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SUMMARY
(4 # & o F)

The Impact of Protein Malnutrition on Hormonal Function
and Mitochondrial DNA Copy Number

Background : In spite of rapid increase in incidence of metabolic disorders such
as diabetes and obesity in Korea, its pathogenic mechanism has not yvet been
clearly defined. According to the thrifty genotype theory, fetal malnutrition is
closely associated with development of insulin resistance syndrome - diabetes,
obesity and hypertension in the later life in the developing countries. We have
previously demonstrated that lower mitochondrial DNA(mtDNA) copy number in
peripheral blood leukocytes is a marker for diabetes and other parameters of
insulin resistance syndrome. Therefore, we proposed the hypothesis that decrease

in mtDNA content may serve a link between fetal malnutrition and diabetes.

Aim and Methods : This study aimed to investigate 1) whether fetal
malnutrition causes decrease in mtDNA copy number in rats and humans 2) if
so, what is the regulatory mechanism of mtDNA copy number by fetal
malnutirition.

In the first vear of the project, we investigated the correlation of fetal

malnutrition and mtDNA content in umbilical cord blood and mother's peripheral
blood. We measured mtDNA content in the peripheral blood leukocytes by
quantitative PCR. Fetal nutritional state was evaluated by cord blood IGF-1
levels and birth weight.

In_the second vear, we investigated whether fetal protein malnutrition causes

decrease in mtDNA content and decrease in mtDNA content can be recovered
by protein supplement after birth in rats. To investigate the possible mechanism
of decrease in mtDNA content in diabetes, we investigated the expression of

mtTFA, a important transcriptional factor for mtDNA and methylation in the



promotor region of mtTFA in the diabetic patients.

In_the 3rd vear, we investigated whether fetal malnutrition changes the
expression of mtTFA and mitochondrial respiratory chain enzymes. To verify
the effect of decrease in mtDNA content on cell functions, p° (mtDNA
depleted) cell line was established. Glucose metabolism and the susceptibility to

oxidative stress were evaluated in 0 ° cell line.

Results : Birth weight of neonates was correlated with IGF-1 and IGFBP-3
levels in cord blood, pre-pregnant body weight of mother and mtDNA content of
mother’s peripheral blood. The only independent factor related to birth weight
was maternal mtDNA content. There was a significant correlation in mtDNA
content between cord blood and mother’s peripheral blood.

In the animal models of fetal protein malnutrition, a significant decrease in
mtDNA content was demonstrated in muscle and liver of mother and daughter
rats. Fetal malnutrition induced significant decrease in the expression of mtTFA
and activities mitochondrial respiratory chain enzyme.

There was no significant difference in the expression of mtTFA and
methylation of mtTFA promotor region. The polymorphism of mtTFA promoter
was found in diabetic patients, which is not associated with diabetes.

We developed cell line depleted of mtDNA(p° cell) from SK-Hepl cell line.

o ° cell showed various functional defects such as decreased glucose uptake,
decreased expression of mtTFA and glucose transporters. Percentages of
apoptotic cells induced by hydrogen peroxide was smaller in o ° cell than in
SK-Hepl cells. Bcl-x expression by hydrogen peroxide was increased in o°

cell.

Conclusion : In this projects, we have demonstrated the causal relationship
between fetal protein malnutrition and decrease in mitochondrial DNA copy
number in human and rats. We previously demonstrated that people with lower

mtDNA content were more susceptible to diabetes. Taken together, fetal



malnutrition decreased mtDNA content and decreased mtDNA content, in turns,
induced diabetes and insulin resistance syndrome. There was no change in
mtTFA expression and methylation status in mtTFA promoter region in diabetic

patients. The pathogenic mechanism is needed to be further investigated.
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EZcgol DNA 54 59 #48 28 7o AANHT JUTh44-46). PIEE
=go} DNAS EA57t #asts 289 43 deix slon 47 Biztdd 9
3 mtTFAY wH&s) o el odtcis sht obf FHdXE o & &
vzl 918 £4H47), promoter §-$19] °]4d F9 steAdel AMAHT Joy, o=
Az FEF AFwAE Udetl FA Reta gl dFeq.

- 19 -~



M3 & A7 g 2 ZAnf

Al A FELEHS fEE=2 o} DNA &34 JBoA

Loj&% wj7d 2 A+ &

7b. viEE =g o DNA A%4 PCR ¥4 &4

Competitive PCRell A& internal standard®& A Zst¢ct. A% T target

DNA®} A &Eéle ojul FEE ol competitor®4] 2] internal standard& 5 Al

718t PCR ¥ #A7]9% AlA target DNA band®t competitor band®] A71& =

A, Zvl e FE9Y internal standard’t H71E 7] @&l internal

standard 2] band #1719t Z& M71E Hole A$7) target DNAY s E8tn 3
& Ao

. AR} Hole] JFgE s} v|EZ =] o} DNASS FadA

A JFEHEL wlote HAFNE 2 sty olW ¥F IGF-13} IGF binding
protein(IGFBP)8 s5& W3A7|0, Ax e JFdgoe] e 3% Hote doo
M 4RAAS} 4F s289 Wyl 2T &F dAPEEY] A THeA ol
Eobxh. AR gop A el IGF-1 B mEZ=gel DNA 43} diof &4 A
Z3e FRAAE T Aste, Yo 2R E IGF, IGFBP3 9 ¥5& 574
3k, YEZTE FE3t9 Quantitative PCRE F38 v|EZ =g o} DNAS ¥4 &4
< Aldskin.

o dud Ay A 2de] gy

oju)FH = nu) 25 ARE o|f7|7 B uj7bx] QA2 o](180g casein/kg diet)E
& T3 did Ay 4ol(B0g caseinkg diel)E F Tog FAEHUL, ALYl E
Hel o HAZRE Hojd HE o Fdx A& HAHolE AT T (Group 1),
9ld AY Heolg U ouFHREH Hod ANHAE F oF Felk AL @
A AY 2ol& He F(group ) FAdHol2 I EF FH(group 2) 5 EF A &
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o7 gt

g. gujd Ay WA 2doA mtDNA ¥4, mtTFA 2 COX 119l #4
oA Aol wwd AY Aoz 2 9 THZHAAM pEZ=o}
DNA(mtDNA)E FAsd . A7 Fe Aaddoldtad oz A HololAM o] &
1F345F)8, 8%, 16%F Zrzd 7+ 2 38Z3F A miDNA ¢4, WEZ=Eo}
DNA HAFIAHmtTFA) mRNA % cytochrome c oxidase(COX) 1119 @3 &4
3Tt

2 A7 Wi % 2

7}, Atx e} go} Adde IGF-1 ¥ v EZ=¢¥ o} DNAYH 9 4d#A
(1) 47 4y

(7} GH. Insulin, proinsulin, C-peptide, IGF-1, IGF-II, IGFBP-3¢9] &%
Aol AP &, IGF v 4 Basld Fo] WA4g WY SRR
3389t vEZSgole] DNA 23 AddaRe d& JZT7oA sodium
dodecyl sulfate(SDS)- proteinase K WHoz2 FZ3dc. AdE HEFT=
Histopaque& ©]43te] A AW R dg7g g a7 F7d
o] lysis buffer(10mM Tris, 400mM NaCl, 2mM EDTA, pH 8.0)% 7}st3 10%
SDS & #7}8 ¥ proteinase K9 Saturated NaCl 2 @3l 943 &+ A&59&
WA ethanol & DNA & A AAIZt), FE¥ DNA & TE (Tris/EDTA) buffer(pH
8.0) © o] DNase-free RNase(1.0ug/mDet 7 37ColA 3A1%F vEZ AT,
DNA & spectrophotometer® o] &3] 260nm oA e &3=& F3lo] A s

(b M EE=dgel DNA2 43 #4(Quantitative PCR)

Genomic DNAE A2 RE d& JEZFoA FEH38l0] FHEE Ao 1 =
g ZA434 M (Table 1).
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@ competitive PCRol A}-€-% internal standarde] A3zt
@ Primer# 2 (mtF1, mtR1, JS3, JS4)

Primers 5'-3" sequence position
mtF1 CCTAGGGATAACAGCGCAAT 2928-2947
mtR1 TAGAAGAGCGATGGTGAGAG 3558-3539
JS3 GCCATGGGTAGGGCTCTGCCATCCTAACAA 3317-3308,
3247-3228
3238-3247,
JS4 GGCAGAGCCCTACCCATGGCCAACCTCCTA
3308-3317

© Pimary PCR product A3}

mtF1 3} JS3& o] &38W mt DNAS| 2928-3247bp th&ol L& 3248-3307bpel
60bpE vl o} 3308-3317bp #Eol AH dZH FFH] 330bpe product®]
713 JS49 mtR1E& Alg-3te] = & PCRE #3std 3238-3247, 3308-3558%-
Fo] ZZo] 261bp7t A ETE ALEE primery 47 tube ¥ 25pmoleo] ™
dATP, dTTP, dCTP, dGTTPS HFF=7F Z7] 200uM, Tag Polymeraset
1UolH, #HF¥XE 20mM Tris Cl(pH 83), 1.5mM MgCl, 50mM KCl, 0.05%
Tween 20, 0.001% gelatine] Eold+= W& dd 100ngH =9 DNAE H7)3c).
PCRZ72 94°C 3min, 60°C lmin, 72°C 1mine & 1 cycle¥ 94°C 40 sec, 60°C
Imin, 72°C Imin &2 34 cycles $8383 72°C 10min 2.2 AFWHEE A}

& 2ndary PCR product#] 2 % DNA FZ&

oA A& 2719 PCR productE<S gelol 2o} A7GEF538o sizeE HAZE 7}7)
IME #H3 mtFl I mtR1& ©]§3% 2ndary PCRE 3@, AlE=HE Tag
Polymerasett dNTP, PCR buffere] &AL 1&4 PCR wtg3 #v}, we&zxze
94°C 4min¥  94°C 40sec, 58°C lmin, 72°C Imin®. & 8 cycles EdF 94°C 40sec,
60 °C lmin, 72°C 1min&.2 25 cyclesE8l 32 72 °C 10min ¥EA1Z1t}.  product
£ gell Zo] 571bpdll HF3E band & BEZE Fe QIAEX II kiteE DNA

"

i
o
iy
e
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@ TA cloning

Invitrogen?] original TA cloning kit& A8-89d cloning® el&olch. PCR™ II
vector 50ngell tha] PCR product 20ng& #7}3te] T4 DNA ligaseZ ligation A
Z1t},

Transformation® plasmid DNAS| #%

One shot ™ INVaF’competent cell & ©]43to] transformation Al# ] cell&
LB agar plate (ampicillin, X-gal¥®3)el spreadAl#A 37°Coll4l  overnight
incubation A)Z1t}. Transformed cell colony$l white colony® F& ampicillin®]
E LB broth®l A 3% 9 ulek® QIAGEN plamid DNA extraction kit& AF-£3}o]
plasmid DNAE F& 3%t}

Plasmid DNA €& ALE o8 22 I3

@ PCR with target DNA, plasmid DNA

YA S (10ng) ¢ target DNASH A#H3dle] oln FXEE ol competitorZA4] 2|
internal standard & %Alo]l #H7}3kiL tube?d 25pmole® mtF13 mtR1€& #7hst
o dNTP 9 HF s =% 125uMel™ vrA= 9] PCR W8 &9 =Adx 2}
e 2712 94°C 3min, 65°C 40sec, 72°C lmin ¥H-&3F, 94°C 1min  65°C 40sec
72°C 1min&. & 29cyclesEal i 72°C 7min WH-&AIT. wbE AHELE gel o 2
o] ANYE AA ETBr&dol @A F UV lightdtel A intensitys #&F
polaroid filmo. & #% 631bpe target DNA band £} 571bp2] competitor band®]
A71E& 2A%, Zr] o8 ¥ L9 internal standard’} FHIFEA7] W&l
internal standard ¢ band A71¢} Z& A7|E Holt %7} target DNAY FX%
gta 4 ¢ Uk

@ AF Az

(7h) Aol =4 AF 2 IGF-1, IGF-2, IGFBP-39} & ##A
Aol A 249 IGF-19] FE+& 302311947 ng/ml ollen &4 AFo] F
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Zbgtell wel Frbsle 44e EATH(r=0.32, p<0.O0l)(Fig 1). A2 A=& el IGF-1
FEE 171.04£10266 ng/ml& RYe &4 AFde FoAd FdaAs Ao
AdEs Ax FAgolMe IGF-2 &+ z+zt 301.03+51.05 ng/ml, 56693+
14149 ng/ml °lRed FA AFde F4F% FunaAZ Al Mg
IGFBP-3 ¥%% 101263%£26690 ng/ml & &4AZF3 8 A@@A(r=044,
p<O0E HY2WFig. 1), A2 ANWF IGFBP-3 ¥E& 3865.1411084.93
ng/ml & E8AFH Folg JudAZ QAT IGF-13 IGFBP-3 9] Atojdl&
A )" 7 (r=066, p<0.01) AR BHE FF X (r=0.66, p<0.01) FAHCE F2l%
BBaA7E AN HFig. 2).

) Aol &4 AF 3 mtDNAY

Aol X 248 mtDNA 4& 253+060 amol/Sng of total DNA & &4 A
F3 Feolg AoBAVE ey, An AYEe  miDNA $& 216+060
amol/5ng of total DNA 2 EAAFTI FId& ABAAE HA (=063,
p<0.01)(Fig 3). A& 9 mtDNA %3 AR AAEY mtDNA & Abololl&

g AEAZE AATHr=0.55, p<0.01)(Fig 4).

(th Aot &4 AZ7 7g JAAEE

Aol &4 A ARe JuA AFI FF ABIAT AR THr=045,
p<OOD(Fig 5), A= volu} 4we] 24%A AFHE fo8 4t 9
o

() Ak £ AFo] FFE A 24

Aot 24 AFol 714 A d&e viAE dAE SolRIAE g AP
A4 A Aol 2AAFTH FAHCE F8 FUAFTE B ARE IGF-1, A
& IGFBP-3, A2 A EFA, A=A WE 2 mtDNA <& 5o d4E di
oz OF FAENES MY AT. 2 A3 A2 AHPe mtDNA Frto] Aot
24 AT FYHer 4%E F& A2 UYEHH(p<0.01)(Table 2).
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Table 1. Clinical characteristics of subjects.
There were no significant differences between total cases and cases
who were mtDNA measured.

total mtDNA measured
(n=72) (n=27)
Baby  Gestational age(ws) 397 £ 1" 39" + 1V
Birth weight(Kg) 3.25 *£ 055 3.34 * 0.53
Sex (M:F) 39:33 12:15
Mother Age(yrs) 305 £ 42 308 = 3.8
Prepregnancy
523 + 69 524 + 59

body weight(Kg)
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IGF-1(ng/mi)

100+
r=0.32 .
p<0.01
754 ,
. .
50 . . !
25
0 1
2 5

Birth weight(Kg)

IGFBP-3(ng/mi)

2000+

1000+

Birth weight(Kg)

Fig 1. Relationship of cord serum IGF-1 & IGFBP-3 to birth weight
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g/ml)

1000,

n

IGFBP-3(

5000

2500,

T

50 75
IGF-1(ng/ml)

0

1(1)0 0

100 200 300 400 sbo
IGF-1(ng/ml)

Fig 2. Relationship of cord serum(left) and maternal(right)
IGF-1 to IGFBP-3
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Fig. 3. Relationship of maternal blood mtDNA amount to

birth weight
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< r=0.55

= *
Q p<0.01

2 . * .
0 34

[o]

E
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<€

=z

Q

£ 2

®

=

[}

"

£

1 , ; .

1 2 3 4 5
cord blood mtDNA (amol/Sng DNA)

Fig. 4. Relationship of cord blood mtDNA amount to

maternal blood mtDNA amount
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807 =045
p<0.01 "
704
~—~ hd L ]
>~§’ [] . ) . ¢
QO ~ [}
c = 607
g5
g 2
93- 2 504
a 8
40
30 T 1 L
2 3 4 5
Birth weight(Kg)

Fig. 5. Relationship of maternal prepregnancy body weight

to birth weight
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Table 2. Result of multiple linear regression analysis of cord blood
IGF-1 and IGFBP-3, maternal prepregnancy body weight, maternal
mtDNA amount to birth weight. This shows that the only
independent factor related to birth weight is maternal mtDNA amount.

Independent variables Regression coefficient(95%CI) P

cord blood IGF-1 0.002(-0.009 to 0.014) 0.683
cord blood IGFBP-3 0.0003(-0.0007 to 0.001) 0.569
prepregnancy body weight 0.011(-0.026 to 0.048) 0.541
maternal mtDNA amount 0.534(0.204 to 0.863) 0.003
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. gl Ay WA mdd A vEZ=o DNA 49 ¥4

(1) a7 4

(7h) %

ojm|F & wul 2FHEE olf7|7t B WAA Hd4l(180g caseinkg diet)E
Z 73 ad Ay 40](80g casein/kg diet)E FTLE FAHUL, A4 olE
el onHZRE #Hojd N7FE olFFAE AL GFHolE 353 Llgroup
D, @9d Ay Aolg & uHAZREEH "ol A7FE olFFiE AL Ty
A7 HolE 3 F(group 3)F, AAA )& resuscitationdt T(group 2)2E Y7
7 o HelzAde ® 3% 2 A7 4AHL 29 63 Zoh ouA F Y
7 2 ZHEHAAM mDNAE AT, M7He FEHolas e AF 4
o] Foll A olf 1F:F(4F)e, 8F, 165 4z 2 B FHZA A mtDNA &, "
EZcdol DNA AAFIAHmMtTFA) mRNA 2 cytochrome c oxidase(COX) III¢]
TG FAEC

() =329 B3
SAE HEEE d& FNRE EDTA tubed] B 5 A3 buffey coatE #&
&9, 42, 229 7 BYYE dglAL 2 G4 WESIY -70Ce 2o

(t}) DNA<9] ¢

Zyz}e] 22L& SFEAFIL lysis buffer(10mM Tris, 100mM NaCl, 25mM EDTA,
1% SDS, 100ug/ml proteinase-K)ol 4] mincing$ 48C FZdA 14-16A17F w3}
i, 37Tl A 308 ©] vi%¥§ & phenol/chloroform2. & DNAE F£3%¢h. 10mM
Tris-lmM EDTAZ 7}8l3, DNA 558 £33 F 23 wet weightd DNAS]
& A&35l9tt. DNAE spectrophotometer® ©]-838] 260nmolA ¢ F3 =& F3)
ekt

[s]

£

ot
ole

(g}) v]EZ=¢e oF DNAY A#H &4 (Quantitative PCR)
@ Internal standard®] )%}
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» Primers®] A&
770 bp product
MT3 14395 (5’ AggACTTAACCAgACCCAAACACg 3', nt 4395-4418)
MT4 H5164 (5' CCTCTTTTCTgATAggCggg 3', nt 5164-5145)
694 bp Internal standard
Dfl (5' CCCTATCAAC//CCAACCAACAACAACTCCAA 3/,

nt 4721-4730, 4807-4826)
Drl (5" TgTTggTTeg//sTTgATAggg TTgAgCAgTT 3,

nt 4816-4807, 4730-4711)
« Primary PCR product #|2}
MT3¢ Drlg o] 439, mt DNAY 4395-4730bp th&ol £ 4730-4807bps] 76bp
2 Avw o] 4730-4807bp H¥o] AH AA= o FE= o 346bpe] productel 47
I DfIF} MT4E AHgste] & & PCRES $88hd 4721-4730, 4807-5164% %]
zZ o] 369bp7t AV, ALEE primere 27 tube 3 S0pmolecl® dATP,
dTTP, dCTP, dGTTPY HZFs =7} Zt7] 200mM, Taq Polymerase:= 0.75unit®]
W, HFFE 20mM Tris Cl(pH 8.3); 1.5mM MgCl2, 50mM KCl, 0.05% Tween
20, 0.001% gelatin®] S011E wggdo] 100ngH =] DNAE H7H¥oh. PCR
Z7& 94C 3min, 60C lmin, 72°C Imin&& 1 cycle¥ 94T 40 sec, 60C 1min,
72°C 1min ©.2 30 cycles $88t3 72C 7min &2 A4S A4,
« Secondary PCR product# 2t @ DNA &
9o A] d& 2709 PCR productE& gelol dol A7 58 sizeE FAF 277
e s MT3 3 MT4& o] &3 secondary PCRE &t} A8HE Tag
Polymeraset} dNTP, PCR buffer®] #4-& primary PCR &3 o} wgzd2
94T 483, 94C 40%, 60C 1%, 72C 1H# 22 30 cycles #8353 72C THo8
ul&A)171th.  PCR productEgeld] Zo] 694bpol] #3ste band & WEZE 2}
QIAEX II kite.2 DNAE F&3}
nt 4365 4711 4730//4807 4826 5164

| P | 6obp

« Transformation® plasmid DNAS] &




@ PCR with target DNA, plasmid DNA

AAEE(50ng)e target DNAS} A& ale] oln FEE ofE competitorZA] 9
internal standard & %Al #7}e i tubed Spmole® MT3#H MT4E #H7bsta
dNTP® HFFE+E 200mMeolw F whg @& 20uLE 8ok ¥hg =& 94T 3
#, 60C 30&, 72T 4022 9H8&%, 94T 30%, 60T 30%, 72T 40xE 29cycles &
gli 72C 5¥ 22 BgAIZItE kg A E L agarose geloll do] A7 dF AlA
ETBr& oo gAAZ F UV lightdtel A intensity® polaroid filme2 #93F
770bp2] target DNA band ¢ 694bpe| competitor band9] A|7|1& &A%}, 7}7]
& FE9 internal standard7} H7FE 7] wel internal standard ¢ band Al
719} 2 A71E Bolx %7} target DNAY FEd3 3% £ (g 7).
a9 8L 27 1553 M7 FHY vEE=d ol DNA A#%E o & Bl Aol
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Table 3. Compositions of diets

Starved rat

Control rat

8% Casein Diet

18% Casein Diet

(TD 97119) (TD 97120)

g/kg g/kg
Casein 80.0 180.0
DL-Methionine 2.0 0.0
Corn Starch 774.99 677.85
Peanut Qil 80.0 80.0
Cellulose 20.0 20.0
Vitamine Mix,
Teklad (40060) 100 100
Mineral Mix, Ca-P
Defic.(TD 79055) 134 134
Calcium Phosphate,
diphasic (CaHPO.,) 1951 165
Calcium Carbonate

0.1 2.25

(CaCQOsg)
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-5 wk - 3wk Owk 3wk 4wk 8wk 16wk

| | N
I l | |

Mating Birth  Weaning l

Fig 6. Research design. The normal and the protein deficient mothers were
respectively fed 180g casein/kg diet (control) and 80g casein/kg diet (low
protein) from 15 days before mating until the end of the suckling period, and
then sacrificed during weaning (dashed arrow). Rats born from normal mothers
were continuously fed on 180g casein/kg diet at weaning (group 1), and rats
born from protein deficient mothers were randomly divided into two groups at
weaning (week 4): the group fed 180g casein/kg diet (group 2) and the group
fed on 80g casein/kg diet (group 3).
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1 2 3 4 5

Plasmid(ng/nL.) 0.08X5uL 0.04X5ul. 0.02X5pL 0.01X5uLl  0.005X5ul
(amol) 133.20 66.60 33.30 16.65 8.33

Temp.DNA

(50ng/uL)

1uL(50ng) 1uL(50ng) 1pL(50ng) 1pnL(50ng) I1uL(50ng)

4— 770 bp (tissue DNA)
\ 694 bp (Internal standard )

Y =-0.84X+1.23
0.5 r2=0.9819

L.og { copies of competing DNA)

Log ( target / competing )
[ean)

Fig. 7. Quantification of mitochondrial DNA (mtDNA). (A) Known
numbers of copies of internal standard were introduced into the DNA samples
derived from liver and muscle and amplified with primers MT3 and MT4. PCR
product was electrophoresed in 15 % agarose gel. As indicated, two products
were generated, one derived from the mtDNA (770 bp) and the other derived
from the internal standard (694 bp). (B) Competition equivalence points were
determined by interpolation on plots of the logarithm of the calculated ratio of
the signal for the internal standard derived product to the signal for mtDNA

versus the logarithm of the copy number of the added internal standard.
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Fig 8. Examples of quantitative PCR of liver mtDNA in group 2 at week
15. In group 2, most isodense lines were met between lane 2 and 3, and its
mtDNA content was 20-30 amol/50 mg DNA. Final mtDNA content was 106=

34 amol/250 ngDNA.
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(2 47 4%

Ch gdd A9 ouFol Ao Fo vls) ¥ THEA A REZE= o}
DNA %] Fo8tA o= AAHZH 9). A7AFAE Aol (1)l vls) &
B A ALHoRZ AYF F@EF)NAM e 47, 165 WEZ=eot DNA %
o] A28 N&Hog BAFYHY 10).

() AARAANAM Z o AFE 5F4 10FAAAE @RE ATS AP onlF
oA elojd @ 3F)NA Aol F (1)l & ZHAaEH AN, 205l
£ 270A g2ty AF HAEE B FUAXT, AAE] BT vAAe %
stATH ™ 11). M7 HANA Z £ IGF-1& 55 #Hoe ZF 7 Aol7t 9
o} 1058 e e gld AFE ALHHoz AYF F@ER)NA FAAolE g1
ol H&) fed Z4E EAHIY 12).

(t}) ZEAIEAA ouix] A Fd A& d= cytochrome c oxidase(COX
) 549 28L& zAqA Hrled g w did A9 A7FAQTEH 31)NA
10F8EdAE F7hsed 2053 E griiA FastAcid 13).

(8}) @ d A9 A7 ANAN nEEZ=g o DNA FAIAHmtTFA) mRNA9 9
3 Zarr BEEAHIY 14).

(b @9z A2y ANFACEH 3P)elA vEIZ=Eol DNA 4o Hast 37

COX III ¥ mtTFA mRNA9 747} 1058, 1653 % 2058 A dZHJAH
Y 15, 16, 17).
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(amole/250ng DNA)

350 & Normal

300 t Starved

250
200
150 |

100

Liver Muscle

Fig. 9. Mitochondrial DNA content of mother rats.
MtDNA content of liver and muscle in the protein deficient mothers was
significantly lower than those in control mothers respectively (% p<0.05)
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* (p<0.05)

(amole/250ng DNA)

BT Nomd | 140
N32 Staved 120

B¢ B § 8 °

Fig. 10. Mitochondrial DNA content in starved daughter rats.
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300~

—u— Group 1
-4- Group 2
--¥-- Group 3

Weight (g)

I i T 1
5wk 10wk 15wk 20wk

Fig 11. Body weight of daughter rats in relation to age in control (group
1), resuscitated (group 2) and low-protein (group 3) groups.

Body weight was lower in rats born from protein deficient mother s (group 2
and 3) at week 5 and was increased in resuscitated group (group 2) at week 10
and 15. In resuscitated group, body weight was still lower than that control

group (group 1) at week 20.
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IGF-1

750-
—a— Group 1
I -4~ Group 2
?E:n 500 --+¥-- Group 3
-
& 250-
0..

¢ ¥ 1 ¥
5wk 10wk 16wk 20wk

Fig 12. IGF-1 levels of daughter rats in relation to age in control (group
1), resuscitated (group 2) and low-protein (group 3) groups.

IGF-1 levels were not different among three groups at week 5. At week 10,
IGF-1 levels were significantly lower in group 3 than in group 1(p<0.05), At
week 15, even than in group 2, IGF-1 levels were significantly lower in group 3
(p<0.01). At week 20, also in group 2, IGF-1 levels were lower than in group 1
(p<0.05). (* p<0.05 vs group 1, #** p<0.01 vs group 1, ## p<0.0l vs group 2 at
corresponding point)
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10W 15W 20w

* *
roT !
F *
L ‘ l
Gt G2 G3 Gl G2 G3

Group 1: Control diet - control diet
Group 2: Low protein diet - control diet
Group 3. Low protein diet - low protein diet

Fig. 13. Cytochrome ¢ oxidase III mRNA expression

in rat liver(* : p<0.05).
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10W 15W 20W

G1 G2 G3 G1 G2 G3

Group 1: Control diet - control diet
Group 2: Low protein diet - control diet
Group 3: Low protein diet - low protein diet

Fig. 14. Mitochondrial transcription factor(mtTFA)

in rat liver(* : p<0.05).
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mtDNA

500 *
400 |
300
200
100 |
0
G1 G2 G3
coxm , * ,

mtTFA ' '

1

Fig. 15. MtDNA content, COX HI and mtTFA

in liver of rats at week 10 (* : p<0.05).
(G1: control diet - control diet
G2: low protein diet - control diet

G3: low protein diet - low protein diet)
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mtDNA

150  — "
100
50 |
0
G1 G2 G3
12
COX III

mtTFA r =1

Fig. 16. MtDNA content, COX III and mtTFA
in liver of rats at week 15 (¥ : p<0.05).

(G1: control diet - control diet

G2: low protein diet - control diet

G3: low protein diet - low protein diet)
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mtDNA

120 0 7y *
80 r
40 |

G1 G2 G3

COX 11 " *
ro
10 + *
8 | l
6
4
2
0
G1 G2 G3
1 -
mtTFA ., |
0.6
0.4 }
0.2 }

Fig. 17. MtDNA content, COX III and mtTFA

in liver of rats at week 20 (¢ : p<0.05).
(G1: control diet - control diet
G2: low protein diet - control diet

G3: low protein diet - low protein diet)

-48_



A2 A nERZ=gof DNA %9 ZA 714 a7

Lolgd Wy % AT WE

7b. Wl Z=g o} DNA AAHIAmtTFA) 28 2 vds} 37}

DNA9 wesel vEE=glol DNAEATS AP o 2HE mtTFA promoter
Helo] eyt A5 mtTFAS @A4WsE xgstal oo wet vEFZx=go}
DNA EA 9 g 2H8E M5l AN Aok By 229k A9
wxdo FEe] RNAE F%35t9) mRNA purification kitE o] 839 mRNAE
223 ¥ 1% formaldehyde gelell 2719 %% nitrocellulose membrane®ll transfer
X713 UV crosslinking A171% human mtTFA probe® P¥ dCTPZ label* 71 %
hybridizationS A8 & & -70%oM autoradiography & A& 3t3irt. Gty Fhxjel
gloy A mtTFA9 methylation 9%+ Southern blot analysis E+ methyl specific

sequencing method 5& °o]&3to] 3}

n

u]|E 2= g o} DNA AAFI A (mtTFA) promoter B84 %7}
e Fxd FA9 A/FA7) mtTFA promoter sequenced] xFol7b YA &

ZA8E7] 938ke] genomic DNAE F%3t9] mtTFA promoter regions PCRE &

hid

Z3l3 direct sequencingd}$i th.

t}. Rat mtTFA cDNA % genomic DNA cloning ¢ promoter A€ <l
Rat lambda zap cDNA library? screening® %39 rat mtTFA full length
cDNAE cloningdt 2 d7]d& #<lslth. Rat mtTFA promoter #$1% cloning

sted Alg & mouse®l 1 A Wl ulsk T

2. v EF=g ol DNA 43 Al¥x9 ¢

SK Hep-1 A ¥ £ 50 ng/ml ethidium bromide, 100 gg/ml bromouridine 2] 3L, 5
% FBS7} ¥3% Dulbecco’s modified Eagle’'s medium (DMEM) 2 & 3-4F%F Al
Z ksl EtBr A8l %, 5 % FBS, 100 xg/ml bromodeoxyuridine Z128}3L, 50 ug

=

/ml uridine® ¥%&38l= DMEMog WYl AEE fAF o AEE B2
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FEE platingdle] &b oshuel 28 BElEkdnl. dold mtDNA-deficient
SK-Hepl cell?] genomic DNAE ®#3z PCRE %3 vEFZ=go}
DNA(mtDNA)7} E4842] ke A& &2l

vl MlEZ=# ol DNA A3 AlX(p” cel)? 54 ¥4

MtDNA-deficient cell( o ® cell)& mtDNAZ} AR =HUE W, glucose? utilization
of feHE thatel LAsE FoE AR 9% FL in vitro model2 AHEE
F 9th MtDNA:= oxidative phosphorylation®] #033l= 4702] complex% 371
complex® Y% subunitEE codedtti. MDNAS ZAHALE o|E subunitE 9
expressione A 3] & A o] E mitochondrial membrane potentiale] ZAEE Zo] d
A5k o] & #elsly] $8te] mitochondria membrane potential ¢JEH R
mitochondria® ¢ A8}= Mitotracker(molecular probe)& AF83to] o° 3} o A E
E gAY, =3 total RNAE F#38}9] quantititive reverse transcriptase PCR
< 39 mtTFA2] mRNA A EE Hrtetch HER 0° celldld ExET
o] =& ZAE7] Y8l basal leveldl ] FDGE uptakedts %8 A #sl3ich.
AZNAN Ty HFHE glucose transporters] ZAlol] o8 zdE&d), 5719
isoform(Glut 1-5)o] ¢#x gt} o] & isoformE- tissued F57F, HAHYEH Fo
wat & jsoformo] EAst:, FH AL = Aoz d#x Urt. Parent
SK-Hepl(p )9+ p° ol &A8lE glucose transporter®] H@ SA-& Hlw3sto
mtDNA<9] Al 7} &g @o] & typeo] o= AAA XA FEZ
=glol DNA ZF AE(p° cel)E HOol =&A1Z] ¥ annexin V g4oz
apoptosis A EE flow cytometry® SA31 Western blot2® anti-apoptotic

activity & 7} Bel-x ¥ Bcl-29] @87 mtTFASY ¢&d-g& @@t

I
2
-4

Wy 9 A
7. iEE Lo} DNA dAMIA(mTFA)S] 2@ 2 ves 4% ¥4

(1) @+ W
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(7}) mtDNA transcription factor?] & %7}

G gxiel AAaelel wxdd YE o] RNAE F%389 mRNA purification
kit® o]&3le] mRNAE F£I F 1% formaldehyde  geldl #H7FEF
nitrocellulose membrane©l transferr}7]it UV crosslinking 212§ human mtTFA
probeg P*¥ dCTPZ labelN21¥  hybridizationd A @E F  -70EelA
autoradiography & Al 81 &t} mtTFA cDNA+E Dr.Clayton (Stanford University,
USA)9t Dr. Kagawa (Jichi University, Japan)ol €]3] Z}Z} clone ¥ human
mtTFA cDNA¢! pDD102¢}  pBluescriptSK(-)-mtTF1& & R399k mtTFA
protein ¥ & $§ expression vector= U2 cDNAE A}b&3sto] Alza Y. Fig.

182 cloning strategy & H ot}

(t}) DNA methylation status 4]

mtTFA9] methylatione] AA Fxw &xiolA R =2 2Atstn o] mtTFA
9] DNA methylationo] ¢}3} gene imprinting®] mtTFAS] @&} d&S Fv A
o] o]BE T}& 9 strategyE Ab-&3to] ZALZT)

@ methyl accepting assay

duy fxe] oz Fgle] e AH3tY Qiagen blood kitE AME-3he
genomic DNAE #d3 10 mM MgCl2, 10 mM Tris-HCl (pH 7.9), 50 mM
NaCl, Z8lx 1 mM dithiothreitol®] Sl €89 DNA (200 ng)®} M.Sssl
CpG methylase 4 units, 2831 15 M9 S-adenosyl-L-[methyl-3H]methionine
(80-85 Ci/mmol)¥} 15 M2 WA HA7F k"l S-adenosylmethionine® 3L
37ColA  4XNEL HEANHE 204D, ] ¥EES 25mMe|  HEAM
S-adenosylmethionine S 5x1 F7Fske] A X A7t} & H4-& Whatman filter paper
of HAsL 1587F F7)FA EH F 5% (wt/vol) trichloroacetic acid 6 ml¥}t

70% (vol/vol) ethanol 6 mlZ wash%, 10 mle Econofluor (NEN)7} l+= vialol

ol

i liquid scintillation counter® WAMs& &4 3t} Background cotrol& DNA7Z}

z>.2
rir

wgols £47) Fol7hA e wrgl 915 go] dh

@ Gel shift assay
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methylated DNA probe®}t unmethylated DNA probe® nuclear extract® |3}
o] DNA-Binding assay® ]33 tl. Nuclear transcription factor-1 (NRF-1) Z %
Holol h-mtTFAS -76olA -587FA19] 47|A4d3 NRF-29 AE9<
h-mtTFA2] -349l X -1371%12] 471 €& DNA synthesizer2 43} M.Sss I
CpG methylase®t S-adenosylmethionine. & DNAE methylationA]# methylated
DNA probe?tErt, 212] DNAE [7 -32PJATP9 bacteriophage T4 polynucleotide
kinase® end-labellingA] Z1th. Hela cell 2% nuclear extract®& &£Hl§ ¥, 10,000
cpm DNA probe¢t 2ug poly(dl-dC), 300ug/ml BSA Z12]il, 15ug protein®] Hela
cell extract® %3 30TCeolA 1583 AFWNEE AUk o rREEEAE 20%

polvacrylamide gelol loading3t 7199 %% ¥ autoradiography & 4 3 gHi.

@ Bisulfite genomic sequencing

Genomic DNAE target sequence® AE2X ¥ AFAEALZE Ze} linear formo 2
& 51 DNA(20-200 21 ¥ 200 pg-50uxg AE)E NaOHE 0.3 M A3t 7}t
E ¥, 37CoAAM 1587 denaturer] 21t} Sodium bisulfite®} hydroquinones 2+z}
31 M, 05 mM =7 91 &del 7Feta(F F3& 240-2400 14 =) 7 A 4ol
# ¥, mineral oil% 7}8te] AE& YolFm 55TeA 16AEQT AT o
B o ol# Zo] A DNAE 3438li, Promega Magic DNA Clean-Up System&
ALgEte] B 50 plE SESWA FoldE free bisulfite® AAE. 10 mM Tris,
0.1 mM EDTA, pH 8.0 buffer(DNA buffer)& 7}38le] 453 50-200 pl HA &
th. 9 &) NaOHE 0.3 MSEA 7k8kar 37CellAl 1683 #k&A17. o] &
NH40Ac, pH 7€ 3M=A 7tste] F38k42 F, ethanol precipitationdti DNA
buffer 100 p#12 = -20TCo] A &g},

Bisulfite® 2% DNA 1-5 ul1¢f 200 #M dNTPs, 1 ¢M primers, 3 mM
MgClI2, 50 mM KCl, 10mM Tris-HCl pH 83, 0.5 x«l (25 units) AmpliTag DNA
polymerase(Cetus)E %3 GeneAmp PCR 9600(Perkin-Elmer)® PCRE 38}iL

Sequenase version 2.0 DNA sequencing kit& AF838te] 1M A& 2 A3,

G 3kxbo] oA mtTFAS] methylation 94%& Southern blot analysis 5=+

methy! specific sequencing method (bisulfite genomic sequening) & ©] -3}
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#H &)l Southern Blot analysisE #aiA 2z 2 A4 oA Kl
genomic DNAE Mspl ¥+ Hpall & AWz A719%5% F mtTFAS
promoter region® 891bp =7]2] probe (Fig. 19)& At&3te] 433t}

(th) AN DFxdkatol A mtTFA promoter region®| methylation mapping

Aaelal daeduoEzy Juiaie] HoA  ZHZ} genomic DNAE  Hol
sodium bisulfite® DNAE modifydti modify® mtTFA2] promoter regionell %
PCR primer& A}&3lo] PCR product® 9] nested PCR W o8 4& FF
% pGEM-T vectorel] cloningdtZt}t &2 AF PCR fragmentE ABI 7700

rir

g
-

7

T

automatic sequencer® ©]%3t9] sequencing3d}it}h. Bisulfite modified mtTFA$]
PCR primerte ot&j o} #t},
For 1st PCR
ad 1 5'-GTGGTTTTAAGATTATTGATATTAGAATTT-3' (1681-1710)
ab : 5'-AACTCTACTCCAAACCTTCCCAAAACAATC-3' (2431-2451)
For 2nd PCR (semi-nested PCR)
a2 : 5'-GAGTTTTAGTTTTGGTTTAATTGAGA-3'(1852-1878)
ab : 5'-AACTCTACTCCAAACCTTCCCAAAACAATC-3' (2431-2450)

(2}) mtTFAY promoteri$l el wWE o] 213 mtTFA FAA ¢d A 79

mtTFA® promoter % nuclear respiratory factor-1 (NRF-1) Z %% 9| (binding
site) (NRF1-BE) ¢} NRF-2 A&4%¢ (NRF2-BE)7} =, ©o]&L& mtTFA #+4
Aol BEHE FAANNE Ao g d8A th48, 49). NRF A H99] sequencexs
CpG island?} ®o] &89 methylationol] 2]3 Z2H& ¢& Aoz o=
mtTFA promoter region®] sequence® Fig. 2091 RojFt}l, NRF site®
methylatione] mtTFAS] Zdeo] dEFE FEAle oAFE FUsr As +4
NRF-13 NRF-2& xX&3&}&= oligonucleotide® $Alsle] gel retardation assay&
A3ttt NRF-13 NRF-2¢ oligonucleotide® in vitrool A methylation*] 7!
% gel retardation assay® A @38lo] methylation 3 F& vlildte] nuclear

factor?] binding activityol]l W37t A=A E 1340
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(7}) #5¢ mtTFA promoter region®] polymorphism ¢!
Gt gxtel A7k mtTFA promoter sequenced] #tel7} dE=AlE FA 87
Asle] genomic DNAE F%35lo9] mtTFA promoter region® PCRE F%s3lxn
direct sequencingd}$lth. mtTFA promoter £%& 9|3 Al&% PCR primer &9l
sequence¥ TH& 3} Ztl,

TFA3 : 5'-CAGCCCTGGCTTGAACTGAG-3" (1858-1877)

TFA4 : 5'-GTCTGGAGCAGAGCTGTGCA-3’ (2446-2465)

(H}) Rat mtTFA cDNA % genomic DNA2| cloning

D Rat lambda zap cDNA library® screeninge ¥3% rat mtTFA full length
cDNA¢2] cloning

Rat testis lambda zap c¢DNA library (Stratagene)®] ~3 x10° plaque units& E
coli XL1-Blued| transform®¥ ¥ (37 °C for 8 h) Z} phage plate® nitrocellose
filters (Nitropure, MSI)°ll transferdl®} screening 3}1th. Filter= hybridization
buffer (6x SSC, 5x Denharts reagent, 04 % SDS 20 mM sodium phosphate, and
100 g/ml salmon sperm DNA)OlA 2A]7FE<t 68°ColA prehybridize 3t
digoxigenin(Dig)-labeled probe& A}838}o] hybridizedt it} (for 18h at 68°C).
Washing (2x SSC and 0.1% SDS for 10 min, twice, at room temperature and
then twice for 30 min in lx SSC and 0.1% SDS at 68 °C)3 ¥, hybridized
probe + alkaline phosphatase-conjugated anti-digoxigenin antibody (Fab; Roche
Molecular Biochemicals, 1:5000)9} CDP-star detection system(Ambion)2 A}-&3}
of HAE3AqY. HAEH positive clone2FE  ¢cDNA inserts ¥+ Z#lA using
ExAssist helper phage, SOLR straing& AFg3}o] tlA] recirculizedt$ith. ©] cDNA
= automatic DNA sequencer (Perkin Elmer)& Al&-38le] g7l d& &gelstqdc.

@ Rat lambda zap ¢cDNA library®] screening®] AM&-#® probes] A4

rat liver total RNAE templatc® 3to] RT-PCRES %3] 332bpel PCR product®
AR} ALE-E primers degenerated forward
(5-CAAAGAAGCTGTGAGCAAGT-3) and reverse primers (5-GCTCTTCCCAA-
GACTTCATT-3)°elt}, ©] probet random-primed Dig DNA labeling kit2 A}&
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3lo]  digoxigenin® 2 labeldtsiu}l, whg AL 50ulEAF 0.1 mM dATP,
dCTP, dGTP, 65 M dTTP , 35 M Dig-dUTP, 75 mM Tris (pH 7.6), 50 mM
DTT, 50 mM MgCl2, 100ng DNA ¢} 2 units of Klenow enzyme®] A 37°C, 1 Al

ZHg ¢t ¥E8-38}1, unincorporated dANTPs+= spin column@ 2 A 7] 3} 51 o}
@ Rat mtTFA 2| upstream promoter region %4

2o A A& rat mtTFA cDNAS} Universal Genome Walker ™ Kit (Clontech), a
simple PCR-based method for walking genomic DNA%E Al838l¢] mtTFA¢
upstream region cloning3ttl. -4 rat liver tissue (40mg)E proteinase K=
X283 phenol® F2Z38le] high-molecular weight genomic DNAE ¥t} 25
g genomic DNAE 47}A] & restriction enzymes (80 units of Dra I, EcoR V,
Pvu II and Stu D& digestdtar Al F&39ct. 2} DNA+ GenomeWalker
adaptorell at 16°C overnight *]2]3le] £9¢] Genomic Walker libraries& RH&E AU
libraryd 27}A touchdown PCR amplifications2 A A5 =4, 28 PCR2 outer
adaptor primer (APl, 5-GTA ATA CGA CTC ACT ATA GGG C-3)3} an outer,
gene-specific primers (GPl, 5-ACA TTC CCC GGA ACA GCG CCA TCC
CTC-3, 5-CCC TGG AGT ACC CAC GCG GGT TTC G- T-3, upstream region
of rat mtTFA cDNA)E At£3% ). ©] primary PCR mixture® UA] template®
3l % WA nested PCRE nested adaptor primer (AP2, 5-ACT ATA GGG
CAC GCG TGG T-3) ¢ a nested gene-specific primers (GP2, 5-GAC ACT
GTG CCT ACA CAC AGC CAC GA-3, 5-TCG TGG CTG TGT GTA GGC
ACA GTG TCG-3)E Algste] HAAlsdd. #F PCR AHEE agarose gel
electrophoresis® %¢1&}il a TA-type cloning vectordll cloning?d %, Automatic

DNA sequencer (Perkin Elmer)& A}-8-3}9] sequencing 31t}
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SxHa Prim g S e S Qalfgite,

Bam HI, Hind (1l
Bam HI, Hind Il digestion digestion
Bam Hi, Kpn L digestion v
PCR Bam Hi
Bam Ht (646bp) Bam Hi Hind Il
Bam HI. Kpn L1
digestion
Bam Hi Kpni Hind il
Kpni

™~ Ugation ./l \ Ligation

Fig. 18. Cloning strategy of the mtTFA expression vectors. Panel A, the
mature human mtTFA (without signal peptide)} cDNA was subcloned into pQE
vector after PCR reaction using pDD102 as a template. Panel B, the precursor
human mtTFA (with signal peptide) cDNA was subcloned into pQE vector.
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Sac |

+1
l (s ] ] | ATGI L w7 l

7

891 bp probe

Fig. 19. The probe for southern blot analysis. The Sall-Sacl fragment (891
bp) was prepared from the cDNA obtained from Dr. Kagawa. Transcriptional
start site and translational start were shown as +1 and ATG, respectively. The

small lines denote for CCGG sequences which are present in the promoter
region.
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NRF-1 Sp1 NRF-2

3
GCCCCGCCCCGCCCCCATCTAQOSACCGGATGTTAGCHGATT 3
CGGGGCGGEGCEGGEGTACATARATGGCCTACAATCGTCTAA

Fig. 20. The promoter region of mtTFA. Spl, the general transcription
factor, binding sites are present between two nuclear respiration factor

binding sites. Both NRF-1 and NRF-2 shows CpG-rich sequences which are
the sites for methylation.
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(2) A+ 23

(7H) mtDNA transcription factor?] %#& 7}
mtTFA9] mRNA expressiong Z43}7] $3lo] human mtTFAS] ¢cDNA€ Dr.

Clayton(Stanford University, USA), Dr. Kagawa (Jichi University, Japan) 2 2%-¥|
a19)tl, Dr. ClaytonS 282 E AL cloned coding #EWE T2 o, Dr.
KagawaZ %€ 9L clone® 5-flanking region® X8t vk, F cDNAZ
ATGEEE ¢ 100bp7tAE 93 sequence®E 7FA Y, 2%  C-terminus®
sequences> MZ @E RIiEo] #lo] Hgsir

mtTFAS] #4WsleE @2 ABdARE FAHs 7] AdAe FA49 AHgo] 4
FHojtt, mtTFAS A= Adxez dAvjstn A gov, dA t& d+as
HE de AR folstA] Pof FAE AxIHVE AT AT mtTFA-GST
fusion proteing WE7] &) Ax3 o, mtTFAZ} bacteria®l 43 &l toxic &
o] expression A @¢roem, 3 mtTFA2l bioassay’t mtDNA$® promoter
regiong ©]§ 3% gel retardation W #o g §o)stx ¢ga Aol specific A%
oro} A A mtTFA protein®] 2% i homogeneousdtAl purifyH A=A & &<2ls}
71 ol#gch. elA Histidineo]l 670 ZA#@wHo] £8 9 &<lo] #¥ His-tag
system (pQE vector, Qiagen)& Al8-3%1th Dr. Clayton 225 E 22 cDNACIA]
signal sequence® A)9]% mature protein¥5& PCR&te] o] fragmentE
pGEM-T vectordl clonedti, BamHI¥} Kpnle® Aw3dle] pQE vectorel clonest
A t}h. cloningd 93 schemed Fig. 18A o YEIA T pQE-m-mtTFA plasmid
= automatic DNA sequencer (Perkin Elmer 310)& A}8-&¢] insertE #<lst4t
pQE-m-mtTFAE E. coli celll transformationdto] ODen=0.6°] 2 wWi7tx] 7]9-3L
IPTGE ©wld 28L& 53 & 6x His-tagged protein® Eo)|H o8 A¥ste
affinity column$l Ni-NTA agarose system2 ©]-&3te] #&] AAs3d. signal
peptide® &3 mtTFAE Fig. 18B¢] scheme2 & cloning 3ttt Fig. 21
IPTG S%% bacterial extract®] soluble fraction®} insolubel fractions 2z}
SDS-PAGES A Ha8ke] Coomasie bluci staining 3 Aoz T2 A"
A o] His-tagged-hmtTFA bando|t}, U3 gel& nitrocellulose paperel blotdhe]
anti-His antibody® Western blot analysisE 3+ 23} 36.8kDa2] <& band’} &
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A= o] mTFAZF 28508 &lsqch

(1}) mtTFA9 methylation status T4

Gy o] ol F DNACQ methylation AEle] W& B £ glojA],
mtTFA® promoter®] methylationo] WH3ls=X8 #<ldl7] 98] Southern blot
analysis® Al &8}t 2 A3} Hpall (methylation-sensitive enzyme, CCGGY] 7}
8 C7} methylatione] =W Hdax] RIHE AHEFAE w9t Mspl
(methylation®] A& ¢lol CCGG siteE Ae3hHE AH839S W 25 4709 band
(16, 1.5, 1.2, 1.0 kb)7} EHAow F Z4AE ALEFHUE "W band patternZt<)
Aol 2SR 2. 2y Type I G832 (DM)e] ¢ band® intensity
7b 3% Az (C)ll vlEl o 50% #H&aE] AATHFig. 22). o] AE T
o] 7% mtTFA<Q promoter region®] A4Fele] ¥l methylation A =7} F7}5 o
UE 7S BHAFU, pattern® ¥W3te AR ggonz, 2 YL 96

bisulfite modification sequencing A]%=3}%t}.

Ay Gy AT BF9 CpG islandol A methylation® C ("C)E WA &
T A K (Fig. 23). ety F AgTe ¥ mtTFA promoters methylationo] =
A e AR FAAHN AELS AAU.

(81) mtTFA9] promoteri-$]2l w€slel] 213 mtTFA A2 28 oA 79
NRFBE”} methylation®] @ 7% NRF9 binding activity®] W37} Jd=A & 7
H35l7] 98l NRF oligonucleotide® A}-83to] gel retardation assayS A] 389 o},
A}-4-3t oligonucleotidet™ mtTFA promoter® -49ntoll A -78ntell & A)s}:= NRF-1
binding site$} -10ntellA] -35ntd]l EAsle= NRF-2 binding site®, A%
sequencet™ Fig. 24014 lelWlt}. assay A3 NRF-13% NRF-2 probe® 21z}
specificd band& YEFW ™, o] band 5 unlabeled probe® competitiondl &
Wl 100% A4 =Y specific bindingdg& Xel FAY. EnEALE NRF-1&
methylated 5 %18 "] NRF-1 band”} vEli}x] ¢o} methyla"cion o] 293 NRF-1
o] ZHA¥ol 24AFEE HAgFG). whHo] NRF-2& methylation =& W&
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binding3t 9t} o] A EFE NRF-1-2 biding site’t methylation %% ZHgstA]
%33, NRF-2% methylationel] “#¢glo]l st AEA ATt

(r}) 322 mtTFA promoter region® polymorphism &<l

9w xol AAbel 7kl mtTFA promoter sequence®l] Zol7b =X & ZAMSHA U
Direct sequencingd H#, dE Kagawa(Jichi Univ.)7} @ 2% mtTFA9
promoter sequence$t HlEE w 32% % 207 o] -975-9le] Grt AR A EHo 3
1, 329 F 279o] 177899 A7t CE X&EH o Uen, 32935 313e] -292%
glel T7F C2 A@Ho AUANSE HFA&ArHTable 4). 22 o2& base
change® Fx@AtE B8 AYUAANE Eo] dALHER I dHdes F

ot @EAT YRAY FEApelz YAk

(8}) Rat mtTFA c¢cDNA¢ cloning

Rat testis lambda zap cDNA library ¢ screening A3} 1451-bp full-length rat
mtTFA cDNAEZ 4%t} o] AL nucleotide position 101 ATGE Aj&}FstE 24470
ol iAto @ FTAMH  open reading frame2 7FAIX UATH(Fig. 25). Human
sequence$} Wi dte] 2wl N-teminus®] signal peptideE 7FAiL ARNS™ mature
part 25 kDa protein ©|1th. human cDNA$} sequence® H|ilé}H¥, nucleotide
2440 X 797 ¢F 74 % identity”} ARAo™, THE region® sequence homology &
e & gtk 18y, mouse cDNA sequence®t H]AEH ¢F 90 % sequence
identity 7t 94tt. obvl =4k A EE& vl wmeg-E W, rat mtTFAZF human mtTFA
o dslAE 70 %, mouse mtTFAol T3l = 90 % sequence homology & = %A th
(Fig. 26). Rat mtTFAS human mtTFA®} o] DNA binding domain?l
high-mobility group (HMG) boxesE 278 7FAlz  dgem 9 A9

phosphorylation site consensus sequence& 7FA i AUt}

(A Rat mtTFA 9] upstream promoter region
Chromosome Walking "< A£3to] cloned mtTFAS gened Figure 3°llA
RHojE=d o]AL rat mtTFA gene®l 5 upstream regions® # WA exon, 1

2 A% HA introne] Y¥E FE3l o] ¥+ human mtTFA upstream region

- 61 -



7} sequence homology€ HolA getl, +122 FAIF transcription start site
& Genbank database (AB014089)ell ®.0]i= rat brain cDNA sequence ¢ £ 49
Mol A cloned rat testis cDNAEXE F&% oltl. 5 flanking noncoding
sequence$} coding region®] ¥YHFE rat¥} mouse mtTFA ¢cDNA Z# o} A &3] <
2] &kc}. Rat mtTFA2] 5 upstream region= human 7% -$-* & potential mCpG loci
7} @ol A tHunderlined in Fig. 27). A& A¢l TATA box$ NRF-1
binding sitet #ZEHA &gkt 28y 3719 potential Spl binding sited} 17§ ¢
NRF-2 site2 &A3t9cHFig. 27). o] A3+ GenBankell (#AF264733)E % %314
o}.
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mtTFA
(36.8kDa)

Fig. 21. Expression of His-tagged mtTFA in E. coli. Panel A. SDS-PAGE
of human mtTFA with signal peptide after Coomasie blue staining. lane 1, low
range protein marker; lane 2! soluble fraction of bacterial extract after IPTG
induction; lane 3, insoluble fraction of bacterial extract after IPTG induction.
Panel B. Western blot analysis of His-tagged mtTFA using ECL detection.
Bacterial extracts were separated on 125% SDS-PAGE and the gel was blotted
onto nitrocellulose. The paper was incubated with anti-4x His monoclonal mouse
IgG antibody (2000:1 dilution), anti-mouse gout IgG antibody conjugated with
HRP. (5000:1), and then developed using ECL kit (Amersham Co.).
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Mspl Hpall

Fig. 22. Southern blot analysis of mtTFA. Genomic DNA was isolated from
blood of DM patien ts (DM) or normal control(C). The DNA was digested with
either Mspl or Hpall and 1solated on 1% agarose gel. the gel was blotted onto
nylon paper and the paper was hybridized with the probe.
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NRF-1 Sp-1 NRF-2

Original : ggggtacgctctcccgcgcctgcgccaattccqccccqccccgcccccatctac gaccggatqgttagcagtttece

Bisulfite medified: ggggtatgtttttttgtgtttgtgttaattttg_g_g tttgtttttattmtt attggatgttagtagtttttt

‘,\thxxm:x:mx”xm,x YT (x MENIE CRETON MR L0 IJN’\”"H hn\\”? [AM‘" N‘I‘X"” PTG

L
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Fig. 23. mtTFA promoter sequences in control and diabetic patients
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Teacaan- m(TFA -78/-49(NRF-1 binding site)
- W e CGCTCTCCCGCGCCTGCGCCAATT
GGGCGCGGACGCGGTTAAGGC

mtTFA -35/-10(NRF-2 binding site)
1 — Free probe TCTACCGACCGGATGTTAGC
CTGGCCTACAATCGTCTAAA

Fig. 24. Gel retardation assay of NRF-1 and NRF-2 oligonucleotides
(right) using SK-Hepl nuclei extract. The oligonucleotides were end labeled
with T4 polynucleotide kinase in the presence of [7 -2p]-ATP. The labeled
oligonucleotides were anealed to double strands. and incubated with SK-Hepl
nuclei extract (-). For methylated probes (CH3-NRFs), the double strand
oligonucleotides were methylated with Sssl methylase in the presence of
S-adenosyl methionine and then incubated with the nuclear extract. Unlabeled
probes (300x excess for unmethylated probes, 70x excess for methylated probes)
were utilized to confirm the specificity of binding (+). The reaction mixture
was analyzed onto 6% acrylamide gel electrophoresis and autoradiography (left).
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Table 4. Polymorphisms of mtTFA promoter region in Koreans.

Polymorphism of mtTFA §' flanking region

site substitution frequency
07 G—A 30/32%
177 A~C 27/32 %
-292 T—C 31/32¢9
a)2p were G/A h yg
b)2p were AIC h 1!

c} 1 person was T/IC h-!trozyg:::e

gttaaattct ggggaactcg ctaaaatgaa gattaatggg ccccacatag
acacacggaa ttaagectetg cggtaaggee ttggaatctg catttttagg
tttgegaate cccgectete ccgttactat ttetgaactc cgagetecag
cectggettg aactgagacg ctceogetggy cgcgeageag ccgecgateg
gacctegggg tectggatge aggactgtet gttacgtaca geecttgtga
cegtecacggg cggataccgg ccaacgecgy gttggggtga ggocgecgee
gctc ctc ctggeangge agaggaacce actgeotecgg
geggeegggy acagaggtgg ctcaacagég ccgectcegaa gocagagecee

tcegeagget agaggattge ggtttecett catctocgeg getcttatte

ctcocoeegeg aggecgocca ccggggtacy ctc
[ttec RE
atagtqggi.‘c getagtggeg ggeatgataa cacacgecgg agggtogcac
gegggttcea gttgtgattg ctggagttgt gtattgecag gaggetetee
gagattgggyg tcgggtecact gecteatcea ccggagcgcgtttctc

gatttece
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1 CGCCCCTGGA GTACCCACGC GGGTTTCGTC GCTGTGTGTA GGCACAGTGT CGCGTGGGAC
61 GAACCGGACG GCGCCGGGCC TATAGTCGTC GGCCOGAGGG ATGGCGCTGT TCCGGGGAAT
M AL F R G M
121
W GV L R TUL G R T G VvV E M CAG C G G
181 CCGCATACCE TCGCCTGTCA GCCTTATCTG TATTCCGAAG TGTTTTTCCA GCTTGGGTAA
R I P s PV 8 L I C I P K C F 8§ 8 L G N
241 TTATCCAAAG AAACCTATGA GTTCATACCT TCGATTTTCT ACAGAACAGC TACCCARATT
Y P K K P M 8 S Y L R F S T EQ L P K F
301 TAAAGCTAAA CACCCAGATG CAAAAGTTTC AGAACTGATT AGAAAAATTG CAGCCATGTG
K A K H P DA K VvV 8 E L I R K I A A MW
361 GAGGGAGCTT CCGGAAGCAG AAAAAAAGGT GTATGAAGCG GATTTTAAAG CTGAGTGGAA
R E L P E A E K KV Y E A D F KA E W K
421 GGTGTACAAA GAAGCTGTGA GCAAGTATAAR AGAGCAGCTA ACTCCAAGTC AGCTGATGGG
vV Y K E AV 8 K Y K E QL T P 8 Q L MG
481 CTTAGAGAAG GAAGCCCGGC AGAAACGCCT AAAGAAGAAA GCACAAGTCA AGAGGAGAGA
L E K E AR Q K R L K K K A Q V K R R E
541 ATTAATTTTG CTTGGAAAAC CAAAAAGACC TCGGTCAGCA TATAACATTT ACGTATCTGA
L I L L G K P K R P R 8§ A Y NIY vV 8§ E
601 AAGCTTCCAG GAGGCTAAGG ATGAGTCAGC TCAGGGGAAA TTGAAGCTTG TAAATCAGGC
§ F Q E A KD E S8 A Q G K L K L V N Q A
661 TTGGAAAAAT CTGTCTCATG ATGAAAAGCA GGCATATATT CAGCTTGCTA AAGATGATAG
W K N L 5§ HD E K Q A Y I Q L A K D DR
721 AATTCGTTAT GACAATGAAA TGAAGTCTTG GGAAGAGCAC ATGGCTGAAG TTGGGCGAAG
I RY D NEM XK 8 W E E H M A EV G R S
781 TGATCTCATC CGTCGCAGTG TGAAGCGACC CCCGGGAGAC ATCTCTGAGA ATTAAGATTG
. DL I R R 8§V K R P P G D I S EN *

841 AAGACAGAGT TGTCATTGGG ATTGGGCACA AGAAGCTGGT TAAGTCTCAA AGCCTTAAGT
901 TGTCAAACTT GAAAGGATAA AGGGGTTAAC CTTTGACACT CAGTTCATTT TTCTGTAGCC
961 CATGGACTTC TGCCCACTGA ATGCATTTCT GTTGACCTTT TGAGCCTTGA CGGTAAATCA
1021 TGACGAGTTC TGCCGTTTGC TTAAGAACTG GAATCAAGAC TGTGCGTGCA TCTGCATGCA
1081 GTGGTGAATT GTTCTGCATT TGATGGTGTA GACAGACTGA AGTGACTTTC ACACTGGTGA
1141 CAGTTTCGTG CGGGTTTGTG AAGTTCTTAC ACTGATGGCC ATTACATGTG GGTGCCCCCT
1201 TGTCCCAGGC CCAGAGCTGC TCACAGCTGT GGCAGAGCCA TTGCAGTTTC TAAGAACCTT
1261 CCGGGCTTTA CTAGATGACG TGGTTTCTAG ACATAATCAT GTGTAGAGTT GATGTTTGTA
1321 CACAATAAGT GATCATCGAT GTCCTAACAG CATTTTATAG TAGGAGAGAT TTACAAGTCT
1381 TTCTCAAATT AAGAAATTAT GTACCAGGTC TATGCATATG TTTTTATTGC ATAGAATARA

1441 AACTCTAATT TG

Figure 1. Nucleotide and deduced amino acid sequences of rat
mtTFA cDNA. Nucleotide sequences are numbered in the 5 to 3
direction. The predicted amino acid sequences are indicated as
one-letter code, beginning with the first Met residue and ending
with Asn. The sequences corresponded to signal peptide are
underlined. The TAA stop codon is marked by an asterisk

Fig. 25. Rat mtTFA cDNA sequence.
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Rat
Human
Mouse

Rat
Human
Mouse

Rat
Human
Mouse

Rat
Human
Mouse

Rat
Human
Mouse

*
MALFRGMWGVLRTLGRTGVEMCAGCGGRI PSPVSLICIPKCFSS - LGNY|
MAFLRSMWGVLSALGRSGAELCTGCGSRLRSPFSFVYLPRWFSSVLAS(
MALFRGMWSVLKALGRTGVEMCAGCGGRIPSSISLVCIPKCFSS -MGSY|

STEQLPKFKAKHPDAKVSELIRKIAAMWRELPEAEKKVYEADFKAEWKVYKEAVSKYKE
SKEQLPIFKAQNPDAKTTELIRRIAQRWRELPDSKKKIYODAYRAEWQVYKEEISRFKE
STEQLPKFKAKHPDAKLSELVRKIAALWRELPEAEKKVYEADFKAEWKAYKEAVSKYKE!

*

ILTPSQLMGLEKEARQKRLKKKAQVKRRELILLGKPKRPRSAYNI YVSESFQEAKDESA/
ILTPSQIMSLEKEIMDKHLKRKAMTKKKELTLLGKPKRPRSAYNVYVAERFQEAKGDS PQ
LTPSQLMGMEKEARQRRLKKKALVKRRELILLGKPKRPRSAYNI YVSESFQEAKDDSA

* * *
KLKLVNQAWKNLSHDEKQAYIQLAKDDRIRYDNEMKSWEEHMAEVGRSDLIRRSVKRPPG
N_KLKTVKENWKNLSDSEKELYI QHAKEDETRYHNEMKSWEEQMI] §GRKDLLRRTIKKQRK
KLKLVNEAWKNLSPEEKQAYTQLAKDDR IRYDNEMKSWEEQMAEVGRSDLIRRSVKRS -G
DISEN
YGAEEC
DISEH

Figure 2. Alignment of rat mtTFA amino acid sequences with

human and mouse mtTFA. Shadowed regions indicated residues that

are similar in three of the sequences. HMG boxes are represented by
open boxes. Asterisks denote positions with possible phosphorylation

sites.

Fig. 26. Alignment of rat mtTFA amino acid sequences
with human and mouse mtTFA
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-461 AAAGATTAGA TAAACAAAGC GATACATTTC ATGACCACTC CTCTCTATCT CTTCCACCCC
~401 TCAGTTGCCC CGTGTGTTTT CCTTCQGACT CAGATGAAAC AGGCAGTTTG CTGCTGGGTC
-341 ATCAGCAGTA CCACTGATCG CTGATTTCAA GAGCCACGCA CTGTGACACG AGCCGCAGAA

-281 CCGGCGTCAC GARAGCTGAG CTGGCAGAGG AGGACCTGGC CCAGCARCAG CCTGCAGGCC
-221 TTCCAGCAGA ATACTCAGAG GGGCCTGLGG CTATGGCGCG GCTCAGCAAC ACCCTTGCCA
sp1
~-161 AACTAAACCG GCTCTGCCTA GCCQCAGGCT CCGCCCCCAG TCA[GCCCCGC CCACTGAACG
SP1 sPl NRF-2

-101 GTGGGGGACA CACTCCGCCT doC@TTTECC CCGCCTCLTE Emcaeaccg GAAGTCIIGGG
+1

- 41 CCTCCCACAG TGCCCCGCGC GCACGGCGGG CATGATAACA AGCCCCTGGA GTACCCACGC

+ 20 GGGTTTCGTE GCTGTGTGTA GGCACAGTGAT CGCGTGGGAC GAACCGGACG ACGCCEGEGCC
Exon 1

+ 80 TATAGTCGTC GGCCCGAGGG ATGGCGCTGT TCCGGGGAAT GTUGGGCATE CTAAGAACAC

+140 TGGGGCGCAC GGGGOTCGAG ATGETGCECAG GCTECAGGGE CCGCATACCC TCGCCTGTCA
Intron 1

+200 GGTATGCCGC GGGCAAGGGA CGTCGTTCGT CCATCATCCG TTTCCTCAETT CCACCCGAAT

+260 TCTCCAGUCC GCCTEGGETC TCGCGCCTTT GGGTACCTGA CCCACTTTCT GTCCCCTTCT
+340 ACCTTTCGGT GCCTAAGGGEC TCCTCCTCCC TTCTGCCTTG AAAGCGGGGC CTGCAATTTG
+400 TTGGCCCGGA AAGGTCCCCC CTACTTTICC CTTOGCTACE --~we-wmmworemom e
Exon 2

~~== ACGTATCTGA CATTCGGTTT CTTTTAACTT GTGTGTAGCC TTATCTGTAT TTCCGAAGTG

TTTTTCCAGC TTGGGTAATT ATCCAAAGAA ACCTATGAGT TCATACCTTC GATTTTGTAC

AGAACAGCTA CCCAAMATTT

Figure 3. Nucleotide sequence of the upstream region of rat
mitochondrial transcription factor A. These sequence corresponds to
the 5-flanking region, the first exon, a part of the first intron and a
part of the second. exon. The coding regions in the first and second
exons are shown by shadowed boxes. The transcription start site
was numbered as + 1. Consensus sequences for potential Spl and
NRF-2 binding sites are shown by open boxes. Many potential
mCpG loci are underlined.

Fig. 27. Nucleotide sequence of the upstream region of rat miTFA
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1}, MjES=Fo} DNA 24¥ A¥e) 57 B4

(1) A+ ¥y

(7h) mEZ=dgol DNAV Q1E AEF(p° ) &9

Attardy 5 A5 %9 ethidium bromideZ A EE A g2, AEU mtDNA
& APNZ MEE A2 vk vk mtDNA-deficient cell& mtDNAZF 23 = A
& ), glucose? utilizationo] #HAF tAlel] TR st HFAE FAEY] HE F2
in vitro model2 A% F Yok AAEE EXET Al FEAE A EE
SK-Hepl(human hepatoma cell)& A}&3%tt. SK-Hepl AHXE  100ng/ml
ethidium bromide(EtBr), 100xg/ml bromouridine 281, 10% FBS7} =%#
Dulbecco’s modified Eagle’s medium (DMEM)2. & 6-857t Ald wjdsle] EtBrol
resistant 3} 1, uridine®] EAAA T A& F YE AEE AJL} o] FAHL
Attardy §°] mtDNA-deficient cell® ST o 71 FQAHE ZHSE AA%
Zolth, 4ol mtDNA-deficient ‘SK—Hepl cell®] genomic DNAE ®&# 33 PCR
% %3 nEZ=gol DNAMDNA)ZE EA8tA] e AE &Y. 21 243
A4} SK-Hepl celld] %% mtDNAS® nuclear DNA control?l GAPDH % S -actin
9] PCR product7t @]z wrd mtDNA-deficient SK-Hepl cell& GAPDH % 8
~actin® PCR product® AAZ o2 ey mtDNAY product® THEOIAA
%ol mtDNAZE &3] ZPEASS &9 & AN (Fig. 28).

(\}) mEZ=gol DNAYE 9l AEF(0° )9 mitochondria membrane potential,
mtTFA mRNA 28 AE ¥x9 437, GLUT 28 A= H7}

(th) dgt2Ed 2o & o celld] #HEA ¥

@ Annexin V-FITC staining®l ¢]3} apoptosis &4

6-well platedl Al 2x10%/well2 wl¥¥ ZHAE SK-Hepl H:0: (250 «#M)Z &
7y 2, 4, 12N A8 ¥ £ Annexin-V-FITC ol we} g9t 7has] A
Wb, trypsine & wo]dl A EE-E phosphate buffered saline (PBS) 2.2 A&
195409 binding buffer (10mM HEPES-KOH, pH 7.4, 150 mM NaCl, 5 mM
KCl, ImM MgCls, 1.8 mM CaCly, and 1 mg/ml Annexin-V-FITC)9} 4o F3lu}.
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1087 A9 ¢fHdelA incubationd A5 N8 A3 thA binding buffer® &
gg ¥, 10ut 9 propidium iodideE H7tslel &£F35dtt. Sample flow
cytometry2 24319t}

@ Hz0ztF NO9F 22 stressE o] 83} apoptosis, Bel expression 5& XA}

e AEE extraction buffer (10 mM PBS buffer, pH 7.4 containing lug/ml
peptsatin A, 10 ug/ml leupeptin)& @92 F&5u YAHESAT. A& Lysate
S 587 #BYA F, 0pg WAL 75% SDS polyacrylamide geldll loading 3+4
. 7719 &% nitrocellulose membranes® transfer 3132 1284 (anti-bel2 and
anti-bclx, Santa Crutz) 9+ HRP-conjugated anti-rabbit 23} 342 immunoblot

3121 enhanced chemiluminescent detection method® x-ray filmol exposureA]

7)1, band densityE A @sl4 o).

(2) 47+ 23

(7}) o° cellel A mitochondria membrane potential®] 2 ¥

mtDNA< oxidative phosphorylation®] @&+ 47019 complex® 37) complex?)
A -subunitE & coded vl mtDNAS AYPL o]E subunitE9 expressions A 3
& Aol= 2 mitochondrial membrane potentiale] A& ZHo] dAE Y}, o] & 8
2138}7]1 28t mitochondria membrane potential ¢ && © & mitochondria® 94
&+ Mitotracker (molecular probe)& Ab8-3te] o° 3 o AEE st 19
29014 HAR Kol o° o AL ool #AEE Fel$ mitochondria Ao] o
Al ¥ 1 spoto @ #AF Tl WA mitochondrial membranedl] specificdt lipid
Ql cardiolipine] &Aoo 2 HMEE Acridin Orange®E p° ¢ o 257 #d3)
A FAEAG. o] EAE mtDNAS A o] mitochondria®l structureol] & & &

& FA A, VS EAANANLE R F)
(U4) o° celllA] mtTFA2] %3

SK-Hepl! cell& ethidium bromide& ] 8lo] WE mtDNA-less cell® t)&Z T o
2 A ethidium bromideE #3824 &2 SK-Hepl celllA] Z}z} total RNAS 3%
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& o] quantititive reverse transcriptase PCRE &9 mtTFA2] mRNA H@REE
B 713 Ad g2 Fol v dte] mtDNA-less celldl A 2F 20% 748k oH(Fig. 30).

(t}) p° cellel A basal glucose uptake®] a4
5ol o cellA EERY o] &EEE ZAIsHY] 98| basal leveldlX FDGE
uptakedts < AFET. 27 31olA BRI Ro] p° celle]l p ol HE basal
glucose uptakeZ} oF 30% 43 ch(p<0.01). w4 mtDNAS #4238
basal glucose®l uptake7} 74 #AstAot

(8}) Glucose transportere] @& W3}

ZHA XA T2 A& glucose transporter?] @Al 2l A=, 5749
isoform(Glutl-5)e] <& & 9t} ol E isoformEE tissued FF/, WALH o
utgl & isoformo] &A3t1, FE IEE& v Ao I vk parent
SK-Hepl(p )9} p° ol £A8tE glucose transporterd] @ FAE H aLs}of
mtDNAS] ZA¥e] 7} A& Po| BE typeo] o= A A 2AEAH. AHE
A5y siXE 27 o 48E dloF AW, AR E SK-Heple Glut2E &
dalx gon Glutl# Glut3 mRNA levelel o° cellolA] ZHA=o e R
T AT

hu

(v}) Hydrogen peroxide (H:Opoll thdt o ° cell®] ¥H-&4 B

@D Hz02-induced apoptosis

0° cell® mother celld] SK-Hepld H:0:2 H3dl& Wl =¥ apoptosis 4
%o Zol7} A=AL annexin V-propidium iodide double staining WH o & FA}
ek 1% 3R2eA RoAE RAAY, A4 SK-Hepl cell& HOol o8] A%
AN zbo] ZolAol wil apoptosis7t YolubE cell?l H-&o] oF 10%0l4 25% (4h),
ok 64% (12h) o2 Z7tsti=d v, mtDNAZF AEE 0° celldlA e AgArztol
0] % & apoptotic celle] M &-& ZF7takA ghgkrl. webA mtDNASl 28 & H.O»

9} 7+& oxidative stressoll M FE7F A& AR A Frkar AzbEY

® H,0s A=+oll thdk Bel family protein®] =& 83}
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HoO, Aol 9l &x¥ SK-Hepl9 apoptosis?t Bel family proteinell 2] 8l
mediated ¥ RAUA 2] o] R & FelEy] 8] Ha0» 2§ Bel-x9b Bel-29 4d &
Western blot.2.# A ksl Bel-x9 Bel-2% R anti-apoptotic activity & 7HA]
= Aol 2 A A o, FAM Al whgh 2HE8E protein®l TR A H
o]zt SK-Hepl celll A= L 339 340 Rolxle A Bel-x9k Bel-29]
ahalo]l HyOp X @Al zkol doj o] whe} 7hagvl. wEtA HOoe Bel-x8 Bel-29]
e 7ZhA R Q8] apoptosis’t FEES 4 F ARk zAAEE apoptosis FE7] M-S
o sk Basith ghdel mDNAZE AfE MFE(e)AME HO0 o8
apoplosis7} FEE A &g ¥ ol Bel-x9 wAE 2318 F7dlev(Fig. 33),
Bcl-2% Western©.2 & E A &th ol o0 Ha02 A0l resistant?¥ o] #7F

o
mtDNA ZA ¥ ©w& Bcl family protein®] #d wWiwiEoz F28 & gl

@ HoOp Ao i3t mtTFA protein® 28 W3}

mtDNA 9] replication 2 transcriptiond] 7} 8% factor® ¥2% mtTFAS
Hy0: Aol w2 wawsls zAstgdol, A4 SK-Hepl celldl A HaO: A 8] A
ol Aojgel wal wdHol o 50%HE FasArh o’ cell) F$E basal
expression levele]l A4 cellell Hla] 9 20%AEQ 3L, HiOr & 2413 A PE o

HE] mtTFA protein 7 &% A & th(Fig. 35).
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Fig. 28. Identification of mtDNA PCR fragment on garose gel
electrophoresis. The PCR products of mtDNA and £ -actin are shown in
control SK-Hepl cells while only @B -actin fragment is produced from
EtBr-treated SK-Hepl (mtDNA deficient rho 0 cells).
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1Y, Mitotracker® FA3
0° 9 o' ME. Cover-slipol
7]€& cell& mitochondrias
Mitotracker (a, ¢, )& nuclei
*7. &= SYTOX-Green (b, )& &
Ky 7 fluorescent
t.. microscope® ©o]&3ld ARz
g, (1:1000)

Fig. 29. Mitochondria stained with mitotracker(a, ¢, €)

and SYTOX-Green(b, d)
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SK-Hep1 Rho-0

|
<
S

& O

> & & & Q

9. Rho-0 MEA mtTFA
mRNA9 %d Z73. pDD¥
mtTFA coding cDNAE X%
3= control vectord.

Fig. 30. Mitochondrial TFA mRNA by reverse transcriptase

in mtDNA-deficient (o ° ) cell.
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Fig. 31. Amount of basal F18-FDG uptake.
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SK-Hep1 cells pO cells
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g : ,
3 3; £ 8]
§1 3 8 %
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5 7 4 ¢ 3!
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§ %18 5 8 0.9 &1
o
84 Y ° N
3 ¢ e ° 0y 1 3 2 4 [-3
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Fluorescent intensity of annexin V-staining

Figure 4. Phosphatidylserine externalization in HzOp treated SK-Hepl or pO
cells. Cells were treated with various time of Hx0» (250 yM). Exposure of
phosphatidylserine was detected by staining cells with Annexin-V-FITC.
Cells were then analyzed by flow cytomelry and percentages of cells with
phosphatidylserine exposure were indicated. Data are representative of three
separate experiments.

Fig. 32. Flow cytometry of H202-induced apoptotic cells.
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SK-Hep1 cells pP cells
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Figure 5. Protein expression of Bcl-x in the SK-Hepl or po cells. The
cells were incubated in the absence or presence of 250 yM H:0: for
the time periods indicated. The cell lysates were analyzed by Western
blot using an anti~Bclx antibody.

Fig. 33. Hz02-induced Bcl-x expression in the SK-Hepl or p° cell
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Figure 6. Protein expression of Bcel-2 in the SK-Hepl cells. The
cells were incubated in the absence or presence of 250 yM H:0:

for the time periods indicated. The cell lysates were analyzed by
Western blot using an anti—Bcl-2 antibody.

Fig. 34. H202-induced Bcl-2 expression in the SK-Hepl cells
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0 2 4 12 0 2 12 Time(h)
s o iy - 4mtTFA

SK-Hep1 cells pd cells

Figure 7. Protein expression of mtTFA in the SK-Hepl and p” cells. The
cells were incubated in the absence or presence of 250 yM H:0z for
the time periods indicated. The cell lysates were analyzed by Western
blot using an anti-mtTFA antibody.

Fig. 35. H202-induced mtTFA expression in the SK-Hepl or po° cell
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k|

H 4 &3 ddsx 245 2 09 7/ox

Al A AT AEREY SHE

2 ATHANME dFPgAE st BAAESH vldor nEZ=zol DNAS
FA I FoF 4L & Aolgd e sHEE ASI, duld Y Yo T
1 7159 vEZ s ol DNA BAl4e wxe d&& 7987 98k Abgh 9
HAETE, HIE AEE o) &F trd 3% ATE 2 JHEE HAEFAch AT
oA mEZ=gol DNAS A#H PCR W4, © WA 2d Rat
mtTFA cDNA ¥ genomic DNA cloning ¥ YEZ=g¢} DNA 23 AXF &7
T ES AY IUE Byt ol W E Eote] AR RPN nEFZ=Y
oF DNA %ol AlAote] 2AAFT d&s Fo, @¥d 29 WA Bdor &
Fejet vl EE=gof DNA %ol dH3HA da=o] &g #&st) vEZ=d
oI DNA 29 AY¥FZ5E vEZ=g o} DNA ZHA AFEe] X=7 thAlrt 2ol
g Heogs mEZE=gol DNA Al 9 247 3wy w4y 4adArt =
3, HoOpoll 98 Ast2Eds &S 27 ¥ekew o]= anti-apoptotic activity &
7FA & Bel-x® €@ ##do] ASg Wy g2 A7 53 90-100% 4% A
o8 7+ gk

=
i)
b
nh

1. 4429 nEF=gol DNA %39 duai

M EZseol DNAS A% internal standardg ol &% semiquantitative PCR'
& o] &3] FHsAIL o]F o] &ste] AR A mEFZ= o} DNA ¥o] A
Aole)l AT EYPHOR JFE Fu AA4AE st Aw HuE
MEFZ=g ol DNA &2 Elo} Ao vEF=eol DNA ¢ Fo§ Faa

7F 29tk AAole] HAAZE wlo} Aol A] A3 IGF 1 B IGFBP-3¢| ?
Ao dAad A fogk Azt ddvk AR AAE gol Ad
IGF-17 IGFBP-3%= M & §9)at AeabAlzl 9lgleh el A wa mg

S gystga wd A ouiF oA Aol ool Hls) Py &3l
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A mEZ=eElol DNA %ol FoatA #HAsE #Astact =5 A7 HAANNE A
o] ol ulE v Ag FollM T g EHE2 A v EEEE el DNA ¢
o] Ztaet A mEFZgol DNA HARIAmMITFA) mRNA ¥ cytochrome ¢
oxidase Il W@ e Feolg #AaE #aste], 4 Ay 93 vEZ=go} DNA
7b 4 vbsde] S wEASAT AR wR ¥ nEZ=gol DNA ¢l
AMAote] AT FFE FoaN FA F Fudl F ojArEE 2o § Aql
o] ¥ 4 UFE Yl oA Fxo AY HAE T dASATa A

25},

o

2. e =g o} DNA 49 #4 71d 4+
v EE=glol DNA HAFIAHmtTFA) promoteri$¢l¢] ™ 3}(methylation) A=
& Southern blot analysis % bisulfite genomic sequencingl & o] &3ta] 3713}
oy Fxy #xel A4 EF #EAHA vt dxd #x49 gixdo
mtTFA promoter -97, -177, -292 FelA i@ o] J& ot Gy
o B HE FAEr. Rat MEZ=gol DNA HARIZHmMtTFA) ¢cDNA H

promoterZ cloningdte] Al % moused A vlwslgch vE&=glo} DNA

4% AEFE FYste] PCRE $otel MEZSe ol DNAZH EASHH #eg o
Asta vEAEF ol DNA 2 AEFE ol g3te] 2T tA ol 43 Bud 3

& Hrtetdn). v EE=g ol DNA Y AXe AHddzdo b8 nEZ=g o}
BA9te]l A¥, mtTFA mRNA9 wd 74 53 M3 74, glucose
transporter mRNA2] @& 7+4 Fo| #aEe], nEE=gol DNA BA ¢
A7F By ST AAAAV 258 AT £33 v EZ=eor DNA 2
AFEE H0p0 o3 Agt2Ed s Gag HA wgkew o anti-apoptotic

activity & 7}A) & Bel-x9 @33 #eo] A& #zsglo

[*]

A2 A del 7ol

BT At ol kX AW AR WS #Hegla, oA ARE AN

WS P B i Age RAARA W A Tyt oy 9 H
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a9 Jlwre)] v]ojd Aoj), thEH R nEZE ol DNA Al 9 #art &+
us goz WEF=Zo}
DNA A 48 Z7F02 5 e oale el ok a4 A7t 71 Aol
o, ela dxdele vERselol DNA %9 HAo]l Wwd Fxe AEoA &

F o2u v BAXE ALSE sbs4el gl oi ool e A ErhE

Qe § OAAT B4 @ A9 B £ U

m‘,o

1. 9¥3H e MEZ=Eo DNA F3t2| a3

S, uwE nAEE B R 28y el As Aoy digEe T
E&Z=gol DNAS PCR Wioz A#slsh: Wie SHdezy &F o 2ok
o] o] wol #&¥ £ AL AHolvh FFAEH S} nEFZ=gol DNA Fo] TF
A AuEo] Y& BHAFoaN FF viEIT=gol DNAC tigh A 71z
AER2 o|&H Aolth Axe wxyd wEFEeol DNA %] 2Aote] &4
Zo] JFL F= AL Felslo] vERE o} DNAC s @& s A7)
olojd Ao g AzteEch

2. MEZcgo} DNA %9 7
nEZeajol DNA AY AlS
Hrtste] mEZogol DNA ZY A7l nEZ=gol BAge] A, mtTFA

i l'>
i
L
o
_(31:
2
!
H1

g oAb ol4s pEE Hol B

mRNAS] w8 724 59 43 74, glucose transporter mRNAS| @ 7 F
T5g thalol ) fae] Qo nEZE=gol DNA HA 49 74t 2k 7
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