&���*+@�8%>*FûL ü4Âwx?é��ÓÂ

'ùÓ�;

3.5.&JMyostatin �� PCR � Western @T

@T���$	õgs& 60 ºÙ$ myostatin I � myostatin II $ mRNA

�5�� !� heterozygous � homozygous � myostatin I $ mRNA �5�

��F��*� 25% myostatin II $ mRNA�5���F��*� 30% ,

Fig. 3-5;'ef��5�NO -UG� myostatin h�@T<µij@Tw

x ?@AE 27 kDa � 17 kDa �º�� £Ó���ef�5�, Fig.

3-6  Jù 1394 camera Java package for Image J @Tef�ý�ù�!�
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homozygous * 27 kDa �efI�F��*� 36.75% 4wx� Q-PCR@T

� mRNAwxÓÝÔ�)��õ õ4��X+ myostatin 	õ¶·�CD& 

� myostatin � mRNA ªef�P��)�F��*� 30~36% ;

3.5.)JMyostatin 	õ¶· (silence ) CD& 60 hpf �5��

@A�8��*Jheterozygous � homozygous $CD&E 60hpf �\K�

@ ��*F 90.2% heterozygous F 82.23% homozygous F 50.9% , Table

3-3 �@\K)Æ�º&EDu£Ó+Ô�kù �û�Õ@Íjk¦§,)À

EþýÓú�$�Õ� 12% ��|� 9�� ú�� 20.0% ��| S ��

10% â�£��� 0.4% 4DE 60 hpf ùÒóô� 34.8% '��*?7

4��jk Heterozygous?VÓ 6.5% EþýÓú��÷;

3.5.5JMyostatin	õ¶·CD&����ÝS	õ$@T

@T 60 hpf ����� (gerline) CD&st�����ÝS	õ mRNA

�5� !� heterozygous � homozygous E MyoD 	õ�5��@A��

�*� 3.58 ª 4.46 �á' myogenin ?@AF 2.22 �ª 1.6 �áMyf5 ?

F 1.86 ª 2.17 �á ' Myf4 ?@AF 2.11 � � heterozygous ? mRNA

�F��*� 44.97 �, Fig. 3-7. 4wxm� myostatin 5��)� .

myogenesis ����ÝS	õ5���£ý;

3.5.6J����� myostatin 	õ¶·CD&.&5��

[ 1,2,3,4 V ��CD&@A¦�����£ wxm�N*E��NO�

ª«�+� , Fig. 3-8.; 4 V ��&�Ø¢�£��*F 0.35 � 0.05 g 

heterozygous Ø¢�£F 0.42 � 0.09 g homozygous Ø¢�£F 0.55 � 0.11

g heterozygous �£�' 10% ���� (body mass) �' 45% J<Â�
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A B C D

E F G H

I J K L

Fig 3-2. The EGFP expression of wild type and myostatin silence transgenic zebrafish.

A, B, C, D were wild type. E, F, G, H were heterozygous. I, J, K, L were homozygous. A,

B, E, F, I, J were 48 hpf stage. C, D, G, H were 72 hpf stage. A, E, I, C, G, K were bright

field. B, F, J, D, H, L were fluorescent field.
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2dpf

3dpf

6dpf

7dpf

8dpf5dpf

10 dpf

12dpf 1 month

Fig. 3-3. EGFP expression of transgenic zebrafish in F2 generation at different stages.
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(B)

F1 F2
Max 1.00 1.00
myostatin-I 1.53 1.12
myostatin-II 0.86 0.84

MyoD 0.83 0.93
CK 0.92 1.01
Desmin 1.27 1.11
MRF4 1.20 1.21
TnnT 0.97 1.1
Myogenin 1.87 1.31
MRF5 1.23 1.28
MYHC 0.94 1.04

GH 1.25 1.25
IGF-1 1.08 1.07
IGF2a 2.06 1.22
IGFBP3 1.22 1.18

Fig. 3-4. The gene expression of different muscle markers in

vector-based RNAi transgenic zebrafish at 1.5 month. (A) One step

RT-PCR. C: wild type, T: transgenic. (B) The ratio of different muscle

marker expressed in transgenic fish compared with wild type.

Ma
x

MS
TN
I

MS
TN
II

My
o D

De
sm
in

Mr
f4

Tn
nT

My
og
en
in

Mr
f5

MY
HC

Ck GH IG
FI

IG
FII
-a

IG
FB
pI

IG
FB
pII
I

C T C T C T C TC T C T C TC T

C T C T C T C TC T C T C TC T

(A)



60

�

�����

�����

�����

�����

�����

	
��  	
�� 

�
��
��
��
�
��
��
�
��

�
�
��

���� ����

�������� ���

��!��� ���

Fig 3-5. Quantitative RT-PCR analysis of zebrafish myostatin I and II mRNA levels in

60 hpf stage.
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Fig. 3-6. SDS-PAGE and immunoblotting of zebrafish myostatin. (A)SDS-PAGE

analysis of muscle protein. The relative molecular mass is indicated on the left. The gel

was stained with Coomassie Brilliant Blue R-250. (B) Immunoblot analysis of Ig using

rabbit anti-myostatin (for human) Ig antiserum. Lane 1, wild type; lane 2, heterozygote;

lane 3, homozygote, muscle protein. (C) Quantitative analysis of zebrafish myostatin

protein by Western blot assay.
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¡ t-test@T heterozygous ���*�7ª« ' homozygous ���*^

?³Óm©ª« (significance) (p<0.05) (Fig. 3-8A);' myostatin 	õ¶·CD

&.&5�� , Fig. 3-8C. t� homozygous *�CD&�üý��ª�Ã

�8��*�Æ+� �Dk	|u£������	õ5��;Fig. 3-8C Í

t� Homozygous �&�&���8�� �üý��
���*ª

heterozygous *Æ+�� ��c8��*ö;<Â�[üý��*+�øJ�

 wxm�! Fig. 3-9.;Myostatin 	õ¶·CD&��:;<=>?@AB

ð�m����� ����	ð+,��*Ð{;

3.5.2JMyostatin	õ¶·CD&����$îú

XÂV ��&<µYª HE®cªY%@T�����v��º w

x, Fig. 3-10. t� AÍ@AF��*JheterozygousJhomozygous*�Y

wx BÍ?J¡ one way ANOVA two tail¦§@Twx wxm���*�¯

©���ºØ¢°F 230.69 � 139.04 �2 áheterozygous *�¯©���ºØ

¢°F 278.59 � 107.20 �2á homozygous *�¯©���ºØ¢°F 428.97

� 207.2 �2 û*^�wx³Óm©ª«(p<0.01) �@��*�¯©���º

(fiber size)E 325 �2ù)²� 78.3% heterozygous *E 325 �2 ù)²�

71.3% homozygous *E 325 �2ù)9� 38.3% ¡4wxû�m�5�}

homozygous ��¯©���ºÐV�A@ÍÇñò( �ùØ¢°Æh���

*�S 198 �2 ¡4wx(��ECD&@ myostatin	õ������.

���� (hypertrophy);
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Table 3-3. Survival rate and deformity of myostatin suppressed transgenic zebrafish at

the hatching-out stage

Phenotype (±)

- + ++ +++ ++++ Dead

Non-transgenic 90.2 0 0 0 0 9.7

Heterozygote 82.2 6.5 0 0 0 10.3

Homozygote 50.9 12.0 20.0 10.8 0.4 34.8

-, normal; +, slight bend in body axis; ++, body axis�90°; +++, S-shaped body axis;

++++, serious deformity. Sample size n=1024 from F6.
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Fig. 3-7. Myogenesis-related gene expression analysis at 60 h post fertilization (hpf). (A)

Reverse-transcription polymerase chain reaction (RT-PCR) analysis. EF1+ amplified

from the same samples was used as the internal control. (B) Quantitative analysis of

RT-PCR products.
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Fig. 3-8. Comparison of body weight and length of wild type and transgenic zebrafish.

(A) The growth rate of body weight. (B) The growth rate of body length. (C) The

phenotype of transgenic (lower), heterotransgenic (middle) and wild type (upper)

zebrafish. Asterisk indicates that the P-value for homozygote fish vs. heterozygote fish

and wild type fish <0.05.
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3.5.8JMyostatin 	õ¶·CD&.&û*+$5�jk

-U�� PCR @TN*.&@û*+5�jkwx, Fig. 3-11. t�;E

û*+@ùE���+Ø	âA ù��*�/$myostatinP�F 1<µmyostatin

	õ¶·CD&���*<µ��8;��*�5�jk myostatin I ?ù-

ýJ23J��J�/�Ì�P�8� �»F^_J�/�. '4/JÚ

1J01J�/���Ón�5�ámyostatin II ?E�/5��à��»F�

/J-ýJ��JÌ�J^_�. �	*+5�?8á' homozygous *

E-ýJ.J23J4/JÚ1J���� myostatin I� II �5���£ý 

'Ì�J�/J^_J�/J01J�/��)� �@ù01��/�)�

àF�m;

3.5.�JMyostatin	õ¶·CD&.&üý��$Y

@A[.&üý��<µY�U HE ®c%uvüý��$�Újk 

¡ Fig. 3-12 wxm� ��*üý�����ù ' heterozygous *��vû

L��� homozygous *��v8 heterozygous *�ù���ä8���m

J����uv!���5OÓ���w$jk;
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Fig. 3-9. Photomicrography of dorsal muscle in 1 month stage zebrafish. (A) Low

magnification photomicrography of skeletal muscle in longitudinal section. (B) Hight

magnification of longitudinal dorsal muscle.
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Fig. 3-10. Muscle fiber size analysis of transgenic zebrafish. Sections were stained with

hematoxylin and eosin. Left panels (A) show the higher magnificaton of representative

areas from dorsal muscle. Right panels (B) show the distribution of fiber areas.
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Fig. 3-11. Quantitative analysis of myostatin in different tissues of adult wild type,

heterozygote and homozygote zebrafish. A: myostatin I, B: myostatin II. The total RNA

was isolated from tissues of adult zebrafish and analyzed by using qRT-RCR.

Transcription levels were normalized to 5��+�� �
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Fig.3-12. Photomicrography of adult zebrafish in longitudinal section. A, D, G, low

magnification; B, C, E, F, H, I, high magnification. A, B, C were wild type. D, E, F,

were hetrozygote. G, H, I were homozygote.
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3.6JI�

3.6.1JCD& myostatin II cDNA	õFGª SiRNA ïðÛ: DNA \]

¡ 24 ºÙ cDNA EtFG}� cDNA ïð� GenBank myostatin II ï

ðÝÔ '4wx� Kerr �G! 2005 �-U RT-PCR Nß@T+ÔCD&

st!"]@ myostatin II �5� E 19 ºÙªÚÙ] myostatin II 	õ�

+5��wx�+ÂÅ ( Kerr et al., 2005 );

@A-U SiRNA ª antisense DNA Ñ)NßECD&0£h�	õ`

Á !�UU Si-RNA �\]a�JmnopCD&st DNA ùÂ¡ 150

$.�L~100 $.�L I�.mnopÙ �.stE 12 ºÙR��*�� 

Z%s��*��^|�ÐV&04�Ú9¶)0� �Â¡�stóô�f

Ú�÷+�ÝÔ Juv!�E 8 ºÙ$%ÓNst�Ü��Â0E�Âª�

�£OS����£6 '8ØO@ �Ó0+)�ª�����jk 

à%ÐV�����$%5O ��õ4Q���óô=> à%.��Ð

V�@{�Ú'�Å4�Ú J�� DNA opI�^ 20 $.�L ù)Ùst

Óý@(¯Ù\K ��Ú�ª\K��û� à%7ßX+���>

myostatin5�$��iÙ!CD&;Ý��Jmnop CMV-antiMSTN0.9K �

&0�Ú�?Ó 61.98% �Ú% 2~3 o�óô�� VÓ 30%$óô�;

Jùd`uv� EGFP !�jk EÐ�Ó 41.74% Ód`5� Jñ"^.

&%<µ��!�Ó 4 �³Ó����i �@~�ý@� EGFP5��]F

����d` ÖK 72 ºÙ%?¶)�/ª� ý@³Ód` 4� Biga �

G (Biga et al., 2005) � myostatin II ECD&@���J
ýJ-J.J01J

Ú1��H*+�5� �E�/��5��wx�+ÝÔ J��t\]�

CMV-antiMSTN0.9K �ïð!�EÛ: DNA �ïð@ÓÂZ� ���6�������

�ïð� liver enriched transcriptional F�/ÀÂiÛ�:% õ4�õ4Â�

/ÀÂi:%F. EGFP �£*efE�/��5���õ ^!�ÝS=
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>?ÓéS�<Â��ÄrHI ;

³��i	õgsCD&¨4��%�� F1 ~� �@ù Ñ�+Ô§&

A� B@A�ÔÂ�¤&�����~� §& A� B�.�³Óm©ª«;

Ed`5��õ@A�Ód`5��¤&�� 7 F1 $ EGFP 5���6

3/4 	|���Ê õ4<Â�<µ��ùB}Ô�×|~�	õgs&J�

�% !� A * F2 ~�����c�öjk��Õ�6 42~52% �=� 

��*?74�÷ Z'E TG�� òJ@� FGF (fiboblast growth factor) òJ

���W�F tyrosine kinase ' tyrosine ��cÓ£�S� (Camp and

LardellI, 2001) CMV-antiMSTN0.9K � myostatin II RNA .UÙÔÙ�

tyrosinase .îú õ4	õgs&J��%��Â��Õ��cöÚ���

��Ù!&) õ4F�%��N+uvª%�st!"jk$HI 7G�

�c8ö$	õgsCD&F)&��ñ" JÂ¤Â§���s F3 ~�$

WÚ0óô�F 59.71% �%>* 13.96% �S� 45% �óô� �@\

K�st@������ÕVÓ 10~30% +� Juv	õgs&�£���

�&Â¡�7ß\K ��8�n$�&�u©Ù^��'³ÓÁM)���

÷ ÓNº&E 2 V �Òh+KÓ����÷ �r^ 3 V %ÓN.&

���� ùú�jk  ÜG�� scoliosis ��Â0;â	õgs&@Ó

30% ðñ�	õgs&�.�� �n²| S �� L � à�£Ù?ÐV

þ "��%��'óô;L �����&EÚ%u©Ù^��'³ÓÁM

i 4wx��� myostatin 	õ³Ó regeneration ÓSáS �!�³ÓÁM

i �à%��ÓNú� �Eú�� £!� EGEP �5��Ó8��j

k :"©õ CMV-antiMSTN0.9K �.URE47.� ú��k Z'

.4)� ú���÷�õ�� ���!".�îú ��õF��!"

Ù�ÔÙ�¦!"'���wx?Óé<Â�#å;

����	õECD&£�5�Ó myostatin I � myostatin II-a � II-b
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¹¡)�W ' myostatin I � myostatin II C�%�&'�DEF 66% �@

³Ó`Á�.XefÝ@���6 92% õ4+�C@Ñ²$`Á õ4ýE

Ñ²Ý«�8��� $§+Ô SiRNA ïðÆ<µ	õ¶·��ÆHI

myostatin 	õ�`Á @A$§ 2 Z myostatin I ªÂZ myostatin II SiRNA

ïðùmnopNWqrCD&st wx.CD&0�ýóô �Jõ\

+ÔI�� myostatin SiRNA \]��Ü�õ\ wx!�ù)�opI�

150ng~50ng �+ÔÜ�ùmnßopKCD&0��.CD&stóô ¡

4wx@�÷%} myostatin 	õE&�st!">?@+(�
�£�i;

3.6.2JCMV-antiMSTN0.9Kgsd`&��ÝS	õ@T

J@T CMV-antiMSTN0.9Kgs&� myostatin II mRNA Est!"�+

ÔÙ]��Ó��>���(Fig. 3-3.)�@@A@T 45 o homozygous � F1

ª F2 �ÝS	õ(Fig. 3-4.)!�E F1 $ myostatin I �'F%>*� 1.53

� ' myostatin II ?��F 0.86 � ' MyoD )�F�Æ� 0.83 � Myf5

£ýF 1.23 � '4���wx� BrauneJHasty ª Rudnicki �Gt!5�

MyoD � Myf5 ¡²³ÓÜÝ¸¹.U(Braune et al., 1992áRudnicki et al.,1993)

�wxÝ	| âD Myogenin £ýF 1.87 �JGH £ýF 2.06�J IGF2a ª

IGF BP3 £ýF 1.25 ª 1.22 � 4wx�Ç�Fñ F1 �gs&���*�

' 10%£ �³Ó¦§£�ª« Ý�� F2 +�E	õ5�ª.��?+,

F1 � myostatin� myogen��GHIJKLÓÝÔ�õ '¡ myostatin I �

myostatin II � mRNA �5��Â�ÂÒ�wx��¡²E+ÔÙ]���R

t®� myostatin I� myostatin II�+Ô'��Ü¸�¯°�>jk ??é�

<Â�HI;

Xu �GUU³��*+ÀÂi� myosine light chain Q�~ÆQ�

myostatin wx!Ó*+3«i�(ÁõQ�~+&� 7ß��5���2�
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��&)(double muscle fish) � myostatin E&�û*+�Ó+Ô�5�� 

��õ+ÔÙ]ª*++Ô'+Ô (Kerr et al., 2005) õ4÷UU�Ò�k8

��F83«i� CMV Q�~<µ\] ��,4Á��5���2���

CD&) �ù4½W&)Æ'ùHI myostatin E&�@�$%�5�jk;

[gs.`�³��i	õgsCD&¨4��%�� F1 ~� Ed`

5��õ@A�ÓJ7d`5��¤&���<µ��¦§@T 7 F1 $

EGFP 5���6 3/4 	|���Ê õ4<Â�Sù:���<µ@TùB

}Ô�×|~�gs&J��%!� F2 ~�����c�öjk�6

42~52% �=� ��*?74�÷;ýÓ�²ñ�E-ý!���Ù���c

�Ó�öjk; õ4FN+uv%�st!"jk 7G��c8ö$	õg

sCD&F)&;JFG F3 ~�$WÚ0óô�F 59.71% ���* 13.96%

�S� 45% �óô� �@\K�st@������ÕVÓ 10~30% +�,

�@V 20% ³ÓÁMi 4wx(Á� myosotatin ª smad7 ^�

autoregulation ÓS;Kollias �G�} myostatin)���� autoregulationa�÷

> smad7 Æ$% � smad7 overexpression MNOPQ myostatin �5� U

myostatin �5��)� ÔÙ�> smad3 ÅåÚ <'qy myostatin signal

���;� myostatin �)�Ù smad7 5��P��� (Kollias et al., 2006);

UU real time RT-PCR @T F6 hatch of transgenic fish of myostatin I and

myostatin II mRNA @A��F��*� 25% � 30% ÔÙ@T muscle

marker: MyoDJmyogeninJMrf4JMyf5 wx myogensis ÝS	õ mRNA 5�

�����*�' 2-3� 4wx� zebrafish knock down myostatin I wx³Ó

ÂÅi( Amali et al., 2004) ' myostatin EstWÚ%pÓn�5� E+Ô

�Ù]5��P+Ô(Rodgers et al.,2001áBiga et al., 2005) �E	b&&úÙ]

Óû�m�£ý (ÖE&ú�]����.>?@Ý¼ myostatin ��S8

�£���c;
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Thomas �G[ myostatin � anitsense 'r C2C12 ����@ ��'

p21 �5�U Cdk2 5�)� º Rb7ß�ÅåÚ'�>����Á9 ÔÙ

���> MyoDJmyogenin � Myf5 �@Ú .��¯©��8�(Thomas et

al., 2000; Rios et al., 2001; Zimmers et al., 2002) ¹�(ù{ÅCD&@myostatin

�>%. MyoDJmyogenin � Myf5£ý$�õÓÝÔwx ��!�Ó�

����'�jk;E��J�JG� NO� myostatin 
'� myostatin �

�>��'����'4F�¯©�� hypertrophy � hyperplasia �wx 

4wxÔÙ!�!(i�|i��@ (McPherron and Lee 2002á Wagner et al.,

2005) �E÷�wx@ Myostatin ¶· 2/3 9Ó�'���� �.&Ó8

�m�2���$jk '4 Hypertrophy �wx� Zhu �G� myostatin 	

õgswxE��¯©£9�'�����q¡ hypertrophy '+�

hyperplasia �wxÝ@ (Zhu et al., 2000);âD-U myostatin 	õïð9Ó

74% Ý@�� dsRNA ù 5×106 @~opKCD&$wx ¯©OÔ�'

48% (Acosta et al., 2005) �÷� 1 V  stable line CD&��¯©OÔ¡

230.69 ± 139.04 �'K 428.99 ± ��������2 Ø¢�' 85.95% �ÐV��¯

©OÔ@tÇñò( m�g	õ&�����;' Acosta �G-U	b&

myostatin ³Ki� C-terminal domain 268 #	åù+ÔI� 5.5 � 5.5×106

molecule opKst@ Ø¢�£�' 39 � 45% 4wx�÷t+K�¹

�CD&�Ø¢�£�' 45% ÓÝÔ�wx ��Ð��&��8��*�

� �üý��8� @��SÂ÷ü� ùDE5�k÷¹�&�	|2

���CD&;
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$� %&�'(

4.1J�w�

J¡CD&	õ*@Gs}¡V�P"Ð myostatin I 	õ*GsO@AF

Zg15-1 � 24 Kb ª Zg 17-3 � 15Kb �º$	õ*YZ �ï%ÌQ�~YZ

@AF 6.061 Kb ª 0.87 Kb;!�E 6.06 Kb Q�~ïð(@E ATGÒ 104 bp

Ó�ÂV TATA box  âD���ÝSgËõ~��PÓ 21 V E boxJ 6 V

TATA boxJ5 V CAAT boxJ1 V AP-1 binding siteJ8 V N boxJ4V myocyte

enhance facterJ2 V MEF2J1 V MEF3� 1V muscle segment homeo box;

Q�~ 3.4 Kb YZE��O5�jk ùE ZFL ª C2C12��O@Óà�

�Kiá�[¹NQ�~ -KP EGFP ñ�	õa�£ �gs^CD&0@

wx��,y]¡Ó*+3«i$bcd`5�;

@T���$	õgs& 60 ºÙ$ myostatin mRNA �5�� ��F��

*�V 30% ef��5�NO UG� myostatin h�@T<µij@Twx

homozygous * 27 kDa �efI�F��*� 36.75%;4Ñ)wx� Q-PCR @

T� mRNA wxÓÝÔ�)��õ;õ4��X+ myostatin 	õ¶·�CD

& � myostatin � mRNA ªef�P��)�F��*� 30~36% ;

@T 60 hpf �����CD&st�����ÝS	õ mRNA �5� wx

m�. myogenesis ����ÝS	õ5���£ý;E����� myostatin

	õ¶·CD&.&5��������£wxm� 4 V ��&�Ø¢�£

8��*�' 45%; myostatin 	õ¶·CD&.&5�� Dk	|u£��

����	õ5��;

XÂV ��&<µYª HE®cªY%@T���¯©����º w

xm�8��*�¯©���º�' 85.95%;¡4wx(��ECD&@

myostatin	õ������.����;
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Î|£Hwx(+Kù)w�:

1. CD& myostatin I 6.06 Kb �Q�~Ki@T ù -3.4Kb �YZE C2C12

ª ZFL��Óà��Ki;

2. @T�����myostatin ¶·CD&E 60 hpf� RNAªef�@A��F

30% � 36.75%;

3. u© myostatin��� myogensis markerP)� 2~3�;

4. 4F�Â�D55��F����$CD&½W&);

5. .&�£¡��* 0.38 ± 0.05 g �'^ 0.55 ± 0.11 g �'S 45%;

6. ��¯©���º¡��* 230.�	�
���	�����2 �'^ 428.99 ± 207.20 �2

Ø¢�'S 85.95%;

7. wxm� myostatin 5���>%�.CD&������;

8. myostatin ¶·CD&EDuªd`5�£�(���� ��â"^� 10

�;

4.2J�Æ��

�Ò	õ�ÔE NCBI @�k&�� myostatin ïðÓ 69 )ù£(Pie and

Alvares, 2006áDe Santis et al., 2008`;¹N&�Óý@�ÔÙPÓÑ)+Ô	õ

� @AF myostatin I � myostatin I);³ÓÑ)ù£ myostatin �&�Ó]&J

a&JCD&Jò&J*&J+,� 6) (Ostbye, 2001) E&�@¹Ñ)	õ�

� myostatin E*+@ûY`Á??®<Â���HI;

E���/-Ö¯©§��@ myostatin 5��F���s��� �

myostatin5���Ù ��/¯©§���s��?8�;!Z myostatin ��>

�/¯©§��$�� �·+�µ���� apotosis (McKoy et al., 2007; Artaza et

al., 2007);Myostatin ÔÙ��>õ IGF1�Þ�(phenylepinephrine)t.$��

��;à�!� myostatin +x$n��$.�>? ÔÙE��@��F�>i
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R@=$.U ,Ô	E���@t.UÂ0(Gaussin, 2005);

Myostatin E�/@$5���(�.���M$�� ,����

(myocardial infarction)$�.@ -Uij®cß!�E��ð/ myostatin$I�

�uÙ^'��Ã�'��ç� 1V áâE�]*f01$��@!�myostatin

5���8� Ì��ÔÙ³Ó�/��Õ#2$3Ù;¹N5� ,ÔE��

�W4Ù myostatin $5�Â0 tù myostatin P�îú�/����$=M

(Modesti et al., 2004);

���t�n myostatin ���CD&AS�������\ÔBD��

.%-56 '4Âwx@�¡ Roberts RSTUVWXYZ myostatin E-ý

��5�!%-ª�� (optic lobes) �»F@-�Ò-('ù{Å� myostatin

��%�.%-�«'��56$�÷;�Æ¹�	õgs&AS(<Â�H

I myostatin ECD&+ÔÙ]ª+Ô*+�`Á�=>ÔÙ�(�U!-ýª

�/NO$ef;
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LB broth

Bactotryptone 10 g

Yeast extract 5 g

NaCl 10 g

H2O 1000 mL

ù7Õ8 121+7Õ 30@G

LB plate

Bactotryptone 10 g

Yeast extract 5 g

NaCl 10 g

Agar 20 g

H2O 1000 mL

ù7Õ8 121+7Õ 30@G

LB/Ampicillin broth (plate)

LB 1000 mL

Ampicillin (100 mg/mL) 1 mL

LB/Kanamycin broth(plate)

LB 1000 mL

Kanamycin (50 mg/mL) 1 mL
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NZY broth

NZ Amine (Casein hydrolysate) 10 g

Yeast extract 5 g

NaCl 5 g

MgSO497H2O 2 g

H2O 1000 mL

ù7Õ8 121+7Õ 30@G

NZY plate

NZ Amine (Casein hydrolysate) 10 g

Yeast extract 5 g

NaCl 5 g

MgSO497H2O 2 g

Agar 20 g

H2O 1000 mL

ù7Õ8 121+7Õ 30@G

NZY top agar

NZY broth 1000 mL

Agarose 7 g

sèçÉ (Buffer)

Microinjection Buffer

1 X PBS
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0.1 % phenol red

DNA final concentraction 0.2 g/L

DEPC-H2O

Diethyl pyrocarbonate (DEPC) 2 mL

ddH2O 1000 mL

:;XY �Q�ø7ÕHM;

10X MOPS Buffer

MOPS 41.85 g

NaOAC 4.1 g

EDTA 3.72 g

DEPC-H2O to 1000 mL

SM Buffer

2% gelatin 2.5 mL

1 M Tris-HCl 25 mL

MgSO497H2O 2 g

NaCl 2.9 g

ddH2O to 500 mL

Dnature Solution

NaCl 175.32 g

NaOH 40 g
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Neutralization Solution

NaCl 175.5 g

Tris-HCl 175.6 g

Tris-Base 107.2 g

ddH2O to 2000 mL

TE Buffer

EDTA 1 mM

Tris-HCl 10 mM

50% Hybridization Buffer

Formamide 50 mL

50% PEG 8000 20 mL

5 M NaCl 5 mL

1 M Na2HPO4-NaH2PO4 25 mL

0.5 M EDTA 0.1 mL

SDS 7 g

Wash Buffer

10% SDS 10 ml

20X SSC 5 mL

ddH2O to 1000 mL

RNA dilution buffer

20 X SSC 0.3 mL
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formaldehyde 0.2 mL

DEPC-treated H2O 0.5 mL

RNA transfer buffer

20 X SSC 100 mL

DEPC-treated H2O 100 mL

PBT

PBS (GibcoBRL) 1X

Tween-20 (Merck) 0.1%

2mg/mL Glycine / PBT

Glycine 0.1 g

PBT to 50 mL

4% Paraformaldehyde / PBS

Paraformaldehyde 2 g

10 X PBS 5 mL

ddH2O 45 mL

'RK 70+:; 2ºÙ E_·^ 4+ ' �,��7�7�>4O|;V -20+HW

F\;

2 X SSCT

20 X SSC 5 mL
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10% Tween-20 0.5 mL

ddH2O 44.5 mL

0.2 X SSCT

20 X SSC 0.5mL

10% Tween-20 0.5mL

ddH2O 49 mL

50% Formamide / 2 X SSCT

100% Formamide 25mL

2 X SSCT 25mL

��$�?&���" �8��@�.����?'��

20 mg/mL Proteinase K �L

1 X PBS 1.8 mL

10% Tween-20 0.2 mL

In situ hybridization buffer

100% Formamide 25 mL

20 X SSC 12.5mL

20 mg/mL Heparin ���L

10% Tween-20 0.5 mL

Total RNA 0.25 g

DEPC-treated H2O to 50 ml
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BS blocking solution / PBT

Fetal Bovine serum 5 %

BSA 2 mg/mL

DMSO 1 %

Solution A (sheep anti-digoxigenin-AP Fab fragment, 1:500 X dilution)

Fetal Bovine serum 5 %

BSA 2 mg/mL

DMSO 1 %

�����0.,�6 �"!�#= 1.5 U/mL

Grouper powder 1% (w/v)

NTMT stain buffer

NaCl 100 mM

Tris-Cl (pH 9.5) 100 mM

MgCl2 50 mM

Tween-20 0.1%

Incubation buffer:

Pb(NO3)2 50 mg

Acetate buffer, 0.05M 50 mL

Sucrose 4 g

�-Glycerophosphate 3%
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Primer name sequence
EF1+(f) 5�-GGT GAG TTT GAG GCT GGT ATC TCC AAG AAC-3�
EF1+(r) 5�-GAA GCC AAC GTT GTC ACC AGG AGT GGC CTC-3�
Myostatin I F2 5�-GCA TGT GGT CCA GTG GGT TAT-3
Myostatin I R2 5�-GTT GTC TGA ACT CAC ATG TGG AAC A-3�
Myostatin II F2 5�-TCT CCT TTT TTA TCT GAG CTT TTG G-3�
Myostatin II R2 5�-TCT CCA GGT GTC ACA AAT GCT T-3�
MyoD(f) 5�-CAA GAG ATG CAC GTC CAC CA-3�
MyoD(r) 5�-TTC TGA GAA GAG CCT GCA GAG AC-3�
Myf5(f) 5�-AAC GCC TCC CCA AGG TAG A-3�
Myf5(r) 5�-CGG CAG GCT GTA GTA TTG CTC-3�
Myf4(f) 5�-AAG ACG GTG CCT AAT CCG AAC-3�
Myf4(r) 5�-AAG ACG GTG CCT AAT CCG AAC-3�
Myogenin(f) 5�-CAA TGG TGG CTT CGA GCA A-3�
Myogenin(r) 5�-TGT CTT CCA ACC CAA CTG TGG-3�
TnnT(f) 5�-TCA GAA GAA ACG TCA CAA TAA GGA TAC AC-3�
TnnT(r) 5�-CTC TCC TGC GCA GTG TAG TAA CCT CGT-3�
GH(f) 5�-TAA AAT CTT CCC TCT GTC GTT CTG -3�
GH(r) 5�-CAT CTA CAG GGT GCA GTT GGA ATC C-3�
Max(f) 5�-GCC GAA GAA TGA GCG AGA AC-3�
Max(r) 5�-TTA GCT ATC CTC CGG GCG AT-3�
CK(f) 5�-GAC CCC CAC TGG ATT CAC TG-3�
CK(r) 5�-TCC TTC ATG TTG CCA CCC TT-3�
Desmin(f) 5�-GAG CTC CAG CAC CTC AAT GAC -3�
Desmin(r) 5�-GCC TCG CTG ATA TTC TTG GC-3�
IGF1(f) 5�-GAC AGC TAT TTT GGT CAC CAC AGC TGT TCC-3�
IGF1(r) 5�-TGT ACA GTC GAG ACG GTA TGT GTG AAG TCT-3�
Myhc(f) 5�-GGA GCA GAC AGA GAG AGG ACG CAA AGT GG-3�
Myhc(r) 5�-CAA GAA GAA TGT CAA CAG GCT GCA GGA TC-3�
IGFBP3(f) 5�-TTG CGA CGA GCC TGT TGA TGA GC-3�
IGFBP3(r) 5�-ATC ATC TCC TGT TTG TTT GAA T-3�
IGFBP1(f) 5�-GCT GCT GCC TCG TCG CCT GTG CGT T-3�
IGFBP1(r) 5�-TGA CCA TCT AGA GAT GAT TCG CAC T-3�
IGF2a(f) 5�-ATG TTG ATA TCC AAC GTA ACG -3�
IGF2a(r) 5�-ATA TTT GGA GTA CTT CAC A-3�
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a b s t r a c t

Myostatin belongs to the transforming growth factor (TGF)-b superfamily and is a potent negative regu-
lator of skeletal muscle development and growth. We utilized microinjection of an antisense RNA-
expressing vector to establish a hereditarily stable myostatin gene knockdown zebrafish strain with a
double-muscle phenotype. Real-time PCR and immunostaining revealed that the myostatin messenger
(m)RNA and protein levels in homozygous transgenic zebrafish were 33% and 26% those of the non-trans-
genic controls, respectively. Also, the mRNA levels of myogenic regulatory factor markers such as MyoD,
myogenin, Mrf4, and Myf5 were dramatically elevated in myostatin-suppressed transgenic fish compared
to the non-transgenic controls. Although there was no significant difference in body length, homozygous
transgenic zebrafish were 45% heavier than non-transgenic controls. Histochemical analysis showed that
the cross-sectional area of the muscle fiber of homozygous transgenic fish was twice as large as that of
non-transgenic controls. This is the first model zebrafish with a hereditarily stable myostatin-suppressed
genotype and a double-muscle phenotype.

Crown Copyright � 2009 Published by Elsevier Inc. All rights reserved.

Introduction

The myostatin gene, a negative regulator of myogenesis, was
discovered by McPherron and Lee in the Cattle breeds Belgian Blue
and Piedmontese [1]. Myostatin, a myogenesis regulator, is gener-
ally expressed in skeletal muscles, and belongs to the transforming
growth factor (TGF)-b superfamily, possessing all of the structural
components common to the family. Mutations in the myostatin
gene result in a ‘‘double-muscling” phenotype in many cattle
breeds and mice [2,3]. Furthermore, a similar myostatin expression
pattern was also observed in pigs [4] and chicken [5].

In adult mammals, myostatin is primarily expressed in skeletal
muscle, which is thought to be the principal target tissue. How-
ever, subsequent studies revealed that myostatin is also expressed
at a lower level in mammary glands [4], the heart, the spleen, and
the brain, and it influences cardiac muscle growth processes as
well as adipogenesis [6]. Due to the difficulties associated with
conducting investigations within the uterus, the expression pat-

tern of myostatin in developing mammalian embryos mostly re-
mains unclear. In mouse development, myostatin is only
expressed in somites during early development, and in the late
stage of embryonic development it is expressed throughout devel-
oping muscles [2].

In fish, myostatin not only inhibits skeletal muscle growth, but
also plays important roles in maintenance of homeostatic tissue
growth, osmolarity regulation, and reproductive tissue function
[7]. In contrast to mammals, many studies were carried out to
qualitatively and quantitatively investigate myostatin expression
during the embryonic development of different fish species [8–
12]. In zebrafish, two forms of myostatin genes (I and II) were
found. Myostatin I messenger (m)RNA was shown to be a maternal
transfer product; its zygotic expression reached the highest level at
48 h post-fertilization (hpf), whereas myostatin II was detected at
the 8-somite stage (13 hpf) [10–12]. The tissue expression profile
also revealed that the myostatin I gene is widely expressed in mus-
cles, brain, eyes, kidneys, testes, ovaries, digestive tract, and heart;
however, the myostatin II gene has a more limited expression pro-
file, being confined mostly to the brain [6,9,10,12]. Only the myo-
statin I gene is dynamically regulated during development, while
the myostatin II gene remains mostly constant during develop-
ment [6,9].
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Myostatin functions as a negative regulator of skeletal muscle
growth. Skeletal muscles of mice produced by homologous gene
targeting were obviously larger than those of wild-type (WT) mice,
and the muscle mass increased to 2- to 3-fold over that of WTmice,
due to increases in both cell number (hyperplastic growth) and cell
size (hypertrophic growth) [2]. In mammals, RNA interference
(RNAi) is usually used to obtain myostatin knockdown animals
[13,14]. In fish, some studies of myostatin-null zebrafish were re-
ported. Amali et al. microinjected antisense morpholinos into early
developing embryos and found increases in the number and size of
somites in this developmental period. They also noted upregula-
tion of the transcription of the myogenesis-related genes MyoD
and myogenin [10]. Xu et al. overexpressed a dominant negative
myostatin prodomain in transgenic zebrafish, and the muscle cell
number increased only slightly, and only in female fish [8]. Acosta
et al. generated ‘‘giant zebrafish” by microinjecting tilapia myosta-
tin double-stranded (ds)RNA into zebrafish eggs [15]. Although it is
difficult to determine which form of the myostatin transcript or
which myostatin paralog was affected in the above studies, these
studies do indicate that the biological function of fish myostatin
might not be limited to the negative regulation of skeletal muscle
growth and development.

Since there is currently no gene knockout technique available in
a fish species and there are no gene suppression model animals
with a stable germline in fish, we used a vector-based RNAi ap-
proach to obtain a stable myostatin knockdown model fish to
investigate myostatin’s function in zebrafish. This is the first germ-
line-stable myostatin-null zebrafish strain for investigating myost-
atin’s expression and function.

Materials and methods

Fish maintenance. Zebrafish (Danio rerio) were obtained from a
local aquarium supply store. Fish were cultured in a 20-L tank at
28 �C on a light/dark cycle of 14:10 h. For microinjection, fertilized
eggs were collected at the one-cell stage after the onset of the light
period.

Anti-myostatin-green fluorescent protein (GFP) plasmid construc-
tion. The myostatin II gene (equivalent to myostatin II AY687474)
was screened from a 24-hpf zebrafish cDNA library (Stratagene).
To facilitate tracing expression of the transgene, a DNA fragment
containing 810 base pairs of the zebrafish myostatin II coding re-
gion was cloned into the EcoRI site of the pEGFP-C1 vector (Clon-
tech) in an antisense orientation.

Microinjection of zebrafish embryos and production of transgenic
zebrafish lines. Approximately 200 pl of the plasmid DNA (150 lg/
ml) solution was injected into a one-cell stage embryo with a glass
micropipette. Green fluorescence of transgenic embryos was ob-
served and recorded with fluorescence microscopy (Leica, MZFL
III). Germ line-integrated transgenic zebrafish were selected from
these GFP-positive fish by raising them to sexual maturity and
breeding them with non-transgenic fish.

Real-time reverse-transcriptase polymerase chain reaction (RT-
PCR). Total RNA was extracted from zebrafish hatching-out stage
embryos with TRIZOL (Invitrogen). For all analyses, RNA samples
were reverse-transcribed with a High Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) using random primers. Real-
time PCR was performed with the following conditions: 10 min
at 95 �C, followed by 40 cycles of 15 s at 95 �C and 1 min at 60 �C
using 2� SYBR Green PCR master Mix (Applied Biosystems) and
500 nM of forward and reverse primers. Each assay was run on
an Applied Biosystems 7300 real-time PCR system in triplicate,
and changes in expression were derived using the comparative
CT method. CT values for both myostatin transcripts were normal-
ized to those of EF 1a as the endogenous control. One-step RT-PCR

(Life technologies) was performed using total RNA (250 ng) ex-
tracted from the hatching-out stage embryos. EF 1a was used as
an internal control and was amplified in the same PCR. The RT-
PCR program was one cycle of 60 �C for 30 min and 2 min at
95 �C, followed by 25 cycles of 30 s at 95 �C, 1 min at 60 �C, and
1 min at 72 �C, with a final extension of one cycle of 7 min at
72 �C. All PCRs were carried out using an Applied Biosystems
2720 Thermal Cycler and RT-PCR products were subjected to 2%
agarose gel electrophoresis.

Primer sequences. The primer sequences were as follows: EF 1a
forward, 50-GGT GAG TTT GAG GCT GGT ATC TCC AAG AAC-30 and
reverse, 50-GAA GCC AAC GTT GTC ACC AGG AGT GGC CTC-30; myo-
statin I forward, 50-GCA TGT GGT CCA GTG GGT TAT-30 and reverse,
50-GTT GTC TGA ACT CAC ATG TGG AAC A-30; myostatin II forward,
50-TCT CCT TTT TTA TCT GAG CTT TTG G-30 and reverse, 50-TCT CCA
GGT GTC ACA AAT GCT T-30; Myo D forward, 50-CAA GAG ATG CAC
GTC CAC CA-30 and reverse, 50-TTC TGA GAA GAG CCT GCA GAG AC-
30; Myf 5 forward, 50-AAC GCC TCC CCA AGG TAG A-30 and reverse,
50-CGG CAG GCT GTA GTA TTG CTC-30; Mrf 4 forward, 50-AAG ACG
GTG CCT AAT CCG AAC-30 and reverse, 50-TCC AGC GAA TGC AAG
AGG TC-30; and myogenin forward, 50-CAA TGG TGG CTT CGA
GCA A-30 and reverse, 50-TGT CTT CCA ACC CAA CTG TGG-30.

Western blotting. Fifty micrograms of protein from each muscle
sample was loaded and separated in a 12% sodium dodecyl sulfate
(SDS)–polyacrylamide gel. Proteins were transferred to a polyvi-
nylidene difluoride (PVDF) membrane (Amersham). The mem-
brane was blocked in TBST containing 5% skim milk. The
membrane was incubated with a rabbit polyclonal antibody
against human myostatin (Chemicon) at a 1:3000 dilution. After
washing in TBST, the resulting membrane was incubated with
polyclonal goat anti-rabbit immunoglobulin G (IgG)-conjugated
alkaline phosphatase (Sigma) diluted at 1:2000 with TBST. After
washing with TBST, the specific protein bands were detected using
2% BCIP and NBT (Boston).

Growth evaluation and muscle histological analysis. To determine
the body weight and body length, 6th generation (F6) transgenic
fish were analyzed from 1 to 4 months. For the muscle histological
analysis, six individual fish from each group were fixed in formalin
for 1 h followed by routine paraffin sectioning and hematoxylin/
eosin (H and E) staining. The cross-section at the base of the cloaca
was selected to quantify the number of muscle fibers. The muscle
fiber area was obtained from digitally imaged serial cross-sections
of paraffin-embedded muscle. Individual muscle fibers were out-
lined, and the cross-sectional area was determined with a com-
puter-assisted analysis system (MetaMorphTM; Universal Imaging
Corporation).

Results

Establishment of myostatin-suppressed transgenic zebrafish

In order to establish a heritable myostatin knockdown in zebra-
fish, we microinjected a myostatin antisense RNA expression vec-
tor into fertilized eggs, to create a transgenic line. An antisense
myostatin II gene was fused to the carboxyl end of GFP and driven
by the human cytomegalovirus (CMV) immediate early promoter;
this facilitated the selection of transgenic zebrafish and the detec-
tion of antisense RNA transcription. The green fluorescence was
observed everywhere in the transgenic zebrafish from the morula
through the hatching-out stage; at 72 hpf, however, the green fluo-
rescence was observed only in the liver (Fig. 1A). In total, four
transgenic founders with heritable traits were obtained after
screening embryos from 1600 microinjected fertilized eggs. The
stable hereditary line has now been bred for more than ten
generations.
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Low survival rate and deformity of embryos in myostatin-suppressed
transgenic zebrafish

Normal development of non-transgenic, heterozygous, and
homozygous transgenic zebrafish at 60 hpf were 90.2%, 82.2%,
and 50.9%, respectively. Homozygous myostatin-suppressed trans-
genic zebrafish embryos were observed to have high mortality and
varying degrees of malformation that ranged from a very small
bend in the body axis to more than 90o bending or an S-shaped
body axis and serious deformity. Heterozygous embryos were ob-
served to have less mortality and intermediate degrees of body axis
bending (Table 1). The serious body axis bending later caused the
death of embryos.

Downregulation of myostatin genes in myostatin-suppressed
transgenic zebrafish

At 60 hpf, real-time RT-PCR analysis showed that the level of
myostatin I mRNA in heterozygous F6 myostatin-suppressed trans-
genic fish was 24% that of the non-transgenic controls, and in the
homozygotes it was 33%. The level of myostatin II mRNA was

26% that of the non-transgenic controls (Fig. 1B). To assess myost-
atin protein levels in the transgenic fish, we used humanmyostatin
antibody, and this detected bands that migrated at 27 kDa in SDS–
polyacrylamide gels (Fig. 1C inset). We used the 1394 camera Java
package for ImageJ to analyze the density of the protein bands. This
analysis revealed that the myostatin protein bands from heterozy-
gotes were 56% as dense as those of the non-transgenic controls,
and the homozygotes’ bands were 26% as dense (Fig. 1C). Thus both
the myostatin I and II genes were downregulated in the myostatin-
suppressed fish, and this gene downregulation resulted in signifi-
cantly lower myostatin protein levels.

Expression of myogenesis-related genes in transgenic fish

RT-PCR analysis of the transcription of myogenesis-related
genes in 60-hpf zebrafish embryos showed that the MyoD mRNA
levels in heterozygous and homozygous embryos were 4.1- and
5.1-fold higher than those of the non-transgenic control, respec-
tively. Additionally, myogenin expression levels were 2.1- and
1.7-fold, Mrf4 levels were 54.0- and 3.5-fold, and Myf5 levels were
2.0- and 2.7-fold (Fig. 2) higher in heterozygous and homozygous
embryos, respectively, than in those of the non-transgenic control.
These results revealed that suppression of the myostatin genes in-
creased the transcription of myogenic regulatory factor marker
genes.

Growth effects of myostatin-suppressed transgenic fish

The average weights of 4-month-old non-transgenic control,
heterozygous and homozygous fish were 0.38 ± 0.05, 0.42 ± 0.09,
and 0.55 ± 0.11 g, respectively (Fig. 3A). A t-test analysis showed
no significant difference between the heterozygous group and
the non-transgenic controls, but a significant difference (p < 0.01)
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Fig. 1. Expression of enhanced green fluorescent protein (EGFP) and myostatins in myostatin-suppressed transgenic and non-transgenic zebrafish. (A) EGFP expression in
transgenic and non-transgenic zebrafish. (B) Quantitative analysis of zebrafish myostatin I and II mRNA by real-time polymerase chain reaction. Error bars indicate the
standard error of the mean from three experiments. (C) Quantitative analysis of zebrafish myostatin protein by a Western blot assay.

Table 1
Survival rate and deformity of myostatin-suppressed transgenic zebrafish at the
hatching-out stage.

Phenotype (%)

� + ++ +++ ++++ Dead

Non-transgenic 90.2 0 0 0 0 9.7
Heterozygous 82.2 6.5 0 0 0 10.3
Homozygous 50.9 12.0 20.0 10.8 0.4 34.8

�, normal; +, slight bend in body axis; ++, body axis > 90�; +++, S-shaped body axis;
++++, serious deformity. Sample size n = 1024 from F6.
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between the homozygous group and the non-transgenic controls
was observed. However, the body lengths of 1-, 2-, 3-, and 4-
month-old zebrafish were not significantly different among the
three groups (Fig. 3B). The phenotype of myostatin-suppressed
adult fish is shown in Fig. 3C. Homozygous fish had wider bodies
with wider and thicker dorsal muscles than the non-transgenic
control and heterozygous fish.

Double-muscle effect of myostatin-suppressed transgenic fish

A histochemical analysis of muscle bundle cross-sections of 1-
month-old fish was performed by H and E staining as shown in
Fig. 4A. The resulting distribution was subjected to one-way ANO-
VA two-tailed statistical analysis (Fig. 4B). The average cross-sec-
tional area of the muscle bundles in non-transgenic,
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0

1

2

3

4

5 non-transgenic
heterozygote
homozygote

0

0.2

0.4

0.6

0.8

1 2 3 4

1 2 3 4

non-transgenic
heterozygote
homozygote

A

B

B
od

y 
w

ei
gh

t 
(g

)
L

en
gt

h 
(c

m
)

*

C

Time (month)

Time (month)

Fig. 3. Growth rate of transgenic and non-transgenic zebrafish. (A) The growth rate of body weight. (B) The growth rate of body length. (C) The phenotype of homozygous
transgenic (lower), heterozygous transgenic (middle), and non-transgenic (upper) zebrafish. Error bars indicate the standard error of the mean from three experiments. An
asterisk indicates the p value (<0.01) for homozygous versus heterozygous and non-transgenic fish.

C.-Y. Lee et al. / Biochemical and Biophysical Research Communications 387 (2009) 766–771 769



heterozygous, and homozygous transgenic zebrafish was
230.69 ± 139.04, 278.59 ± 107.20, and 428.97 ± 207.20 lm2,
respectively. There was a significant difference between the non-
transgenic and homozygous transgenic zebrafish (p < 0.01); the
percentage of transgenic zebrafish with fibers <325 lm2 was
78.3% of the non-transgenic controls, 71.3% of the heterozygotes,
and 38.3% of the homozygotes. These results clearly show that
the fiber size distribution of the homozygous group shifted to the
right, and the average muscle fiber cross-sectional area of homozy-
gous transgenic was 198 lm2 larger than that of the non-trans-
genic controls. All these data suggest that myostatin suppression
caused hypertrophy in zebrafish.

Discussion

We used an antisense RNA expression vector to generate myo-
statin-suppressed transgenic zebrafish. The hatching rate of micro-
injected eggs was 62%, but the death rate was quite high 2–3 days
after hatching-out. The high mortality phenomenon was also found
in our myostatin II morpholino RNA microinjection experiment, in
which the majority of microinjected eggs showed embryo hyper-
plasia at 12 hpf. At this point, the embryos began to atrophy until
the entire embryo became a vacuole and only the chorion was left
(data not shown). Germ line transmission myostatin-suppressed
zebrafish showed obvious green fluorescence through the early
developmental stages. Due to this fluorescence, transgenic off-
spring were easy to distinguish without further complex analysis.
We then set up one-to-one mating to select homozygous trans-
genic fish, and we found that some of the F2 generation had a light-

er body color than the wild-type group. We do not know whether
the lighter body color was caused by the myostatin knockdown or
not. Thus, to simplify the observation of embryo development, we
chose those transgenic zebrafish with a light body color as our
brood stock.

The GFP fusion construct allows the antisense myostatin RNA to
simultaneously express green fluorescence. GFP expression in the
progeny was distributed throughout the entire embryo at the early
stage but remained only in the liver at 72 hpf. This liver-specific
expression pattern was not specific to the CMV promoter; instead,
its expression is more like that of a housekeeping promoter, driv-
ing gene expression everywhere. The signal for a change in the
expression specificity may have come from insertion of the anti-
sense myostatin DNA fragment. A BLAST search revealed that the
zebrafish myostatin II gene contains the sequence TGATTTTGT,
which is a potential liver-enriched transcriptional element. How-
ever, whether this element plays a role as a tissue-specific enhan-
cer or not requires further investigation. Xu et al. used a rat myosin
light chain gene promoter and enhancer to overexpress the myost-
atin prodomain, which acts as a dominant negative inhibitor of
myostatin’s function. Although the results showed tissue specific-
ity, no significant change in myogenic gene expression was exhib-
ited, and zebrafish with the double-muscle phenotype were not
produced [8]. It has been shown that myostatin is differentially ex-
pressed in different tissues and at different stages in fish [10,11].
Thus, the strong housekeeping expression of the CMV promoter
should be more suitable for producing the double-muscle pheno-
type in zebrafish, and it was used to study the regulation and
expression of myostatin in fish.
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Real-time RT-PCR was used to analyze the expression of both
the myostatin I and II genes in myostatin-suppressed transgenic
zebrafish at 60 hpf. To our surprise, the efficiency of the suppres-
sion of myostatin I was almost the same as that of myostatin II.
Perhaps the high identity and similarity of the coding regions of
the zebrafish myostatin I and II genes and the low-precision
requirement of the RNAi machinery enabled it to suppress myost-
atin I. RNAi caused the mRNA levels of myostatin I and II to drop to
1/3–1/4 the amount of the non-transgenic controls. Myostatin
gene expression is regulated at the transcriptional level, and it
has been shown that myostatin auto-regulates its own expression
through a negative feedback loop through Smad7 [16]. An exoge-
nous factor causing a reduction in endogenous myostatin mRNA
may bring about a more complex regulatory response. Although
expression of antisense myostatin RNA driven by the CMV pro-
moter efficiently decreased endogenous myostatin mRNA in the
early developmental stages, myostatin transcription inhibition
gradually decreased after the later stages of development. In the
meantime, the mRNA levels of the myogenic regulatory factor
genes MyoD, myogenin, Mrf4 and Myf5 increased relative to those
of the non-transgenic controls. The upregulation of MyoD and Mrf4
mRNA was more distinct than that of myogenin and Myf5. Our
data agree with previous findings that knockdown of myostatin I
in zebrafish causes an upregulation of the myogenic regulatory fac-
tors (MRFs) MyoD and myogenin [10].

Both hyperplasia and hypertrophy of skeletal muscle growth
were found in mice with complete inhibition of myostatin gene
function by transgenic expression of a myostatin inhibitor derived
from follistatin [17]. However, incomplete blocking of the function
of the endogenous myostatin proteins led to hyperplasia or hyper-
trophy. Missense mutant myostatin caused hyperplasia but not
hypertrophy in mouse muscle, whereas dominant negative myost-
atin produced hypertrophy without hyperplasia in muscle [15].
Hemizygous transgenic fish did not grow significantly larger than
their non-transgenic siblings, and only the number of myofibers
in the skeletal muscles increased. No significant difference in fiber
size was found in transgenic zebrafish homozygous for myostatin
prodomain overexpression (which acts as a dominant negative
inhibitor) [8]. The muscle hyperplasia or hypertrophy effect found
in myostatin dsRNA-microinjected zebrafish depended on the dose
of dsRNA injected [15]. In our vector-based RNA interference trans-
genic zebrafish model, heterozygous transgenic fish showed no sig-
nificant difference in growth compared to the controls; however,
the muscle fiber cross-sectional area of homozygous transgenic
fish was almost twice that of the non-transgenic controls, and they
had wider bodies with bigger and thicker dorsal muscles. Never-
theless, there was no significant change in muscle fiber numbers
between transgenic and non-transgenic fish (data not shown). This
hypertrophic but not hyperplasic phenomenon may have been due
to the incomplete inhibition of myostatin gene expression by myo-
statin RNAi. In addition, our hereditarily stable RNAi transgenic

fish showed that the effects on muscle mass were persistent
throughout the life of the animals, and the effects were observed
in both males and females. The establishment of a hereditarily sta-
ble myostatin-suppressed zebrafish offers a good model for inves-
tigating the functional role of myostatin in zebrafish and may serve
as an animal model for drug screening due to the advantages of
high-throughput zebrafish assays.
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