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 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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25) optic 

atrophy 1 (Opa1) mitofusin1/2 (Mfn1/2)

4,40)



 
6 

 

dynamin-related protein 1 (Drp1)

mitochondria fission protein 

1 (Fis1) mitochondria fission factor (Mff) Drp1

 

ROS

X Drp1 Drp1

X

60)

Drp1  

Drp1

Fis1



 
7 

 

X

calmodulin-dependent protein kinase II (CaMKII) Drp1 616

X

[Ca2+]i  

Biochemical and Biophysical Research Communications  (doi: 

10.1016/j.bbrc.2019.11.027 doi: 10.1016/j.bbrc.2017.12.012)

2  

  



 
8 

 

< > 

 

 

1.  
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DNA

57)
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( 1)25)
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GTPase
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Mfn1/2 Mfn1/2

GTPase

4,40)

dynamin family Drp1
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GTP

Drp1 4,34,40)
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2.  

2-1.  

Actin horseradish peroxidase (HRP) Santa Cruz 

Biotechnology (Santa Cruz, CA, USA) Drp1

Opa1 BD Biosciences (San Jose, CA, USA) Fis1

GeneTex Inc (Irvine, CA, USA) Mfn2 Abcam (Cambridge, UK)

  

 

2-2  

shRNA

 (    )

pEF6.mCherry-TSG101 (Addgene 

plasmid #38318) XhoI PCR-based site-directed mutagenesis

pENTR/pSM2 (CMV) GFP (w513-1) (Addgene plasmd 

#19170) GFP-miR30 region BamHI BstbI

pEF6-GFP-miR30

shRNA

( 1)15)

PCR pEF6-GFP-miR30 XhoI/EcoRI

shRNA

 

 

2-3.  

EMT6 ATCC (CRL-2755)
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10% fetal bovine serum (FBS: Biosera, Nuaillé, France) RPMI  

(Thermo Fisher Scientific, Waltham, MA, USA)

37 5% CO2  

 

2-4.  

EMT6 shRNA Lipofectamin2000 (Thermo 

Fisher Scientific) 24 9 

cm 10 μg/mL blasticidin

GFP 2.5 μg/mL blasticidin

 

 

2-5. X  

X-RAD iR-225 (Precision X-Ray, North Branford, CT, USA)

200 kVp 15 mA 650 mm 1.0 mm Al 1.37 Gy/min

X X

 

 

2-6.  

35 mm ±

100 nM MitoTracker Red (Thermo Fisher Scientific) RPMI

37 5% CO2 30

RPMI 2 10% FBS RPMI

37 5% CO2 LSM700
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 (Carl Zeiss, Oberkochen, Germany)

50

75%

 Fragmented” 25%

 Highly 

connected”  Tubular”

 Intermediate”

EMT6 2

3  

 

2-7.  

10,000 g 4 1 Lysis buffer (50 mM Tris-

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

20,000 g 4 15

Bio-Rad Protein Assay Kit

3

SDS-PAGE 1/2 1

SDS-PAGE

100 V 1

5% TBST

1

4 Drp1 Fis1
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Opa1 Mfn2 5% TBST

4,000 Actin 5% TBST 2,000

5% TBST 2,000

HRP  (Perkin Elmer Life Science)

LAS 4000 mini

MultiGauge software  

 

2-8.  

60 mm 100 10,000 6

X 6

10 2%

50

 (surviving fraction; SF)

 

 

2-9.  

3

Dunnett p<0.05
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3.  

3-1. 

 

(KD ) Drp1 Fis1

Mfn2 Opa1 shRNA

EMT6 KD

KD

 ( 3) 

KD

Ctl Drp1 Fis1 

KD Mfn2

Opa1 KD

( 4A) 4

 (Highly connected, Tubular, Intermediate, Fragmented)

( 4B) Ctl

Tubular Intermediate Drp1

Fis1 KD Highly connected Tubular

Mfn2 KD Fragmented Intermediate

Opa1 KD Fragmented 100%
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3-2. 

 

Ctl

Drp1 Fis1 KD

 ( 5A)

Mfn2 Opa1 KD

( 5B) Drp1 Fis1 KD

Mfn2 Opa1 KD

 

 

 

  



�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�
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2
EMT6 Highly connected Tubular Intermediate
Fragmented 4

Highly connected

Tubular

Intermediate

Fragmented
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3 shRNA
EMT6 shRNA

(KD ) shRNA (non-silencing shRNA (Ctl)
shDrp1 shFis1 shMfn2 shOpa1)

shRNA Ctl
1

1 0.27 0.13 0.55 0.16ratio

Drp1

Fis1

Opa1

Mfn2

Actin

shDrp1 shFis1 shMfn2Ctl shOpa1
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4

KD EMT6 MitoTracker Red
(A) KD

(B) 4

A

B
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5

KD EMT6
50

(A)Drp1 Fis1 KD EMT6
(B) Mfn2 Opa1 KD EMT6

S.D. Ctl
p<0.05 (*)

Ctl
shMfn2
shOpa1

A

B
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4.  

4 KD EMT6

Mfn1 shRNA

Mfn1 KO Mfn2 KO Mfn1/2 KO

Mfn1

43) Mfn1 Mfn2

43,51)

Mfn1/2

KD

Ctl Drp1 Fis1 KD

Mfn2 Opa1 KD

 

Drp1 Fis1 KD

MEF hTERT Drp1

31,60)

Drp1 Fis1
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Opa1 siRNA

55)

Mfn2

Opa1 KD

 

 

5.      

Drp1 Fis1 KD

Mfn2 Opa1 KD

Drp1 Fis1 KD

Mfn2 Opa1 KD
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Drp1  

1.  

Drp1

Fis1

Drp1 Fis1

Drp1

Fis1 Drp1 Drp1

Drp1

 

Drp1 dynamin family GTPase domain middle 

domain variable domain GTPase effector domain (GED) 4

39) Middle domain GED domain

GTPase domain variable domain

Drp1

Drp1

S- small ubiquitin-related 

modifier (SUMO) O β-N-

2,6,8,20) 6 Drp1
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Drp1 616

637 2 S616 S637

6) Drp1 S616

protein kinase 

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

dependent kinase 1 (CDK1)/cyclin B1 CaMKII

19,44,52,59) CDK1/cyclin B1 Drp1 S616

M ERK1/2 PKCδ

Drp1 S616

CaMKII

β  Drp1 S616

Drp1 S637

protein kinase A (PKA) calcineurin

3,5,10) glycogen synthase kinase 

3β Drp1 693

9)  

Drp1

Drp1

Drp1 S616

58) DNA Drp1
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Drp1

Drp1 S616 S637

Drp1

Drp1 S616

Drp1 S616

 



6 Drp1

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

Drp1 ±
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2.  

2-1.  

DH5a Phusion® High-Fidelity PCR Kit MitoTrackerTM Green FM

Thermo Fisher Scientific Mdivi-1 Enzo Life Sciences 

(Farmingdale, NY, USA) U0126 GF109203X Gö6976 EMD 

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

(PMA) Abcam KN-92 KN-93 Cayman Chemical 

(Ann Arbor, MI, USA) conventional protein kinase C (cPKC)

Santa Cruz Biotechnology Drp1 (Ser616) (p-

Drp1) ERK1/2 ERK1/2 p-ERK1/2

Cell Signaling Technology (Danvers, MA, USA) FLAG

Sigma-Aldrich (St. Louis, MO, USA)

 

 

2-2  

Integrated DNA Technologies (Coralville, IA, 

USA) roGFP2

Remington 23) pyruvate dehydrogenase E1α

PCR

pmCherry-N1 (Takara, Shiga Japan) EcoRI

mCherry

mCherry-Drp1 Voeltz

17) Drp1 cDNA NotI/EcoRI

PCR p3×FLAG-CMV7.1  (Sigma-
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Aldrich) p3×FLAG-Drp1 WT

Drp1 Ser616 Ser637 Ser Ala  (Drp1 S616A

Drp1 S637A)  (p3×FLAG-Drp1 S616A, p3×FLAG-Drp1 

S637A) Phusion DNA PCR-based site-directed 

mutagenesis Drp1

DNA  

 

2-3.  

Drp1  (KO MEF )

 (WT MEF )

MEF 10% FBS (Biowest, Nuaillé, France)

DMEM  (Thermo Fisher Scientific)

37 5% CO2 Mdivi-1 (Drp1

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

kinase C (PKC) ] Gö6976 (Ca2+ PKC )

X 2 X

PMA X

6 PMA

KN-93 (CaMK ) KN-92 X

 

 

2-4.  

KO MEF

X-tremeGENE 9 Transfection Reagent (Roche Applied Science, Mannheim, 
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Germany) OPTI-MEM (Thermo Fisher Scientific)

15

24

 

 

2-5. X  

X  

 

2-6.  

35 mm ± X

100 nM MitoTrackerTM Green FM

DMEM 37 5% CO2 30

DMEM 2 10% FBS

DMEM  

 

2-7.  

MitoTrackerTM Green FM

mCherry MEF 37 5% CO2 LSM700

(Carl Zeiss)

25

MEF

7  
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2-8.  

Drp1 cPKC 5%

TBST 1,000 p-Drp1 ERK1/2

p-ERK1/2 5% bovine serum albumin (BSA; Sigma-Aldrich)

TBST 1,000 Actin FLAG 5%

TBST 2,000  

 

2-9.  

3

F Student’s t Dunnett

Tukey-Kramer p<0.05
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3.  

3-1. X Drp1 S616 S637  

Drp1 Drp1

S616 S637 Drp1

6) X Drp1

X WT MEF Drp1 S616 S637

8A 8B

10 Gy Drp1 S616 4

12 16

24

Drp1 S637 X

Drp1 X

12 2.5 Gy S616

5 10 Gy  (

9A 9B) S637 X

Drp1 S637

X S616

S637  

 

3-2. X Drp1  

X Drp1

X
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Drp1 KO MEF

Drp1 2 Drp1  (Drp1 S616A Drp1 

S637A)

KO MEF Drp1 Drp1 S616A Drp1 

S637A 24

( 10A) X KO MEF

Drp1 KO MEF

Drp1 Drp1 S616A Drp1 S637A

X 12

mCherry

10B 10C 11  

X Intermediate

Drp1 X Highly connected

Fragmented

KO MEF Drp1 X

Drp1 S616A

X

X Fragmented

Drp1 Drp1 S616A

Drp1 S637A
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Highly connected Fragmented

X

Drp1 X

Drp1 S637 S616

 

 

3-3. X Drp1 S616 ERK1/2  

X Drp1 S616 Drp1 S616 X

Drp1 S616

X Drp1

Drp1 S616

19,44,52,59) ERK1/2

ERK1/2 MEK1/2 202

204 MEK1/2

U0126 ERK1/2 11) WT MEF

0 1 5 20 µM U0126 10 Gy X 12

ERK1/2 Drp1 ERK1/2 Drp1

12 X ERK1/2

ERK1/2 ERK1/2

5 µM U0126

20 µM U0126 Drp1 X

Drp1

ERK1/2 X Drp1 S616
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3-4. X Drp1 S616 PKC  

PKCδ Drp1 S616

X PKCδ

44,65) PKC α ι/λ 10

36)

PKCδ PKC X Drp1 S616

PKC

GF109203X Gö6976 PKC

GF109203X cPKC (α β γ) PKCδ PKCε

Gö6976 PKCα PKCβ

37,54) WT MEF GF109203X

Gö6976 X Drp1

X Drp1 S616

PKC (

13A) PKC PMA cPKC PKCδ

PKCε PMA

33) Drp1 S616 PKC

WT MEF 100 µM PMA 6

cPKC PMA

X Drp1 S616 (

13B) PKC X Drp1 S616
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3-5. X Drp1 S616 CaMKII  

 Ca2+ CaMKII

Drp1 S616

59) CaMKII X Drp1 S616

CaMKII KN-93

KN-92 WT MEF 10 Gy X

100 200 nM KN-93 Drp1 Drp1

S616 14A

X Drp1 S616

KN-93

KN-92 Drp1 S616 (

14B) CaMKII X Drp1 S616

 

 

3-7. X CaMKII  

KN-93 X Drp1

KN-93 CaMKII X

WT MEF 10 Gy X

100 nM KN-92 KN-93 12

( 15A 15B)

X Tubular Intermediate

X Highly connected Tubular

Fragmented KN-93 X
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KN-92

CaMKII Drp1 S616

X  

 

 

  



Highly connected

Tubular

Intermediate

Fragmented

7
MEF Highly connected Tubular Intermediate
Fragmented 4
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8 X Drp1

(A) WT MEF 10 Gy X 4 8 12 16 24 Drp1 pS616 
Drp1 pS637 Drp1 pS637 Drp1

(B) Drp1 pS616 Drp1 Drp1
pS616 Drp1 1

S.D. Dunnet p<0.05 (*)
p<0.01 (**)

A

B

40



9 X Drp1

(A) WT MEF X 12 Drp1 pS616 Drp1 pS637 
Drp1 pS637 Drp1
(B) Drp1 pS616 Drp1 Drp1 pS616 Drp1

1 S.D.
Dunnet p<0.05 (*) p<0.01 (**)

A

B
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R
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%
)�

Vec� WT� S616A�S637A�

Actin�

FLAG 

Vec� S616A� S637A�WT�
IR� +�

Vec� S637A�S616A�WT�
IR (+)�

B�

A�

C�

0 

20 

40 

60 

80 

100 

Highly connected 
Tubular 
Intermediate 
Fragmented 

− +�− +�− +�−

5	μm�

5	μm�

Vec�
IR (−)�

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.�

10 X
Drp1

(A) KO MEF S616A S637A Drp1
24 FLAG Actin (B) KO 

MEF mCherry S616A S637A Drp1
24 10 Gy X 12

A

B

C
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Highly connected
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*: p<0.05; **: p<0.01 
#: p<0.05; ##: p<0.01 vs Vec, IR (−)
†: p<0.05; ††: p<0.01 vs Vec, IR (+)
‡‡: p<0.05 vs WT, IR (+)                   (Tukey-Kramer)
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Drp1

p-Drp1

ERK1/2

p-ERK1/2

0 1 5 20U0126 (μM) 0 1 5 20

IR

12 X Drp1 S616 U0126

+−

WT MEF U0126 10 Gy X 12 ERK1/2
Drp1 ERK1/2 Drp1
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Drp1

p-Drp1

Drug (nM) –
100

GFX Gö

1000 10 100

Drp1

p-Drp1

cPKC

PMA (+)PMA (–)
– + – +

IR

IR

13 X Drp1 S616 PKC

(A) WT MEF GF109203X (GFX) Gö6976 (Gö) 10 Gy X
12 Drp1 Drp1

(B) WT MEF 100 µM PMA 6 10 Gy X
12 cPKC Drp1 Drp1

+−

–
100

GFX Gö

1000 10 100

A

B
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14 X Drp1 S616 CaMK
(A and B) WT MEF 10 Gy X KN-93 (A) KN-92 (B)

12 Drp1 Drp1
p-Drp1 Drp1 Drp1 p-Drp1

1 Student’s t
p<0.01 (**)

A

B
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15 X CaMK
WT MEF 10 Gy X 200 nM KN-93 KN-92 12

(A) KN-93 KN-92
WT MEF X (B)

Student’s t

A

B
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4.  

Drp1 S616

Drp1 S616

Drp1 Drp1

1) X Drp1 S616 12

X

Drp1 

S616

Drp1 S616A Drp1

Drp1 S616

WT MEF S637 X

Drp1 S637

PKA

MEF forskolin PKA Drp1 

S637 ( ) WT 

MEF PKA Drp1 S637

X Drp1 S637A

”Fragmented”

Drp1 S637

X

X

Drp1 S637  

Drp1 S616A
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Drp1 S616

Drp1

SUMO

Drp1 SUMO

2,16) DNA

SUMO 18,49) 

Drp1 SUMO

X Drp1

 

X Drp1 S616

ERK1/2 PKC CaMKII

CaMKII CaMKII /

Ca2+

35) CaMKII X Drp1 S616

CaMKII β  Drp1 S616

59)

CaMKII 13,41,47)

X CaMKII Drp1 S616

CaMKII

CaMKII Drp1 S616

 



 
50 

 

X Drp1 S637

S616 X

Drp1 S616 CaMKII

Drp1  

 

5.  

Drp1

Drp1 S616 S637

Drp1 

S616 12 Drp1 

S637 X

Drp1 S616 S637

X

Drp1 Drp1

Drp1 Drp1  (Drp1 S616A Drp1 S637A)

Drp1 Drp1 S637A X

Drp1 S616A

Drp1 S616

CaMKII X Drp1 S616

CaMKII X

X Drp1 

S637 S616 X
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Drp1 S616 CaMKII

 

  



 
52 

 

< > 

 

1.  

Drp1 Fis1

ROS

 

ROS 22,48,68)

in vivo

66) BEL7402

Ca2+ Drp1

26)

ATP ROS

62,63)
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Drp1 Fis1 KD EMT6

DNA ATP ROS

Ca2+  
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2.  

2-1.  

Annexin V, APC Ready FlowTM Reagent DAPI Trypan Blue Stain

Thermo Fisher Scientific Cell ATP assay regent Toyo Ink 

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

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

(AA-2G) BAPTA-AM Wako Pure Chemical Industries (Osaka, 

Japan) cleaved-caspase3 Cell Signaling Technology

  

 

2-2.  

EMT6

EMT6  

 

2-3. X  

X  

 

2-4.  

X 24 48 72 PBS

CountessTM II FL Automated 

Cell Counter (Thermo Fisher Scientific)  

 

2-5.  

cleave caspase-3 X
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24 48 72 PBS

PBS 0.5% BSA PBS 6000

anti-cleaved caspase-3  1

PBS 3 0.5% BSA

PBS 2000 APC 1.5

PBS 1 BD FACSVerseTM Flow 

Cytometer (BD Biosciences)

Annexin V/PI X 72 

Annexin V, APC Ready FlowTM Reagent PI

PBS 1 BD FACSVerseTM Flow 

Cytometer Annexin V PI

 

 

2-6.  

5 Gy X 24

PBS -20

10 5% TritonX-100 PBS 4

5 PBS 3 300 nM DAPI PBS

5 PBS Prolong 

Gold Antifade Reagent Olympus BX61

100  (

)
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2-7. ATP  

X 24 PBS 100 µl 1.0×105

100 µl ATP assay reagent (Toyo Ink) 96-well plate

1 Nivo multimode 

microplate reader (PerkinElmer)

ATP  

 

2-8. Ca2+  

X PBS

1 µM CaSiR-1-AM HBSS 37 1

PBS 1 BD FACSVerseTM 

Flow Cytometer  

 

2-9.  

3

F Student’s t Dunnett

Tukey-Kramer p<0.05
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3.  

3-1. 

 

Drp1 Fis1 KD EMT6

7,14)

10 Gy X 24 48

72

( 16) 10%

Drp1 Fis1 KD  

 

3-2. 

 

Drp1

cytochrome c  

4)

10 Gy X 24 48

72 anti-cleaved caspase-3



 
58 

 

( 17A) cleaved 

caspase-3 X 72 

EMT6

X cleaved caspase-3

Ctl Drp1 KD 72

X 72

Annexin 

V/PI Annexin V PI

( 17B) EMT6 X 72

10% Drp1 KD Ctl

Fis1 KD

 

 

3-3. 

 

DNA

14) Drp1 KO MEF

60) 18A

5 Gy X

24 DAPI

( 18B) Ctl X

60% Drp1 Fis1 KD



 
59 

 

35-45%

EMT6

10%

Drp1 Fis1 KD

 

 

3-4. DNA

 

DNA

ATP

ROS Ca2+ DNA

X 53BP1

( 19) 53BP1 DNA

DNA

50)

DNA EMT6 1 Gy

X 53BP1 1

Drp1 Fis1 KD

DNA

DNA

 

 



 
60 

 

3-5.  ATP  

ATP X

ATP ATP-Luciferase assay ( 20)

ATP X 24 Drp1 Fis1 

KD

ATP

 

 

3-6. ROS  

ROS ROS NAC

AA-2G X 5 Gy

X NAC AA-2G 24

( 21) 10 mM 20 mM NAC 1 mM 2.5 

mM AA-2G X

ROS  

 

3-7. Ca2+  

Ca2+ Ca2+ BAPTA-AM

( 22) Gy X

8 μM BAPTA-AM 24

X

Ca2+



 
61 

 

X [Ca2+]i

5 Gy X 12 24

Ca2+ CaSiR-1-AM

( 23) Ctl X 12 

[Ca2+]i 24

Drp1 Fis1 KD [Ca2+]i

X

[Ca2+]i

[Ca2+]i

 

 

 

 

 

 

  



16 X
Drp1 Fis1 KD EMT6 10 Gy X 24 72

Student’s t

62



17 X
(A) Drp1 Fis1 KD EMT6 10 Gy X 24 72

cleaved caspase-3
Ctl 1 (B) Drp1 Fis1 KD

EMT6 10 Gy X 72 Annexin V/PI
Annexin V PI

Student’s t p<0.05 (*)

A

B

63



18 X
EMT6 X 24 DAPI

(A) EMT6
(B Drp1 Fis1 KD EMT6 5 Gy X

24
Student’s t p<0.05 (*)

A

B

64



19 DNA2
Drp1 Fis1 KD EMT6 1 Gy X 53BP1

100
S.D.

Student’s t

65



20 X ATP
Drp1 Fis1 KD EMT6 10 Gy X 24

ATP ATP-Luciferase assay Student’s t

66



21 ROS X
X ROS NAC AA-2G

Drp1 Fis1 KD EMT6 5 Gy X NAC (A) AA-
2G (B) 24 Student’s t

A

B

67



22 Ca2+ X
X Ca2+ BAPTA-AM
Drp1 Fis1 KD EMT6 5 Gy X 8 µM BAPTA-AM 24

Student’s t p<0.05 (*)

68



Drp1 Fis1 KD EMT6 5 Gy X CaSiR-1-AM
[Ca2+]i Student’s t

p<0.05 (*)

23 X [Ca2+]i

69



 
70 

 

3.  

Drp1 Fis1 KD EMT6 X

Drp1 KO MEF

4) Drp1 KD X

Drp1 KD

EMT6

10%

 

DNA

ATP ROS X

ATP

EMT6

56)

ATP

DNA

61)

ATP

ROS



 
71 

 

ROS

ROS

MEF

ROS Drp1 KO

( )

ROS

 

Ca2+ EMT6 X

[Ca2+]i

[Ca2+]i

24,45)

X [Ca2+]i Drp1 Fis1 KD

[Ca2+]i Ca2+

Ca2+

Ca2+

46)

Ca2+ 30)

STIM1

Ca2+ 26)

[Ca2+]i

[Ca2+]i



 
72 

 

Ca2+

Ca2+

Ca2+

Drp1 17)

Drp1

Ca2+

[Ca2+]i X

[Ca2+]i Ca2+

 

Ca2+ BAPTA-AM

Ca2+

27) MOLT-4

[Ca2+]i BAPTA-AM 

53)

[Ca2+]i

Ca2+

Ca2+

DNA

DNA



 
73 

 

DNA

14)

polo-like kinases aurora kinases cyclins

28)

Ca2+ aurora A kinase

42) cyclin B1 29)

[Ca2+]i

 

[Ca2+]i Ca2+

[Ca2+]i

 

 

 



 
74 

 

5.  

Drp1 Fis1 KD  EMT6

EMT6

DNA

ATP ROS Ca2+ DNA

ATP ROS Ca2+

[Ca2+]i

[Ca2+]i  

 

 

 

  



 
75 

 

< > 

Drp1

 

Drp1 Fis1 KD

Mfn2 Opa1 KD

Drp1 Fis1 KD

Mfn2 Opa1 KD

 



 
76 

 

Drp1

Drp1 S616 S637 Drp1 S616

S637

X Drp1

Drp1 Drp1 Drp1

 (Drp1 S616A Drp1 S637A) Drp1

Drp1 S637A X

Drp1 S616A

Drp1 S616

Drp1 S616

CaMKII X Drp1 S616

X

CaMKII Drp1 S616

 

Drp1 Fis1 KD EMT6

EMT6

DNA ATP ROS Ca2+

DNA ATP ROS

Ca2+



 
77 

 

[Ca2+]i

[Ca2+]i

[Ca2+]i Ca2+

 

CaMKII Drp1 S616

Ca2+

( 24) Ca2+

Ca2+

Ca2+

Huang

26) Ca2+

[Ca2+]i

Ca2+

 

Ca2+

 

  



X-rays

[Ca2+]i ↑↑

���	���
��

��

�	��

�����

S616

Drp1
P

CaMKII

24

� DSB repair
� ATP��
� ROS 

� S637

78



 
79 

 

 

 

(   

 )  

  



 
80 

 

 

1) Archer SL. Mitochondrial dynamics--mitochondrial fission and fusion in 

human diseases. N Engl J Med 369, 2236-2251, 2013. 

2) Braschi E, Zunino R, McBride HM. MAPL is a new mitochondrial SUMO 

E3 ligase that regulates mitochondrial fission. EMBO Rep 10, 748-754, 

2009. 

3) Cereghetti GM, Stangherlin A, Martins de Brito O, Chang CR, Blackstone 

C, Bernardi P, Scorrano L. Dephosphorylation by calcineurin regulates 

translocation of Drp1 to mitochondria. Proc Natl Acad Sci U S A 105, 

15803-15808, 2008. 

4) Chan DC. Fusion and fission: interlinked processes critical for 

mitochondrial health. Annu Rev Genet 46, 265-287, 2012. 

5) Chang CR, Blackstone C. Cyclic AMP-dependent protein kinase 

phosphorylation of Drp1 regulates its GTPase activity and mitochondrial 

morphology. J Biol Chem 282, 21583-21587, 2007. 

6) Chang CR, Blackstone C. Drp1 phosphorylation and mitochondrial 

regulation. EMBO Rep 8, 1088-1089; author reply 1089-1090, 2007. 

7) Chaurasia M, Bhatt AN, Das A, Dwarakanath BS, Sharma K. Radiation-

induced autophagy: mechanisms and consequences. Free Radic Res 50, 

273-290, 2016. 

8) Cho DH, Nakamura T, Fang J, Cieplak P, Godzik A, Gu Z, Lipton SA. S-

nitrosylation of Drp1 mediates beta-amyloid-related mitochondrial fission 

and neuronal injury. Science 324, 102-105, 2009. 

9) Chou CH, Lin CC, Yang MC, Wei CC, Liao HD, Lin RC, Tu WY, Kao TC, 



 
81 

 

Hsu CM, Cheng JT, Chou AK, Lee CI, Loh JK, Howng SL, Hong YR. 

GSK3beta-mediated Drp1 phosphorylation induced elongated 

mitochondrial morphology against oxidative stress. PLoS One 7, e49112, 

2012. 

10) Cribbs JT, Strack S. Reversible phosphorylation of Drp1 by cyclic AMP-

dependent protein kinase and calcineurin regulates mitochondrial fission 

and cell death. EMBO Rep 8, 939-944, 2007. 

11) DeSilva DR, Jones EA, Favata MF, Jaffee BD, Magolda RL, Trzaskos JM, 

Scherle PA. Inhibition of mitogen-activated protein kinase kinase blocks 

T cell proliferation but does not induce or prevent anergy. J Immunol 160, 

4175-4181, 1998. 

12) Detmer SA, Chan DC. Functions and dysfunctions of mitochondrial 

dynamics. Nat Rev Mol Cell Biol 8, 870-879, 2007. 

13) Enns L, Murray D, Mirzayans R. Effects of the protein kinase inhibitors 

wortmannin and KN62 on cellular radiosensitivity and radiation-

activated S phase and G1/S checkpoints in normal human fibroblasts. Br 

J Cancer 81, 959-965, 1999. 

14) Eriksson D, Stigbrand T. Radiation-induced cell death mechanisms. 

Tumour Biol 31, 363-372, 2010. 

15) Fellmann C, Hoffmann T, Sridhar V, Hopfgartner B, Muhar M, Roth M, 

Lai DY, Barbosa IA, Kwon JS, Guan Y, Sinha N, Zuber J. An optimized 

microRNA backbone for effective single-copy RNAi. Cell Rep 5, 1704-1713, 

2013. 

16) Figueroa-Romero C, Iñiguez-Lluhí JA, Stadler J, Chang CR, Arnoult D, 



 
82 

 

Keller PJ, Hong Y, Blackstone C, Feldman EL. SUMOylation of the 

mitochondrial fission protein Drp1 occurs at multiple nonconsensus sites 

within the B domain and is linked to its activity cycle. FASEB J 23, 3917-

3927, 2009. 

17) Friedman JR, Lackner LL, West M, DiBenedetto JR, Nunnari J, Voeltz 

GK. ER tubules mark sites of mitochondrial division. Science 334, 358-362, 

2011. 

18) Galanty Y, Belotserkovskaya R, Coates J, Polo S, Miller KM, Jackson SP. 

Mammalian SUMO E3-ligases PIAS1 and PIAS4 promote responses to 

DNA double-strand breaks. Nature 462, 935-939, 2009. 

19) Gan X, Huang S, Wu L, Wang Y, Hu G, Li G, Zhang H, Yu H, Swerdlow 

RH, Chen JX, Yan SS. Inhibition of ERK-DLP1 signaling and 

mitochondrial division alleviates mitochondrial dysfunction in 

Alzheimer's disease cybrid cell. Biochim Biophys Acta 1842, 220-231, 2014. 

20) Gawlowski T, Suarez J, Scott B, Torres-Gonzalez M, Wang H, 

Schwappacher R, Han X, Yates JR, Hoshijima M, Dillmann W. Modulation 

of dynamin-related protein 1 (DRP1) function by increased O-linked-β-N-

acetylglucosamine modification (O-GlcNAc) in cardiac myocytes. J Biol 

Chem 287, 30024-30034, 2012. 

21) Gomes LC, Scorrano L. Mitochondrial morphology in mitophagy and 

macroautophagy. Biochim Biophys Acta 1833, 205-212, 2013. 

22) Han XJ, Yang ZJ, Jiang LP, Wei YF, Liao MF, Qian Y, Li Y, Huang X, Wang 

JB, Xin HB, Wan YY. Mitochondrial dynamics regulates hypoxia-induced 

migration and antineoplastic activity of cisplatin in breast cancer cells. Int 



 
83 

 

J Oncol 46, 691-700, 2015. 

23) Hanson GT, Aggeler R, Oglesbee D, Cannon M, Capaldi RA, Tsien RY, 

Remington SJ. Investigating mitochondrial redox potential with redox-

sensitive green fluorescent protein indicators. J Biol Chem 279, 13044-

13053, 2004. 

24) Heise N, Palme D, Misovic M, Koka S, Rudner J, Lang F, Salih HR, Huber 

SM, Henke G. Non-selective cation channel-mediated Ca2+-entry and 

activation of Ca2+/calmodulin-dependent kinase II contribute to G2/M cell 

cycle arrest and survival of irradiated leukemia cells. Cellular physiology 

and biochemistry : international journal of experimental cellular 

physiology, biochemistry, and pharmacology 26, 597-608, 2010. 

25) Hoppins S, Lackner L, Nunnari J. The machines that divide and fuse 

mitochondria. Annu Rev Biochem 76, 751-780, 2007. 

26) Huang Q, Cao H, Zhan L, Sun X, Wang G, Li J, Guo X, Ren T, Wang Z, Lyu 

Y, Liu B, An J, Xing J. Mitochondrial fission forms a positive feedback loop 

with cytosolic calcium signaling pathway to promote autophagy in 

hepatocellular carcinoma cells. Cancer Lett 403, 108-118, 2017. 

27) Humeau J, Bravo-San Pedro JM, Vitale I, Nunez L, Villalobos C, Kroemer 

G, Senovilla L. Calcium signaling and cell cycle: Progression or death. Cell 

Calcium 70, 3-15, 2018. 

28) Hunt T. The requirements for protein synthesis and degradation, and the 

control of destruction of cyclins A and B in the meiotic and mitotic cell 

cycles of the clam embryo. The Journal of Cell Biology 116, 707-724, 1992. 

29) Hyslop LA, Nixon VL, Levasseur M, Chapman F, Chiba K, McDougall A, 



 
84 

 

Venables JP, Elliott DJ, Jones KT. Ca2+-promoted cyclin B1 degradation 

in mouse oocytes requires the establishment of a metaphase arrest. 

Developmental Biology 269, 206-219, 2004. 

30) Kasahara A, Cipolat S, Chen Y, Dorn GW, 2nd, Scorrano L. Mitochondrial 

fusion directs cardiomyocyte differentiation via calcineurin and Notch 

signaling. Science 342, 734-737, 2013. 

31) Kobashigawa S, Kashino G, Suzuki K, Yamashita S, Mori H. Ionizing 

radiation-induced cell death is partly caused by increase of mitochondrial 

reactive oxygen species in normal human fibroblast cells. Radiat Res 183, 

455-464, 2015. 

32) Kobashigawa S, Suzuki K, Yamashita S. Ionizing radiation accelerates 

Drp1-dependent mitochondrial fission, which involves delayed 

mitochondrial reactive oxygen species production in normal human 

fibroblast-like cells. Biochem Biophys Res Commun 414, 795-800, 2011. 

33) Leithe E, Cruciani V, Sanner T, Mikalsen SO, Rivedal E. Recovery of gap 

junctional intercellular communication after phorbol ester treatment 

requires proteasomal degradation of protein kinase C. Carcinogenesis 24, 

1239-1245, 2003. 

34) Losón OC, Song Z, Chen H, Chan DC. Fis1, Mff, MiD49, and MiD51 

mediate Drp1 recruitment in mitochondrial fission. Mol Biol Cell 24, 659-

667, 2013. 

35) Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein 

kinase complement of the human genome. Science 298, 1912-1934, 2002. 

36) Marengo B, De Ciucis C, Ricciarelli R, Pronzato MA, Marinari UM, 



 
85 

 

Domenicotti C. Protein kinase C: an attractive target for cancer therapy. 

Cancers (Basel) 3, 531-567, 2011. 

37) Martiny-Baron G, Kazanietz MG, Mischak H, Blumberg PM, Kochs G, 

Hug H, Marmé D, Schächtele C. Selective inhibition of protein kinase C 

isozymes by the indolocarbazole Gö 6976. J Biol Chem 268, 9194-9197, 

1993. 

38) Ong SB, Subrayan S, Lim SY, Yellon DM, Davidson SM, Hausenloy DJ. 

Inhibiting mitochondrial fission protects the heart against 

ischemia/reperfusion injury. Circulation 121, 2012-2022, 2010. 

39) Otera H, Ishihara N, Mihara K. New insights into the function and 

regulation of mitochondrial fission. Biochim Biophys Acta 1833, 1256-1268, 

2013. 

40) Otera H, Mihara K. Molecular mechanisms and physiologic functions of 

mitochondrial dynamics. J Biochem 149, 241-251, 2011. 

41) Palme D, Misovic M, Schmid E, Klumpp D, Salih HR, Rudner J, Huber 

SM. Kv3.4 potassium channel-mediated electrosignaling controls cell cycle 

and survival of irradiated leukemia cells. Pflugers Arch 465, 1209-1221, 

2013. 

42) Plotnikova OV, Pugacheva EN, Dunbrack RL, Golemis EA. Rapid calcium-

dependent activation of Aurora-A kinase. Nat Commun 1, 64, 2010. 

43) Pyakurel A, Savoia C, Hess D, Scorrano L. Extracellular regulated kinase 

phosphorylates mitofusin 1 to control mitochondrial morphology and 

apoptosis. Mol Cell 58, 244-254, 2015. 

44) Qi X, Disatnik MH, Shen N, Sobel RA, Mochly-Rosen D. Aberrant 



 
86 

 

mitochondrial fission in neurons induced by protein kinase C{delta} under 

oxidative stress conditions in vivo. Mol Biol Cell 22, 256-265, 2011. 

45) Rai Y, Pathak R, Kumari N, Sah DK, Pandey S, Kalra N, Soni R, 

Dwarakanath BS, Bhatt AN. Mitochondrial biogenesis and metabolic 

hyperactivation limits the application of MTT assay in the estimation of 

radiation induced growth inhibition. Scientific reports 8, 1531, 2018. 

46) Rizzuto R, De Stefani D, Raffaello A, Mammucari C. Mitochondria as 

sensors and regulators of calcium signalling. Nat Rev Mol Cell Biol 13, 

566-578, 2012. 

47) Sag CM, Wolff HA, Neumann K, Opiela MK, Zhang J, Steuer F, Sowa T, 

Gupta S, Schirmer M, Hunlich M, Rave-Frank M, Hess CF, Anderson ME, 

Shah AM, Christiansen H, Maier LS. Ionizing radiation regulates cardiac 

Ca handling via increased ROS and activated CaMKII. Basic Res Cardiol 

108, 385, 2013. 

48) Samant SA, Zhang HJ, Hong Z, Pillai VB, Sundaresan NR, Wolfgeher D, 

Archer SL, Chan DC, Gupta MP. SIRT3 deacetylates and activates OPA1 

to regulate mitochondrial dynamics during stress. Molecular and cellular 

biology 34, 807-819, 2014. 

49) Shima H, Suzuki H, Sun J, Kono K, Shi L, Kinomura A, Horikoshi Y, Ikura 

T, Ikura M, Kanaar R, Igarashi K, Saitoh H, Kurumizaka H, Tashiro S. 

Activation of the SUMO modification system is required for the 

accumulation of RAD51 at sites of DNA damage. J Cell Sci 126, 5284-5292, 

2013. 

50) Sorensen CS, Hansen LT, Dziegielewski J, Syljuasen RG, Lundin C, 



 
87 

 

Bartek J, Helleday T. The cell-cycle checkpoint kinase Chk1 is required 

for mammalian homologous recombination repair. Nat Cell Biol 7, 195-201, 

2005. 

51) Sugiura A, Nagashima S, Tokuyama T, Amo T, Matsuki Y, Ishido S, Kudo 

Y, McBride HM, Fukuda T, Matsushita N, Inatome R, Yanagi S. MITOL 

regulates endoplasmic reticulum-mitochondria contacts via Mitofusin2. 

Mol Cell 51, 20-34, 2013. 

52) Taguchi N, Ishihara N, Jofuku A, Oka T, Mihara K. Mitotic 

phosphorylation of dynamin-related GTPase Drp1 participates in 

mitochondrial fission. J Biol Chem 282, 11521-11529, 2007. 

53) Takahashi K, Inanami O, Kuwabara M. Effects of intracellular calcium 

chelator BAPTA-AM on radiation-induced apoptosis regulated by 

activation of SAPK/JNK and caspase-3 in MOLT-4 cells. International 

journal of radiation biology 75, 1099-1105, 1999. 

54) Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret T, Ajakane M, 

Baudet V, Boissin P, Boursier E, Loriolle F. The bisindolylmaleimide GF 

109203X is a potent and selective inhibitor of protein kinase C. J Biol 

Chem 266, 15771-15781, 1991. 

55) Varanita T, Soriano ME, Romanello V, Zaglia T, Quintana-Cabrera R, 

Semenzato M, Menabo R, Costa V, Civiletto G, Pesce P, Viscomi C, Zeviani 

M, Di Lisa F, Mongillo M, Sandri M, Scorrano L. The OPA1-dependent 

mitochondrial cristae remodeling pathway controls atrophic, apoptotic, 

and ischemic tissue damage. Cell Metab 21, 834-844, 2015. 

56) Wai T, Langer T. Mitochondrial Dynamics and Metabolic Regulation. 



 
88 

 

Trends Endocrinol Metab 27, 105-117, 2016. 

57) Westermann B. Mitochondrial fusion and fission in cell life and death. Nat 

Rev Mol Cell Biol 11, 872-884, 2010. 

58) Xia Y, Chen Z, Chen A, Fu M, Dong Z, Hu K, Yang X, Zou Y, Sun A, Qian 

J, Ge J. LCZ696 improves cardiac function via alleviating Drp1-mediated 

mitochondrial dysfunction in mice with doxorubicin-induced dilated 

cardiomyopathy. J Mol Cell Cardiol 108, 138-148, 2017. 

59) Xu S, Wang P, Zhang H, Gong G, Gutierrez Cortes N, Zhu W, Yoon Y, Tian 

R, Wang W. CaMKII induces permeability transition through Drp1 

phosphorylation during chronic beta-AR stimulation. Nat Commun 7, 

13189, 2016. 

60) Yamamori T, Ike S, Bo T, Sasagawa T, Sakai Y, Suzuki M, Yamamoto K, 

Nagane M, Yasui H, Inanami O. Inhibition of the mitochondrial fission 

protein dynamin-related protein 1 (Drp1) impairs mitochondrial fission 

and mitotic catastrophe after x-irradiation. Mol Biol Cell 26, 4607-4617, 

2015. 

61) Yamamori T, Sasagawa T, Ichii O, Hiyoshi M, Bo T, Yasui H, Kon Y, 

Inanami O. Analysis of the mechanism of radiation-induced upregulation 

of mitochondrial abundance in mouse fibroblasts. J Radiat Res 58, 292-

301, 2017. 

62) Yamamori T, Yasui H, Yamazumi M, Wada Y, Nakamura Y, Nakamura H, 

Inanami O. Ionizing radiation induces mitochondrial reactive oxygen 

species production accompanied by upregulation of mitochondrial electron 

transport chain function and mitochondrial content under control of the 



 
89 

 

cell cycle checkpoint. Free Radic Biol Med 53, 260-270, 2012. 

63) Yamamoto K, Ikenaka Y, Ichise T, Bo T, Ishizuka M, Yasui H, Hiraoka W, 

Yamamori T, Inanami O. Evaluation of mitochondrial redox status and 

energy metabolism of X-irradiated HeLa cells by LC/UV, LC/MS/MS and 

ESR. Free Radic Res 52, 648-660, 2018. 

64) Yasui H, Yamamoto K, Suzuki M, Sakai Y, Bo T, Nagane M, Nishimura E, 

Yamamori T, Yamasaki T, Yamada KI, Inanami O. Lipophilic 

triphenylphosphonium derivatives enhance radiation-induced cell killing 

via inhibition of mitochondrial energy metabolism in tumor cells. Cancer 

Lett 390, 160-167, 2017. 

65) Yoshida K. PKCdelta signaling: mechanisms of DNA damage response and 

apoptosis. Cell Signal 19, 892-901, 2007. 

66) Zepeda R, Kuzmicic J, Parra V, Troncoso R, Pennanen C, Riquelme JA, 

Pedrozo Z, Chiong M, Sanchez G, Lavandero S. Drp1 loss-of-function 

reduces cardiomyocyte oxygen dependence protecting the heart from 

ischemia-reperfusion injury. Journal of cardiovascular pharmacology 63, 

477-487, 2014. 

67) Zhang B, Davidson MM, Zhou H, Wang C, Walker WF, Hei TK. 

Cytoplasmic irradiation results in mitochondrial dysfunction and DRP1-

dependent mitochondrial fission. Cancer Res 73, 6700-6710, 2013. 

68) Zhao C, Chen Z, Qi J, Duan S, Huang Z, Zhang C, Wu L, Zeng M, Zhang 

B, Wang N, Mao H, Zhang A, Xing C, Yuan Y. Drp1-dependent mitophagy 

protects against cisplatin-induced apoptosis of renal tubular epithelial 

cells by improving mitochondrial function. Oncotarget 8, 20988-21000, 



 
90 

 

2017. 

69) Zhao YX, Cui M, Chen SF, Dong Q, Liu XY. Amelioration of ischemic 

mitochondrial injury and Bax-dependent outer membrane 

permeabilization by Mdivi-1. CNS Neurosci Ther 20, 528-538, 2014. 

 

  



 
91 

 

Role of mitochondrial dynamics in cellular radioresponse 

 

Tomoki Bo 

 

Laboratory of Radiation Biology,  

Department of Applied Veterinary Sciences, 

Graduate School of Veterinary Medicine,  

Hokkaido University, Sapporo 060-0818, Japan. 

 

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.  

  

 

 

 


