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ʼǡɠ�ɐʽ 

� AA-2G: 2-glucopyranoside ascorbic acid 

� Bax: Bcl-2-associated X protein 

� CaMKII : calmodulin-dependent protein kinase II 

� CDK1: cyclin-dependent kinase 1 

� cPKC: conventional protein kinase C 

� Drp1: dynamin-related protein 1 

� ERK1/2: extracellular signal-related kinase 1/2 

� FBS: fetal bovine serum 

� Fis1: mitochondrial fission 1 

� GED: GTPase effector domain  

� HRP: horseradish peroxidase 

� MEK1/2: MAPK/ERK kinase1/2  

� Mff: mitochondrial fission factor 

� Mfn1/2: mitofusin 1/2 

� NAC: N-acetylcysteine 

� Opa1: optic atrophy 1 

� PKA: protein kinase A 

� PKC: protein kinase C 

� PKCδ: protein kinase Cδ 

� PMA: phorbol 12-myristate 13-acetate 

� ROS: reactive oxygen species 

� SUMO: small ubiquitin-related modifier 

� TBST: Tris buffered saline-Tween20 
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<Ȝɓ> 

� Ÿİȝ'69�>ƬǦ(ďǬ)ȓȭƤ(ɟı#	8��(�ŕ)Ƙ DNA(

ŵº$Ȩ�7:"����:0#'�Ƙ DNA=ƝǪ$��ŸİȝŜîř=ē

ň�9ȿÖ(ŸİȝēŜÖ)�ʕǨ�:"��4((��(šƔ)âÏ$)ɓ


ʣ
�ɹŀ�Ÿİȝ�v`O�a�@ʌȑƵɬǖ5v`O�a�@ǝƑƱřʌ

ȑǻ(ROS)ǚš=�ɿ��9$
 �ǰɎ�Đù�:9$$4'�v`O�a

�@ƟȮ=³ʰ�9ȿÖ'68ŸİȝēŜ=ņ�ɱ���$�ƅ7�'�:"


9 62,64)��:7(ǰɎ�7�v`O�a�@�ȓȭ(ŸİȝŗȈ'ī��"


8�ŸİȝƬǦ(ƝǪ$&8�9�$�Ƕā�:"
9� 

v`O�a�@)ęƜ&ƟȮ=ŭ!ȓȭÈĲĂģ#	8�ATP(Ǜǚ�ȓ

ȭÈH�SCw(ɫȾ�ŸÎ�ǍǛǚ&7+'@t`�SU(ɟı&%ʎɍ&

ŌØ=ū "
9�v`O�a�@)ȓȭ(ǚǘǪǑŝ=Țŭ�9�3'Ŗʪ

(ƟȮ=ū "
9�$�7�v`O�a�@(ƟȮ=ƣĽ'²!�$)ȓȭ

(þɮ
6+ƟȮ=Țŭ�9�3'ʎɍ#	9�ɹŀ��:7(v`O�a�

@ƟȮ$�(Ŋŝ')Ʒ
ʗɾ�	9�$�ƅ7�'�:!!	9 12,40,57)�ȓ

ȭÈ'

"v`O�a�@)�Ïɇ$ɂñ=Ȣ8ɺ��$#�(Ŋŝ=Ľ'

ėß��"
9���"�(v`O�a�@[BbvLU$ü*:9�(Ǘɨ

)�v`O�a�@(ƟȮ
6+ȓȭÃ§(ƟȮ(Țŭ'ʎɍ#	9�$�Ƕ

ā�:"
9� 

�:0#'�v`O�a�@[BbvLU=ÓŐ�9ÏĝƟƛ'!
"ǲǿ

�ɿ37:�v`O�a�@Ïɇ
6+ɂñ'ʗ<9Ąĝ'!
"ƅ7�'�

:"�� 25)�v`O�a�@ɂñ)�v`O�a�@Èȳ'Ĵĉ�9 optic 

atrophy 1 (Opa1)
6+v`O�a�@Ęȳ'Ĵĉ�9mitofusin1/2 (Mfn1/2)

�ʗ����:�:�Èȳ
6+Ęȳ=ɂñ�9�$#ĦɄ�:9 4,40)��
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Ɓ�v`O�a�@Ïɇ)�dynamin-related protein 1 (Drp1)��ɍ&ÓŐ

Ąĝ$�"¼��v`O�a�@Ęȳ'Ĵĉ�9mitochondria fission protein 

1 (Fis1)
6+mitochondria fission factor (Mff)&%� Drp1(@[nZ�Z

�hLɮ$�"v`O�a�@Ïɇ=ɊÛ�"
9�v`O�a�@Ïɇ$ɂ

ñ(g~�U)�:7(Z�hLɮ(ǨǗʐ5Ʊř'69ɢȋ'68ÓŐ�:

"
9� 

ȓȭ(ŸİȝŗȈ'
�9v`O�a�@(ŌØ'!
")�@t`�SU

(ɟı5 ROS(ǚš&%Ɯ�&Đù�	9��Ÿİȝ'69v`O�a�@

Ŋŝėß$�(śȥ'!
"(ǲǿ)	08&�:"
&
�ŉǲǿĨ#)�

Xȝǌİ� Drp1®Ğř(v`O�a�@Ïɇ=�ɿ�9�$�&7+' Drp1

ƟȮŦÓ� Xȝ'69v`O�a�@Ŋŝėß$ȓȭƤ(�ʉ=ŦÓ�9�$

=¿'Đù�"
9 60)��:7(ȗƔ�7�Ÿİȝ'6 "v`O�a�@Ŋ

ŝ�ėß�9�$#ȓȭ(ŸİȝŜîř'ī��9�$�Ƕā�:"
9��

��&�7�Ÿİȝ'69v`O�a�@Ŋŝėß�%(6�&v`O�a�

@ƟȮėß=ɽ�"ȓȭƤ=ɟı�"
9�ƌ�ƅ7�'�:"
7��0

��v`O�a�@Ŋŝėß'!
"(ƙɕ4�Ɍż	9v`O�a�@Ŋŝ

ÓŐZ�hLɮ(�# Drp1(ɚ¯(1'Ǡ0 "
9� 

ƍåĕɣŽ#)�Ÿİȝ'69v`O�a�@Ŋŝėß$ŸİȝŜîř$(

ʗɾř=ƅ7�'�9�$=ǭǪ'ǲǿ=Ʉ ��ȅ�ȃ#)�v`O�a�

@ɂñ
6+Ïɇ=ÓŐ�9Z�hLɮ=�:�:ġĥǪ'f]L[C���

ȓȭ=ƞȂ���:7(ȓȭ'
�9ŸİȝŜîř=ɚ¯����(ȗƔ�v

`O�a�@ɂñ)ȓȭ(ŸİȝŜîř'ŋʧ�&
�Ɓ#�Drp1
6+

Fis1=ɽ��v`O�a�@Ïɇ�ȓȭ(ŸİȝŜîř=³ʰ�9�$�ƅ7

�$& ��ȅ�ȃ
6+ȅ�ȃ#)�Ÿİȝ�v`O�a�@Ïɇ=�ɿ�
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9xHcVw'!
"�0�v`O�a�@Ïɇ�ŸİȝŜîř=³ʰ�9x

HcVw'!
"�:�:ƙɕ���ǲǿ(ȗƔ�ȅ�ȃ#)�Xȝǌİ'6

8 calmodulin-dependent protein kinase II (CaMKII)� Drp1( 616Ǣǭ(W

��ƥď=��ʌß�9�$#v`O�a�@Ïɇ=�ɿ�9�$=ƅ7�'

���0��ȅ�ȃ#)�Xȝǌİō(v`O�a�@Ïɇ=ɽ��ȓȭÈ

[Ca2+]i(�Ƅ�ÏɇƋķĔ(ɟı'ī��"
9�$=Đù��� 

&
�ƍåĕɣŽ(�-"(ÈĪ)ȅ�ȃ
6+ȅ�ȃ'!
")

Biochemical and Biophysical Research Communicationsɝ (doi: 

10.1016/j.bbrc.2019.11.027&7+' doi: 10.1016/j.bbrc.2017.12.012)'

"

2Ȟ'Ï�"ÄɆƻ1#	9� 
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<ȅ�ȃ> 

Ïɇ$ɂñ=ɽ��v`O�a�@Ŋŝėß� 

ȓȭ(ŸİȝŜîř'��9ŋʧ(ɚ¯ 

1. Łɣ 

Ȝɓ#4ɻ-�6�'�v`O�a�@ƟȮ$v`O�a�@Ŋŝ')Ʒ


ʗɾ�	9�$�ƅ7�'�:"
9 12,40,57)�ȓȭÈ'

"v`O�a�@

)�ĥ(Ŋŝ=²!(#)&��ɂñ$Ïɇ=Ȣ8ɺ��$#Ľ'�(Ŋŝ=

ėß��"
9�v`O�a�@[BbvLU$ü*:9�(Ǘɨ)�v`O

�a�@ƟȮ(ÓŐ
6+Țŭ'ʎɍ#	9�$�Ï� "���v`O�a

�@ɂñ)�v`O�a�@=ƛš�9 DNA�Z�hLɮ&7+'ȯɮ=Ɍ

ż(v`O�a�@#ÅƊ�9�$'6 "�v`O�a�@Ã§$�"(Ɵ

Ȯ(Țŭ'ī��9 57)��Ɓ�v`O�a�@Ïɇ)�ŵº=î��v`O�

a�@=ʇŨǪ'Ð8ʢ��G�`l?T�'6 "�:=Ïɒ�9�$#�

ȓȭÈ'
�9v`O�a�@Ã§(ƟȮ(Țŭ'ī��9�$�ǰ7:"


9 21)�0��v`O�a�@Ïɇ$ɂñ(g~�U)ȓȭúƋ=ɽ�"ėß�

9�$4ǰ7:"
9�DNAñš=ʕě�9 G1/SƋ#)�ſǎß��v`O

�a�@$Ƨ-"ʌßǪ��ʌßƱř�ʴ
¤ʔßv`O�a�@�ę�ɑĭ

�:9�Ɓ#�MƋ#)Ĝȓȭ'ċȆ'v`O�a�@=Ïʊ�9�3'ǱȠ

��v`O�a�@�ę�ɑĭ�:9�$�Đù�:"
9 52,56)� 

�:0#'�v`O�a�@Ïɇ$ɂñ=ÓŐ�9ÏĝƟƛ'!
")ǲǿ

�ɿ37:"
8��:�:'ʗ<9Ąĝ'!
"ƅ7�'�:"��(Ć 1)25)�

v`O�a�@Ïɇ$ɂñ)�:�:Drp1&7+'Opa1$Mfn1/2(�ǻʯ

( GTPase '6 "�'ÓŐ�:"
9�v`O�a�@ɂñ)v`O�a�

@Èȳ$Ęȳ'�:�:Ĵĉ�9Opa1$Mfn1/2'68ÓŐ�:"
8�Opa1



 
9 

 


6+Mfn1/2(�:�:�ry[Bu�=Ŋš�9�Mfn1/2ʖ#(o^�[

Bu�=Ŋš�9�$#�v`O�a�@Èȳ
6+Ęȳ(ɂñ= GTPase Ú

ƨÏɒ=ɽ�"ĦɄ�9 4,40)��Ɓ#�v`O�a�@Ïɇ=ÓŐ�9�ɍ&Ó

ŐĄĝ') dynamin family Z�hLɮ(�ǻ#	9 Drp1 �ů�7:9�ɽ

Ľ�Drp1)ȓȭɮ'Ğĉ�9��Ʊřß�9�$#v`O�a�@,$ǹɄ�

9�Ʊřß�� Drp1)v`O�a�@Ęȳ'Ĵĉ�9 Fis15Mff&%(@[

nZ�Z�hLɮ=��"v`O�a�@Ïɇʉ¥'ǙǑ'ʡǾ��GTP Úƨ

Ïɒ=ɽ�"Drp1�ìȠ�9�$#v`O�a�@(Ïɇ�ĦɄ�:9 4,34,40)�

Ǘĉ0#(ǲǿ'68�Drp1=���v`O�a�@Ïɇ(ɢȋ��v`O�

a�@(ƟȮ(1&7�ȓȭÃ§(ƟȮ�ǐ'ȓȭƤ'ŋʧ�9�$�ƅ7�

'�:"�"
9�¬�*�Drp1ʙĩÖ#	9Mdivi-1Íǘ�ɀɃÉǇƲºĩ

'69v`O�a�@(ſǎß
6+ȓȭƤ=ŦÓ�9�$�ƅ7�$& "


9 38,69)�0��Opa1=ʂ×ǨǗ��9�$#v`O�a�@ɂñ=±ɿ�9

$�ŕȴ5ȱȕȡ(ɀɃʠĩ'69ȓȭƤ�ƼŇ�9�$�Đù�:"
9 55)�

�:7(ǰɎ�7�v`O�a�@ŊŝÓŐ�ȓȭºĩƇ(ǚƤ'ʎɍ&ŌØ

=ū��$�Ƕā�:"
9� 

ȓȭ(ŸİȝŗȈ'
�9v`O�a�@(ŌØ'!
")�@t`�SU

(ɟı5Ʊřʌȑǻ(ǚš&%Ɯ�&Đù�	9��Ÿİȝ'69v`O�a

�@Ŋŝėß$�(śȥ'!
"(ǲǿ)	08&�:"
&
�ɹŀ(ǲǿ

#)�γȝǌİ
6+ αȝǌİ� Drp1®Ğř(v`O�a�@Ïɇ=�ɿ�

9�$�Đù�:"
9 32,67)�0��ŉǲǿĨ(¿(ǲǿ#)�Xȝǌİ�

Drp1®Ğř(v`O�a�@Ïɇ=�ɿ�9�$�&7+' Drp1ƟȮŦÓ

� Xȝ'69v`O�a�@Ŋŝėß$ȓȭƤ(�ʉ=ŦÓ�9�$=Đù�

"
9 60)��:7(ȗƔ�7�v`O�a�@Ŋŝėß�ȓȭƟȮ'¨7�(
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ŋʧ=���ȓȭ(ŸİȝŗȈ'ī��"
9�$�Ƕā�:"
94((�

�(ƙɕ)Ɍż	9v`O�a�@ŊŝÓŐZ�hLɮ(�# Drp1(ɚ¯(

1'Ǡ0 "
9� 

��#�ƍȃ#)�v`O�a�@Ŋŝėß$ŸİȝŜîř$(ʗɾř=ƅ

7�'�9�$=ǭǪ'ǲǿ=Ʉ ���(�3'�v`O�a�@ɂñ
6

+Ïɇ=ÓŐ�9Z�hLɮ'ǯǭ���:�:=ġĥǪ'f]L[C���

ȓȭ=ǜ
"ŸİȝŜîř=ɚ¯��� 

 

 

 

  



y1ÿI;0S<O&8'=I.6%k��#i�~Ë
I;0S<O&iæ (A)� �I;0S<O&ãu (B)�·�y

(OM: outer membrane, IM: inner membrane)

11

OM fusion

OM

IM

IM  fusion

OM

IM

A B
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2. Ǝž$Ɓƭ 

2-1. ɛȿ 

ŧ Actin ŧ§
6+ horseradish peroxidase (HRP)Ɲɧŧ§) Santa Cruz 

Biotechnology (Santa Cruz, CA, USA)68ɯÂ���ŧ Drp1 ŧ§
6+ŧ

Opa1ŧ§) BD Biosciences (San Jose, CA, USA)68ɯÂ��ŧ Fis1ŧ§)

GeneTex Inc (Irvine, CA, USA)68�ŧMfn2ŧ§) Abcam (Cambridge, UK)

68ɯÂ���  

 

2-2ʺn~Uva
6+n~Bu� 

ðǻv`O�a�@ŊŝÓŐZ�hLɮ'Į�9 shRNA ǨǗpLZ�)ĵ

ǫÕÌźŰ (Ǘ �ȸɩąƭ� ƂƍĠĤlF�~w ǲǿÿ)'68��(ţʩ

#ªš�"
��
�4(=«ǜ���pEF6.mCherry-TSG101 (Addgene 

plasmid #38318)( XhoIQB`= PCR-based site-directed mutagenesis'6

8ǳĔ���ș
"�pENTR/pSM2 (CMV) GFP (w513-1) (Addgene plasmd 

#19170)ǝƑ( GFP-miR30 region = BamHI 
6+ BstbI QB`'QmL�

�c�M��ªÎ�:�n~Uva) pEF6-GFP-miR30$ýó���ðǻ(v

`O�a�@ŊŝÓŐZ�hLɮ=ƝǪ$�9 shRNA ʊÑ=ö2G�PdL

�G\a)ʂé(Žǔ=4$'ɗɔ��(Ɇ 1)15)�ɗɔ��G�PdL�G\a

) PCR'69ēľ=Ʉ �ō'�pEF6-GFP-miR30n~Uva( XhoI/EcoRI

QB`'QmL��c�M���-"( shRNAǨǗpLZ�(ʊÑ'ėǣ�&


�$=S�LE�UɒƓ#Ǵɞ��� 

 

2-3. ȓȭƗ
6+ȓȭĎʱ 

uCU�ȲI�ǝƑ EMT6ȓȭ) ATCC (CRL-2755)68Âţ���ȓȭ)
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10% fetal bovine serum (FBS: Biosera, Nuaillé, France)=ö2 RPMI ĎĊ 

(Thermo Fisher Scientific, Waltham, MA, USA)=ǜ
"�CF�Z�TzN]

`ŅB�J{p�Z�'" 37��5% CO2Ɛ �#Țŭ��� 

 

2-4. n~Uva(ıÂ 

� EMT6ȓȭ,( shRNAǨǗn~Uva(ıÂ)Lipofectamin2000 (Thermo 

Fisher Scientific)'68Ʉ ��pLZ�=ıÂ�"�7 24Ƈʖō�ȓȭ= 9 

cmSz��'ÉŶǻ��ȓȭűǯō'10 μg/mL blasticidin'69ʇŨ=Ʉ ��

�7'�ǚĞL���(�# GFPɁÀ�ň
4(=ʇŨ��2.5 μg/mL blasticidin

=ö2ĎĊ#Țŭ���f]L[C�Üǖ)CEUZ�m�]^A�M'68

Ǵɞ��f]L[C�ÜƔ�ʴ
ȓȭƗ=ʇŨ�"�(ō(Ħʲ'«ǜ��� 

 

2-5. Xȝǌİ 

� X-RAD iR-225 (Precision X-Ray, North Branford, CT, USA)=ǜ
"�ÎÙ

200 kVp�15 mA�ȝǀɲʢ 650 mm�1.0 mm AllA�Z��ȝʐǖ 1.37 Gy/min

(Ɛ # X ȝǌİ=Ʉ ��X ȝǌİ)Z��^�m��'ȓȭ=ȣ��ăɳ

��&�7Ĩƽ#Ʉ �� 

 

2-6. v`O�a�@Ŋŝɑĭ 

� ȓȭ= 35 mm I~U±`w_A]S{'Ŷǻ�"�ƈűǯ�����(ō�

100 nM MitoTracker Red (Thermo Fisher Scientific)=ö2ǊɃƺ RPMIĎĊ

#ȣŴ��ȓȭ= 37��5% CO2Ɛ �# 30ÏʖB�J{p�`����(ō�

ǊɃƺ RPMIĎĊ# 2ăưƳ��10% FBS=ö2 RPMIĎĊ'ȣŴ���v

`O�a�@Ŋŝ(ɑĭ) 37��5% CO2Ɛ �#�LSM700Åǋǈ��R�
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ʮŒʓ (Carl Zeiss, Oberkochen, Germany)=ǜ
"Ʉ
�ŷŋ��ǟ½�7v

`O�a�@Ŋŝ(ĥʐɒƓ=Ʉ ��ŷŋ��ǟ½�7ðƐ (Ħʲ'



" 50´��(ȓȭ=Ǌªǉ'ʇ+�ȓȭ�(v`O�a�@Ŋŝ(Ïʯ=Ʉ 

��ȓȭ�(Ãv`O�a�@(�� 75%���ſǎß�ʭȌǑ=ø�"
9

ȓȭ= Fragmented”'Ïʯ���0��25%��(v`O�a�@�ſǎß�

"
9ȓȭ(���68¤ʔ��v`O�a�@=ŭ!ȓȭ= Highly 

connected”'��:��(4(= Tubular”'�:�:Ïʯ����7'��(

�ʖ	9
)Ƹĉ��Ŋŝ(v`O�a�@=ŭ!ȓȭ= Intermediate”'Ï

ʯ���EMT6 ȓȭ'
�9v`O�a�@ŊŝÏʯ(ÆČǪǟ½)Ć 2 'Ƕ

��Ħʲ)ǒȂ�" 3ăɄ
�ȗƔ)�:�:(Ïʯ(ǩÏǖ$�"Ɇ��� 

 

2-7. CEUZ�m�]`ƭ 

� Sz��'QmO�l�E�`'& �ȓȭ=UL�Bh�=ǜ
"ăì

��10,000 g�4�# 1Ïʖʅŕ���q�]`= Lysis buffer (50 mM Tris-

HCl, 1% Triton X-100, 5% glycerol, 5 mM EDTA, 150 mM NaCl, pH 7.5)#Š

ǅ��Z�hLɮ=ŪÎ���20,000 g�4�# 15Ïʖʅŕ���ƺ=ăì�

��Bio-Rad Protein Assay Kit(n�`O�'Ŏ
�ƺ�(Z�hLɮǆŃ(

ĥʐ=Ʉ
�ðɛž�(Z�hLɮǆŃ=Ș������(ō�3µǆŃ(

SDS-PAGEǜɛžɢɋȟɅƶ=ɛž( 1/2ʐƹÚ��ƫʳƨ�# 1ÏʖÚǍÍ

ǘ=Ʉ
ƯÝɛž$���ɛž= SDS-PAGE'68Ïʢ��CEUZ�m�

]^A�MɳÊɈȣ=ǜ
"c`�W���Uȳ' 100 V# 1ƇʖɳÊ���

ɳÊ��c`�W���Uȳ)�5%¦ȯȫUJwv�L=ö2 TBST'68

Ĩƽ# 1Ƈʖm�]J�M����(ō�ð�ơŧ§=��(Ɛ #Ļʍ��

4�'"�ƈÍǘ����(ĻʍƐ )�ŧ Drp1ŧ§�ŧ Fis1ŧ§�ŧ
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Opa1ŧ§&7+'ŧMfn2ŧ§#) 5%¦ȯȫUJwv�L=ö2 TBST#

4,000µ'�ŧ Actinŧ§) 5%¦ȯȫUJwv�L=ö2 TBST# 2,000µ

$����(ō�5%¦ȯȫUJwv�L=ö2 TBST# 2,000µ'Ļʍ��

HRPƝɧ�ơŧ§$ëŗ���ßğǨÀďɮ (Perkin Elmer Life Science)=

ƹÚ��LAS 4000 mini'"ǟ½(íŏ=Ʉ ��ŏ7:�g�aňŃ(ɒƓ

')MultiGauge software=«ǜ��� 

 

2-8. O�c�Ŋšƭ 

60 mmSz��' 100�7 10,000´(ȓȭ=Ŷǻ��6ƇʖĎʱ���ȓ

ȭ�űǯ���$=ʮŒʓ�#Ǵɞ��Xȝǌİ=Ʉ ���(ō�ȓȭ= 6Ƃ

ʖB�J{p�S}���ō'�xZf��=ǜ
"ȓȭ= 10Ïʖćĥ��2%

KwRǂƶ#�ƈƕȹ���50 ´��(ȓȭ=ö2O�c�=ǚĞȓȭ$�"

ɔż���ȓȭǚĞǖ (surviving fraction; SF))ʦǌİĮǌȤ(O�c�Ŋš

ǖ�7ȊÎ��� 

 

2-9. ȘɔÍǘ 

� ·)ĳ&�$4 3 ă(ǒȂ��Ħʲ(Ŀċ�Ɲǁ¸Ĺ#Ƕ���ȘɔǪ&Ɗ

śĹƙĥ)�Dunnettƙĥ'68Ʉ ��æʝǖ� p<0.05(ʟ'ƊśĹ	8$

��� 
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3. ȗƔ 

3-1. ðǻv`O�a�@ŊŝÓŐZ�hLɮ(f]L[C��v`O�a�@

Ŋŝ'��9ŋʧ 

� v`O�a�@Ŋŝėß�ȓȭ(ŸİȝŜîř'��9ŋʧ=ƙɕ�9�3�

0��ðǻv`O�a�@ŊŝÓŐZ�hLɮ=ġĥǪ'f]L[C���ȓ

ȭ(KDȓȭ)=ªÎ���v`O�a�@Ïɇ'!
") Drp1
6+ Fis1=�

v`O�a�@ɂñ'!
") Mfn2 $ Opa1 =ƝǪ$�9 shRNA ǨǗn~

Uva=uCU��>ǝƑ EMT6ȓȭ'ıÂ��ġĥǪ& KDȓȭƗ=ƞȂ�

��ðǻ KD ȓȭƗ'
�9ƝǪZ�hLɮ(Z�hLɮǨǗʐ$�(f]L

[C�Üǖ)CEUZ�m�]^A�M'68ɚ¯�� (Ć 3) �ơ'��:7

( KD ȓȭ'
�9v`O�a�@Ŋŝ=ɑĭ�9�3�Åǋǈ��R�ʮŒ

ʓ=ǜ
�~BmW�Bx�T�M=Ʉ ��Ctlȓȭ'Ƨ-�Drp1
6+ Fis1 

KD ȓȭ#)¤ʔ��v`O�a�@�ę�ɑĭ�:��Ɓ#�Mfn2 
6+

Opa1 KDȓȭ#)ǱȠ�0�)ĢÃ'ſǎß��v`O�a�@�ɑĭ�:�

(Ć 4A)��:7(Ŋŝėß=ĥʐǪ'ɚ¯�9�3��(ŊŝǪ&ǐœ�7 4

!(H^P�� (Highly connected, Tubular, Intermediate, Fragmented)'Ï

ʯ���(ȗƔ=ǩÏǖ$�"Ɇ��(Ć 4B)��(ȗƔ�Ctl ȓȭ'

")

Tubular 
6+ Intermediate (Øñ��šÏ#	 �('Į��Drp1 
6+

Fis1 KDȓȭ#)Å' Highly connected$ Tubular(Øñ�ēÚ����:'

Į��Mfn2 KDȓȭ#) Fragmented
6+ Intermediate(Øñ�ēÚ��

Opa1 KDȓȭ#) Fragmented(Øñ�./ 100%0#ēÚ����:7(ȗ

Ɣ�7�ðǻv`O�a�@ŊŝÓŐZ�hLɮ(f]L[C��v`O�a

�@Ïɇ0�)ɂñ=ŦÓ��v`O�a�@Ŋŝ'�(ŋʧ�ëƆ�:"


9�$�ƅ7�$& �� 
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3-2. v`O�a�@ŊŝÓŐZ�hLɮ(f]L[C��ȓȭ(ŸİȝŜîř

'��9ŋʧ 

� ơ'��:7(v`O�a�@Ŋŝ(ėß�ȓȭ(ŸİȝŜîř'��9ŋ

ʧ=ɚ¯�9�3'�ªÎ��ȓȭ=ǜ
"O�c�Ŋšƭ=Ʉ ��Ctlȓȭ

(ŸİȝŜîř$Ƨɴ�"�Drp1 
6+ Fis1 KD ȓȭ)Ÿİȝǌİō(ǚĞ

ǖ�Ɗś'ēÚ��ŸİȝũŧǪ#	9�$�ƅ7�$& � (Ć 5A)����

&�7�Mfn2
6+ Opa1 KDȓȭ)Ÿİȝǌİō(ǚĞǖ'ėß�Ɏ7:&

� �(Ć 5B)��:7(ȗƔ�7�Drp1
6+ Fis1 KD'69v`O�a�

@Ïɇ(ŦÓ�ȓȭ(ŸİȝŜîř�¦Ƽ�9�Ɓ#�Mfn2
6+ Opa1 KD

'69v`O�a�@ɂñ(ŦÓ)ŸİȝŜîř)ėß�&
�$�ƅ7�$

& �� 

 

 

  



�1. "��&�#��
�	�&!������shRNA���


Drp1 5�-TGC TGT TGA CAG TGA GCG AAC GAC TGT ATG TTC TAT GTA 
ATA GTG AAG CCA CAG ATG TAT TAC ATA GAA CAT ACA GTC 
GTC TGC CTA CTG CCT CGG A-3�

Fis1 5�-TGC TGT TGA CAG TGA GCG ATG GTG CCT GGT TCG AAG 
CAA ATA GTG AAG CCA CAG ATG TAT TTG CTT CGA ACC AGG 
CAC CAG TGC CTA CTG CCT CGG A-3�

Mfn2 5�TGC TGT TGA CAG TGA GCG CCC GGT TTA TTA GTG AGA GCT 
ATA GTG AAG CCA CAG ATG TAT AGC TCT CAC TAA TAA ACC 
GGA TGC CTA CTG CCT CGG A-3�

Opa1 5�-TGC TGT TGA CAG TGA GCG ACA CAG TAG ACA TCA AGC TTA 
ATA GTG AAG CCA CAG ATG TAT TAA GCT TGA TGT CTA CTG 
TGG TGC CTA CTG CCT CGG A-3�

18



y2ÿI;0S<O&�£iü�e|Åa
EMT6ÖÞ���#I;0S<O&�£%Highly connected�Tubular�Intermediate�
Fragmented�4��,:1OT�iü���Åa�XåÊ�I;0S<O&�e|Åa%Ï��
�#�

Highly connected

Tubular

Intermediate

Fragmented

19



y3ÿshRNA� #I;0S<O&�£k�7SB.ì�@9.8(So°
EMT6ÖÞ����tÑI;0S<O&�£k�7SB.ì���#shRNAÉÁFN6I<%�
c����Ê@9.8(SÖÞ (KDÖÞ)%¸Ó���tÑshRNA (non-silencing shRNA (Ctl)�
shDrp1�shFis1�shMfn2�!��shOpa1)	I;0S<O&�£k�7SB.ìÉÁ�W�#
�ù����(*67SER9;� "ë]���ÑshRNA� #@9.8(S�oÀ�Ctl�¶
Ê7SB.ì�ÉÁñ%1����u�Ì�`�å���

1 0.27 0.13 0.55 0.16ratio

Drp1

Fis1

Opa1

Mfn2

Actin

shDrp1 shFis1 shMfn2Ctl shOpa1

20



y4ÿtÑI;0S<O&�£k�7SB.ì�@9.8(S	
I;0S<O&�£�W�#�ù

tÑI;0S<O&�£k�7SB.ìKD EMT6ÖÞ%MitoTracker Red�±ß��d½¼
QT3Tû�ó%Ä��I;0S<O&�£%ë]���(A) tÑKDÖÞ���#I;0S<
O&�e|Åa%Ï��(B) I;0S<O&�£%4��,:1OT�iü���ñÊ�ë]�
��

A

B

21



y5ÿtÑI;0S<O&�£k�7SB.ì�@9.8(S	
¦�Ú¢r �W�#�ù

tÑI;0S<O&�£k�7SB.ìKD EMT6ÖÞ�¦�Ú¢r %0R>T�¤¹� "
ë]���50_YV�ÖÞ%w�0R>T%Ã�ÖÞ���é§���ÖÞÃ�À�¦�Úø
¾�Ü�0R>T�¤À�!Õh���(A)Drp1� �Fis1 KD EMT6ÖÞ���#¦�Ú¾�
��ÖÞÃ�À%Ï�� (B) Mfn2� �Opa1 KD EMT6ÖÞ���#¦�Ú¾���ÖÞÃ�
À%Ï��/ND�H'S;� �AT��{�S.D.%å���#�ÙéÊ«¡��Ctl���
�p<0.05 (*)�Ï���

Ctl
shMfn2
shOpa1

A

B

22
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4. Ȩĭ 

ƍȃ#)�v`O�a�@Ŋŝėß$ŸİȝŜîř$(ʗɾ'!
"ƙɕ=

Ʉ��3�4!(v`O�a�@ŊŝÓŐZ�hLɮ(ġĥǪ KD EMT6ȓȭ

=ƞȂ���:�:(ȓȭ(ŸİȝŜîř=ɚ¯���v`O�a�@ɂñÓ

ŐZ�hLɮ=f]L[C��9�#�Mfn1=ƝǪ$�� shRNAǨǗn~

Uva4òƜ'ªɋ�ıÂ��4((�ġĥǪf]L[C�ȓȭ�ƞȂ#�&

� ��ʂé(Đù#)�Mfn1 KO�Mfn2 KO&7+'Mfn1/2 KOȓȭƗ&

%�ªÎ�:"
9�$�7�Mfn1�ȓȭ(ǚĞ'�ïƠ#)&
�$�Ȩ

�7:9 43)��Ɓ#�ɹŀMfn1$Mfn2)�:�:ǣ&9³ʰ5ÓŐ=î�

"��(ƟȮ5ǨǗʐ�ėß�9$
�Đù�Ɍż&�:"
9 43,51)��:)

v`O�a�@Ŋŝ=Țŭ�9�#Mfn1/2��:�:ǣ&9ƟȮ=²Ɗ�9

�$=Ƕā�"
8��(�3'f]L[C�Üǖ�ǣ& �ïȮř�Ȩ�7

:9�ªɋ��v`O�a�@ŊŝÓŐZ�hLɮ KDȓȭ'
�9v`O�

a�@Ŋŝ=ɑĭ��$�;�Ctlȓȭ$Ƨɴ�" Drp1
6+ Fis1 KDȓȭ

#)¤ʔß���Ɓ#�Mfn2
6+ Opa1 KDȓȭ#)ǱȠß�"
��$

�7�v`O�a�@ŊŝÓŐZ�hLɮf]L[C�=ɽ�"v`O�a�

@Ïɇ0�)ɂñ�ŦÓ�:��$�Ƕā�:�� 

�:7(ȓȭ'
�9ŸİȝŜîř=ɚ¯��$�;�Drp1
6+ Fis1 KD

'69v`O�a�@Ïɇ(ŦÓ�ȓȭ(ŸİȝŜîř=¦Ƽ�9�$�ƅ7

�$& ���:0#'�MEFȓȭ0�) hTERTȓȭ'

" Drp1(ŦÓ

�Ÿİȝ'69ȓȭƤ=¦Ƽ�9�$�Đù�:"
9 31,60)��:7(Đù$

ƍȃ(ȗƔ=0$39$�Drp1��#&� Fis1#4òƜ(ŸİȝŜîř(¦

Ƽ�ɑĭ�:��$�7�ŸİȝǌİƇ(v`O�a�@Ïɇ�ȓȭ(Ÿİȝ

Ŝîř=³ʰ�9�#ʎɍ#	9�$�Ƕā�:��v`O�a�@ɂñ'!
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")��:0#' Opa1( siRNA'69ǨǗŦÓ�v`O�a�@ſǎß

=ņ�ɱ��@t`�SU=ɟı�9&% 55)�v`O�a�@ɂñ�ȓȭƤ'

ī��9ǰɎ�żę�Đù�:"
9�����ƍȃ(ȗƔ#)Mfn2
6+

Opa1 KD'69v`O�a�@ɂñ(ŦÓ)ŸİȝŜîř=ėß��&� 

���(ȗƔ�7�Ÿİȝ'69ȓȭƤ')v`O�a�@Ŋŝ�äȐ'Ǳ


�$�ȓȭƤ±ɿǪ'¼�$
�68)�v`O�a�@ÏɇƟƛȵ§�Ʊř

ß�9�$�ʎɍ#	9ïȮř�Ȩ�7:�����&�7��(�ɡ)ǗǑ

#)âÏ'ɡƅ#����:=ƙə�9')v`O�a�@Ïɇ0�)ɂñÓ

ŐZ�hLɮ(ʂ×ǨǗƇ(v`O�a�@Ŋŝ
6+ŸİȝŜîř'Į�9

ŋʧ=ɚ¯�9Ŗɍ�	9$Ȩ�7:9� 

 

5. ĲŬ     

ƍȃ#)�v`O�a�@Ŋŝėß$ŸİȝŜîř$(ʗɾř=ƅ7�'�

9�$=ǭǪ'�v`O�a�@ɂñ
6+Ïɇ=ÓŐ�9Z�hLɮ=�:

�:ġĥǪ'f]L[C���ȓȭ=ƞȂ���ªÎ��ȓȭÈ'
�9v`

O�a�@Ŋŝ=ɚ¯��$�;�Drp1
6+ Fis1 KDȓȭ#)v`O�a

�@�¤ʔ�"
�('Į��Mfn2
6+ Opa1 KDȓȭ#)v`O�a�

@�ǱȠ�"
8��:7(v`O�a�@ŊŝÓŐZ�hLɮf]L[C�

'68v`O�a�@Ïɇ0�)ɂñ�ŦÓ�:"
9�$�ƅ7�$& 

���:�:(ȓȭ(ŸİȝŜîř=ɚ¯��$�;�Drp1
6+ Fis1 KD

ȓȭ#)ŸİȝŜîř�¦Ƽ�"
�('Į��Mfn2
6+ Opa1 KDȓȭ

#)ŸİȝŜîř'ŋʧ�Ɏ7:&� ����(ȗƔ�7�v`O�a�@

Ïɇ=���Ŋŝėß�ŸİȝŜîř(³ʰ'ʎɍ#	9�$=ƅ7�$& 

�� 
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<ȅ�ȃ> 

Ÿİȝ'69v`O�a�@Ïɇ�ɿ'
�9 

Drp1Ʊřß(xHcVw(ƙɕ 

1. Łɣ 

ȅ�ȃ(ȗƔ�7�v`O�a�@ÏɇÓŐZ�hLɮ#	9 Drp1 
6+

Fis1 �ȓȭ(ŸİȝŜîř'ī��9�$�ƅ7�$& ��0���:0#

'Ÿİȝ'6 "v`O�a�@Ŋŝ�ſǎß�9�$�ƅ7�'& "
9

�$�7�Ÿİȝǌİō(ȓȭƤ'

" Drp1
6+ Fis1=ɽ��v`O�

a�@Ïɇ(�ɿ�ʎɍ&ŌØ=ū��$�Ƕā�:"
9����&�7��

(v`O�a�@Ïɇ=�ɿ��9ÏĝxHcVw)ƅ7�#)&
�ȅ�ȃ

(Łɣ#ɻ-�6�'�v`O�a�@Ïɇ)�' Drp1'6 "ÓŐ�:"


8�Fis1 ) Drp1 (@[nZ�Z�hLɮ$�" Drp1 '69v`O�a�@

Ïɇ=ɊÛ�"
9���#�ƍȃ#)�Drp1(ƱřÓŐƟƛ'ǯǭ���(

ŸİȝŗȈ=ƅ7�'�9�$=ɛ1�� 

Drp1) dynamin familyZ�hLɮ(�ǻ#	8�GTPase domain�middle 

domain�variable domain&7+' GTPase effector domain (GED)( 4!(Z

�hLɮaxB��7ƛš�:"
9 39)�Middle domain
6+ GED domain

)�GTPase domain(ġĥß&7+'�(Ʊřß'ī���variable domain

)v`O�a�@,(ǹɄ
6+v`O�a�@ȳ�(îĪ§$(ȗñ'¼��

v`O�a�@Ïɇ(ɟı'Ŗɍ& Drp1Ʊřß)�Ɯ�&Z�hLɮȦɘō³

ʰ'6 "ɢȋ�:9�$�Ƕā�:"
9�Ǘĉ0#'Đù�:� Drp1Ʊř

ß'ʗ<9Ȧɘō³ʰ$�"�S-c`�S�ß�small ubiquitin-related 

modifier (SUMO)ß�OȗñČ β-N-@W\�M�OQv�ß&7+'��ʌß

(ʗ��ů�7:9 2,6,8,20)�Ć 6'�:0#'Đù�:"
9 Drp1Ʊřß'ʗ
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<9Ȧɘō³ʰ(ǻʯ$�(¥ȣ=Ƕ���:7(Ȧɘō³ʰ(�#���ʌß

'!
"�:0#ǐ'ɜȓ&ƙɕ�Ʉ<:"
8�i` Drp1 '
�9 616 Ǣ

ǭ&7+' 637Ǣǭ( 2HŢ(W��ƥď̫ �ō��:�: S616&7+' S637

$ɖ�ʸ(��ʌß��(Ʊřɢȋ'ʎɍ&ŌØ=Ɣ��"
9�$�ƅ7�

'& "
9 6)�Drp1 S616 (��ʌß)��(Ʊřß=ņ�ɱ��v`O�

a�@Ïɇ=±ɿ�9�$�Ƕā�:"
8��(��ʌß) protein kinase 

Cδ (PKCδ) � extracellular signal-related kinase 1/2 (ERK1/2) � cyclin-

dependent kinase 1 (CDK1)/cyclin B1&7+' CaMKII'68ņ�ɱ��:

9�$�Đù�:"
9 19,44,52,59)�CDK1/cyclin B1) Drp1 S616��ʌß=

ɽ�" M ƋɿɄ'
�9v`O�a�@Ïɇ=�ɿ��ERK1/2 
6+ PKCδ

)�:�:ʴɃȍƐ �&7+'ʴɃĈřȱǥ�#( Drp1 S616��ʌß=�

��v`O�a�@Ïɇ=�ɿ�9Đù�&�:"
9�0��CaMKII �Ş

řǪ& β @a�b��ÔǄ�'

" Drp1 S616 ��ʌß&7+'v`O�

a�@Ïɇ=�ɿ�9$
�Đù�	9��Ɓ�Drp1 S637 (��ʌß)��

(Ʊř'ŦÓǪ'¼�$Ȩ�7:"
8��(ɢȋ)��ʌßʋȑ#	9

protein kinase A (PKA)$Ȱ��ʌßʋȑ#	9 calcineurin�ʗ��9�$�

Đù�:"
9 3,5,10)��7'�Ɖɹ(ǲǿ'68�glycogen synthase kinase 

3β'69 Drp1( 693Ǣǭ(W��ƥď(��ʌß�v`O�a�@Ïɇ=±

ɿ�9�$4Đù�:"
9 9)� 

�:0#'�Ÿİȝ'69 Drp1 ®Ğř(v`O�a�@Ïɇ��ɿ�9Đ

ù�&�:"
94((�Ÿİȝ'69 Drp1ƱřßƟƛ'!
")ƅ7�'�

:"
&
��:0#'�aJY�jS�Íǘ� Drp1( S616��ʌß=�ɿ

�9�$�Đù�:"
9�$�7 58)�DNAŵºU`�U� Drp1(��ʌß

Ǒŝ'Ě��ŋʧ�9ïȮř�Ƕā�:"
9���#�ƍȃ#)�Ÿİȝǌİ
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ō(v`O�a�@Ŋŝėß'Į�9 Drp1 ��ʌß(śȥ=ƅ7�'�9�

$=ǭǪ$��Drp1( S616
6+ S637��ʌß'ǯǭ�"��:7(��

ʌß�p�(Ÿİȝǌİ'69ėß�&7+' Drp1W��ėǣ§�v`O�a

�@Ŋŝ'��9ŋʧ=ɚ¯����(ȗƔ�Drp1 S616 (��ʌß�Ÿİȝ

ǌİō(v`O�a�@Ŋŝėß'ʎɍ#	9�$�ƅ7�$& ��3�ș


"�Ÿİȝ'69 Drp1 S616��ʌß=ĦɄ�9ɪ¡Jb�X'!
"4ƙ

ɕ��� 



y6ÿDrp1�<K'Sµí��$����x
$�Ýê�^ý

NO

GTPase Middle Variable GED

S616 S637

C644
O-Glc

T585,T586
SUMO

PP

7361

COOHNH2

S693
P

NO

O-Glc

SUMO

#&��

S- �%�$�

O���β-N-���$�$��"&�
SUMO�

P

§��C;Drp17SB.ì���#&I@ïÇ±%Ï��
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2. Ǝž$Ɓƭ 

2-1. ɛȿ 

DH5a�Phusion® High-Fidelity PCR Kit&7+'MitoTrackerTM Green FM

) Thermo Fisher Scientific 68ɯÂ���Mdivi-1 ) Enzo Life Sciences 

(Farmingdale, NY, USA)68�U0126�GF109203X &7+' Gö6976) EMD 

Millipore (Billerica, MA, USA)68ɯÂ���Phorbol 12-myristate 13-acetate 

(PMA)) Abcam 68ɯÂ���KN-92 
6+ KN-93 ) Cayman Chemical 

(Ann Arbor, MI, USA)68ɯÂ���ŧ conventional protein kinase C (cPKC)

ŧ§) Santa Cruz Biotechnology68ɯÂ���ŧ��ʌß Drp1 (Ser616) (p-

Drp1)ŧ§�ŧ ERK1/2 ŧ§&7+'ŧ��ʌß ERK1/2ʷp-ERK1/2ʸŧ§)

Cell Signaling Technology (Danvers, MA, USA)68ɯÂ���ŧ FLAGŧ§

) Sigma-Aldrich (St. Louis, MO, USA)68ɯÂ����(�(ɛȿ)ȅ�ȃ

$ò�4(=«ǜ��� 

 

2-2ʺn~Uva
6+n~Bu� 

«ǜ���-"(n~Bu�) Integrated DNA Technologies (Coralville, IA, 

USA)68ɯÂ���v`O�a�@ĴĉČ roGFP2n~Uva)G�P�Ěğ

( Remingtonåĕ68­��:� 23)�i` pyruvate dehydrogenase E1αQm

|c]`'ǝƑ�9v`O�a�@ĴĉSMb�=O�a�9ĒďʊÑ= PCR

'68ēľ��pmCherry-N1 (Takara, ShigaʹJapan)n~Uva( EcoRI Q

B`'QmL��c�M�9�$#v`O�a�@ĴĉČ mCherry n~Uv

a=ªɋ���mCherry-Drp1n~Uva)O�~aĚğ( Voeltzåĕ68­

��:� 17)�ƍn~Uva'O�a�:�i` Drp1 cDNA= NotI/EcoRIQB

`=�Ú�" PCR '68ēľ��p3×FLAG-CMV7.1 n~Uva (Sigma-
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Aldrich)'QmL��c�M�9�$# p3×FLAG-Drp1 WTn~Uva=ªɋ

���Drp1 Ser6160�) Ser637( Ser�Alaėǣ§ (Drp1 S616A&7+'

Drp1 S637A)=ǨǗ�9n~Uva (p3×FLAG-Drp1 S616A, p3×FLAG-Drp1 

S637A)) Phusion DNA t�x~�X=ǜ
� PCR-based site-directed 

mutagenesis ƭ'68ªɋ���ªɋ��n~Uva( Drp1 ʫč'ʈ¢ĝė

ǣ�&
�$= DNAS�LE�UɒƓ'68Ǵɞ��� 

 

2-3. ȓȭƗ
6+ȓȭĎʱ 

� Drp1 ʈ¢ĝƠŵuCUȬȝȚȺȓȭ (KO MEF ȓȭ)
6+�(O�`��

�$&9uCUȬȝȚȺȓȭ (WT MEF ȓȭ))�ĸĚğĚğʚ(ʏƏŹĖɤ

ļ68­��:���MEFȓȭƗ) 10% FBS (Biowest, Nuaillé, France)=ö

2 DMEMĎĊ (Thermo Fisher Scientific)=ǜ
"�CF�Z�TzN]`Ņ

B�J{p�Z�'" 37��5% CO2Ɛ �#Țŭ���Mdivi-1 (Drp1 ʙĩ

Ö)�U0126 [MAPK/ERK kinase1/2 (MEK1/2)ʙĩÖ]�GF109203X [protein 

kinase C (PKC)ʙĩÖ]�0�) Gö6976 (Ca2+®Ğř PKCʙĩÖ)=ǜ
�Í

ǘ)�X ȝǌİ 2 ƇʖÕ�7ʕě��X ȝǌİō'ðȿÖ=ö2ƀʵĎĊ'�

Ŵ��ɒƓ=Ʉ�0#ȿÖĞĉ�#Ďʱ=Ʉ ��PMA(Íǘ) XȝǌİÕ'

6 ƇʖɄ
�ǌİō) PMA =ö0&
ƀʵĎĊ'�Ŵ�ɒƓ0#Țŭ���

KN-93 (CaMKʙĩÖ)0�)�(�Ʊř@b�M§ KN-92(Íǘ)�Xȝǌİ

ō�7ʕě��ðɒƓ=Ʉ�0#ȿÖĞĉ�#Ďʱ=Ʉ �� 

 

2-4. n~Uva(ıÂ 

� `~�UlDLS}�ÕƂ' KO MEFȓȭ=Ŷǻ���ƈĎʱ����ĥʐ

( X-tremeGENE 9 Transfection Reagent (Roche Applied Science, Mannheim, 
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Germany)�OPTI-MEM (Thermo Fisher Scientific)&7+'n~Uva=Ƹñ

��Ĩƽ'" 15Ïʖʥȣ���Ƹñƶ=ĎĊ'ǃ��n~Uva=ȓȭ'ıÂ

���̀ ~�UlDLS}�ō�24ƇʖĎʱ��ō'ĎĊ=ƀʵĎĊ'�Ŵ��

�(ō(Ħʲ'«ǜ��� 

 

2-5. Xȝǌİ 

� Xȝǌİ)ȅ�ȃ'Ƕ��Ɓƭ'"Ʉ �� 

 

2-6. v`O�a�@(ƕȹ 

� ȓȭ= 35 mmI~U±`w_A]S{'Ŷǻ�"�ƈűǯ���ō'�Xȝ

=ǌİ����ĥƇʖĎʱ��ō�ĎĊ= 100 nM MitoTrackerTM Green FM=

ö2ǊɃƺ DMEMĎĊ#ȣŴ��ȓȭ= 37��5% CO2Ɛ �# 30ÏʖB�

J{p�`����(ō�ǊɃƺ DMEMĎĊ# 2ăưƳ��10% FBS=ö2

DMEMĎĊ'ȣŴō�ɑĭ=Ʉ �� 

 

2-7. v`O�a�@Ŋŝɑĭ
6+ĥʐǪɒƓ 

� MitoTrackerTM Green FM #ƕȹ���0�)v`O�a�@ĴĉČ

mCherry=ǨǗ���MEFȓȭ= 37��5% CO2Ɛ �#�LSM700Åǋǈ

��R�ʮŒʓ(Carl Zeiss)=ǜ
"v`O�a�@Ŋŝ(ɑĭ
6+ĥʐɒƓ

=Ʉ ��ŷŋ��ǟ½�7ðƐ #(Ħʲ'

" 25´��(ȓȭ=Ǌªǉ

'ʇ+�ȓȭ�(v`O�a�@Ŋŝ(Ïʯ=Ʉ ��v`O�a�@ŊŝÏʯ

(ɚ¯)ȅ�ȃ'Ƕ��Ɓƭ'"Ʉ ��MEFȓȭ'
�9v`O�a�@Ŋ

ŝÏʯ(ÆČǪǟ½)Ć 7'Ƕ�� 
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2-8. CEUZ�m�]`ƭ 

� CEUZ�m�]`)ȅ�ȃ'Ƕ��Ɓƭ'"Ʉ ��ð�ơŧ§(ĻʍƐ

 )��(ɽ8#	9�ŧ Drp1ŧ§
6+ŧ cPKCŧ§#) 5%¦ȯȫUJ

wv�L=ö2 TBST# 1,000µ'�ŧ p-Drp1ŧ§�ŧ ERK1/2ŧ§&7+

'ŧ p-ERK1/2ŧ§#) 5% bovine serum albumin (BSA; Sigma-Aldrich)=

ö2 TBST# 1,000µ'�ŧ Actinŧ§
6+ŧ FLAGŧ§#) 5%¦ȯȫU

Jwv�L=ö2 TBST# 2,000µ$��� 

 

2-9. ȘɔÍǘ 

� ·)ĳ&�$4 3 ă(ǒȂ��Ħʲ(Ŀċ�Ɲǁ¸Ĺ#Ƕ���ȘɔǪ&Ɗ

śĹƙĥ)�Fƙĥ'69ÏŻƧ(ƙĥ
6+ Student’s tƙĥ�Dunnettƙĥ

&7+' Tukey-Kramer'69ęʎƧɴƙĥ'68Ʉ ��æʝǖ� p<0.05(

ʟ'ƊśĹ	8$��� 
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3. ȗƔ 

3-1. Xȝǌİ� Drp1 S616
6+ S637��ʌß'��9ŋʧ 

� Drp1)
�!�(Ȧɘɠ³ʰʉ¥=Ɗ�"
8��:0#' Drp1'Ğĉ�

9W��ƥď(���S616&7+' S637(��ʌß��Drp1(Ʊřß$�:

'ņ�ș�v`O�a�@ſǎß'ƚ3"ʎɍ&ŌØ=Ɣ��"
9�$�ƅ

7�'�:"
9 6)���#�Xȝǌİ� Drp1(��ʌßǑŝ'��9ŋʧ=

ɢ-9�3�0��Xȝǌİō(WT MEFȓȭ'
�9Drp1 S616
6+ S637

��ʌßʐ=CEUZ�m�]`'68ȖƇǪ'ɚ¯���Ć 8A
6+ 8B#

Ƕ�6�'�10 Gy(ǌİ'68 Drp1 S616��ʌß)�ǌİ 4Ƈʖō0#)

<��'Ƽĳ�����(ō�ǌİ 12�16Ƈʖō#��ʌß�p�)Ɗś'�

ɿ��ǌİ 24Ƈʖō'

"4ǌİÕ$Ƨ-9$ʴ
��ʌß�p�=Țŭ�

"
9Ɯĝ�ɑĭ�:���Ɓ#�Drp1 S637��ʌß) XȝǌİÕō#ƅǴ

&g�a)ɞ37:&� ��ș
"�Drp1��ʌß(ȝʐŗȈř= Xȝǌİ

12Ƈʖō'ɚ¯��$�;�2.5 Gy(ǌİ'6 " S616(��ʌß�p�(

�Ƅ»ô�ɞ37:�5 
6+ 10 Gy (ǌİ#)Ɗś&�Ƅ�Ǵɞ�:� (Ć

9A 
6+ 9B)��Ɓ�S637 (��ʌß'!
")�ʦǌİ
6+ X ȝ=ǌİ

��ȓȭ(
�:'

"4 Drp1 S637��ʌß(ƅǴ&g�a)ɞ37:&

� ���:7(ȗƔ�7�Xȝǌİ)ȝʐ®ĞǪ' S616(��ʌß�p�=

ēĚ�9�Ɓ#�S637(��ʌß')ŋʧ�&
�$�Ƕā�:�� 

 

3-2. Xȝǌİ'69v`O�a�@Ïɇ'ʎɍ& Drp1(��ʌßʉ¥(ǐĥ 

� �:0#(ȗƔ�7�Xȝǌİ� Drp1(��ʌßǑŝ'ŋʧ�9�$�ƅ7

�$& �����&�7�Xȝǌİ'69v`O�a�@Ŋŝėß'Į�9�

:7W��ƥď(��ʌß(śȥ)ɒƅ�:"
&
�$�7��:=ƅ7�
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'�9�$=ǭǪ'ơ(ƙɕ=Ʉ ��ÈĄř( Drp1=ŭ�&
 KO MEFȓ

ȭ'ʏǚČ Drp1 	9
) 2 ǻʯ( Drp1 W��ėǣ§ (Drp1 S616A�Drp1 

S637A)(
�:�=ǨǗ���v`O�a�@Ŋŝ'Į�9�(ŋʧ(ɚ¯=

Ʉ ��KO MEFȓȭ'ȀpLZ��ʏǚČ Drp1�Drp1 S616A&7+' Drp1 

S637AǨǗn~Uva=`~�UlDLS}���24Ƈʖō(�:�:(O�

U`~L`(ǨǗʐ=ƙÎ��$�;��(ǨǗʐ'Ě�&Ĺ�&
�$�Ǵ

ɞ�:�(Ć 10A)�ơ'�Xȝǌİ�:� KO MEFȓȭ�(v`O�a�@Ŋ

ŝ'Į�"��:7( Drp1Z�hLɮǨǗ�ê/�ŋʧ=ƙɕ���KO MEF

ȓȭ'ȀpLZ��ʏǚČ Drp1�Drp1 S616A&7+' Drp1 S637AǨǗn~

Uva=`~�UlDLS}�ō�Xȝǌİ=Ʉ
 12ƇʖĎʱō'
�9v`

O�a�@Ŋŝ(ɚ¯=Ʉ ���(ʟ�v`O�a�@=ïɏß�9�3�v

`O�a�@ĴĉČmCherry=O�a�9n~Uva=òƇ'ıÂ���ȓȭ

Èv`O�a�@Ŋŝ=ɑĭ��ðȓȭ'
�9ÆČǪ&ǟ½$ŊŝÏʯ=ɚ

¯��ȗƔ&7+'�(ȘɔǪɒƓȗƔ=Ć 10B�10C &7+'Ć 11 'Ƕ�� 

ȀpLZ�=ıÂ��ȓȭ#)�Xȝǌİ'68 Intermediate(Øñ�<��

'ēÚ�94((�Ã§$�"Ě�&ėß)ɑĭ�:&� ���:'Į�"�

ʏǚČ Drp1=ıÂ��ȓȭ#)�Xȝǌİ'68 Highly connected(Øñ�

ʮȽ'Ƽĳ�9$$4'�Fragmented(Øñ�Ɗś'ēÚ����(�$�7�

KO MEFȓȭ'ʏǚČ Drp1=Éƛš�9�$#�Xȝ'69v`O�a�@

Ŋŝėß�ăő�9�$�Ƕ�:��ơ'�Drp1 S616A=ıÂ��ȓȭ#)�

X ȝǌİ�&
đñ�ȀpLZ�ıÂȓȭ$òƜ(v`O�a�@ŊŝÏĺ=

Ƕ����Ɓ#�Xȝǌİ��đñ')�Fragmented(Øñ�Ɗś'ēÚ��

4((��(Øñ)ʏǚČ Drp1ǨǗȓȭ$Ƨɴ�"�Drp1 S616AǨǗȓȭ#

)ƅ7�'¦��"
���7'�Drp1 S637A=ıÂ��ȓȭ#)�ʦǌİƐ
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 �'

"Highly connected(Øñ�Ƽĳ�9»ô$ Fragmented(Øñ(

Ɗś&ēÚ=Ƕ����Xȝǌİō(v`O�a�@Ŋŝėß(ǺŃ)�ʏǚČ

Drp1ǨǗȓȭ$òǺŃ#	 ����(ȗƔ�7�Xȝǌİ'69v`O�a

�@Ïɇ(�ɿ'

"�Drp1( S637684 S616(Ɓ�ʎɍ#	9�$�

Ƕā�:�� 

 

3-3. Xȝǌİ'69 Drp1 S616��ʌß'Į�9 ERK1/2(ʗ� 

� Xȝ'68 Drp1 S616(��ʌß��ɿ�9�$�&7+' Drp1 S616� X

ȝ'69v`O�a�@Ŋŝėß'ʎɍ#	9$
�ǰɎ�7�Drp1 S616 (

��ʌß�Ÿİȝǌİō(v`O�a�@Ïɇ'ʎɍ#	9�$�Ųĭ�:9�

��#�Xȝǌİō( Drp1��ʌß�%(Jb�X'68ņ�ɱ��:9(�

'!
"ơ'ƙɕ=Ʉ ���:0#'Đù�:� Drp1 S616=��ʌß�9

Jb�X 19,44,52,59)(���)�3' ERK1/2 (ī�'!
"ǐǣǪʙĩÖ=ǜ


�ƙɕ=Ʉ ��ERK1/2)MEK1/2'69 202Ǣǭ(`�Gc�ƥď
6

+ 204Ǣǭ(\�S�ƥď(��ʌß=ɽ�"Ʊřß�:9�$�7�MEK1/2

ǐǣǪʙĩÖ#	9 U0126=ǜ
" ERK1/2(ʙĩ=Ʉ � 11)�WT MEFȓ

ȭ' 0�1�5&7+' 20 µM( U0126=Íǘ��10 Gy( Xȝǌİ=Ʉ
 12

ƇʖĎʱō�ERK1/2$ Drp1(ǨǗʐ
6+ ERK1/2$ Drp1(��ʌßʐ=

CEUZ�m�]`'68ɚ¯���Ć 12'Ƕ�6�'�Xȝǌİ) ERK1/2

(ǨǗʐ
6+ ERK1/2(��ʌß'ŋʧ=��&� ��0���( ERK1/2

(��ʌß)�5 µM ��( U0126 (Íǘ'68ǆŃ®ĞǪ'Ƽĳ�����

�&�7�20 µM0#( U0126Íǘ)ďł�p�( Drp1(��ʌß
6+ X

ȝ'68�ɿ�� Drp1��ʌß(
�:'4ƅ7�&ÜƔ=��&� ���

�(ȗƔ�7�ERK1/2) Xȝǌİ'69 Drp1 S616(��ʌß'ʗ��"




 
36 

 

&
�$�Ƕā�:�� 

 

3-4. Xȝǌİ'69 Drp1 S616��ʌß'Į�9 PKC(ʗ� 

� Ǘĉ0#(ǲǿ'68�ʌßU`�U�'

" PKCδ� Drp1 S616=��

ʌß�9�$�&7+' Xȝǌİ� PKCδ=Ʊřß�9$
��$�Đù�:

"
9 44,65)�0��PKC ') α �7 ι/λ 0# 10 ǻʯ(@BYlF�w�Ğĉ

��ęǻęƜ&ďɮZ�hLɮ=��ʌß�9�$�ǰ7:"
9 36)��:7

(�$�7�ơ' PKCδ=ö3� PKC� Xȝ'68ɟı�:9 Drp1 S616�

�ʌß'ʗ��"
9(�%��'!
"ƙɕ=Ʉ ��0��PKCǐǣǪʙ

ĩÖ#	9 GF109203X
6+ Gö6976(ŋʧ=ɚ¯���PKC(ð@BYl

F�w(���GF109203X) cPKC (α�β&7+' γ)�PKCδ&7+' PKCε

'Į�"ǐǣř=Ƕ��Ɓ#�Gö6976 ) PKCα 
6+ PKCβ 'Į�"ǐǣř

=Ƕ��$�Đù�:"
9 37,54)�ƍǲǿ#)�WT MEFȓȭ' GF109203X

0�) Gö6976=Íǘ��Xȝǌİ��ō( Drp1(ǨǗʐ
6+�(��ʌß

ʐ=CEUZ�m�]`'68ɚ¯���Xȝǌİ) Drp1 S616��ʌß=�

ɿ�����:'Į�"
�:( PKCʙĩÖ4ƅ7�&ÜƔ=Ƕ�&� �(Ć

13A)��-"( PKC@BYlF�w(�� PMAȗñʫč=ŭ! cPKC�PKCδ

&7+' PKCε )ʔƇʖ( PMA Íǘ'68�(ǨǗ�¦��9�$�Đù�

:"
9 33)��:=Òǜ�"Ÿİȝǌİō( Drp1 S616��ʌß'
�9 PKC

(ʗ�=�7'ƙɕ���WT MEFȓȭ' 100 µM( PMA= 6ƇʖÍǘ��

$�;��Ś��ɽ8 cPKC�p��ʮȽ'¦����Ɓ#�PMAÍǘȤ#4

ƌÍǘȤ#4 X ȝǌİō( Drp1 S616 ��ʌß�p�)./ò�#	 �(Ć

13B)���(ȗƔ�7�PKC) Xȝǌİ'69 Drp1 S616��ʌß'ʗ��

&
��Ƕā�:�� 
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3-5. Xȝǌİ'69 Drp1 S616��ʌß'Į�9 CaMKII(ʗ��  

� Ǘĉ0#(ǲǿ'68� Ca2+'68Ʊřß�:9Jb�X#	9 CaMKII�

Drp1 S616 =��ʌß��v`O�a�@Ŋŝėß(ɢȋ'ʗ��"
9�$

�Ƕā�:"
9 59)���#�CaMKII� Xȝǌİ'69 Drp1 S616(��ʌ

ß'ʗ��"
9�%��'!
"�CaMKIIʙĩÖ KN-93$�(�Ʊř@b

�M§#	9 KN-92=ǜ
"ƙɕ=Ʉ ��WT MEFȓȭ' 10 Gy( Xȝǌ

İ=Ʉ
�100
6+ 200 nM( KN-93=Íǘ�" Drp1(ǨǗʐ
6+ Drp1

( S616 ��ʌßʐ=CEUZ�m�]`'68ȖƇǪ'ɚ¯���Ć 14A '

Ƕ�6�'�Xȝǌİ) Drp1 S616��ʌß(�Ƅ=ɟı�9���(��ʌ

ß) KN-93Íǘ'68ǆŃ®ĞǪ'Ɗś'ŦÓ�:���(�Ɓ#�òǆŃ#

( KN-92 Íǘ) Drp1 S616 ��ʌßǑŝ'Ɗś&ŋʧ=ê/�&� �(Ć

14B)���(ȗƔ�7�CaMKII� Xȝǌİ'69 Drp1 ( S616��ʌß'

ʗ��9�$�Ƕā�:�� 

 

3-7. Xȝǌİ'69v`O�a�@Ŋŝėß'Į�9 CaMKIIʙĩ(ŋʧ 

� KN-93� Xȝǌİō( Drp1(��ʌß�p�(�Ƅ=ŦÓ���$�7�

KN-93 '69 CaMKII (ʙĩ� X ȝǌİō(v`O�a�@Ŋŝėß'ŋʧ

=��9�%��'!
"ƙɕ=Ʉ ��WT MEFȓȭ' 10 Gy( Xȝǌİ

=Ʉ
�100 nM( KN-920�) KN-93=Íǘ�" 12ƇʖĎʱō(v`O�

a�@Ŋŝ(ɑĭ
6+ĥʐǪɒƓ=Ʉ �(Ć 15A 
6+ 15B)�ȿÖʦÍǘ

ȓȭ'

"�XȝǌİÕ#) Tubular
6+ Intermediate(Øñ��ɍ&ƛ

š	9('Į��Xȝǌİō#) Highly connected
6+ Tubular(Øñ�Ɗ

ś'Ƽĳ��Fragmented(Øñ�ƅ7�'ēÚ���KN-93Íǘ) Xȝǌİ
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'69v`O�a�@Ŋŝėß=ĢÃ'Ť�Ƶ���Ɓ#�KN-92 Íǘ)�:

'ŋʧ=ê/�&� ���(�$�7�CaMKII'69 Drp1 S616(��ʌ

ß��Xȝ'69v`O�a�@Ïɇ(�ɿ'ī��"
9�$�Ƕā�:�� 

 

 

  



Highly connected

Tubular

Intermediate

Fragmented

y7ÿI;0S<O&�£iü�e|Åa
MEFÖÞ���#I;0S<O&�£%Highly connected�Tubular�Intermediate�
Fragmented�4��,:1OT�iü���Åa�XåÊ�I;0S<O&�e|Åa%Ï��
�#�
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y8ÿXÚ¾���Drp1�OSïpQGP�×ªÊ�p

(A) WT MEFÖÞ�10 Gy�XÚ%¾���¾�4�8�12�16�!��24ªô��Drp1�pS616 
Drp1�!��pS637 Drp1%(*67SER9;� "ë]���Íú�pS637 Drp1	ç�

$#AS<ZÛ%Ï��(B) ç�
$�Drp1� �pS616 Drp1�AS<��%�ñ��Drp1ñ
���#pS616 Drp1ñ%ø¾�Ü�`%1����u�Ì�`�Ï���t,NJ�AT��
{�S.D.%å��ÙéÊ«¡��Dunnet³�%Ä��ø¾�Ü����p<0.05 (*)���
p<0.01 (**)�Ï���

A

B
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y9ÿXÚ¾���Drp1�OSïpQGP�Úñ�Ô 

(A) WT MEFÖÞ�tÚñ�XÚ%¾���12ªô��Drp1�pS616 Drp1�!��pS637 
Drp1%(*67SER9;� "ë]���Íú�pS637 Drp1	ç�
$#AS<ZÛ%Ï��
(B) ç�
$�Drp1� �pS616 Drp1�AS<��%�ñ��Drp1ñ���#pS616 Drp1ñ
%ø¾�Ü�`%1����u�Ì�`�Ï���t,NJ�AT��{�S.D.%å��ÙéÊ
«¡��Dunnet³�%Ä��ø¾�Ü����p<0.05 (*)���p<0.01 (**)�Ï���

A

B
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R
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)�

Vec� WT� S616A�S637A�
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FLAG 
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Figure 2: Radiation-induced mitochondrial fission is recovered by the introduction of WT and S637A 
Drp1, but not by S616A Drp1. 
(A) Drp1 KO MEFs were transiently transfected with plasmids encoding 3xFLAG-tagged wild-type Drp1 
(WT), Drp1 S616A (S616A), Drp1 S637A (S637A) or empty vector (Vec). After incubation for 24 h, the 
cells were collected and the expression levels of exogenous Drp1 were analyzed by Western blotting. 
Representative blots of FLAG and Actin are shown. (B and C) To analyze mitochondrial morphology, 
plasmids encoding Drp1 and mitochondria-targeting mCherry were simultaneously introduced into KO 
MEFs. After incubation for 24 h, the cells were X-irradiated at 10 Gy and incubated for 8 h. Mitochondria 
were analyzed by confocal laser scanning microscopy. (B) Representative confocal images of mitochondria 
in the cells. Bottom, magnified images of boxed region. (C) Quantitative image analysis of mitochondrial 
morphologies. Data are expressed as means ± SD of three experiments.�

y10ÿXÚ¾�� #I;0S<O&�£�p���#
Drp1�È[��ù��ñÊè¯

(A) KO MEFÖÞ�ðÃ|�S616A���S637A Drp1ÉÁFN6I<%;NS6D).4MS
�24ªô}þ��FLAG� �Actin�ÉÁñ%(*67SER9;� "³h���(B) KO 
MEFÖÞ�I;0S<O&�z|mCherry� �ðÃ|�S616A���S637A Drp1ÉÁFN
6I<%;NS6D).4MS�24ªô}þ��10 Gy�XÚ¾�%ä�12ªô}þ��d½¼
QT3Tû�ó%Ä��I;0S<O&�£%ë]���

A

B
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y13ÿXÚ¾�� #Drp1 S616OSïp���#PKCõ��o°

(A) WT MEFÖÞ�t»��GF109203X (GFX)���Gö6976 (Gö)%gÂ����10 Gy�XÚ
¾�%ä�12ªô}þ���Drp1�ÉÁñ� �Drp1�OSïpñ%(*67SER9;� 
"ë]���(B) WT MEFÖÞ�100 µM�PMA%¾�l6ªôgÂ��10 Gy�XÚ¾�%ä�
12ªô}þ���cPKC�Drp1�ÉÁñ�!��Drp1�OSïpñ%(*67SER9;� 
"ë]���
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–
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y14ÿXÚ¾�� #Drp1 S616OSïp���#CaMKõ��o°
(A and B) WT MEFÖÞ�10 Gy�XÚ¾�%ä��t»��KN-93 (A)���KN-92 (B)%gÂ�
�12ªô}þ���Drp1�ÉÁñ� �Drp1�OSïpñ%(*67SER9;� "ë]���
ç�
$�p-Drp1� �Drp1�AS<��%�ñ��Drp1ñ���#p-Drp1ñ%ø¾���á
m­gÂÜ�`%1����u�Ì�`�Ï���ÙéÊ«¡��Student’s t³�� "³���
p<0.01 (**)�Ï���
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y15ÿXÚ¾�� #I;0S<O&�£�p���#CaMKõ��o°
WT MEFÖÞ�10 Gy�XÚ¾�%ä��200 nM KN-93���KN-92%gÂ��12ªô}þ�
�I;0S<O&%±ß��d½¼QT3Tû�ó%Ä��ç����(A) KN-93���KN-92
gÂ��WT MEFÖÞ���#XÚ¾���I;0S<O&�e|Åa%Ï���#�(B) I;
0S<O&�£%ë]���ñÊè¯%ä���ÙéÊ«¡��Student’s t³�� "³����

A

B
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4. Ȩĭ 

ƍȃ#)�Drp1 S616(��ʌß�Ÿİȝǌİ'69v`O�a�@Ŋŝė

ß'ʎɍ#	9�$=ƅ7�'����:0#'�Drp1 S616 (��ʌß�

Drp1 =Ʊřß��Drp1 ®Ğř(v`O�a�@Ïɇ=�ɿ�9�$�ƅ7�

$& "
9 1)�X ȝǌİƇ( Drp1 S616 (��ʌß�p�)ǌİō 12 Ƈʖ

#Ɖ4��ʌß�p���ɿ����(ůÝ)��Õ'ŉǲǿĨ#Đù�� Xȝ

ǌİō(v`O�a�@Ŋŝėß(ȖƇǪėß$�ȶ�"
9�$�7�Drp1 

S616 (��ʌß�v`O�a�@Ŋŝėß'ʗ��"
9�$�Ųĭ�:��

�7'�Drp1 S616Aėǣ§(ǨǗ)ʏǚČ Drp1(ǨǗ$Ƨɴ�"Ÿİȝǌİ

ō(v`O�a�@Ŋŝėß�ƼŇ�"
���(ȗƔ�7�Drp1 S616 (�

�ʌß�Ÿİȝ'69v`O�a�@Ŋŝėß'ʎɍ#	9�$�Ƕā�:��

�(�Ɓ#�WT MEFȓȭ'

" S637(��ʌßʐ)ďł�p�
6+ X

ȝǌİō$4'.$>%ƙÎ�:&� ��Drp1 S637 (��ʌß)�(Ʊř

'ŦÓǪ'¼��$�ǰ7:"
8�PKA'69��ʌß��:0#'Đù�

:"
9�Ħʟ�MEFȓȭ'

" forskolinÍǘ'69 PKA(Ʊřß� Drp1 

S637(��ʌß=�ɿ�9�$=Ǵɞ�"
9(ȗƔƌųɵ)��(�$)�WT 

MEFȓȭ'

"4 PKA'69Drp1 S637��ʌß(ÓŐƟƛ)Ğĉ�94

((�Xȝǌİ#)�(Ʊřß)ɱ�&
�$=Ƕ�"
9�0��Drp1 S637A

ėǣ§ǨǗ)<��#)	9�ʦǌİƇ(”Fragmented”(Øñ=ēÚ���

�$�7�Drp1 S637 ��ʌß�ƙÎ#�&
ǺŃ��ƚ3"¦
�p�#ǚ

�"
9ïȮř�Ȩ�7:9�����Õɻ(6�' X ȝǌİ'69��ʌß

�p�'ėß�17:&
�$�7�X ȝǌİō(v`O�a�@Ïɇ'



" Drp1 S637'
�9��ʌß'69ɢȋ(ī��Ĳ�
$Ř<:9� 

ȷûƷ
�$'�Drp1 S616A ėǣ§ǨǗ)Ÿİȝ'69v`O�a�@Ŋ
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ŝėß=ʉÏǪ'ņ�ɱ�����(ȗƔ)�Drp1 S616 ��ʌß�Ę(Ȧɘ

ō³ʰ�Ÿİȝǌİō( Drp1 (Ʊřß'ʉÏǪ'ī��"
9ïȮř=Ƕā

�"
9ǗƇǈ#)�ǣ&9ʉ¥(��ʌß'694(��(�(ɳÊȦɘō

ɢȋ'694(�)ƅ7�#)&
���(¶Ɋ$�"SUMOß�ů�7:9�

Drp1 ( SUMO ß)v`O�a�@$(ȗñ=ġĥß��v`O�a�@Ïɇ

=�ɿ�9�$�Đù�:"
9 2,16)�0��Ÿİȝ&%'69 DNA ŵº)�

�(³ő'ʗ<9Z�hLɮ( SUMOß=±ɿ�9$
�Đù�	9 18,49) �

$�7�Ÿİȝǌİ'68 Drp1� SUMOß�:��(Ʊř�ÓŐ�:"
9

ïȮř�	9�Xȝǌİ'69 Drp1Ʊřß$�:7(��ʌß�Ę(Ȧɘō³

ʰ$(ʗɾ'!
")��ō�7'ƙɕ�9Ŗɍ�	9� 

� Xȝǌİ'69 Drp1 S616(��ʌß=ņ�ɱ��ɪ¡Jb�X=òĥ�9

�$=ǭǪ'�ERK1/2�PKC&7+' CaMKII(ʗ�'!
"ƙɕ��$�

;�CaMKII��(ɪ¡Jb�X$�"òĥ�:��CaMKII)W��/U�G

c�Jb�X(�ǻ#	8�Ca2+SMb�(¢ʄ�9�$#Ɯ�&ȓȭn�W

U=ÓŐ�"
9 35)�ƍǲǿ#)�CaMKII(ʙĩ� Xȝ'69 Drp1 S616(

��ʌß=ʮȽ'ŦÓ�9�$=ƅ7�'���òƜ'�ʂé(Đù#)�

CaMKII �ŞřǪ& β @a�b��ÔǄ�'

" Drp1 S616 ��ʌß=�

ɿ�9�$�ƅ7�$�:"
9 59)�Ú�"�Ÿİȝǌİ�Ɯ�&ȓȭǻ'



" CaMKII=Ʊřß�9$
�ǰɎ�Đù�:"
9 13,41,47)���(ǰɎ�

7�Xȝǌİ'68 CaMKII� Drp1 S616(��ʌß=ņ�ɱ���$�Ƕā

�:���7'�CaMKII (ʙĩ)Ÿİȝ'69v`O�a�@Ŋŝėß=Ƽ

Ň����:7(ȗƔ�7�Ÿİȝǌİō CaMKII'69 Drp1 S616(��ʌ

ß=ɽ�"v`O�a�@Ïɇ��ɿ�9$
��ɾ(ÏĝxHcVw�ƅ7

�$& �� 
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� ƍǲǿ#)�X ȝǌİ'69v`O�a�@Ïɇ(�ɿ')�Drp1 S637 #

)&� S616 (��ʌß�ʎɍ#	9�$�&7+' X ȝ'68ņ�ɱ��:

9 Drp1 S616 (��ʌß$v`O�a�@Ïɇ' CaMKII �ī��9�$�

Ƕā�:���:7(ȗƔ)�Ÿİȝǌİ'69v`O�a�@Ïɇ=ÓŐ�9

Drp1(ƱřßƟŁ(�ʉ=ƅ7�'��ƀ�&ǰɎ#	9� 

 

5. ĲŬ 

ƍȃ#)�Ÿİȝǌİō(v`O�a�@Ŋŝėß'Į�9 Drp1 ��ʌß

(śȥ$�(ɪ¡Jb�X=ƅ7�'�9�$=ǭǪ$�"ƙɕ=Ʉ ��

Drp1( S616
6+ S637��ʌß'ǯǭ���:7(��ʌß�p�(Ÿİ

ȝǌİō(ȖƇǪėß
6+ȝʐ®Ğř'!
"ɚ¯����(ȗƔ�Drp1 

S616 ��ʌß�p�)ǌİ 12 Ƈʖō'k�L$�"ēÚ���Ɓ#�Drp1 

S637��ʌß) XȝǌİÕō'

"ƅǴ&g�a)ɞ37:&� ���7

'�Drp1 S616��ʌß)ȝʐ®ĞǪ'�ɿ���Ɓ#�S637(��ʌß')

ŋʧ�&
�$�ƅ7�$& ��ș
"�Xȝǌİ'69v`O�a�@Ïɇ

'Į�" Drp1��ʌß�%�ŋʧ�9(�=ƅ7�'�9�3�Drp1Ơŵȓ

ȭ'ʏǚČ Drp1	9
) Drp1W��ėǣ§ (Drp1 S616A�Drp1 S637A)=

ıÂ���ʏǚČ Drp1ǨǗȓȭ$Ƨɴ�" Drp1 S637AǨǗȓȭ#) Xȝǌ

İ'69v`O�a�@Ïɇ'Ɗś&Ĺ�&� ��Ɓ#�Drp1 S616A ǨǗ

ȓȭ)�(Ïɇ=ŦÓ���ơ'�Drp1 S616 ��ʌß=ņ�ɱ��Jb�X

'!
"ƙɕ��$�;�CaMKII(ʙĩ� Xȝǌİō( Drp1 S616��ʌß

=ŦÓ����7'�CaMKII ʙĩ) X ȝǌİ'69v`O�a�@Ïɇ4Ŧ

Ó�����(ȗƔ�7�Xȝǌİ'69v`O�a�@Ïɇ(�ɿ')�Drp1 

S637#)&� S616(��ʌß�ʎɍ#	9�$�&7+' Xȝ'68ņ�ɱ
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��:9 Drp1 S616 (��ʌß$v`O�a�@Ïɇ�ɿ' CaMKII �ī�

�9�$�Ƕā�:�� 
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<ȅ�ȃ> 

v`O�a�@Ïɇ'69ŸİȝŜîř³ʰxHcVw(ƙɕ 

1. Łɣ 

ȅ�ȃ#Drp1
6+ Fis1(f]L[C��ȓȭ(ŸİȝŜîř=¦Ƽ�9

�$�ƅ7�$& ��$�7�v`O�a�@Ïɇ�Ÿİȝǌİō(ȓȭƤ

'ʎɍ&ŌØ=Ɣ��"
9$Ř<:9�ʂé(Đù#)�U`�UŗȈƇ'


�9v`O�a�@Ïɇ(�ɿ�v`O�a�@ȳʤ¥(ėß5ROSǛǚ(ē

Ě&7+'@t`�SU(ɟı$
 �ƟȮėß=ǚ���9�$�Đù�:

"
9����&�7�Ÿİȝ'69v`O�a�@Ŋŝėß�ȓȭÈ(%(6

�&ƟȮ=ėß��"ŸİȝŜîř=³ʰ��(�'!
")�($�;ƅ7

�#)&
� 

Õɻ(6�'��:0#'U`�UŗȈ(ʟ'v`O�a�@Ŋŝėß=ɽ

�"v`O�a�@ƟȮ�ėß��ȓȭ(ǚƤ'ī��9�$�ƅ7�$& 

"�"
9�Ɍż(I�ȓȭƗ'

"�aJY�jS�5SUn~\�Íǘ$


 �ʈ¢ƦřU`�U5ȒĘȝ'69ʌßU`�U�v`O�a�@Ïɇ=

�ɿ��v`O�a�@ǝƑROSǛǚ�ēÚ�9ǰɎ�Đù�:"
9 22,48,68)�

0��in vivo~]`y_�'

"�ŕɀɃÉǇƲʠĩƇ'v`O�a�@Ï

ɇ��ɿ�9�$�Đù�:"
9 66)�Ú�"�i`Ȫȓȭǧ BEL7402 ȓȭ

'

"�ʂʌßƨȑÍǘ'69 Ca2+GS��S}�ʬŃ(ēÚ� Drp1 (f

]L[C�'6 "¦Ƽ�9�$�Đù�:"
9 26)��:7(ǰɎ�7�ʈ

¢ƦřU`�U
6+ʌßU`�U�v`O�a�@Ŋŝėß'£ "ȓȭƟ

Ȯ=ėß��9�$�Ƕā�:"
9��:0#'�ŉǲǿĨ#)�Ÿİȝǌİ

�v`O�a�@ǝƑü÷Ƶɬʐ�ATP Ǜǚ&7+' ROS Ǜǚ=�ɿ�9�

$=ƅ7�'�"
9 62,63)��:7(ǰɎ$ȅ���ȃ(ȗƔ$=ñ<�9$�



 
53 

 

Ÿİȝ'69v`O�a�@Ïɇ(�ɿ$�:'£�v`O�a�@ƟȮėß

�Ÿİȝ'69ȓȭƤ(ĳ&�$4�ʉ'ī��"
9ïȮř�Ųĭ�:9� 

ƍȃ#)�Ÿİȝ'69v`O�a�@Ïɇ(�ɿ�ȓȭÈ(%(6�&Ɵ

Ȯ=ėß��"ŸİȝŜîř=³ʰ��(�'!
"ƅ7�'�9�$=ǭǪ

'�����#�ȅ�ȃ#ªɋ��v`O�a�@Ïɇ=ŦÓ�ŸİȝŜîř�

¦Ƽ�"
� Drp1
6+ Fis1 KD EMT6ȓȭ=ǜ
"�Ÿİȝǌİō'ǚ�

9ȓȭƤƜŅ(ɚ¯&7+' DNA�ƍʒÐſ�ȓȭÈ ATPǛǚ�ROSǛǚ&

7+' Ca2+ÓŐ(ŸİȝŜîřėß'Į�9ī�'!
"ƙɕ=Ʉ �� 
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2. Ǝž$Ɓƭ 

2-1. ɛȿ 

Annexin V, APC Ready FlowTM Reagent�DAPI&7+' Trypan Blue Stain

) Thermo Fisher Scientific68ɯÂ���Cell ATP assay regent) Toyo Ink 

(Tokyo, Japan)�7ɯÂ���CaSiR-1-AM) GORYO Chemical Inc (Sapporo, 

Japan)�7ɯÂ���N-acetylcysteine (NAC), 2-glucopyranoside ascorbic acid 

(AA-2G)&7+' BAPTA-AM ) Wako Pure Chemical Industries (Osaka, 

Japan)�7ɯÂ���ŧ cleaved-caspase3ŧ§) Cell Signaling Technology6

8ɯÂ��� �(�(ɛȿ)ȅ�ȃ0�)ȅ�ȃ$ò�4(=«ǜ��� 

 

2-2. ȓȭƗ
6+ȓȭĎʱ 

uCU�ȲI�ǝƑEMT6ȓȭ
6+v`O�a�@ÏɇÓŐZ�hLɮf

]L[C� EMT6ȓȭ)ȅ�ȃ'Ƕ��Ɓƭ#Ďʱ��� 

 

2-3. Xȝǌİ 

� Xȝǌİ)ȅ�ȃ'Ƕ��Ɓƭ#Ʉ �� 

 

2-4. `�h�m��ƕȹ 

Xȝǌİ 24�48�72Ƈʖō'ȓȭ=ăì� PBSưƳō�`�h�m��'

69ƕȹ=Ʉ ��`�h�m��ʞřȓȭ) CountessTM II FL Automated 

Cell Counter (Thermo Fisher Scientific)=ǜ
"ȊÎ��� 

 

2-5. @t`�SU(ɒƓ 

HUh�X(Ʊřß=ɚ¯�9�3�cleave caspase-3ƕȹ=Ʉ ��Xȝǌ
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İ 24�48�72Ƈʖō'ȓȭ=ăì� PBS#ưƳō�xZf��'69ćĥ=

Ʉ ��ćĥ��ȓȭ= PBS#ưƳ��ō�0.5% BSA=ö2 PBS # 6000µ

Ļʍ�� anti-cleaved caspase-3$$4'Ĩƽ# 1ƇʖB�J{p�`���

É+ʅŕ'68�ƺ=ʛéō�PBS # 3 ăưƳ��ȓȭ' 0.5% BSA =ö2

PBS# 2000µ'Ļʍ�� APCƝɧŧCQKŧ§= 1.5Ƈʖëŗ����ʅŕ

'68�ƺ=ʛéō�PBS # 1 ăưƳ��ȓȭ= BD FACSVerseTM Flow 

Cytometer (BD Biosciences)'"ƾĥ=Ʉ
�Ŀċ(ɁÀňŃ=ȊÎ���

Annexin V/PIƕȹ'69@t`�SU(ɚ¯#)�Xȝǌİ 72 Ƈʖō'ăì

��ȓȭ= Annexin V, APC Ready FlowTM Reagent
6+ PI#ƕȹ���ʅ

ŕ'68�ƺ=ʛéō�PBS # 1 ăưƳ��ȓȭ= BD FACSVerseTM Flow 

Cytometer'6 "ɒƓ���Annexin Vʞř�PIʜřȓȭ=ƃƋ@t`�S

U$1&���(Øñ=ȊÎ��� 

 

2-6. ÏɇƋķĔ(ɚ¯ 

ȓȭ=Hg�I~U�'Ŷǻ�"�ƈűǯ����5 Gy( Xȝ=ǌİ��24

Ƈʖȓȭ=Ďʱ���ȓȭ= PBS #ưƳ��ƩËxZf��=ǜ
"-20�#

10Ïʖćĥ���ćĥ��ȓȭ= 5% TritonX-100=ö2 PBS=ǜ
" 4�#

5ÏʖɼʂÍǘ=Ʉ ��PBS# 3ăưƳ��ō�300 nM DAPI=ö2 PBS

=ǜ
"�Ƙ= 5ÏʖĨƽ#ƕȹ���É+ PBS#ȓȭ=ưƳ��ō�Prolong 

Gold Antifade Reagent=ǜ
"įÂ���ȓȭ(ƘŊŝ) Olympus BX61ʮ

Œʓ=ǜ
"ɑĭ���ĳ&�$4 100 ´(ȓȭ=ɚ¯��ǣĽ&ƘŊŝ (Œ

ĲƘ�ęȼß��Ƙ&7+'ſǎß��Ƙ)=ø�9ȓȭ=ÏɇƋķĔ$�"ɔ

ż��� 
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2-7. ȓȭÈ ATPʐ(ɚ¯ 

Xȝǌİ 24Ƈʖō'ȓȭ=ăì� PBS#ưƳō�100 µl( 1.0×105´(ȓ

ȭ=ö2Šǅƶ$ 100 µl ( ATP assay reagent (Toyo Ink)= 96-well plate�

#Ƹñ��Ĩƽ# 1 ƇʖB�J{p�`����(ō�Nivo multimode 

microplate reader (PerkinElmer)=ǜ
"�SlD~�XǨÀ=ƾĥ��ȓȭ

	�8( ATPʐ=ȊÎ��� 

 

2-8. ȓȭÈ Ca2+ʐ(ɚ¯ 

Xȝǌİ��ĥƇʖĎʱō(ȓȭ=ăì� PBS#ưƳ���ʅŕ'68�ƺ

=ʛé��ō�1 µM CaSiR-1-AM=ö2 HBSS#ȓȭ= 37�# 1Ƈʖƕȹ�

��ʅŕ'68�ƺ=ʛéō�PBS # 1 ăưƳ��ȓȭ= BD FACSVerseTM 

Flow Cytometer'6 "ɒƓ���(Ŀċ(ɁÀňŃ=ȊÎ��� 

 

2-9. ȘɔÍǘ 

� ·)ĳ&�$4 3 ă(ǒȂ��Ħʲ(Ŀċ�Ɲǁ¸Ĺ#Ƕ���ȘɔǪ&Ɗ

śĹƙĥ)�Fƙĥ'69ÏŻƧ(ƙĥ
6+ Student’s tƙĥ�Dunnettƙĥ

&7+' Tukey-Kramer'69ęʎƧɴƙĥ'68Ʉ ��æʝǖ� p<0.05(

ʟ'ƊśĹ	8$��� 
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3. ȗƔ 

3-1. v`O�a�@ÏɇŦÓ'69ŸİȝŜîřėß'Į�9eL��SU(

ī� 

� v`O�a�@Ïɇ(ŸİȝŜîř³ʰxHcVw=ɒƅ�9�3�Ÿİȝ

Ŝîř=¦Ƽ�9�$�ƅ7�$& "
9 Drp1
6+ Fis1 KD EMT6ȓȭ

=ǜ
"Ÿİȝǌİō(ȓȭƤƜŅ'!
"(ƙɕ=Ʉ ��I�ȓȭ'



"Ÿİȝ'68ɟı�:9ȓȭƤ)@t`�SU�eL��SU=)�3$�

"G�`l?T��ÏɇƋķĔ5ȓȭȧß&%(Ɯ�&ƜŅ'69ȓȭƤ��

:0#'Đù�:"
9 7,14)�ƍǲǿ#)�ŸİȝŜîřėß'ī��"
9ȓ

ȭƤƜŅ=ǐĥ�9�3�eL��SU�@t`�SU&7+'ÏɇƋķĔ=ɚ

¯���0��eL��SU=ɚ¯�9�3�10 Gy( Xȝ=ǌİ� 24�48&

7+' 72Ƈʖō(ȓȭ=`�h�m��'6 "ƕȹ���(ʞřǖ=ȊÎ�

�(Ć 16)�`�h�m��ʞřȓȭ)
�:(Ƈǈ'

"4 10%'ƿ���

Drp1
6+ Fis1 KD'69ŋʧ4ɞ37:&� �� 

 

3-2. v`O�a�@ÏɇŦÓ'69ŸİȝŜîřėß'Į�9@t`�SU(

ī� 

ơ'�Ÿİȝǌİō(@t`�SU'!
"(ƙɕ=Ʉ ���:0#'v

`O�a�@Ŋŝėß$@t`�SU(ʗɾ'!
")�Drp1®Ğř(v`O

�a�@Ïɇ�ȓȭɮ,( cytochrome c ŸÎ=±ɿ�� @t`�SU'ī�

�9�$�ǰ7:"
9 4)��(�3�v`O�a�@ÏɇŦÓ'69ŸİȝŜ

îř(¦Ƽ')@t`�SU�ʗ��"
9(#)&
�$Ȩ�7:��Ÿİ

ȝǌİō(@t`�SU=ɚ¯�9�3�10 Gy( Xȝ=ǌİ� 24�48&7+

' 72Ƈʖō'ăì��ȓȭ= anti-cleaved caspase-3ŧ§=ǜ
"ÁǤɁÀƕ
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ȹ��l��QB`x�Z�'69ɒƓ=Ʉ �(Ć 17A)��(ȗƔ�cleaved 

caspase-3ǨǗʐ) Xȝǌİō'ȖƇǪ'ēÚ��72 Ƈʖō#)Ɗś&Ĺ$�

"ƙÎ�:���(�$�7�EMT6 ȓȭ'

"Ÿİȝǌİō'@t`�S

U�ɟı�:9�$��Ś�:��0��Xȝǌİō( cleaved caspase-3(Ǩ

Ǘ) Ctl$Ƨɴ�" Drp1 KDȓȭ'

" 72Ƈʖō#Ɗś'Ƽĳ���$�

7�Ŝîř(¦Ƽ'@t`�SU(ī��Ȩ�7:����#�Xȝǌİ 72Ƈ

ʖō'ɟı�:"
9@t`�SU=Ħʟ'ɚ¯�9�3�ȓȭ= Annexin 

V/PI #ƕȹ�" Annexin V ʞř�PI ʜř(ƃƋ@t`�SU(Øñ=ƾĥ�

�(Ć 17B)��Ś'ë��EMT6ȓȭ'

" Xȝǌİō 72ƇʖƇǈ#ɟı�

:9@t`�SU) 10%����ɑĭ�:&� ��Drp1 KDȓȭ#) Ctlȓ

ȭ'Ƨ-"@t`�SU�Ɗś'Ƽĳ��4((�Fis1 KD ȓȭ#)Ɗś&ŋ

ʧ)ɞ37:&� �� 

 

3-3. v`O�a�@ÏɇŦÓ'69ŸİȝŜîřėß'Į�9ÏɇƋķĔ(ī

� 

Ɖō'�Ÿİȝǌİō(ÏɇƋķĔ'!
"(ƙɕ=Ʉ ��ÏɇƋķĔ)

ƊȎÏɇǣĽ=£�ȓȭƤ#	8�Ÿİȝ=)�3$�� DNAŵº[x�T'

ɱĄ�"ǚ�9�$�Đù�:"
9 14)��:0#'�Drp1 KO MEFȓȭ'



"Ÿİȝǌİ'68ÏɇƋķĔ�Ɗś'¦Ƽ�9�$�ƅ7�$& "


9 60)�ÏɇƋķĔ�ǚ��ȓȭ#)�Ć 18A'Ƕ��6�'ŒĲƘ�ęƘ0�

)ſǎß��ƘŊŝ=ø�9�$�ǰ7:"
9���#�5 Gy( Xȝ=ǌİ

� 24Ƈʖō(ȓȭ=DAPI'6 "ȓȭƘ=ƕȹ�ǣĽ&ðŊŝ=Ƕ�ȓȭ=

ÏɇƋķĔ$1&���(Øñ=ȊÎ��(Ć 18B)�Ctlȓȭ'

"�Xȝǌ

İō(ÏɇƋķĔ)ȏ 60%ɑĭ�:�('Į��Drp1
6+ Fis1 KDȓȭ#
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)�:�ȏ 35-45%0#Ɗś'ƼŇ�9�$�ƅ7�$& ����(ȗƔ�7�

EMT6 ȓȭ'

"�Ÿİȝ'68ɟı�:9ȓȭƤ')eL��SU
6+

@t`�SU(ī�) 10%ƌƿ$ƧɴǪĳ&��ÏɇƋķĔ(ī��Ě�
�

$�Ƕā�:��Ú�"�Drp1
6+ Fis1 KD)ÏɇƋķĔ=Ƽĳ��9�$

#ŸİȝŜîř=¦���"
9�$�Ƕā�:�� 

 

3-4. v`O�a�@ÏɇŦÓ'69ÏɇƋķĔ¦Ƽ'Į�9 DNA �ƍʒÐſ

(ī� 

� v`O�a�@ÏɇŦÓ�ÏɇƋķĔ'69ȓȭƤ=¦Ƽ���$�ƅ7�

$& �(#�ơ'��:'ī��9xHcVw(ɒƅ=ɛ1��ƙɕ�9xH

cVw$�"�ŸİȝǚǏğ��<3"ʎɍ& DNA�ƍʒÐſ$�(³ő'!


"�0��v`O�a�@ŊŝÓŐ'6 "ƟȮėß�Đù�:"
9 ATP�

ROS &7+' Ca2+ÓŐ'!
"(ƙɕ=Ʉ ��0��DNA �ƍʒÐſ³ő

(ī�'!
"ƙɕ�9�3�Xȝǌİō(ȓȭ'
�9 53BP1(ÁǤƕȹ=

Ʉ �(Ć 19)�53BP1 ) DNA �ƍʒÐſ�ǚ�9$ŵºʉ¥'ʡǾ��lF

�HU=Ŋš�9��(lF�HU) DNA�ƍʒÐſ(³ő'£ "Ƽĳ�"


��$�ǰ7:"
9 50)��(�3��:7(lF�HUż=ȖƇǪ'ɚ¯

�9�$#�DNA�ƍʒÐſʐ$�(³őȮ=ɚ¯#�9�EMT6ȓȭ' 1 Gy

( Xȝǌİ=Ʉ�$�ȓȭ	�8( 53BP1lF�HUż)ǌİ�7 1Ƈʖō'

k�L=ɸ���(ōƇʖȖʂ$Å'Ƽĳ���Drp1
6+ Fis1 KDȓȭ'



"4òƜ(ėß�ɑĭ�:�DNA�ƍʒÐſ³őʂǺ'ŋʧ=ê/�&� 

����(ȗƔ�7�v`O�a�@ÏɇŦÓ'69ÏɇƋķĔ¦Ƽ') DNA

�ƍʒÐſ)ī��"
&
�$�ƅ7�$& �� 
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3-5. v`O�a�@ÏɇŦÓ'69ÏɇƋķĔ¦Ƽ'Į�9 ATP(ī� 

� ș
"�ATP Ǜǚ(ī�'!
"ƙɕ�9�3�X ȝǌİō(ȓȭ'
�9

ȓȭÈ ATPʐ= ATP-Luciferase assay'6 "ƾĥ��(Ć 20)��(ȗƔ�

ȓȭÈ ATPʐ) Xȝǌİ 24Ƈʖō#ēÚ�"
�4((�Drp1
6+ Fis1 

KD'69Ɗś&ŋʧ)ɞ37:&� ���(�$�7�v`O�a�@Ïɇ

ŦÓ'69ÏɇƋķĔ¦Ƽ'ȓȭÈATPʐ)ī��"
&
�$�ƅ7�$&

 �� 

 

3-6. v`O�a�@ÏɇŦÓ'69ÏɇƋķĔ¦Ƽ'Į�9 ROS(ī� 

ơ'�ROS(ī�=ƙɕ�9�3�ROSUHp�Tz�#	9 NAC
6+

AA-2G Íǘ� X ȝǌİō(ÏɇƋķĔ'��9ŋʧ=ƙɕ���ȓȭ' 5 Gy

( Xȝǌİō' NAC0�) AA-2G=Íǘ� 24Ƈʖō(ȓȭ(ÏɇƋķĔ=

ɚ¯��(Ć 21)�10 mM
6+ 20 mM NACÍǘ&7+' 1 mM
6+ 2.5 

mM AA-2GÍǘ)
�:(ȓȭƗ'
�9Xȝǌİō(ÏɇƋķĔ'4ŋʧ�

&� ���:7(ȗƔ�7�v`O�a�@ÏɇŦÓ'69ŸİȝŜîř¦Ƽ

' ROS)ī��"
&
�$�Ƕā�:�� 

 

3-7. v`O�a�@ÏɇŦÓ'69ÏɇƋķĔ¦Ƽ'Į�9 Ca2+(ī� 

Ɖō'�Ca2+ÓŐ(ī�=ƙɕ�9�3�ȓȭÈ Ca2+J��`Ö BAPTA-AM

Íǘ�ÏɇƋķĔ'��9ŋʧ=ɚ¯��(Ć 22)�̒ Gy( Xȝǌİō(ȓȭ'

8 μM BAPTA-AM=Íǘ� 24Ƈʖō(ȓȭ(ƘŊŝ=ɚ¯��$�;�ƘŊŝ

ǣĽ=£�ȓȭ�ʮȽ'Ƽĳ�"
��Ħʟ�ÏɇƋķĔ(ĥʐɚ¯=Ʉ �$

�;�X ȝǌİ'69ÏɇƋķĔ)
�:(ȓȭƗ'

"4òǺŃ'Ɗś'

Ƽĳ�9�$�ƅ7�$& ���(ȗƔ�7 Ca2+�Ÿİȝ'69ÏɇƋķĔ
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'ʎɍ#	9�$�Ƕā�:����#�X ȝǌİÕō(ȓȭÈ[Ca2+]i (ƾĥ

=ơ'Ʉ ��5 Gy( Xȝ=ǌİ� 12Ƈʖ
6+ 24Ƈʖō(ȓȭ=ăì��

Ca2+®ĞřɹɰĘÀn��m CaSiR-1-AM=ǜ
"ȓȭ=ƕȹ���(ɁÀ=

l��QB`x�Z�'"ƾĥ��(Ć 23)�Ctl'

"�Xȝǌİ 12 Ƈʖō

'

"ȓȭÈ[Ca2+]i )Ɗś'ēÚ���(»ô) 24 Ƈʖō'

"4ɑĭ

�:���(�Ɓ#�Drp1
6+ Fis1 KDȓȭ'
�9ȓȭÈ[Ca2+]i)ǌİ

Õō#ėß�&� ���(�$�7�Xȝǌİō(v`O�a�@Ïɇ(�ɿ

�ȓȭÈ[Ca2+]i ēÚ'ī��9�$�Ƕā�:����(ȗƔ=0$39$�

Ÿİȝǌİō'v`O�a�@Ïɇ=��"ȓȭÈ[Ca2+]i �ēÚ���:�Ï

ɇƋķĔ(ɟı'�ʉī��9�$�Ƕā�:�� 

 

 

 

 

 

  



y16ÿI;0S<O&iæ¥k	XÚ¾���?.RT46�W�#�ù
Drp1� �Fis1 KD EMT6ÖÞ�10 Gy�XÚ%¾���24� �72ªô}þ��ÖÞ%;OB
SEPT� ��±ß����÷ À%Õh���ÙéÊ«¡��Student’s t³�� "³��
��
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y17ÿI;0S<O&iæ¥k	XÚ¾���&H;T46�W�#�ù
(A) Drp1� �Fis1 KD EMT6ÖÞ�10 Gy�XÚ%¾���24� �72ªô}þ��ÖÞ��
�#cleaved caspase-3ÉÁñ%DRT2';KT7T� "º����éº
$��{�âb
��%Õh��ø¾�CtlÜ�`%1����u�Ì�`�Ï���(B) Drp1� �Fis1 KD
EMT6ÖÞ�10 Gy�XÚ%¾���72ªô}þ��ÖÞ%Annexin V/PI�±ß�DRT2';
KT7T� "º����Annexin V÷ �PIö �ÖÞ%&H;T46÷ ÖÞ������
�nu%Õh���ÙéÊ«¡��Student’s t³�� "³���p<0.05 (*)�Ï���

A

B
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y18ÿI;0S<O&iæ¥k	XÚ¾���iæ¬���W�#�ù
EMT6ÖÞ�XÚ%¾���24ªô}þ��ÖÞ�²%DAPI� "±ß��iæ¬��%ç�
���(A) EMT6ÖÞ���#iæ¬���Xå\%Ï���#���²��àp��²�!�
�¨¿p��²%iæ¬�����v����(B Drp1� �Fis1 KD EMT6ÖÞ�5 Gy�XÚ
%¾���24ªô}þ��iæ¬��%ë]���ñÊè¯%ä����ÙéÊ«¡��
Student’s t³�� "³���p<0.05 (*)�Ï���

A

B
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y19ÿI;0S<O&iæ¥k	DNA2®òj¨�^�îÐ�W�#�ù
Drp1� �Fis1 KD EMT6ÖÞ�1 Gy�XÚ%¾���U�ªô}þ��ÖÞ���#53BP1
D+T,6%âbû�ó%Ä��ç������
��100_YV�ÖÞ�Åa%q���ÖÞ
��"��{D+T,6§%Õh���/ND�H'S;� �AT��{�S.D.%å���#�
ÙéÊ«¡��Student’s t³�� "³����

65



y20ÿI;0S<O&iæ¥k	XÚ¾���ÖÞfATPñ�W�#�ù
Drp1� �Fis1 KD EMT6ÖÞ�10 Gy�XÚ%¾���24ªô}þ��ÖÞ���#ÖÞ��
"�ATPñ%ATP-Luciferase assay%Ä��º����ÙéÊ«¡��Student’s t³�� "³
����

66



y21ÿROS	XÚ¾���iæ¬���W�#�ù
XÚ¾���iæ¬���ROS6,GS5LTm��#NAC� �AA-2GgÂ	W�#�ù%
ë]���Drp1� �Fis1 KD EMT6ÖÞ�5 Gy�XÚ¾���t»��NAC (A)���AA-
2G (B)%gÂ�24ªô��iæ¬��%�ñÊ�ë]���ÙéÊ«¡��Student’s t³��
 "³����

A

B
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y22ÿCa2+	XÚ¾���iæ¬���W�#�ù
XÚ¾���iæ¬���Ca2+-QT;m��#BAPTA-AMgÂ	W�#�ù%ë]���
Drp1� �Fis1 KD EMT6ÖÞ�5 Gy�XÚ¾���8 µM BAPTA-AM%gÂ�24ªô��i
æ¬��%�ñÊ�ë]���ÙéÊ«¡��Student’s t³�� "³���p<0.05 (*) �Ï�
��

68



Drp1� �Fis1 KD EMT6ÖÞ�5 Gy�XÚ¾���U�ªô}þ��ÖÞ%CaSiR-1-AM�±
ß��DRT2';KT7T%Ä��ÖÞf[Ca2+]i%ë]���ÙéÊ«¡��Student’s t³�
� "³���p<0.05 (*)�Ï���

y23ÿI;0S<O&iæ¥k	XÚ¾���ÖÞf[Ca2+]i�W�#�ù

69
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3. Ȩĭ 

ƍȃ#)�Drp1
6+ Fis1 KD EMT6ȓȭ#) Xȝǌİō(ÏɇƋķĔ�

Ɗś'¦��"
9�$=ƅ7�'���òƜ(ȗƔ)�Drp1 KO MEF ȓȭ

=ǜ
�ƙɕ#4ɑĭ�:"
9�0���:7(ȗƔ)O�c�Ŋšɛʲ(Ŝ

îřėß(ǺŃ=6�ëƆ�"
8�v`O�a�@ÏɇŦÓ'69ŸİȝŜ

îř(¦Ƽ'ʗ<9ȓȭƤ')ÏɇƋķĔ�ʎɍ#	9�$�Ƕā�:9��

Ɓ#�v`O�a�@Ïɇ'69Ŋŝėß�@t`�SU(ɟı$Ĭű'ʗ<

9�$�6�ǰ7:"
9 4)�Ħʟ�Drp1 KDȓȭ#) Xȝǌİ'69@t`

�SU=�ʉ#)	9�Ɗś'Ƽĳ���$�7�Drp1 KD68@t`�SU

ɟı��ʉŦÓ�:��$�Ƕā�:�����&�7�EMT6 ȓȭ'
�9

@t`�SU'69ȓȭƤ) 10%ƌƿ$ĳ&��O�c�Ŋšƭ'69Ÿİȝ

ǌİō(ȓȭǚĞǖ=Ȩş�9$@t`�SU(Ÿİȝ'69ȓȭƤ'Į�9

ī�)Ĳ�
�$�Ųĭ�:�� 

ÏɇƋķĔ¦Ƽ'ī��9xHcVw=ƙɕ��$�;�DNA �ƍʒÐſ�

ATP&7+' ROS)�:'ī��"&
�$�ƅ7�$& ��Xȝǌİ'6

 "ȓȭ	�8( ATPʐ�ēÚ�9�$)�:0#'Đù�:"
8��(ȗ

Ɣ) EMT6ȓȭ'

"4òƜ#	 ���Ɓ#�v`O�a�@Ŋŝ)¤ʔ

ß�"
9Ɓ�Ee�K�Ǜǚ'ƊÒ#	9�$�ǰ7:"
8 56)�Ÿİȝ'

69v`O�a�@Ïɇ(�ɿ)ȓȭ	�8(ATPʐ(ēÚ'Ǯë�96�'

Ř<:9�����òƇ'�Ÿİȝ�v`O�a�@ DNA
6+v`O�a�

@ʐ=ʔƋǪ'ēÚ��9�$4Đù�:"
9�$�7 61)�ȓȭ	�8(

ATP ʐ�ēÚ�"
9ȗƔ)�:'ɱĄ�94($Ųĭ�:9�0��aJY

�jS�5SUn~\�Íǘ=)�3$��U`�U�v`O�a�@Ïɇ=

�ɿ��v`O�a�@ǝƑ ROSǛǚ=ēň�9Đù��:0#'żę�&�
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:"
9�Ÿİȝǌİ�v`O�a�@ǝƑ ROSǛǚ=ēÚ��9�$4ǰ7

:"
9��ƍǲǿ'
�9 ROSUHp�Tz�Íǘ)Ÿİȝ'69ÏɇƋķ

Ĕ'ŋʧ=ê/�&� ��0��ŉǲǿĨ(MEFȓȭ=ǜ
�ƙɕ#)�Ÿ

İȝ�v`O�a�@ǝƑ ROS Ǜǚ=ēÚ��94((�Drp1 KO ��:'

ŋʧ�&
�$=ƅ7�'�"
9(ȗƔƌųɵ)��:7(ȗƔ�7�Ÿİȝ'

6 "v`O�a�@ǝƑ ROSǛǚ��ɿ�94((��(ēÚ')v`O�

a�@Ŋŝėß)ī��"
7��ÏɇƋķĔ(ɟı')ī��"
&
�$

�Ųĭ�:9� 

Ɖō'�Ca2+ÓŐ(ī�=ƙɕ��$�;�EMT6ȓȭ'

" Xȝǌİ�

ȓȭÈ[Ca2+]i =ēÚ�9�$�ƅ7�$& ���:0#'�Ÿİȝǌİ�ȓ

ȭÈ[Ca2+]i =ēÚ��9ǰɎ�
�!�(ȓȭǻ#Đù�:"
9�$�7

24,45)��(Ǘɨ)Ā�ʯÝǏȓȭ'
�9�ȸǪ&ŸİȝŗȈ(�!#	9$Ȩ

�7:9�0��Xȝ'69ȓȭÈ[Ca2+]i(ēÚ) Drp1
6+ Fis1 KDȓȭ

#)ɑĭ�:&� ��$�7�Ÿİȝǌİō(v`O�a�@Ïɇ(�ɿ�

ȓȭÈ[Ca2+]i=ēÚ��9�$�Ƕā�:��v`O�a�@) Ca2+=ɫȾ�

ŸÎ�9�$#�ȓȭÈ Ca2+SMb�¢ʄ=ÓŐ�9�$�ǰ7:"
9$$

4'�Ca2+�v`O�a�@Ŋŝėß'ʎɍ&ŌØ=ū��$�ƅ7�'�:

"�"
9 46)��7'�ɹŀ�ŕȇȓȭ�Ïß�9ʟ'v`O�a�@ɂñ(

ŦÓ�U`@ªÝř( Ca2+ƲÂ=ēÚ��9ǰɎ5 30)�Ȫȓȭǧ'

"ʂʌ

ßƨȑÍǘƇ'v`O�a�@Ïɇ��ɿ��STIM1=��"U`@ªÝř(

Ca2+ƲÂ=ēÚ��9$
 �ǰɎ�Đù�:"
9 26)��:7(ǰɎ)�ƍ

ȃ'
�9Ÿİȝǌİō(v`O�a�@Ïɇ(�ɿ�ȓȭÈ[Ca2+]i =ēÚ�

�9ȗƔ=ɉ��94($Ȩ�7:9����&�7�Ǘĉ($�;Ÿİȝ'6

9ȓȭÈ[Ca2+]i =ēÚ��9ǝƑ'!
")ƅ7�#)&
�Õɻ��6�'
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v`O�a�@Ïɇ(�ɿ�0�)ɂñ(ŦÓ�U`@ªÝř( Ca2+ƲÂ=ņ

�ɱ��ǰɎ�Đù�:"
9����&�7�Ca2+(ǝƑ�Ĳȭ§5v`O�

a�@ǝƑ#	9ïȮř)õĥ#�&
�0��Ĳȭ§$v`O�a�@)Ǯ�

ªǜ�9�$�ǰ7:"
8��ȩ�ɹű��ʉ¥#)Ĳȭ§�7v`O�a

�@,( Ca2+(ǹɄ�&�:9Đù5�Ĳȭ§�v`O�a�@=Þ1ɷ1�

Drp1 '69v`O�a�@ÏɇȉŢ=�3Ǔȁ�9�$�Đù�:"
9 17)�

�:7(�$�7�Drp1�Ĳȭ§$ãɢ�"v`O�a�@ŊŝÓŐ=Ʉ�$

$4'�Ĳȭ§$v`O�a�@ʖ(ĴŢǪ& Ca2+ÓŐ'4ŋʧ�9ïȮř�

Ȩ�7:9��:7(!&�8=ƅ7�'�9')�0��Ĳȭ§5v`O�a

�@È([Ca2+]i =ɁÀn��m=ǜ
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Mitochondrial dynamics are crucial for cellular survival in response to 

various stresses. Previous reports showed that X-irradiation stimulates 

mitochondrial fission, which is mediated by the mitochondrial fission protein, 

dynamin-related protein 1 (Drp1) and its inhibition resulted in reduced 

cellular radiosensitivity. However, the mechanisms of radiation-induced cell 

death related to mitochondrial shape change remain unclear. In this study, 

the role of mitochondrial dynamics in cellular radioresponse was investigated.  

In the first chapter, EMT6 cells lines stably expressing shRNA against 

mitochondrial fission or fusion proteins were established. When 

mitochondrial morphology and cellular radiosensitivity were assessed, 

knockdown of Drp1 and Fis1, which are mitochondrial fission regulators, 

resulted in elongated mitochondria and significantly attenuated cellular 

radiosensitivity. On the other hand, inhibition of Mfn2 and Opa1, which are 

mitochondrial fusion regulators, did not altered cellular survival after 

irradiation, although it shortened mitochondria. These results suggest that 
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mitochondrial fission, but not mitochondrial fusion, is involved in radiation-

induced cell death. 

In the second chapter, the mechanism how X-irradiation promotes Drp1 

activation and subsequent mitochondrial fission was investigated. It was 

shown that X-irradiation triggered Drp1 phosphorylation at serine 616 (S616) 

but not at serine 637 (S637). Reconstitution analysis revealed that 

introduction of wild-type (WT) Drp1 recovered radiation-induced 

mitochondrial fission, which was absent in Drp1-deficient cells. Compared 

with cells transfected with WT or S637A Drp1, the change in mitochondrial 

shape following irradiation was mitigated in S616A Drp1-transfected cells. 

Furthermore, inhibition of CaMKII significantly suppressed Drp1 S616 

phosphorylation and mitochondrial fission induced by X-irradiation. These 

results suggest that Drp1 phosphorylation at S616, but not at S637, is 

prerequisite for radiation-induced mitochondrial fission and that CaMKII 

regulates Drp1 phosphorylation at S616 following irradiation. 

In the third chapter, to clear how mitochondrial fission inhibition reduced 

radiation-induced cell death, the involvements of cellular ATP production, 

ROS generation, and Ca2+ levels were investigated, using Drp1 and Fis1 

knockdown (KD) EMT6 cells. When the modes of cell death after irradiation 

were evaluated, Drp1 and Fis1 KD mainly decreased mitotic catastrophe 

rather than necrosis and apoptosis after irradiation. Cellular ATP contents 

in Drp1 and Fis1 KD cells were similar to those in control cells. N-

acetylcysteine and 2-glucopyranoside ascorbic acid have no effect on mitotic 

catastrophe after irradiation. The cellular [Ca2+]i level increased after 
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irradiation, which was completely suppressed by Drp1 and Fis1 inhibition. 

Furthermore, BAPTA-AM significantly reduced radiation-induced mitotic 

catastrophe, indicating that cellular Ca2+ is a key mediator of mitotic 

catastrophe induction after irradiation. These results suggest that 

mitochondrial fission is associated with radiation-induced mitotic 

catastrophe via cytosolic Ca2+ regulation. 

In conclusion, this study shows the mechanism that how mitochondrial 

fission is triggered by irradiation and how mitochondrial fission induces cell 

death after irradiation. These findings imply that the regulation of 

mitochondrial shape is involved in cellular survival via their functional 

alteration after irradiation and it also suggests that mitochondrial fission and 

Ca2+ signaling are tightly connected and regulate each other.  

  

 

 

 


