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Unfolded protein response signaling in mitochondria
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Abstract: The mitochondrial unfolded protein response is an important component of the mitochondrial protein quality control pro-
gram. It can effectively remove unfolded or misfolded proteins under stress, and maintain a stable and healthy mitochondrial pool.
The mitochondrial unfolded protein response is coordinated by multiple signaling pathways. The classical ATF4/ATF5-CHOP path-
way is induced by accumulation of unfolded or misfolded proteins in the mitochondrial matrix, which reduces stress toxicity by regu-
lating molecular chaperones and proteases. Sirt3-FOX03a-SOD2 pathway, located in the mitochondrial matrix, plays an important
role in anti-oxidative damage. The ERa-NRF1-HTRA2 pathway mainly removes unfolded proteins in the mitochondrial membrane

space and improves the quality control of mitochondrial proteins. These three signaling pathways work both independently and coop-

eratively to enhance mitochondrial capacity and maintain health under stress.

Key words: mitochondrial unfolded protein response; signaling pathway; crosstalk
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WSS 1. ATV LA K ATP & i 2 & A X E
WAL RS I 0T SRR i 1Y) B 13 ol ) 10 25
by, JESFZRMEEOMKR, JEEARS
VIR IEE 2 — SR AR, B K E R %
P DAL DA % 200 A% R 2 R A 56 B (e Bl i 2 B

FH T~ 26 W A4 Ty e 5 e 35 1 22 B (1) 40 i D) g
Jir LA 32 A4 00 B R A% Ty e - PR ded g[8 2 A4
N PR A28 D RE B AT, X S 10 I PR
I8 ) B B R AE S il R, ORI R b
WeAE T AELRIAA SR B, IR IR A A 38 25 41 i 5 A0 2
A%, DAY 7 2R w3 R e S AR B AR s
TELZRLAA Ty e B AG BRERLAR N R 3T B 88 B AR SR
Frb, 4R — Pl FR O BORAR R T S B 1 B
(mitochondrial unfolded protein response, UPR™) [{)#%
SN RAR A AT, RIS R SR I SR,
X — N T R T ) A RS O
UPR™ W03 1) RS B 1A 12 ¢ R B4l i (1 2B A7 R G ),
{HIAEFNLHIEA LB . T i UPR™ G 55 S
R, AU TR L, W& R] yER o B W
JiE GRS PRI B HE R VR T T SR AR BV oY K .

1 UPR™

RARNENAFIA . KRB EB. H4UsR
PR DI RE AT B S O, AN R EE e 4 B i O H A
LR R ST B (045 S i LR 1, T Bk
A T A B A% A HE RTIEAS , S A i D e RN A
Wil dEFr e s, e MshhefmAdr 7. 1996
SRR BRI UPR™ 5t A2 i ) (R R4 - A A% A5 5 4%
SR, UPR™ BIEMEAM T, #HiRFrEmEN
TELRARNALR, HMHFH 280 8 A AR
LRRLIR Th RE PR AT (A A%, Sm s v B B R
L NN ES Y A NIV S LB e s 1 B S Tl R
AT SR, R b R R I & BRI B
MR AT P SN E, i SRR, B
SR RIE SR & A AR R Rk TR T S a6 )y, 4
Frol i sm e ki i R L Ra S ARk ThAE Y, Rl
HE N gz — P

X 75 N BR AT £k HORI I FL ) 2 4t I T L&
JE TS UPR™ KAERZ MR, WRELK ARG
TS BRRSIZIEE TR R
PR TR S R T Y A, —E Bk, % UPR™
PR IB A LI N 2 SR R H AT S ARk 4y
THERMEAN, E&bEEORTSHEhER

EERS, PEdHEED (ke A 60,
heat shock protein 60, Hsp60) Fl125 (i ( fn g &5 1 24
fi#t i P, caseinolytic protease, ClpP) 1% UPR™ W5
JEHRAFME ", Bk Ah, BTSRRI, UPR™
TEA R AE DR N IR T R AR A — e E S,
HAEW AP P A2 AR 18 2 AT NG 5 Sl
PR, AR SORLR R B AR A A BRSSP AR A R
AR, EFRPRE AT &SR . UPR™ [
WS CHOIEEAA ZRE s R, gt ZeRiia ik
5. BEEUR RGN e R R B AR IE
N7y I YA AERE . GELE T MK s U,
S B2 IR TR SIE S22 2R WA B 1 4T S N AT
CLE S B s R e R A AR Y 35
5 Y TRUNDTS= % kol NI AW DA 7 A28 U RN
HAr 2B 7o 48, UPR™ 365 ] o503 O L2 i A
ThRE AN W 45 o e B g L TR AT 40 5 2 PO 2%,
UPR™ i it JE [R] 11 383 % A8 S 5 Sk 2050 v 989 14 3 X
B 38 A 2, I AT 1R A AR T 3k 1 — AN Fe s B
SR, B B ff) UPR™ B0 2 5 B0 2B 17 1 22
B LR I, g A AR B
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UPR™ 7] DL 0 A7 42 10X 245 1 375 2 - i 7 4% Ao
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TR R ERH, el 171 AN ER, 15
7~ 1 UPR™ AL AT R M 2 s &, b & aiR
Fir Bl 25 R B O O 0TS e S I 1 (activating
transcription factor associated with stress-1, ATFS-1)
A& H AR L & UPR™ () £ BT R 72—,
AT LA b3 7 R4 g 0 e [R] £ 2 08 (e ik b 14 A
Y B, UPR™ G4k 1715 81 1 BT A A\ JF VR 52 4ot
PREE T R E ), ) DAFE UPR™ Hh gk a2 28 R s o7
PO 2 40 A% A8 & SR T . AR AR BDIRES TR
ATFS-1 A 2ot N 2 AR a4k T M
BRSNS, AL ) S AL R AL T RE L B R 0
S A SR SR RIS € DNV X PP
ATFS-1 R e N2 hifhk, & < pifeic 2N,
P PERLR R R R 5 5, AR G 7 7 FEAR
M E W PR S Gobi ik B B 5T B A A
gy, IXLLIFE G AT BERE NI A ) T e 1 LR AR
o, YERR RGN M AR AT RE, ORI 245 40 S
1 1. Pena 5 N AUHF 50 K L ATFS-1 A5G UPR™,
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ZIMARTBED, HIEAERMIK T B iE 260,
i DVE-1, UBL-5 fll ATFS-1 3%, &% 3B
E P P [, DVE-1i# it 5 UPR™ 4
FHEAE Hsp60 &5 & A Yt it B Jr4E k%) DVE-1
T REHEAT VIR AR TE, KIELAE A M LG 1
(histone deacetylase 1, HDA-1/HDACI1) 5 DVE-1
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Fig. 1. The diagram of the signal regulation pathway of mitochondrial unfolded protein response (UPR™) in Caenorhabditis elegans.
UBL-5: ubiquitin-like protein 5; DVE-1: defective proventriculus protein 1; ATFS-1: activating transcription factor associated with

stress-1.
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HEHBMERBOEE c-Jun ZEE AR 5 (c-Jun N-ter-
minal kinase, JNK) i 1% i 5 CHOP #% 5% i 3% ©Y,
Xl ER AL FLB P 2 R ), B AE SR S
AT YEAN I Z R TEERIR, AT DL I ) S R a2
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CHOP & #4 M N2 (integrated stress response, ISR)
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CHOP w it UPR™ {4540 i A 770K 4 BY, (B
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BT T fE, 1) ATF4 Al CHOP A & LL 5|
LAY UPR™ Hsk R, T I P R v] B At T
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By 5e el i (R IR A B R . BRTe d 90 (heat
shock protein 90, Hsp90) ] £& ¥ 44 V. 784 Fil Hsp60/10
HEMWS 5EFUEN Z KT & . SRR E
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&, FEHIRTEEH A9 (heat shock protein A9, HspA9).
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T, FANEATBEEMHR . LRiikn rE D
T EARE AAA+ AR, -AAA Fl m-AAA & I,
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TLRRAREL N, B 57 NERRLAAR S T A 2 B sz P i
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Jio 22 53 A 1 B 1 ClpP ] B A 52 45 8 1 Ja = 2B 1)
SRR, TR SE ARG RIEE, Bus AW
MRS S W Bah, N T IR B IR T S R
HEFL R, ATP 4K m-AAA FITi-AAA 5 H B,
UIARE SR [ (Paraplegin) S AL YA (superoxide
dismutase, SOD), FJ{EH T Lk AR RIB, FRAKA
b 1 2 AL 1 B2 A 3% 1k % (reactive oxygen species,
ROS) i BEAR 2, B 1R MW RE B A A B AR 2R R
A A B 1 BRI R A AR B T,

BT 7R A 2 1 T AR B KT R, e BT
KPR A T AR AN BEAE I th e WLl FLah A UPR™ (1)
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(heat-shock factor 1, HSF1) Wi, Bt m 0 74k
BKF, AT RGN AR BRI B SRR AR AE ) 7,
76 UPR™ #[f], HSF1 &1 FLPREIB M % FHY
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3.2 Sirt3-FOX03a-SOD2j%{Z

UPR™ 1 3T BR A5 SR X5 3 (silent informa-
tion regulator factor 2 related enzyme 3, Sirt3) - ¥ 3k
HE £ O3a (forkhead box protein O3a, FOXO3a)- 4
W) A1 2 (manganese superoxide dismutase, super-
oxide dismutase 2, SOD2) i 1% & S {E b4 JL Jii o,
FERETAMEN, XL B, KA
By, EWALEY Y, Sirtuins FEE B 7 PP E 4K
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HEE XWX, BA %o dEANEE
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LI, Sirt3 7KF-TH i , FOXO3a i Sirt3 2: LA,
DA RE FL A% B (G0 A0 8% 335 1, {HL Sirt3 X FOXO3a
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e T 35 ot v 8 S A A 7K ST 2 B o e b A o 2 115 )
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K. HiEFHROS FAAE 2 kR R0 68 T
Sirt3, #E—LomiA T X WL E AR A PUEA N
f1E B, E 30 B AY Sirt3 7K 3 A BEAE - UPR™
bR EY. B—J7, Sirt3 #H%F UPR™ ff) CHOP
BEsk N2, LONP., Hspl0O. Hsp60 7K-F TG B4,
14 B Sirt3-FOXO03a i& 12 J# 37 T ATF4/ATF5-CHOP
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SE A BE A B R 2R A 1 e LR VR T O, BT
HR A AT LA UPR™ 5 280044 [ W6 R0 B2 477 22,
AR RA N EES P E, v TIRA .
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UPR™ Wi nIE i 41228, H. Sirt3 fili 5 40
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BRI R . Sirt3 IR iz R - AR S
T 2R FDESERG SKP2 VG211 Y, Sirt3 72
FUA RN REEETHFE, somaZ bk e & i
o7 I — i g 4k SR I R ALAE Sirt3 2 504k
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(estrogen receptor o, ERa) 751, Hgt—0 FifZki
A 5 A% R K] F- 1 (nuclear respiratory factor 1,
NRF1) f1 IMS & H s HTRA2 ()%, HiE A
AT 1, HTRA2 AR = By 5 PR 1) A Bh 1
TR YT B R AR MR . NRF1 & O
AR, BUER ERa 51 NRF1 5%
YRR A SRS B3E 0, AT LR T 2ok A i s
2, (R AREAEER . IMS RSS0E UPR™ 47
TERF I, RILAE S A B HTRA2 LA K 268 & i
wrEE Y T e RIS A A
ROS 731, B a R 1 8 b 2 5 B Al 8 1) % 1L
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7 1 31| FL % 8B B I 1 2 IMS H ROS 1) F Ek
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- 5 2 5t o UPR™ AN A, A 2215 5 CHOP 5
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— PR R, A5 BT 4 LAk 1 s s b B,
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B A AR AR LA 2 2], AR M P A
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UPR™ () ERo. Al Sirt3-FOXO3a #li 2 7] f) 32 A
Fee PR Ik S804k ) i R G B P 0T SZ ARy R0 R
la (peroxisome proliferator-activated receptor gamma
coactivator lo, PGCla) 454 3% NRF1 58 i i 7,
PGCla # UPR™ ff] FOXO3a 75, ERo fill 7] B8 #%
PGClo ifiid ERo ¥ 5% K1 R # I NRF 1S - 5355,
ROS & 28R4 3 1 A5 A, PTs AKT Y, i
LR R, H AR B IMS Hrf 4
I, PRl ROS MR H 3 ME NI, 1 53 — 25 R 3
SR 20 o b DS B ZAE 5. AL B3, sk
) AKT ] ABEFRR A0 AN ERa, (232 FLHE S B80N
AT AR L FOXO3a, FH I H /R0t N A,
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Fig. 2. The different mammalian mitochondrial unfolded protein response (UPR™) axes. (1) The canonical UPR™ leads to altered
localization and levels of CHOP, ATF4, and ATFS. (2) Sirt3 induces SOD2 and catalase as part of an antioxidant response. (3) ERa
axis acts via AKT and ROS-dependent phosphorylation of ERa, causing induction of NRF1. (4) The different mammalian UPR™ axes

exist crosstalk. ATFS: activating transcription factor 5; ATF4: activating transcription factor 4; CHOP: C/EBP homologous protein;

Hsp60: heat shock protein 60; ClpP: caseinolytic protease; LONP: LON protease: Sirt3: silent information regulator factor 2 related

enzyme 3; FOXO3a: forkhead box protein O3a; PGCla: peroxisome proliferator-activated receptor gamma coactivator 1 alpha;

SOD2: manganese superoxide dismutase, superoxide dismutase 2; AKT: protein kinase B; ERa: estrogen receptor a; NRF1: nuclear

respiratory factor 1; Omi: high temperature requirement protein A2.
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