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Mitochondrial Reactive Oxygen Species Production Mediated by

Romol Expression

Young Do Yoo
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Release of reactive oxygen species (ROS) generated in the mitochondria to the cytosol is
well controlled by various proteins in order to maintain and regulate redox homeostasis
and cellular signaling pathways, however, the exact mechanisms by which the proteins lo-
cated in the mitochondrial membrane control ROS release still remains to be identified. Al-
though there are reports that several proteins play a role in mitochondrial ROS release to
the cytosol, little is known about how it is released into the cytosol or its origin. Recently,
several reports demonstrated that the ROS modulator 1 (Romo1) protein located on the
mitochondrial membrane modulates ROS release into the cytosol and that these ROS are
indispensible for survival in both normal cells and tumor cells. If these ROS are over-pro-
duced or dysregulated in pathological conditions, they may cause oxidative damages re-
sulting in a variety of diseases. Therefore, understanding and identifying the mechanisms
by which ROS are released to the cytosol may offer new strategies for pharmaceutical

therapy of diseases related to oxidative stresses.
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chain®] complex L, 110} 4] leakage= 13+ %A} (electron)7} A4
SO U8 slof AL o= Relolel AT B
+= 37 superoxide, hydroxyl radical 712|311 hydrogen peroxide
(H20,) All 57} QJLk. ©] 5 superoxide®} hydroxyl radical: 1]
EsEeloh ohg a1 A HOE Ttk 914k ofsh
o] 512 E3fgbc. ALK AL A Lol DNA, RNA, B
W, A2 ] & 78 Foll 4 ) S5 AY o ol A

o7tk T Y T S AL Sjsto] o]
o] AlE ol A DAttt AA=ATE A &40
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AL A o] BRI S ASE AR 245 9%
oA E Aos)) Bk 9FO2 qIstel HHAO R WSt
o =

A2 ok(cancer), 7Hd-8-Z(liver fibrosis), =4 EZ(inflam-
matory pain), E—‘?‘— ArA-E E5 S5 (glutamate-induced
hyperalgesia), 4173 %4355 (neuropathic pain), A--%(fibro-
myalgia), TH33|% % (chronic pancreatitis) 5-© =2 ulj-¢- thoFalct
1. o]2 2Fo] FAALAL Ao} Aol 4= BE. Awe] 2olo]
S A A ol A ALE Aol BRE AR 28
S Af| iz 0] 2} Aol S8t S gheH2,3]. Al 2 W H0;
O] FIe3= 0.001 pMOIA A= 0.7 uM7HA] EASH= Ao = e
A QIeH4). AF7HA] Als oA HakE st SAkee T2

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
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OF Zh2- M|z W) fanof] Ofiia] ATk who] A QAR 2
ol mEF ool A fefiehs B/ ika e AlaE o] A= 9
o T83F AS hrfar A7) ARSI o]9f 2o ArgA|
£ njEZEotolA A/AgH AATH o] EJAE A2 9] ofY
7150l 851l o]-8-5HANE ofof] thet AAIRE R AYEEFA Q1 2
87148 AA whol dEA A @k 2ol reactive oxygen spe-
cies modulator 1 (Romol)¢]|g}= Thalzlo] BF-A%]Q) 11, Romol-S
n|EZc o} ubof EAshHA| t]EZT2|o} respiratory chain®]
complex MO A A= B/JAHAE o]-§-5to] Ala2of| 4] &
gaka ] & S7MIITRAL HarE Al Qle}(s]. & dlof A= v]E
FE2]o} respiratory chain®] complex ITIo)| 4] 2] EAJARA AA] 7]
Aitp o714 A= DA E AATEA7} o BA A 4s] o8-t
EA] Ag7A] AL =3 v = 1Sl A} Stk ¢ Lot
7F Besal 2|&AQ1 n|ERE o} fref S ikart Q1A A
of M2 = JaFS Aw E 1A} g

2 B

1, 0JEZE2|0} respiratory chainO|A] EHdAEA AHM

Al W njEZEgoto] 71 3831 7|52 ATP A§4ko|t}. ATP
YA respiratory chainof| 4] dojub thAl 7)2] thek@ Al (multi-
subunits; respiratory complexes I-1Ve} F,Fo-ATP synthase)gl- A=
21ZHcytochrome c [Cyt c]2} coenzyme Q10)= ©]Fo{#] Q1o
nEZEg]ol fdlof 1R]gttHe,7]. o] ZHY FollA MAp n|EE
Z20} respiratory chainof| 4] W-EE]o] Ak BALE B¢ 2
AlA superoxideS AJAJA]7] 2L superoxide= H,0, = AZHET &
Foll a3t Ak 5 oF 12%7F 2P 2Ho] o] superoxide =
AYAFE Ao &2 deA QITH8,9]. Superoxider= T EZEEo}
matrix®]] §J+= manganese superoxide dismutase (Mn-SOD)°]| 2]
5}o] 1= intermembrane space (IMS)o]] £A|5}+= copper/zinc-
superoxide dismutase (Cu/Zn-SOD)9] &]5}¢] H,O,2 W3ttt o]
EFZ=a|o} Yol 4] superoxide” | WA= 352 Hol &aiA 9lil,
o5 F 7M4 5938 AA= respiratory chain®] complex 13} I110]
tH10,11]. Ea1of| A= n]EFE]of Sdaka A4 A FollA
complex 12} ITTof| T 5}o] 112k6}ka1 2} gie},

1) Complex | (NADH-ubiquinone oxidoreductase)

Complex [ NADPH 2 5] 9] AZ-E coenzyme Q& 55}
complex 2 As}= H&L: sic}. Complex 10]]4]2] superox-
ide A3/3-2 5 287 A (NADH-linked forward electron transport,
succinate-linked reverse electron transport)®] 2 11%] 1l QJITH12-
14]. Complex 9] 4] superoxide A§/dol] T3t 4= &2 u|EF
Teotg #ef3k - o|Fojflth o] % NADH/NAD' ratio”} =
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o

] I+ succinate®] 4] NAD*Z 9] reverse electron transport
35 AT 0] Aol .tk 1EANE A= physiological
conditionof|4|9] &5t 2H-87]42 o] @2 A5 BQ 2 Bkl
Qlt}. Complex [0 4] WAYS}= superoxide+= matrix B3RO & HF

ZHrH1S]

2,

2) Complex Il (ubiquinol—cytochrome ¢ oxidoreductase)
Superoxide ¥¥-2 n|EZE2|o}o] ofg Aol ] HAYSEA| Rk
0] 3 respiratory chain®] complex I117} Q3+ A4 2 L&A Q)
11 superoxide= Q-cycleo|| A ¥HAY3HC}H10,16,17]. Complex [T+
11712 &2l 3719] ll(heme) 12| 1L Fe-S center= 0] 04 ]
1 coenzyme Q (ubiquinol, QH,) Z5-E] A} HrobA| Cyt c=
A= S A1) Qeycle 718 A5 coen-
zyme Q (ubiquinone, Q)= complexes I = T2 g = 7o) A
S "ropA] reduced coenzyme Q (ubiquinol, QH,) 2 Fth QH,
= complex I112] IMS-proximal Q, site (Q site)o| 4] AA}E Cytc
2 et i) QH: ) AAHE Ekeh AR Gyt
= 270 HARRRES B2 4= Qlrk 1%7] wiiZell QHaA= 7 7HE]

st o QH = UAJA S & ubisemiquinone (QH')L. 2 Hf
At} Cyt a8 AA}+= Cyt & F319] complex IV (cytochrome
oxidase) 2 AHE T Y] AzLe] M s as)7] 9lsto] A
A= Q-cycle o]-&3tth Ubisemiquinone?] 1 7}]2] Z &} = RISP
o]] ©J5}¢q cytochrome b2 AL} A= cytochrome b ¥} cy-
tochrome b E1}5}¢] matrix-proximal Q; site®]] $]%]o]| 4] ubi-
quinone-& ZHA|# ubisemiquinone®] %1l ubisemiquinone->
0]0}A4] ubiquinol®] Ft}. o]t Q-cycle 2} of|A] ubisemiquinone
oA 9] A RH(free electron)7| AkA9} Al5}10] superoxide”}
HRAsie). B3} o] ¥ A] antimycine Q; site?] cytochrome b
centero]| 4] ubiquinone = o] A} M-S Apctsto] A} 0 & su-
peroxide®] WS ZZIA71TH19]. HEHO myxothiazoli} stig-
matelline Q, site®]| 4] superoxide2] H¥-2 WA SH}H16,20].

3) 7|Ef 21X}

H|EFEg|otol| A Z/diba o) W2 QoA 13 complex I
I} complex III 0] £jo] 1= of2f A4xo)l A §F5014T,. Brand 52
complex I (site IQ), complex III (site ITIQo), glycerol 3-phosphate
dehydrogenase, flavin in complex I (site IF), electron transferring
flavoprotein: Q oxidoreductase (ETFQOR) of fatty acid beta-oxi-
dation, pyruvate and 2-oxoglutarate dehydrogenase®] 7 %}4x0f| A|
AT} RES oA nEZEE|Of matrix W2 24k
5 HEARIok a8k rH10,11]. ©] 3 complex 1112} glycerol
3-phosphate dehydrogenase+= IMSZ = &A1 71T}H19,21,22].
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2. 0|E2=2|ot Fal EditA M ZHQIXL
n|EZEjol S ikae Al o] &S e Sl AlEZe A
AL AP, Al 24, redox homeostasiso]] 7]o18}= A0 &2 A4
AcH]. ofuff mjEZ=e]oF complex IO A AR E/dAtd= o
=3k ZHAbo] ofgto] A 2 AT Eok Al o] 22
F2 0 & 23l A g7 o] Zpol 2Hg-6} = AR 71 ot
A YR dA QL AL A VAL g AT E R R T
tf. o] 2go]| 2§} Tl A i = n|EZE ok ofd A
Zof|A Fdsto] nEFEolz A Hrk Zarof A= o] ¥}
7gol| A-8-51= Tl Al Z- 53] Romolof| thsto] Gropid 2} giet.

r

1

OB
= o

-

1) Romot

Romol-& 2006°f| A& BaLE|3lonf Al i/d ad -4
A s flsko] FUAl A= Sl Al WS B
T BAte] Ao A o] SRt RS B Foll Belst
Atk o] A= v EZEE ot fiAIskH Wo] Sk B
AEZ ) SAAAE 277 TH23]. Romol-> NADPH oxidasel }
xanthine oxidase, cyclooxygenases, lipoxygenases@} 22| E4gAk
&5 e a4 S4E 2L A ¢aL v EEEE oL ufof 9
25k 8.9 kDa2] ¥AFH2 714 transmembrane THilZlo]7] w]
ol &4 HEE o] YT B2 channe) 24 2L 5o
bz elolol ] AR BANLE ATLR 2o

2 7k 912 A0 2 Atk ).

i}

ot
(1) Romo12| Mz[&lA 7|50] 25t ¢t

Small interfering RNA (siRNA)E ©]-835}4] Romol2] WS
TAANRE 749 immortalized A1 WI VA13 AL o] A AkA
9] basal levelsS ZIAA|ZTH24]. ]2 3F AFA-E- Romol2] A|3E U
o xe] YT HFE o] A E 2] redox homeostasisol] F23}ThH= 7
S ou]gttt Romol®] BFE-S HAAFHS 79 extracellular sig-
nal-regulated kinase (ERK)ZHJ3}-5 Aaf|a} %Al p27-r' o] vHa S
HAAHT. o]2fgh A2 Romol '] 2J5to] 2| %]<= redox
homeostasis7} A3 2] A& (survival), 54](proliferation), A|E
7] 218 (cell cycle progression)®]| 5-83}th= A& SJu|git). F= #
A Romol2] AJ2]eH4] &J5k2 tumor necrosis factor-alpha (TNF-
) %= W EZE2]oF ROS A4/ AT A 7 2o]| 4 Romol-& -8
gk aj iAo 5], Fig. 10]141€} o] TNF-a Al 50f| §H-3-5Fof TNF
complex II+= Romol2] C-gtho]| Agkstt) Romol- §A]0)| Bel-
X;of Aglslo] n|EFEEg]olo] Ul Q|(mitochondrial membrane
potential, A¥m)-& A1t} o]ofA] /dAtA7t F71skaL Al
A EAHapoptosis)ol] 2]gt Al AFE (apoptotic cell death)o] Gofit
t}. o|nff Bax T Ao] Bcl-X, 2 5E WEHr} & THE Romol 2]

7% -Myc?] 2414 w|=8 22} (negative feedback regula-
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] ™NFa
Il TNF-R1
ﬂuﬂ —>  ComplexIl — Complex|l-Romo1  Bel-Xi-Bax

' / l
Romo1-Bcl-X.

1 } Bax
NF-kB AwT '
FHC
—  wnsoo —] ROS
GADD45 P I¢ d
A2 rolonge
. I JNK activation
XIAP 1
Survival CHX Caspase ictivation
Cell death

Fig. 1. A signaling pathway for TNF-a-induced ROS production through
Romo1. TNF, tumor necrosis factor; TNF-R, TNF receptor; NF-kB, nu-
clear factor-kappaB; FHC, ferritin heavy chain; Mn-SOD, manganese
superoxide dismutase; GADD, growth arrest and DNA-damage-in-
ducible; A20, tumor necrosis factor inducible protein A20; XIAP, X-
linked inhibitor of apoptosis protein; JNK, c-Jun N-terminal kinase;
CHX, cycloheximide.

i
i
==

tor) = 21-8-5}+= Zo|TH25]. c-Myc> A2 A% A5 ol T
Z o] ofo| Z7}3}aL GlofA] S phaseR 9] A|EF7] XYL G
t}. 20]0] c-Myc turnoverE $J5}+¢] c-Myc2 Romol #&-S
A]7]1L Romol-2 A3 W] 2445 S7FA17A S-phase kinase-as-
sociated protein 2, E3 ubiquitin protein ligase (Skp2) #j7}} c-Myc
E-5}|(Skp2-mediated c-Myc degradation) & -3t}

il
-

LI

IN

-

7

[}

(2) Romo1t ZlHuto| Azt

Romol9] A k] Aty A= FFke] Aol wol A+t
E|QITh 2 7] Aol A 2] A 22 A Romol ] W o] 5
7¥et A& ZIstiTH23]. W YA oA B At 0] Fo] &=
H2HE|9)=1)] Romol siRNAE- 0]-8-5}0] Romol2] 2Fa-S knock-
downd}SlS 735 S YA A 9] ROS7} A5}t o]2fgh A
A2 OHA|FE O A 9] =2 Ak 9] Qlo] F7Fet Romol ‘&Y
7191gtc = A om|gtrH26]. FFAIEE A Romol o] &S 7t
2AIFE 75 ERKZVYSHE AfslglaL o]2{gh A2 Romol
o] 9J5}o] 3-2]%|+= redox homeostasis7} QAL O] A=, 541,
A7) 2380 F83lth= A& Toto] Fot. ] Hholli= Romol
< A91A o & 3 AsHS 79 9l 32+= 3 HAIR] fluorouracil
(5-FU)I} A 2E 2t (cisplatin)of| WS HATH27].

TGN ETE op et $Eke] QFFZlof| A Romol 2] HEEo] Z7f
Sh=AE A8l flske] 748k 2} 22]0) 4] Romol ZH- & (over-
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Azl 95 2hk BAke] 9 4] 60wl
4] Romo1] uepao] S7FFAAL F% 22014 Romol HEo]
MR B200] A1 Bo] oITH2s). Lt of et Romol ] Thit
Fo] 2oF 37] 9 20k <L (tumor invasion) I} 213491 HkAJo]
STk QAIZS A T 273t Abefoln] F59] Al Gnitia-
tion), & %l(promotion), X18J(progression)of| {5} 3] FUA|

expression)=

E3450] Tolohvl[29] U E] Romol T AL 7
# $Y0l /134l F4 el 571 il Koot
R AL B FFUG ] BT BEAACHS]
59 ololel A4l 2ol B 27 Aol i
71 gral) ATk A slel TNF-a S 2ake] Aol

U5 AHA Ark Romol& =317} ojid A arof|Af o] 7t
31=tl Romol TP 8l5kS - Al =3Pt 3= gl
Romol1®] W Ffasi= A3 0] 13t 2o Apeka}qlrh30]. ELH
TNF-a¢] 2J3}¢] -5 5= 2] M| 22 AHcell death) = A5 5
rsfar 74 Aol 2744101 Atgo] Y=t TNF-a f= 1| &
Eejol ROS A/ Yl Al A O]l A Romolo] F-27F k-5 FHeHs ]

2) 7|Et QIXt

v EEEelol SYAS AR YR] Sl 4TS B A
o] -4 7|4 U YHI AT AR ol e A of 4 B

57| o] o] AL QIA] Stk Ztol pee™ 7t m|EZER]of 24k
4 Aol k- gtz Zlo] HarE|glrt peet thald-e- 2ol
ot} gk Ab=of ofsto] Al(serine)o] QIARSHEH p53o] 9]
Sto] ekl B/dARA A, Cyt ¢ 5 Al ZAPEARO| A v 7iA]
2 3RS FHoH31]. pe6t 7} AojE ufe-A(p66™ mice)= 4=
0] 30% 373l p66™ 7t A E A|ZZAA] 2 Ed| A(stress)o]|
OJgh A S AFEAR7 L Sl =] QATH31]. po6* = A Ed| o] ofsf 2y
3 Q1AkSEE 491 protein kinase C-beta (PKC-B)o]] 2J5te] 214k
3} = n]EREg]olo] IMSE o]=3ltH32]. o]uj p66$hm— Cyt o=
AFSIAIA H,0,5 A4 A7) 2L protein tyrosine phosphtase (PTP) S
Astol AEAEALE Q33
n|EZ=g]o} ZAAAE A3EZ R 0] 42420 A] Bcl-2 familye
&S gt} Bel-2 family+:= Bcl-2 homology domain (BH °§§) -
L5151 = T A 2 anti-apoptotic¥} pro-apoptotic TH A2 K
FIc}. Anti-apoptotic THHZIQ] Bcl-29} Bel-Xi+= 47]2] BH
(BH1-4)2 3Z3}5}al pro-apoptotic THEIAIQ] Bax®} Bak 37H.4
BH ¢J%(BH1-3)2 Z3}+5} Bad9} Bid TH#2l-S BH3 9ol &
3151} 34]. Bel-2+= antioxidant 7]-52} anti-apoptotic 7]-5-< o}
L A0 2 | EQX|IF EAJALA o)A Al 28 7] AL o)
2] Z2F e R 99T 35]. Bel-X;, YA = antioxidant 7]}
anti-apoptotic 752 283! Q131 TNF-a0]] 2J5}0] Yojuli= A¥m

45 APSkal mitochondrial homeostasis®] &3-S 4=3)31c}

K
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[36]. Bax T2 stressS HFOLA] mitochondrial outer membrane
permeabilization (MOMP), Cyt ¢ &S =3 H37]. Bax T
o) FAAL: Aol TSI B 2 7 AL o4 73]
A gkt

p53-2 A|3E37] AR (cell-cycle arrest), DNA 3] & (repair), Al|2E
APHAL, e Bl(senescence)ol| A -85 TS FHCH39). p53-2 S
Ak A dof| eF/d 2 (positive) = 5% (negative) TS 5 0]
2o} 2182 ZA}O]E 2] (transcription-dependent) Hi= H]9]E 4]
(independent) 7]1%1] 9Jato] dojittt p532 ROS AA(ROS-
generating) ¥ 2~%] quinine oxidoreductase (NQOI, PIG3), proline
oxidase (POX, PIG6)Q] &S Z7IA|A A|ZAPEALIS S &3t}
[40]. T3} p532 Bax, p53 upregulated modulator of apoptosis
(PUMA), p66°2] TS Z7HAA ANZAPIARES =31TH33).
p53-2 w2 FAKSE Q-2 A}2] sestrin 1 (SESNT), SESNZ, glutathi-
one peroxidase-1 (GPXl) tumor protein p53 inducible nuclear pro-
tein 1 (TP53INP1)2] ¥E2 Z=7}A]A redox homeostasisS -G-4|5}
= 982 g4,

3. O|EZC=2(of 24 ALt gh A

Q1A|o]| 4] unbalanced ROS level =2

2% 9] 1o 4olo] 53] sERE ol 4 ROSE)

leakage7} UOJUHH QIA|S] 7+ é 55 feshl o). A7t

Z] 9k, =3} 314 (aging process), 4173 HAd %ol (neurodegenerative

disorders)S x3+5}o] 37,—_}?jjoﬂ(arthrltls), A=W 5} 2 (athero-
2.0 =

sclerosis), H|4d-F-%(pulmonary fibrosis) 5-¢] ROS2} T =] QL
= A0 & deA qlrt42].

S B o R e R

I A E T2 0] EZ S0} respiratory chainof| 4] A1
o0 BdAR = Al Uf BARSkR A Foll SJsto] = A|A
o Sl 20 Skl e
) 7(:)1 ] EI-/K-]/\]—_/,\__‘:—_ DNA
&4 (damage N3 E}—,—A O‘J %X%X]- =<0 (multiple random
genetic mutations) 2! -3 &< A (genomic instability) & 7=
Sko] k] ZfA], 541, KIse]l 7]ofgkeHi).

AR g atkae QF A B2 o] 9ol ofe| ¥ A&7} 9l
cl. H-Ras = c-Mycd} 22 50k tero] 3
AJAAE BIAIAIA 544 oA (genetic stability) 2 --=8HH3]
UHFA 0 & FOpA| ol A o] B Ak O] Ali U oF2 ST o] §L
TH43]. FFAI oA S7FeE E/dAba o] at Hgto] tisto]
Laurent 52 NIH 3T3 A| 322} ZHo] | & 24 $H(nontransformed)
A|ZEof| A Q] EAgALA O] oF8 2] o NADPH oxidase Z5-E| 92
SPAIRE FpA| 2ol A O] B4R oS Eal | EFEEolof|A]

712} oncogene)+
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?‘%ﬁﬂﬁl% Mo ‘2‘1% 8 Wﬂ

Ao 2 Helsie 2%
ﬂi?qﬁl-(mahgnant transformatlon)_L]- 1< A (invasion
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_]O
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2) AMZAHM(neurodegeneration)

AR o] A T 7 ARl RRlolo] AR
¢} 0 72 = u}71<H(Parkinson’s disease), &=35}o] 1 (Alzheim-
er’s disease), $1% = (Huntington’s disease)©] Q1T}. o]t 417
MR 2018 ThoFalAlet of £ HlERERo}e] ol
(dysfunction)¥} AF3}A Ed| A (oxidative stress) = Q31 €101
2 defA Slrte). nEZER]ok= AlE W ATP 4739 528 7]
ol Ajazo] Ak Apdol| F-a35F 3k gtk -] 2 of
YXZ] 8- (energy demands)©| o9 7| wfof n|EZ=2]o}k
715 ol ol ui-e- HeFsiet o] n|EEER o} 7|50l o R
ATP o] A8l =11 SAJALA ] vEAlo] Zef ). Z7he ShAJAL
AL u|EZETo} DNAS &4k 5]—51 AbslA & Ak (oxidative dam-
age) & 7H A1 1 210] A} AMAS St

S UM ASIS (atherosclerosis)
‘j—u%@r%—% F2 Yl (endothelium)o]] A4} =2 28|
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AStA B A E B E|4-3-%(idiopathic pulmonary fi-
brosis, IPF), 7Hd#|4}|#| 42k (chronic obstructive pulmonary dis-
ease, COPD), ¥ 5 #|&AN ) A ) 23k0] 28 1ol7]Ao|
St COPDY T419] w4 1% H3ko.= gl o] 09 5o o}
gt 271R) 9215} 15} o) 25 PRI0E el glov] ¥

713 Bt A7 A o] FojA|aL glont oA = Ao
1 71 el Qlof W At asitk A2 COPDE
Aol gt qet2l S 9 #H|7|5 Astol| thstol= ekl A
£ Foko] W Ao dfA Utk FA E ofg] 2 Eg| o] o5t

i
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o] sl T 9% uhs-& COPD Wy Y Zgjof Fast 9
= Atk FA2 ROSY F7HE st S4of s H vhp-2of

A] oxidant-damage®] 5717} 2HEIT] £35] 592 TNF-q, inter-
leukin (IL)-1p, IL-8 -2 pro-inflammatory mediators®] #&-S
S0 TNF-o ABHAEA|AS fskn tlE el &
) A S S EB1TH48-50].

7+ A5 A= (inflammatory stimuli)of] 2J3f] ] 2] WjujAf| 2, )
LA 32 9 715 Of 4] A| 3 0 T A]Af| 3 (macrophage) o]l 2J3f) ROS
7} ¥Ayste) 0|8t oxidant-antioxidant 7+2] E-+15J0] transform-
ing growth factor (TGF)-beta 5 95X E 7] (inflammatory
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