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The Change of Mitochondrial Fusion and Fission in
human Skeletal Muscle with Aging
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A gradual change of molecules that are related in fission and fusion is occurred during aging process. Although aging
effects on mitochondrial fusion and fission are investigated, it is still unclear that the extent of the change in mitochondria

fusion and fission periodically. In this study we investigated the changes of mitochondrial proteins involved in fusion
(Mfn2, Opal) and fission (Drpl, Fisl) in the human gracilis muscle ranging from 10 to 50 years of age (n=40). The
gracilis muscle showed a significant increase in muscle apoptotic changes in the age of 50s compared with 10s by using
in situ terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL). The expression levels of
Drpl and Fisl (P<0.01, P<0.05) mRNA were significantly elevated and the Mfn2 and Opal (P<0.01, P<0.05) levels
were decreased from older individuals. The ratio of fission and fusion was altered and the level of increment of fission

gene was greater than fusion gene decrement in the age of 50s. These findings suggest that changes of mitochondrial

fusion and fission proteins related with aging might contribute to aged muscle apoptosis.
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A, AtstEEd 2R R o Wo], 173 w3tE flaA
¢~ Z23}t} (Seo etal., 2010).
nEZ=gols mlg- 953l AE7|# (dynamic
organelle) 2.2 A &2l &< (fission)Z} &3 (fusion)®]
= uh) y,].;(% Ao o] 3t 3go Aoz |

EZcgol 122 grdgsta e FxBA A
AAA Mt (tubular network) &2 HEjHo]E dol
o}, nERCgele] dEAe] LRE A= xR
= RIS 2EseE AR fission 1 (Fisl)¥ dynamin-

related proteion 1 (Drpl)©] lom, g3 2dsl= o

Aol = mitofusion 1, 2 (Mfal, 2)%} optic atrophy protein 1
(Opal)©] 9314 It} (Hales & Fuller, 1997; Smirnova et
al., 1998; Alexander et al., 2000; Santel & Fuller 2001; Lopez-
Lluch et al., 2008).

nEZ=glol BALe Drply} Fislol] o8] 4w,
Drpl< dynamin GTPase superfamily] Sh}=2 A|EZ o)A
v EZ=glo} 99t (outer mitochondria membrane, OMM)
o= olFste] £AE AFETE ol mEZ=o} w4
= T8 A E vEZ=gol St Sle v
3} ZAgtstelof sh=d], Fisl MEZ=2]o} 2]ufo] 9]4]
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&l A= Drpl®] 587 (receptor)® 2H-&-3h= Tl dolt}
(Smirnova et al., 2001). ¥HH W] EFZ=g]oleo] §-fol o]
s Sa% dudR wEFEgol 9Jute] GTPase?]
Mfn 1, 29} W9}e] Opal©] o™, Th scaffolding protein
¥} A 288t o]F kel g3 AT (Lee et al,
2004). Chen & (2007)°] <A7-llA] Mfnl = Mi2E
knockout A|Z1 A3}, ZA el v EZEolrt A
AL o] Mhl, 27} M EZE=g o} g8 TASH= A
o= HoRIvhal Bstgivh Ml el Al &
A= WHH M2 T2 A AT A g v
Opal< MEZ=go} Yuta} o] ¢l dynamin-like
protein® 2 WEIT 2o} 33} cristae FENS} B2
ol o3t} (Bach etal., 2005).

=3to] o5 EE mEZ=gopt FHEHE A
2 AR wsklE Al glolA FH 7)ol
(Linnane et al,, 1989). P]EF=g]obe] §9h- o] gk &4
e mEFEZols: B8] 93 7)o AlaEufe
Ao A nEE=dol g8 HHE mDNAS MZE$
mtDNA & ZFARIAE vlg o224 B Eslal (Ono et
al,, 2001), W9o] Thld =3} 712 FAELAER wehed
= Jvhar Baxar Y} (Jendrach et al, 2005).

I FoF FgPE AFE (Bossy-Wetzel et al., 2003;
Jentrach et al., 2005; Chen et al., 2007, 2010; Crane et al.,
2010)> =3t 5= Aot 54 Agto] AL Hf
T HelZt € AE e R rEFZ=eol 5§
ol gk A57} dhF-itolth

oo £ 5= =319 ofe] A T el EFH
o] ZA7F YEhe SZ A AL AAHR1 =317
ol wE mEZEote] §3 EEe] WskE AR
HE Jste] ARzt gk

VERITE
o171 Ty

I AAFELE 10~594] Abo] 7h AARFTEE 834 F 4
He dow stk RE At i
& glonk, K Mol A Al A7
A5z, S Aol AR u
A @3 A 9 A3 2 BT B
gk ¥ 97 K
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Fig. 1. Gracilis muscle sampling.

=2 M
AAARIY Ade A £3d =251 5 O
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A 25 AF F91+= Fig 17 2k
Hematoxylin-eosin (HE) &34

o]l 15 ym o2 A2 TH2AS 4%
(4% Paraformaldehyde, 0.1 M PB, pH = 7.0)2
2 1083F agste] s2E BoA 1027 Hold £
Hematoxylin el 153+ QAA43}ar, 55-7F Mojujo] 1%
A 70%9] Arkgol A AL o] Ak AAg w7}
wREste] Fasigitk ol Fald Aol 80%e) ok
o ©< $ eosin Yol 1327+ Ft F AaF o] Wi &

=217 Canadian balm > 2 %-3]3}5 T}

ANMAIESIIMEAHIS (Reverse transcription-polymerase
chain reaction; RT-PCR)

RNA =1} cDNA &M, 522 0.1 g9 trizol 1,000 pl
= 9 Fojyltk 200 plel chloroforme T©IEFaL 12,000
X goll A 1027 94l 2eek §

3L 200 w2l isopropanolS T §EE]-. 10 2]

3 T 12,000 X g 4CoA 1587 4] v‘i‘—ﬂé}ﬁiﬁ}.
RNA pelletS 75% ethanolZ A3t AFAAZE A7l &,
DEPC A2|gk S5l 8siAZth S RNAS] s
spectrophotometer (Molecular Device, Sunnyvale, California,
USA)E ©]-&3l 260 nmol A 573}tk MMLV reverse
transcriptase2} oligo dT primer2} $H7 5 pgel total RNAS
AE3Ee] 42°C, 1A 22104 (DNAE FAsksiTh

dq ©
)
>
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Table 1. Primers used for semi-quantitative RT-PCR amplification of cDNA

Product Sequence TA (T) Cycle
Dol F:5' AACTTGATCTCATGGATGCGGG 3' 5 3
P R: 5' ATGAACCAGTTCCACACAGCGG 3'
Fis F: 5 CGAGCTGGTGTCTGTGGAGGACC 3' 65 35
is
R:5' TGTCAATGAGCCGCTCCAGTTCC 3'
F: 5 GGATGCTGATGTGTTTGTGCTGG 3'
M2 60 35
R:5'AGTCCATGATGAGTCGAACCGC 3'
Onal F: 5 GGCTCTGCAGGCTCGTCTCAAGG 3' 65 35
a
P R:5' TTCCGCCAGTTGAACGCGTTTACC 3'
F:5' ATCCCATCACCATCTTCCAG 3'
GAPDH 59 35
R:5'CCATCACGCCACAGTTTCC 3'

T: annealing temperature

F: forward, R: reverse

FisI: fission 1

Drpl: dynamin-related protein 1

Mfin2: mitofusion 2

Opal: optic atrophy protein 1

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

RT-PCR. PCR-amplification method+ Saiki &< 'H-&
M7 ske] 21833 5 w9 ¢DNA, 2.5 pl2] 10 X PCR
buffer, 1 pl2] 25 mM MgCl, 1 pl®] 2.5 mM dNTP, 0.5 pul<]
polymerase (1 U), 1 n2l each primer (4 pmol) “LZ]3L
DEPC-H,0& A}8-3}9] final volume 25 plE %53t}
cDNAS} PCR AJoF Z3E-E 95T= 517k 7Hdd 5,
primer extensions 13 72 CE 1.5, heat denatureE 2|
3 95C=E 1.5%, primer annealingS 913l 52014 65C=
3% HAHE 35 AtelE WHESIGITE 2} sequence™ Table
1ol 37]%°] k. PCR 45 &3 S5% DNAS
1.5% o}7F22= A (agarose gel)= T3 715k ethidium
bromide®} I-MAX gel image analysis system (CoreBioSystem,
Seoul, Korea)= ©]-8-3] &35l th T2%E DNA bandE
#293}7] 9]3le] Alpha Easy™ FC software (Alpha Innotech
Corporation, San Leandro, CA, USA)7| A& $iTh

n|EZC=e2[0} 22|

Z2 0.1 g F 0.3 ml2] homogenizing buffers Wl 2+
Al #A3} Al7]1aL 4TolA 1087 94 £2] (2,000 rpm)
g F, FEE ASdS v 4TedA 1087 DA w2
(12,000 rpm)g+ 5, &SN A AL FE pellets 0.3
ml2] Suspension buffers 2] 2 43 thA] 4TA] 10
B2 94 #a] (12,000 rpm)3ATE 0] % Al A|A

Sl 5 Suspension buffer 0.3 mlS €3l & 4o & F )

Al 4CAlA 1033 94 2] (12,000 rpm)st 5, A5
S AAZIEL F2 pellet> 0.2 ml2] mitochondrial lysis
bufferE 2ol 4TCoA 30E3F 590 ¥ 2% mito-
chondrial extractS 4ColA] 3&3F 94 2] (12,000 rpm)
st E53%F 2459 (mitochondria fraction)2 AATH &
©hl A 2O BSA (Bovine Serum Albumin, 595 nm)E ©]-&

ste] Qs
Western blotting

30 pgel ©AS 6~15% SDS-PAGE geloll #7|9%
(electrophoresis)= A3+ - polyvinylidene fluoride (PVDF)
membrane &= 100 vol|A4] A 7]o]5S A|FH ﬂ7]°]£°]
£+ membrane®l| blocking buffer (5% BA|&E771 &%
TPBS)E YW A=A 1x]7F &2t A8k, blockmg
bufferol 1:1,0000.2 3|43k A=} FA|S Par 4ToA
35 5o WESAAT A3k A2+ Dynamin-related
protein 1 (Drpl) (Sata Cruz Biotechnology, Inc., USA), Optic
atrophy 1 gene protein (OPA1) (Sata Cruz Biotechnology, Inc.,
USA), Mitofusin 2 (Mfn2), mitochondrial fission protein 1
(Fis1), B-tubulin (Sata Cruz Biotechnology, Inc., USA)®]t}.
Washing buffer (0.05% Tween 20°] 7% PBS)ZE 53]
A28k & horseradish peroxidase”} Z3HH anti-goat IgG
W=+ anti-rabbit IgG (Jackson ImmunoResearch Inc., West
Grove, PA, USA) ©]x} SAlE 1:1,0000.2 3]A1&] A2
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A 2A13F F9F WES-AIFIT). Washing buffer® S5
%k & ECL (Thermo Fisher Scientific Inc, Waltham, MA,
USA)S A8t Xray &
SC, UsA)ell 73~ %t

CRE

DO XIS ZAME] (Immunohistochemistry)

SAEAVE o] &8 15 ym=E Ze} SEfo|o £

ZA]7]3L 4%2] PFA TN o2 143t PBSE 33
AAUlaL 03% AEspraR 1587 A4 atstas
5 2AFAAZ] § PBSE 1027t 33] Alojwit), nl5o]4
TS Aol 1A7E vk & AA FAE Yol
4TCAA 315 A FH Y. L2 &A= Dynamin-related
protein 1 (Drpl) (Sata Cruz Biotechnology, Inc., USA), Optic

atrophy 1 gene protein (OPA1) (Sata Cruz Biotechnology, Inc.,

Santa Cruz, California, USA), Mitofusin 2 (Mfn2), mitochondrial

fission protein 1 (Fis1), B-tubulin (Sata Cruz Biotechnology, Inc.,

Santa Cruz, California, USA)O]E‘r A=} A kg T PBS
2 1023 33] Aojua, FFFAAQ] FITC == Cy-3
7} A3E  anti-goat IgG = anti-rabbit IgG (Jackson
ImmunoResearch Inc., West Grove, PA, USA) ©|2} &A1&
1:50 5= 1550002 3] 8] 2gA]A A2l A 243t
SF WHEAIFATE 0.1 M PBE 1097+ 33] Aojdl $
1527} Counter 945 AAJskar 412

FAAn 7 wig 00uoll A 3}

Hematoxylin &} .=
Az 2ol Bt 3
et

HIZAIE BlolS I8t TUNEL A

MAZAPE (programmed cell death, apoptosis)S ¥H2-5}7]
#8}] ApoTag Peroxidase In Situ Apoptosis Detection Kit
(Chemicon, USA)S AFE3Iit). B AAHY|E o] &3] 15
um= 22} éa]ra]‘:"ﬂ =0l AXA7]AL 4%°] PFA 1L
Holog 7743% $ TUNEL (TdT-mediated dUTP-biotin
nick end-labeling) S A|35}3A ). PBSZ 33 Ao
L 03% IRESEAR 1581 WA Alstass ald
AL F PBSE 103t 33] o]t} Eilibrium buffer=
1023+ ¥H-3-A1Z1 2 terminal deoxynucleotidyl transferase
(TAD)E 2:1 BI&=Z 1217 &<t 37C wfF7]ol A vk
Al ZA Tt} Stop-Wash bufferol] 1033F ¥H-§-A]7]31 PBSZ 3
3] A|Z 3 % anti-digoxigenin®l 30%-7F WHS-A|ZiTE PBS
2 33] AlH3}a DABE 3E7F ‘%*%"3}04 DAPI (4',6-
diamidino-2-phenylindole) 2tz 44
wolsla 8 SPsn Ao lgo}ﬁq,

(Agfa HealthCare, Greenville,

SAHZA

o] A oA dojW BE A= Window-2 SPSS (ver

11.0, Chicago, USA) &7 21318 o] &-3}o], 7} ¥l
3t 7]% EAA (mean + SD)S AEdt Hek 7F 3
o159 AolE FlEly] Y B¢ t715 (Independent-

testys AAISHAT oW 7M. f-9] 71E2 =005 T
o= Al

2 1

AY STl WE =2l Hefshy Hslel 2HEnt &l
ZHEE QIXIe] mRNA L& k| w3}

Hematoxylin-Eosin (HE) %
o] Fejgts WstE 2 4
T STk

10t32E] 50the] HhZoll A Drpl, Fisl, Mfn2, Opal 2]
mRNA L& 50t oA mER=glolo] Fdo
Holdhs ARl Drpl @} Fis12] mRNA & afo] 10t
B (100%)0 Bl8l ZH2E 112.6%9F 109.6% 2 571812
a1, v EFEgole] gt dolst= QAR Mfn2, Opal
°] mRNA &= 10t BFrol]l Hlsf 50t Hhtell A
717} 933%9}F 90.2% % AT} (Fig. 2). B8k mEE
Ego} BE/8 (fission/fusion)2] H]Eol A= 50t 1
o] ukZoll A Ao ujEo] §3e] HlEETt oF 10% Y
=A%t} (Fig. 3).

AY SIW0 wE =20 D|EE=2(0F 2Lt SRl
ZHEE QU2 THEA wrsizfo| B}

Western blotS &3] AHOPE vl A nEZ=g|o}
P93 g3 ¥ 21AQ Drpl, Fisl, Mfn2, Opal <]
ol ek 500 ukte] wEZE= ol Edo
olsl= Q1K Dipld} Fis1e] ¢z W& ko] 10t
(100%)° ¥lal ZH2F 113.7%2} 110.0%% o) 3HAl =7}

lo

o)
[

F

a9, W §3el] $edatE 21AkQl Mfn2, Opal®] ©
W a2 100 (100%)° Hl8l 242t 92.5%2F 97.7%=

FrolEAl ZAskATt (Fig. 4). 91t 28 Ayl Wz
G AAE ool A oM = B =3Ik 10th
e sote] wht Aol A=A FAMNS Sl v
EFfcglole] B #3 Dpl ¥} Fisle] WSS &
stk 10tel vls) sodiel A A FEle] Diple} Fisl
o] Wenkgo]l Sk FlEitt (Fig. 5, 6). Lol ®t
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Fig. 2. The expression of Drpl, Fisl, Mfn2, Opal mRNA levels
was estimated using RT-PCR. Quantification of the PCR signals
was performed using a densitometric analysis of the signal product
optical density (OD). The bands were quantified by normalization
to those from the age of 10's individuals. *P < 0.05, ** P < 0.01
normalized to 10-year-old muscles.

3 vEZ=gole] gl WoldhE M2, Opalel W
Auks-©o 1otlo] BBk 50thell A ZHaEe Beolskaith
(Fig. 6, 7).

LajEl uiy

st 1otiet socie] 1)

Lol MEAPE S ek A
7 sor ¥ 3] (5.6+08)0] A A om GalE AE
AP okAukS 27} jou) bt @ (24+19)0] Bl fro

SHAl S71= AT (Fig. 8, Table 2).
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Fig. 3. The ratio of fission/fusion mRNA levels. Quantification
of the PCR signals was performed using a densitiometric analysis
of the signal product optical density (OD).

k
i

[o
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A

Olt
£l

AT QAN oF 50% A
2] T8% rEdEss Fadsta e Ao,
oA e] HEFZEgol= oA A4, A& cascade 24,
AEAFE 5o Fagh 94Es sl A Aot
(Romanello et al.,, 2010). F|EZ=gole] 77|, e, A3t
2 nEZegote] g5t £l o3 =AHH o=
xﬂﬁsﬂ et APES AAS} (Lee etal., 2007).

Aol ToIsh= Drpl, Fisld §&ol #Holsh= Ml
M2, Opal% nEF=glofe] g9t Fho] ¥ (fusion
and fission balance)S F-#|3taL o UXS AAIsH= o
oJA wi-¢- FRF dhESot o]H g nEZE] ok
4 ol Edde] 2AdHW, vEZ=ote] 4%
S} 715 5 ZUlgte] ATP /o] SAlwaL AlEE
&3 Abdoe] dolut HEA NP AS Fo] HAaE 5 3l
o, ol A2 35k} HEmo] SFEH (Lin & Beal
2006; Knott et al., 2008).

Efrel AEOA vEREel §3 HHL ou)

Hwg A4

_|>4
o
2

FUH

R,

Exyo] 9= M, 20 o8 2 1 F Mite
TR FAT BEE] = dAR JEAEY AR
BE ZEAEE 580 AEAPES AN 7= 9
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Fig. 4. The expression protein levels of Drpl, Fisl, Mfn2 and Opal iopn human gracilis skeletal muscle. The bands were quantified by
normalization to those from the age of 10's individuals. *P < 0.05, normalized to the age of 10's muscles. (A) expression protein levels of
Drpl and Fisl, (B) expression protein levels of Mfn2 and Opal. Cyto, cytosol; mito, mitochondria.

< 3t} Santel 5 (2003)¥} Bach 5 (2005)> =7+
A1 Mfn27}F %‘iﬂ?i UlE%Eﬂ°}7} ZHA| el &

Zn gt ATP /o] Zra¥thal Barstglal, Chen

}\

lzl

B

5 (2010)% Mfnl, 29| #aE 2959 AEES 59
E4E 28k FAT IHA R YA Mol I
& HEZ=gol fAd oA wlg- Festria B
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Fig. 5. The immunofluroescence analysis of Drpl in human gracilis skeletal muscle. Drpl was observed as positive form with dots (red

color) in the mitochondria of muscle. All samples were counterstained with hematoxylin. A, F: 10s; B, G: 20s; C, H: 30s; D, I: 40s; E, J:
50s. Images were obtained at an objective magnification of ><400. Bar = 50 pm.

Fig. 6. The immunofluroescence analysis of Fisl in human gracilis skeletal muscle (Above). Fis1 was observed as positive form with dots
(green color) in the mitochondria of muscle. The immunofluroescence analysis of Mfn2 in human gracilis skeletal muscle (Below). Mfn2
was observed as positive form with dots (red color) in the mitochondria of muscle. All samples were counterstained with hematoxylin. A,
F: 10s; B, G: 20s; C, H: 30s; D, I: 40s; E, J: 50s. Images were obtained at an objective magnification of ><400. Bar = 50 um.

SFATE 5 o] v el Skl W 1l Fislo] #olshAl STFeRAIN, 244]3ke] At 5 Mfn27F
Ed=gol 33 £de] Wbt ”‘*£ﬂ~tﬂ Ding & ™A &% A dElR F7lete] &4 v s Ead
(2009)0] AToA AL &% AT Mm27} 7hAsal MEZ=golE BEpA7|E Ao Kot Bisly]
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Fig. 7. The immunofluroescence analysis of Opal in human gracilis skeletal muscle. Opal was observed as positive form with dots
(green color) in the mitochondria of muscle. All samples were counterstained with hematoxylin. A, F: 10s; B, G: 20s; C, H: 30s; D, I: 40s;
E, J: 50s. Images were obtained at an objective magnification of ><400. Bar = 50 um.

Fig. 8. Stain of fragmented DNA in frozen sections of gracilis skeletal muscle using the TUNEL method (A, B, C: 10s and D, E, F:
50s). TUNEL stain is colored black and DAPI stains the nuclei blue in human gracilis skeletal muscle. A, D: TUNEL-positive nuclei, B, E:
DAPI positive nuclei, C, F: Overlay of TUNEL and DAPI. The white arrows indicate TUNEL and DAPI-positive nuclei. Images were
obtained at an objective magnification of ><400. Scale bars = 50 pm.

Table 2. Apoptotic cell counts in human gracilis skeletal muscle

10s 20s 30s 40s 50s
TUNEL positive (um?) 24%19 3.1£1.9 29+14 3.5+1.3 5.6+0.8"

Data are presented as means = SE. **P < 0.01, compared with the age of 10's.
TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling.

oAb A9E daew @ W AT Kely etal,  FoN vEZEgcl 277h Aol Qa wEas
2002; Bach et al., 2005; Toledo et al., 2006)°l| 4] H|WFs}A L} glo} J5Ade] Wyl #aEY GYATS 7 AR
ol&d A Aol A= type 2 DM R[] FAL L5A of Hl3l]l Mfm27} 7HaEe] & AoR YErsit) FHT
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Crane 5 (2010)2] AAollA] 2002} 70tH =1e] <53

< (vastus lateralis) =72<-¢] M2 {25 vlagk 2
I 70t A F-olgt FAE BQlvhal ®askglc) Opal
& M e 28-S sto] mEZ=elol 3ol wholst
1, antiapoptotic 71"5—% M3 Q)= nEZEg]o} Ujuke]
|3& 243l @ Eo|t), Opalo] U] (mutation)
=™ AlES 8Al 3= dominant optic atrophy (DOA)®]
HHAE] 31 &Y (ischemia)S Opal WA o] ZHAE 714
< 4 Atk A AW S (Ischemic cardiomyopathy)
o] Sli= BExtellA] Opal®] 7hAs} AlAES] MEFEE]
o} fragmentation®] FH2=|R) o, g3 FHojsl= M,

Mf22] ¥+ (overexpression)< S HZE QA3 A EXFS
(cell death) ZH-E] B &3k 4= A0t hFise} 22 £
gl o] tH e A EE=S-o] HAES =otty B
32 QIT} (Chen et al, 2009). & Aol M= 545 23)
= glovt dA”o] Sl wet Mi2¢} Opal 2HE o]
ARA 072 FHadte] wshel ZZA oAl Mi2o] ol
AAE HAUR= Crane 5 (2010)2] A} LX|3kglom,
53] M /\Pﬂxl'rﬂ' 50tHell A F-olskAl T7Fe M2
AaA71e vl FAE BT (Fig. 2, 4, 6-8).

HkH Drpl3} hFlsl% v EF=go} Fdof| Fos)=
Ta% 7+ iR 2950 e IFolA wol 2
=, Drpl ¥} Fisl o] H@o] F7h=H nEZLE=goke]
WH3lol L9Fo] 7t thal B s tl (Wasilewski
& Scorrano, 2009; Romanello et al., 2010). o]l ¥} Fisl
9} DrplS Z7; knock down A1Z] A3} fasting L&
denervation©l] o3 TAYE = 95 o] FelshAl 7
AF, vEZ=glole] BE H|E (rate)S =o|A HH
AZAPEe] tiek I EE Y ¢ Qlvkal BarEar gl
T} (Zorzano, 2009). 2 A7l A= Drpl®} Fis12] mRNA
T A7 g ®iskE Holx| githrt sothol
A el S7HE BT (Fig 2, 5-6). 3 AlEA 7} 1)
EZsgols FelaiA AR tiE vl wl g Ay
2 A3 AxAoe] Dpl Fisl folgk 2fo]7) 1}
EluA] gkofor) nEZ=oloAe] W gk SOEH°1]"1
oAl S7Fsaltt (Fig 4). el 70t =21¢] =
2o Drplo] tha A& tHE Crane 5 (2010)9] Zai
Foh= dAeHA] Bkt ol AlEAPHO] WAt %
ISl = rEZ=eoke] F9 F4to] whEal I 0}
Al dolub Drplo] MEFZEg]oRe] o] (translocation)
7b &AdstEal 2de] 7Sk T (Frank et al, 2001;
Bossy-Wetzel et al., 2003)= K10 H|Fo] & o] 50t

AR eApele] A S0 el Eek
294 ek FF F O sk Agu wedle) BAT
oANxe] AE7 dast slow AtgEh

nEZ=glo} B9 A|ZAPE (programmed cell death,
apoptosis)©ll AoJA FQ 3k FitS wHEetal 1al, Drpl
o] AZANAN nEIZELoLR o]Fate] AFAPHO] Al
21514 #Yh (Suen et al, 2008). =& H]EFZ=g|ole] #
A A7 AEZAPES dOoTA= oL, AEAPES
EF=go}o] fragmentation $lo]&= dold 4 itk 2
Aol A= TUNEL W9 02 AZAPEA|FE Auid 2
2} vl jolol el Dipl Wl olah) F7}
= sotold Fela 2718 el wEasTlole] B0l
7= Al719F dAlehs AES BT (Fig. 8). whebA
AlEAPE o] Yoz F<t PEFZ =g} fragmentation->
nEZ=glote] Fdo ofal] dojup mEFZ=gol &
d S MxAPEo] dojub= A WA o R Ko
K=

nEZsgole] Pl 7 nEZ=g o] §3
-Edo] #3e 93] 2d¥™ (Dimmer and Scorrano,
2006) A1 MEZE=Eotet AET TS FAIShk=T
AolA EZ=ote] §o-Eae] &S v T88t
U} (Bossy-Wetzel et al., 2003; Chen & Chan, 2004). ¥ -
A mEZ=gol g3 ol Hofste dd 5
Mfn2¢} Drple] w4 %}Zﬁ_%’ﬁ WstE Hlus] 2 A

o

a AERT # ] A
F<ro] o o ulE%Eﬂo} L I B L )
7h A7 F7tell ok AlEARE AAeA o & IS
H)x)= Foz Al Fch

wehA, 280w AHod vEZ=eote] §3h
T WskE A A, Aol T wet ES
=go} ggtoll #st= WA (Mfn2, Opal) 7435}

a1 Bdol| #olsh= TlA (Drpl, Fisl) S 57}8}5 %!
S BHlom, 53] s0telA ol2fg # frolstal

el =3k 1009} vl askle 50ﬂ%oﬂf\1 A EAL
ol %94*8}741 Z7late] o]H 3t FAL W nERE
A whld FTbel] o) mEF=g]olo] it
w4 By ¥ Io] 9l Ao ® Bzt
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