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F27 80 AT AR SRR, R AL A fR
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AR SORLAAR Y R ) e A RSO RS S R A% Bk
DA ik S 2R AR - A0 A% Sl Sk EAT I
P, WE A AR DX T4 Rr AN AR S R O 2
1.1 Zehriid@sd M M 5 iz

LRSI o I8 22 (B A7 A TS5 b
JE S AR IR B , R SRR A S5 AR G
X (mitochondria associated endoplasmic reticulum
membranes, MAMs) "', 4% AR, —
NI, —IMERE, A% ALE G R P 4
Pete— UV NEER U, AMERRE S 9 A
—ERREE LR, T XM A
PRI EEE o DI, R A Y A ST JE T LA
HERAR NS SMZ A B AE B rh A A e . X
FiCRH L HEAE A M NV 2 A R TP Iy B A% 0 A
O, QIEEE L W, AWRFIIREAEY) G L
S o

MAMSs JE 2RI 5T R0 Y45 P, R/hgy
10~25 n® (4 DI o 3232 4 50T A TE AR 1 %2

HEFTZ B EAER, &R E i P R4S
o XA B 1 PN BT I R kAR 5 2 [ 14 53
T, P Z DR U VI s seiE 1%, Jf
PREFRRUE MBI IR, AN A IRl 1. (H Y 4 i
TR R A A . bR 38 R A8 AR B I
MAMs (Y75 [A Z5 A AT RESs 2 250, 245 5%
FOTFTEMAMs “SRAE” B “HET, i gs
ZIAHE AR, 4R Etads Y AR,
MAMs DX 8 ) 52 465 A5 0 IS 505 | 2 )0 P B Bl 2
PIARDG 100 P 5T 0 oz 80 £l P J5i D) R 2 b AR 1 I 1]
FEES AR/, AR T Cail it N T W [ bR i iz
S5\ VES R Z N v S A (TR 7 A ST L R
TR A RM K H GRP75, M L lES B dkohr ik
PR AN, AT ARG AR RE, AT ek
SEWE DRI 5 EEAE 1 T AE A0 B A I 7 A A 2o
T, R K B LR - N - A 5T 0 - A% 1) AH LK
T ARAT O LR P BT I - P R LI SR AT EAR
PR PR AR R RIVEH]
1.2 Stk 5 A B s

B TN BB 2 A, ARREAR S MR RN
BRI Z (B0 A B HEER YRR fl 7 BFFERI,
SRR T REIRA 5 AL 4 I o 923 (8] 5347 %% D0 A
K, FETANEAZ LR T BE B ] T2 5 A fk
PP R S e R AR S M 2R (reactive
oxygen species, ROS) 7KV, sZmai%BE R RIAFE
St i M, AL T A0 D S (0 SR A T R T ]
TZ5eml, UTHEEREBER RWELT
(anEEampte) "', Prachar "7 FHi% S AU BE L
FET NI R I Y 1 s 240 A B
WA R AR, TER T Zokifi 5 A% R 25 V)42 filk
FEATEAIRIELL, P (45 ik ARG P RE S RE B2 F
TR I OCHEEE , VAR AL Y ATP 1%
Hren pusim A Re . R XAET, XM
PRI % ] LUAE i mRNA FIEE (5T 0z B 19 e o 22
P IR (Zokifhk) B mIHFE (4
), fEfFRERAG B IR B iR, RRAR T T A
Rew, F b, JUPAERTA GRS BRI 41 R i)
DL REE I AZ R SRR 7 A L AZ RN 20 i o 22
(] (1) ) o S Fe (S T A B ARAPIR S, Bk SR 4
TEAAAZ SR, AR/ T ATP AL s R RS, Tom]
DL LR A BAZ RS — D58 8 1 = R R 1k
i &%, Dhuh Rty PRl 2 Y. Bk, 2
R SE AL BERR AR AL IR AL e A TE S (I e i R4t
FRAE Y A% R Lo 9] DA SRR s s fin 0y TR 2
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(B A1) R0 5T A BRI SR A 2 A
CEF- 4R RIBARZE AR =,

2 ZHEFITESHERRERESER

21 SZHEFEITESHENR

LR W AT AR 5 A& 2 i Parikh 5 2
1988 4F- 15 U H A o AATTAE X 4 25 e Bk A A7F 572
& B, £ ki /& DNA (mitochondrial DNA,
mtDNA) {451 FE Bk 2 5 BOR HE DR 28 18 1Y) 3 1o e
AL, LA SRR DI RE R SUL . A PR R 2o
TRIRh A B R ) 40 A% & 1 AR S FR oy 4ok
WWATES” 2. s, TEMFLaiY . SmLd
A L R HRGE ORI AT S AR AE
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WASKE IR, BN R AL S B
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22 KHFFITESHERER

LORMRIE I AR | PR SRGREE . SRR LR
RN AR R ) AR 557 D 3R B 2 i S R AR D RE
i, MIMSBEUEE ., LRt T5 55 T SRR
AR . g, RS AE SRR Ui E TR
HIZRE AR B — S A 5 S IIRERY . AT LAZE B
JE A A0 A BB A TR o1, BT AR
ROS. 5+, RHES . ZobiiARITEE AR
(mitochondrial unfolded protein response, UPRmt) .
ARG A% RNA FIUHE S OS2, A5 LR AR 57 L
KARARH SRS 5 b s A A%, AR R i 3

B — RGN s K 5 | E B 5 B s,
WHAERRAES (B1).
221 {ETEEZE (ROS)

ROS /245 H A 5 FE A2 S b G 4 1 & A Ak &
Yy, Em—RIGE N TR fEAREA, ROS
FEAFEHE AR BT (superoxide anion, O,7). i
A b & (hydrogen peroxide, H,0,) ¥ H H 3
(hydroxyl radical, HO-) ', S0 {42 sl P4l
J7HE ROS W F B S, R BT R EE L T
Sl B Hir, HO, fEZAR R 155 41
STEEMMAG. BT ENS TR/, FoE AT
B JCHATRVRRE, AT S S 0 PR TR
R Z i) B

ROS X 40 M &5 2 — AT 61, BhA H A2
Urfe e A B . —ERER (SR
AT ) ROSKEXS T T % 5 DR -3
L) IR S B~ S S 8o v e SN0, o< A €1
FRAATTEER)) ROS DA™ 5 ) 240 i S A4 i

2 AR YR ) ROS X 41 B 1) 28507 2 751 8 A4 i
(), BARAKFEORLAR IR /Y ROS 7T B3 3 T = i i
Ca W B VTG 4% A A o B IR A %, TS s /KT 1Y
ROS I 3 3 410 i) e 2 1ok 2 Tk i A (IR i 2 I 1
(hypoxia-inducible factor, HIF)-la, MBI
SRR AT N o [FIET, ROS X 20 i i AE [ e Ay
AFRm, BEAT DU e A A, dmT LU
PG MM T2 3845 1) . ROS Fe i 1Y 385 1 15 530
7 g 12 2 A1 A X R AR RO . T ELBh Tk,
HIF- 1o 38 B 09 05 R80T 2R AR ROS, 40 SRR
Hep3B 4 i ) mtDNA fl5R , BRI 7E B4 5540 T
TCIEAE HIF-1a ™0 7E3X 2508 8% 1, ROS 2 A
THFE®RENE Y I, HizEAA 5
(quinone oxidation site, Qo) [ ROS A i j& fa i
HIF-1o 85 Y

c-Jun Z 3K W B (c-Jun N-terminal kinase,
INK) AJ DL # 4R Ak 3 I 0 T AR S 1A O
(apoptosis signal-regulating kinase 1, ASK1) i,
MR ROS 1T LA ASK1 Y. Bk A1 AEIE 2
LA (B-cell lymphoma-2, Bcl-2) J& Bel-2 K%
PBCRT R, EE s SRR RN, ik
CATELRAR T i ALIE , M6l 20 B (2R ¢ 19
BERCPE T . INK B2 AL Bel-2 230 il Hr i 1 2h
fit. WERRILAY Bel-2 8 KSR T- 455 1Y hE
T2 Bax/Bak # BT AELRLAA P LB, M
JA BT B, 1F Bax/Bak &2 5 58 A8 R RN 4T 44 241 fifd
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Fig.1 Diagram of the mechanism by which retrograde mitochondrial signaling regulates intracellular gene expression
Bl ZHEHTESAEZNERRIEVHE

RRLRIER 5278 | WP | SR T IR R ZRORE A R, (57 1 88 A B ARy T 45 R 3 1 i R BRI e et , AT & — R 9103
HES . SRIR-MIEETTES FEMEE T . LR IADNA, ROS, BRHBMIGILEAIMBEFE ST, NHELRIRE S5 EARH
ORI, PR IAZ A — RGN S 3R 3K . Camk: #57E FIK#IME B (M (Ca®/calmodulin-dependent protein kinase) ; CREB: Ff
WM SV T 45 AR (cAMP-response element binding protein); cRel/p50: S5NF-xBf&5-18 A A B E R LAY A, cRelf2
NF-kBZ IR — Db, 8 TRel&E %MK, pS0/ENF-kB1EI B =Y, MATHAE [Iplosin i ; NFAT: & fLHTAN AL N T
(nuclear factors of activated T cells) ; MCU: ZRii445 B 21441z 8 (1 (mitochondrial calcium uniporter) ; MOTS-C: —Fh Gk AiT AL ik
(mitochondrial-derived peptide) ; UPRmt: Zkif&k A& 1) (mitochondrial unfolded protein response); JNK2: c-Jun % Jt A Ui i85 fiF2
(c-Jun N-terminal kinase 2) ; CHOP: C/EBP[F i (1 (C/EBP homologous protein) ; AKT: # 1 ¥4/ B (protein kinase B) ; C/EBPB:
CCAATHIE F45 4 HB (CCAAT/enhancer-binding protein beta); ROS: %142 (reactive oxygen species); KEAP1: KelchF:ECHAH KR
1 (Kelch-like ECH-associated protein 1); PGAMS: HfR H i ERAS S B M 515 (phosphoglycerate mutase family member 5); NRF2: #%
TSR F 40 2 2/0 T2 (nuclear factor erythroid 2-related factor 2) ; AMP: /R (adenosine monophosphate) ; ATP: AR =Bz
(adenosine triphosphate) ; ETC: i F {4 %% (electron transport chain) ; AMPK: [ 11 B2 1% fb % M # B (adenosine 5'-monophosphate-
activated protein kinase) ; NAD"/NADH: AHEENE IRIEM — 4% H 2 (nicotinamide adenine dinucleotide) ; NADH: 4 J U ARG i i 1204 — A2
fZ (nicotinamide adenine dinucleotide); SIRT1: VULER{HFEIHTTHF1 (silent information regulator 1); PGC-la: i S (LY REIAIE S Y1#0G 52
PRy4EE R F 1o (peroxisome proliferator-activated receptor gamma coactivator 1-alpha); NRs: #%3Z{K (nuclear receptors); TFs: #%5:HF
(transcription factors ); I, II, III, IV, V: ﬁ%ﬂ{ﬁ%@%*ﬁﬁsgéwh I, II, IV, V; cyte: 4iffifa % c (cytochrome ¢); Q: HifiiQ
(coenzyme Q); SOD2: MEALYILI{LEF2 (superoxide dismutase 2) ; : —RME; 0 BENIET; H0,: EMkE; GPX: A
Bk A AL Y B (glutathione peroxidase) ; ONOO™: 48 7 fiff 3 B % ? NADP: H Bt file Bt 208 — 8% 7 R % % (nicotinamide adenine
dinucleotide phosphate) ; NADPH: A Jii 74 i ik Jiiz B 122 04 — 4% 2 B 2 (nicotinamide adenine dinucleotide phosphate (reduced form) ) ;

ARE: Fi8 LN i#ocH: (antioxidant response element) ; Smaf: /\Maf [ (small Maf proteins) ; HIF: K% S A F (hypoxia-inducible

factor) .
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W, IEE A INKOANRE S L 4ok (AR 20 i (2 2 ¢ R
AT, UESE T e T2 1 Bax Hl Bak f9 5
FERT 20 534, INK A B (] 300 vl LG 75 2]
hifk, PR E M AR, JfE S
Bel-2 ZE MG AR BAE AR BEAR IR T30 B0
222 T

LRLR Ca NI IG IZ A T 7 SRSE B
R AAR [ g B BsRAUS SRR . Ca? &2 —HI
I8, VP G g, Ca#nT IE A EZM
5 AR IR SR R B, TR T SRR Y 2R
ik ¥, Biswas & O ISR HEN , ZERUULAN AR
Ca™ A LIAERy—Fh i A 715 5 LA hip 2R A 5t 44 FA L
WV AL TS I BT oA, PR AR
PRIIE AR L /D mtDNA 5 & DASELs L 77, fi ]
ARAACEHI R CAnBRBERE ER S . PiER
AME R FBACH B BE A WY
B3/\BE S A % .24 =) i1 S A L B N O =S
(1) Ca® BifiZ Ftr,  [RIE WLAE AR | 1 Ryanodine 57
PR TRk, JE— I Ca> BB o X1
AF IO Y8 1) R KT 20 LT Ca ke Y5 2R A4 Ca™
N BT Ca* B SRR . J381, SRR
FRWESITE S FE AN R, NRBZLRA
NE R mtDNA (1) 2R (80548 ) | Lk
(electron transport chain, ETC) RYMEIR . BTk
P I IS 115 R N AR VA U R OIS E2 o AN
JESHLAE RS, ZeRifRx) Ca> W HEIEE 125,
S BT Ca BIMRBE T =y . = VR B R ZH
M Ca® $i /5 18500 i [K - calcineurin |, calcineurin
4 ) B - 36 A6 T 4 B2 (nuclear factors of
activated T cells, NFATc) FIT INK i (14 150775 % %
[A-F2 (activating transcription factor 2, ATF2) HJ
K, BEAR T 5% 5k 7 4% ¥ B (nuclear factor
kappa-B, NF-«B) 7KV, 358 T 41 ¢4 5 A1k
it Vb HEIR 5 5%, XHE S GORAR T g R g 42 1k 52
., XALREESZIm Ca Rl . RS RIF 515,
A A G R 20 B A Y 220, IR RS A TN 2
PRI IR S 0+

LR AN G ) AR AR B B R A T )
YR AR ERAE S, FH Rl IR BT A0 4 i 25 1R) 5 s
X, P RE . O R LR T ek
TR AH B B 2 ™, A4 Amuthan 55
MIBFSE, TN AS49 i rh , SRR SSIF T T8k
RN R B 5, B HUBSZ R TS AL T Gq
BOE MR NS B C LB L, 4, 5- = B R

(phospholipase C-inositol 1,4, 5-trisphosphate, Gq-
PLC-IP3) {553 A5 AS49 A A (434 58, 136 1A
SRR N O PS5 TE A ARG T VAT s &
A EZAEN, JF H vl R8 BCh I8 E 16 97 I T 7R
B

Mallilankaraman 5% 4 8 /8 T 28 K 1K & H
MICU1 75 447 FE Al 25 A8 T 13 SR A4 2 1V B2
Ca” PR SCEEVEH] . J8 il H] RNA T35 CRISPR/
Cas9 FE[R g R, 7F HeLa, HEK293T 541 i
i BR B MICUT B, DABEAL MICU T H) ek K
RAS, WERZ KR Ca 840 . ROS i A= K i1
TURPEIG N AE R AL . SCE A R K], 7E MICUL 6k
RO T, SRR KB MaEEm g1, Mgk
ROS My & 8 7= A=, I X5 8 T R 8™ A U
MICU1 5 SR (455 2 1~ B ) 4 dz £ 11 MCU ROALIE
BOW AR EAER], MAS e FHaliisoe T E, HA
SRE LB T2 E R

RIt, MICUL /] AR o MCU 4545 5 1%
IRy “IPC7 . 7ESRZE5 B T RIM AL T, MICUL R
S T AR T R S TR S T, X
FhES 251 H 20 A BRI AL B0, 3
FERRAH,  IT A B R T R R, X6
VT AMRAAE RIS RO E 2, I BRI N
Ao ] 7 TR 240 B PN )4 5 Sl AR AL T A 43
FHLE], FTEEXT I A X LR AR D) RE B AT AH B
IARTT AR AT F 2 L
223 HES

a. AMPK 5%

fEiz sh FEaE BRI, ATP & U $e
T AMP/ATP (L3, S 1 AMP & AL ) 28 B
(AMP-activated protein kinase, AMPK) JFf4F A 45
AR R A5 ATP WY FF G, 38 3 i 1 o i A
FR & BRI & e i P . AMPK J& —4>
o, BAly I A FIR = RIKE &Y. B
FLHELE A R A TR R BN A it e F RS A2 £k
FEAE R T AN 12 ) 3 3 728 R4 AL T30S 410 1) ATP A6
(AR a2 LADR BE 40 MY ATP ., AMPKCH i 4%
HEL AP FHMMERLEAEZ A1 (mechanistic
target of rapamycin complex 1, mTORC1), JgJ&E1C
. PEEER A ZR AT . AMPK 7E S 5 4k ik
R R ELRRE, WG R EYE
IS € % AL N7 SIS TR 1 NT) W K SIS & A % NS
YN R EW AT S B U A N S U3 v 2 s % K NS
P
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b. mTOR

mTOR J& — P 22 Z TR/ A TR P g, & nl LIS
G Z2 0 4 M A M5 RN AH R P 2 F R 3K B AR K R
B FEMHFLEIYIH, mTOR @1 3 A R L FE kL
A% % F-F A (mitochondrial transcription factor A,
TFAM) . ZRRIIRER AR (. SRR E A 1T I
ERTSAAMCE T, PR RE R IHFE LA
REHD AR Y FEDUHR ST, AMPKGE I 2
15 UNC-51 ¥ 9% B 1 (Unc-51 like kinase 1, Ulkl)
(4 Ser317 A1 Ser777 i si KA 2 A Wt o 1M 1E fE 1 7T
RSB, mTORCI ¥ M 38 i B iR 1k ULkl #Y
Ser757 {37 s JF IR Ulk1 5 AMPK 2 [] f) AH H.A H]
SR BH IF ULk B30 o 3 78 1 ULk 42 [ Wi
S0 N e {5 S S LS, X ULKL 78 g5
HRER S ),

AN, mTORC] 3 12 8 775 2k A4 B 2 A4 it
S0 UPRmt ' mTORC REWS 8 i il R Ak EL %
PRI A F 4E 454 % 1 (eukaryotic translation
initiation factor 4E-binding protein, 4E-BP) i FH I\
H K B s B F 4B (eukaryotic translation
initiation factor 4E, eIF4E) [ fi# &, ik ¢ ik
elF4E 5 HALF RN F 456, BB EGE A
Yy, MNTiide e 5 LR AR D BEAH G Y mRNA (1) B 1%
A, (AR AR RE 7 R IE NEs RE A A5 I Y
SRRRDIRE, PEMEETE ATP A AE T ™. 5
Hh—T0HF5E, XKHE (forkhead box, FOX) K1 Al
FOXK2 J& 7% il A 8 ) 1 JR 5 2= 46 H 8 4
FOXK 1 347 #5 T mTOR FUME B A 1 it 38 it 3
(glycogen synthase kinase 3, GSK3) i&fe. RS ZHR
FIRT . FOXKI1 M FOXK2 BT ¥ & 22 a5 07 W iR
fb, i #F AKT. GSK3 1 mTOR W EH, T3
FOXKI1/K2 M 41 Jifd J5t e 7% 21 240 M A% o i oot B
FOXK1 F1 FOXK2 7t/ T4 5 2 S BUS IR o
AR RN Z AT AR Ty BB A O 1) 3k R 4 S5 A i 350 Ak
7£ FOXK1 F1 FOXK2 (S s bRy, HEhiik
ARUHAB SR R T, M-S T IR SC 5
PR BV e RS T — M mRNA BliE S
SAALBERR AL RERM “HIBHUES ", Mt 1
— ¥ 55 mTOR (5 515 3 5 54 40 M g 1 A C gy
(Can g A i RARPT) I R AR () CEERL ] 0

c. Sirtuin

2Rk g U R AE B A 1 B 7 (silent
information regulator, Sirtuin) ZK % 1 (SIRT3,
SIRT4 1 SIRTS) J2&: NAD {8 (1) 2 Bk Ak /i Al ADP-

AL, TERIHUR N R EEAPER
FEMERE LR AR T, SIRT3 5 ATP 4 KBS ME
ZX P 3 OSCP  (ATP synthase peripheral stalk subunit
OSCP, ATP50) 4G 5 1E 4 MW ¥ %& 1F F,
SIRT3 5 ATP50 AYAH BAFH] 20855, FE(SIRT3 H
Bror A B HAEAE R, NIRRT &
PEAIRS AR, FEAERF bR B i (S iR 5
PR . S4h, SIRT3 J& gk b ity 2 25
LAk, Hkz 5 SEERRE N E OB, 3
FAUES A Z NP R AN S TR N S A C L 3]
HPr 8 H B SRE, 3% — > S HE A A = B -
SIRT3 it = 2x FEEABERR AL . IRl =R
RGP R S A B A 45 DU KA IR A% rh O s Lo AR
FEERFIE, 250 mtDNA 455 R 1) £k fl
ARG 2 (superoxide dismutase 2, SOD2)
b . SIRT4 2 [ 76 VR 19 41 Jfd A f2t -5 1 ATP
RS LHE MER], Bl 5w RS IR
([ 2 (adenine nucleotide translocase 2, ANT2)
e VAT L AR . SIRT4 Al k2 2 S 2 4m i
ATP /K- F RS AMPK il PGC-1o YL R A3 17
55, 1M SIRT4 (1 235 W) 5 ATP /K I T+AH
KBS BRI, B B AR R LKL A I I AL YOG
BT, 7EVHTT ATPKSE . kiR Th e A i
i A5 e AR A Z (R P rp R E CEE T .
A, SIRT4 i Al 38 13 1 il Zhe b A4k rh 25 S MR A 1) o
I R B G AL Sk 45 il mTORC 5 53 %, 345
TORC1 {5555 DA T 5 1 40 M A 5 A . 1 W 24
POBE5E B XS R BRI, SIRT4 A T 857
AN SERARNATE S, DMEREG A 2
PR Z A ) Al
d. FOXO
TEAHME T, FOXO REHY w2 b 14 73 240 F W |
F#AIE ROS ZKF- . 1 UPRmt, 7S ik S X
T Z RPN M R LA GE R AR AR T REAR S 0
FOXO3 it i i PTEN 75 S (B IR 1/iR 6 23
RBR Y E3 {Z R & H % #% # (PTEN-induced
putative kinase 1/Parkin RBR E3 ubiquitin protein
ligase, PINK1/Parkin) iffi i, #8458 2 k7 4K 43 24 F
H WX O WU AR R VE T BT BRI IATE ROS 74
J5 5y 3% E AL 3, FOXO3 ml il it Z Fdi Efbik s
15 FR ROS. FOXO [ 3 ixf fig #F 1 48 A R Y
ik, BEMKROS/AKF-, iE—BAMHLCWAIE K =
FOXO3 ik BE % ) 75 HF % U4 T4 i 25 (1 Bl A7
caspase 5 5 45 #4 Bl (% 98 T #0 ] & 1 (apoptosis
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repressor with caspase recruitment domain, ARC)
MIFIR, PRI AT 25 R, 4] A0 L
A S TN | e O S 2 o A NI R 5 o =T
FOXO [HFi£Z 51857 UPRmt, 5 Bh40 it i % 2 1
Fir S Ry i . tAh, FOXO ifid i 175 5
FARRE S AR Z A A, AT S
ORLAR DI REAH G Y ZE Y, 1 BNIP3/DCTI {5 53
M, LIRS EERRIET. . AR WSS (1038
ANEFEER @ Hik, FOXO 11 b 2 A Fn 4
i[5 B I R e i P S L PO 7 SN 3 -1
IR A AR AR A B RN AE M AR RS T
224 AE4HHYRNA

AR TN AZ Z [B] AR ELAE AR R i A
i, i ¥ K dE 4 #% RNA  (non-coding RNA,
ncRNA), 7% RNA (microRNA, miRNA) Fil{
B JF 4% 5 RNA (long noncoding RNA,
IncRNA) ¥/, ncRNA {55 Z F 2 &, 41 rRNA
tRNA. /NZ RNA (small nuclear RNA, snRNA) .
/NK{7 RNA (small nucleolar RNA, snoRNA). #%
Wi FR iif P RNA  (ribonuclease P RNA, RNase P
RNA) . £ % & RNA it T. RNA (mitochondrial
RNA processing RNA, MRP RNA) sk i RNA
(telomerase RNA component, TERC RNA) 45, 7F
R iked A S SIS HECE N Y £ g A (B
JHo X neRNA /-2 5ERANTTES, H
He SRR BT 2H RS s

a. AT E LAY miRNA 5Lk AR 1755

Kim %5 1 J24E T miRNA #5500 715 S i —
AMUESE, fEHEARIER . 6= mtDNA p° 41 i 7
FK 52 mtDNA FY p° 21 il 5 1Y) RNA #£47 T miRNA
S 430, % PR miR-663 75 it = 2847 A& DNA 1
p 4R T R H . T mtDNA FPK & (1% miRNA ;3
BB EAUK-, X R miR-663 1] BEZ R 55
VLB AL W45 . e ah, AR R S 4 PCR AIIE
TR ECER I FIER , miR-663 ) 2 F AN UAE % |
Z RN RS WA, 052 B E AR LB IR 1Y 52
Wi o N- e D 2 R K 52 P I e 525 ) T a5 5
S miR-663 ik, KW ROS7E miR-663 (7 Wizt
R R OCHEVE ] ', X R I8 28 T miR-
663 T I 125 2 b A4 ) R R 200 A I s 0 R
AR CHAE 20 A Hh ) 22k 2 An ] 32 B 2ok AR 1 52
M) . miR-663 TE I 15 4% 4 i T B 7 L (1) 2238 DL J
AR N 7 R Rk 5 T AR . eAh,
miR-663 i H AT UQCC2, HTmiR-663 (EJl miR-

663 MR ) AR T AR 1L 2 & W TG P T
BT RS AN BE , IR TN B P R Y
K

HAWFEH KB, S e HOc2 L LA A b
SEERE/E R (H/R) BEBY, miR-878 REASHE M 45 &
BLIK ) BRI 9 25 IR e 2 3 & 67 25 1 (proviral
integration site in Moloney murine leukemia virus 1,
Pim1) mRNA % 3'4E#FX (3'-UTR), 4l Piml
s, RHFESN N EAMEER T (dynamin-
related protein 1, Drpl) ™Ry bIR T %L,
TR ORLR ROS 38 hn AoC LA B 45495, it R A
Pim1 2% 1k BEAE 130 55 miR-878 411 il 77 X+ 40 At 453 47 1Y
TR ER ), 3O PEAE miRNA FELRR AT 15 5
Hh R TRAE AR Rg A v VR TR TRt B
Hefith

b. ZKLAIE S RNA 581 7155

5% mRNA AR, LR mRNA B2 5 HL i
5UTR #13-UTR . Shine-Dalgarno &5, Al & H
T, Bz 57 WOEL S IR AR B A Y Lok
RIL R H gmiS Y /N RNA (sRNAs) Al IncRNAs 7£
AP i R A A, HrP AR (RNA AT
A1) sSRNAs Fll IncRNAs, 17 & 7£ mRNA 1952
FETERBRE T AR . S5k, —4E miRNA AT fig
SLANES % TR NN A TS TR 7N S NS e
TRE o,

/NI ZEZRA AR S R 20 ity 1 45 T-Fh /N
il RNA, B 24 b Zbr (A 35 R 20 ) 114 /)N RN A
(mitosRNAs) ' . fE/NER A AN, KREZH
mitosRNAs # ISt B ZRLARBL I H Y s (HEE)
DROR AR EE (LBE) . JX 28 mitosRNAs 7E 121
Py Abla) R B0 R W) g R BB i Rk
mitosRNAs 7EARSME TR 1 15 FHE A R8T
mitosRNAs FR3A (1) 52 838 5 1 N LoRn A R R ik
(SR ARG, XRI, BR T C R 37 Lok gt
A, WL B ) SRR S TR 4 A RS TR Y
mitosRNAs, I 1] G831 22 FAIL il 5% Wi 28 k7 74 Ty
AE, AUHG BT LRI R GRS LR A
HBRREFIIRE, A Z 5E0kiik 5 4i % 2 a]
O ERe U A

Blumental-Perry 55 " §iF B T £k 7 1K AE 25 1%
RNAmito-ncR-805 7 /)N [ i ¥ & Hz 11 A 28 fifg
(AETID H91ER . 7% RNA Hh Ok IE R 2 1 4%
il X3 (D-loop region) =4, TE/INEUIi 55 5% T4
FAR%E 515, AETILAHE H mito-ncR-805 fY /K-
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H4hN . mito-ncR-805 AR IPRHUCR SRARITIR Y IE  BEECHEEL,
WRTAE DG . B R R 4 A R IR AR d. 2RI RE T 52 . T neRNA filh & ok i
RO, MREM RSS2 NIRRT 55

RIS, 5% B LR T REAR SE S N 254
HOINAHSE, XAER T —F0 -5 LR AR R oA 5
WifT{55: mito-ncR-805 1k — LA o7 38 52 i
(o FHLE], ATREACER T —FBi i/ neRNA WA
EATUAA TR R R 0 SRR 1, DR 4 e
BN BRI o XTI 5T R PR LR AR ) BEAE
e RN h B T AL TR, IR AT REXA
7 SRR RE S TR BOH AT 5 WA C BB
AEERE Y.

c. tRNA Fr Bt S biA i 1155

tRNA F B (tRNA-derived fragments, trf) &
H R CRNA B FT R t(RNA 7E A 637 5 114 4 52 1 %]
PR X B A R A Wi B v R AR AR
FH, AFEAE R OIS I E 543 R K 3R A 1 T
JEE S wf A SRS —S0 F B, 30 HBE. 50
A 302 FIPES aef L A% g 5 Y (RNA 2R,
mt-tRNAs (194552 55 ) 74 mt-tRFs 7] 65 E AN
WA, XFhN I 3 EE52 0 mDNA [ 5838 ()

mt-tRNA 55 5848 252 0 77 A= (1) mt-tRFs, ZRAL
PRIy RE B i 25 TS R R BN AN A% B A7 (5 5o
MW ] H 4 47 26 k7K tRNA Leu (UUR) E A
m.3243A>G RAL M) TR MIACAL , 383 LA ]
mtDNA ¥ &= AR, TR T KRG £ A
O30T, SRR, HA AN s BRI 22
RARTIRE, WG ZRAS AT (55 . Ed i E
A 587 tRNA Leu Y 4 it H (%) B PR 3Rk 3% DL SR )
Z ST ERRN SR, BT 2054k
PARMATE A K sk I+, JFIRIIE T mt3243
RASFET TGS G FiRR, WM X %
Ko (retinoid X receptor alpha, RXRA), ROS. #
il INK NG S 806 7 PGC-1a, 1ZIB1EA BT
ok /D A% B DR 2 v Gt A 1 S FL B PR 1L B 1) mRNA
JE DA 0 S A AR 2 A ) 4 P i T e it 11 = B o
fit, SEGA R ILIIRERRE ™,

mt-tRNAs (M A0 A% 198 T R84 IR 78
mt-tRFs (AW & b R SHER, BN 1TAMY
SN mt-tRNAs (25 FIRE, 520 R 5% 1Y
RHEBYIRE 1 mt-tRFs A] GBS 1R 5 41 k%
Z R S, e NIRRT R R e &Rk
JRINEEZETE, i, % mt-t(RFs A 916 B
e ST S B T 1 78T ) RNA A S g A% -4 A

WF5T e~ , TERC RNA BEGEHE S A 21 4k {4
ik R A7 BN AR AR ] i B 1 A% T TR IR
1L (polynucleotide phosphorylase, PNPASE) f#)
WA FELRIAAPY, TERC RNA #i T —4F
FMIEC, FROM TERC-53 7, 3 — i i 4 H 4%
WK & 7 1 A% b5 A% B2 T T2 (ribonuclease T2,
RNASET2) ¥, RULARARREGS I 4
1 F# 52 1Y neRNA 73, B T i TERC-53 REfE DA
SR R AN R P . UE SRR AR S AN )
FEAE T BRI RNA iz Wy 42, JF H MR H
TERC-53 7K F-52 B Z b AR D REARAS Ay 52 7 24
LRRTREZ 2R, 2534 h TERC-53
KRB, I, TERC-53 o] et —Fis 540
T, AGIBZRAAR T N RS B AN A HoAR 4. R
& TERC-53 REfZ A [ 2 b AR DI RE (D A8 4k, (A%
B R BT RAR T BE A %R R AR,
TERC-53 1] G 3222 2 5 2 b A 55 4 M A3 7322 1]
A5 S is, AR EES S 8RR~
) B

e. nemtRNA [/ A% 5& 1 75 396 1715 5 o 1 5%
YEH

FEOEH N AR S L, IE R 2ROk K
ncRNA  (SncmtRNA) il Jz X % £k ki /& ncRNA
(ASncmtRNA) B¢ & MAELRARSS, FEHRES F
Yt A SRR o 3K SO LR ARG SEA R A A
(18 22 (37 & W B AT b A - A 3 A T 5 R
BIAEF o I 1 B 1 200 B 2 35 VR b s S 2k A
ncRNA (ASncmtRNA-1 Fil ASncmtRNA-2) , fif 7£
9o 0 S P 3 9 A ASnemtRNA 63438 3 T i 177
Borgna %5 ) W 5% & L, TE R Ab AR DN B
ASncmtRNAs AJ DLi%5 5 5 B9 RenCa ZH LAY A T,
EH /IR T R VA 52 IR R B AR
PR A T DARE SR e S e g A, IRl g
HEeFs . XS5~ , ASncmtRNAs 75 a8 41 Jitg
P R T R, TR IE R 2 E AN b SRR OE
ASncmtRNAs A B & - A HriadT ik i J1 5845 .
XS R BLAE R T ORI AR 4R % RNA, R 2
SncmtRNA F1 ASncmtRNA, 7540 M 4% 0 i) 8 7 A1
ifg, HAWEN HMEZEL, HARMAFFE
TRIT R MEEEHE TR 7 1w .
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2.2.5  ZRAIARTAENK B I ALAE T elF2-eIF2B & G 1k, Bl

ZRLAARAT A K (mitochondria-derived peptide,
MDP) J&7E mtDNA [ /)N B 2 AE PN 2 455 1) ik o
HAriE 17 3 Fh2AY, MOTS-c. Humanin Fl shlp,
BT TR . 3 2 R0 A A7 I v A AR
7 BABLSKE, MDPFER % & F1E 1S3
TIZREE U, Z0E 5T S Wi dE Y Humanin A1
MOTS-c S22 Fi 5 45 I8 AH OC 1Y 9500 1 A= b s
{41 humanin102 F1 MOTS-c103, A [ i 7 )
TR ZRBR N S MOTS-c A BhF 1 3 138 17
PRI T 2R A (5 SR AR N PA 7

2001 4F, Hashimoto % 7 % ¥¢ T Humanin,
X —F i mtDNA 16S B AHA RNA X I Z it 1) 24
ANEFER K. Humanin J& DERL A 21 240 foAZ 11—
PR A 75 B B L R oy, T A SR
24 KB T4 %M 3 (insulin-like growth factor
binding protein 3, IGFBP-3) tHEAEH, #l Bax
G, DATTTBH L 40 €5 38 ¢ NRRIARRE AL, 1 ifi
WAL T A N 64N, Humanin 36 AT LA
T 2k VO S N I AR S R S N SRS R T
(Janus kinase/signal transducers and activators of
transcription, JAK/STAT) 5%, 1458 20l 1)
HAERETT 7

MOTS-c 7& Xt W 3 J5 & 6 2 48 M 4% 5T LA
AMPK R 18 7 SR A% S R Rk . TEA A%,
MOTS-c 784 25 15 B i 52 vz ol s iz 36,
FEPrE AL ) v e (antioxidant response element,
ARE), Jf5 ARE 5 b 38 s iy 5% si R 40 HAE
H, WZHF4 R 2 M K&H T2 (nuclear factor
erythroid 2-related factor 2, NRF2) ', MOTS-cfE
R PR AR, 38 A B A A% TR
WHERFRIE , TEANA T RN R 0 H R dE
Y
2.2.6  FEG NN
4% & N s B (integrated stress response,
ISR) &— ik L ORSF Iy N5 5 4%, Bl
YA ZHEURIAE WA 1 220728 (M) R O A (B
ISROZE—Fif T {5 S, B RAITFZ e
RN I 1 QO V5 v N o i TS 2 O i G
2 B % 2 1] 7 3 TR B T 9 A M D Rk S
ISRESG T 2R T), BIGLR AL 4R 5)
ISR o) F o i Fe i R e TR SR 4EHFAR S, i 2R
PR ASERPE . REmEh | R . EALNIEORIZ
AR D) RE B A5 55 AN [ PR RN BSR4 . ISR 1Y

elF2+GTP« Hl i Z R -(RNA — 0 A RAYIE AL, iX
JEJA ST A e A5 . ISR LT
LR R BERERF AR OCI , [H fih & ISR 1 ELAARALHI
WIATERE . ISR YR SIAF RS | phZBA TR
95 . DRGNP TE N 1 52 250 1 A Bl
HlA G, DL R Hrh iy —2 il 2R

a. R ARY B E AR (UPRmt)

AR AR . e R (nd
TEIEEEYIRERERT ) SR ) S8R T R T &
Bf, HILFTh RIS E T (U2 0 il ol 45 1 2
H) S 2, SEO B R R Y, A4
KT B ol HE R T S B Y B R OR £ R IR ) fig
PR 5

BERAET , SRR, (AY,) Rl
LRSI B 57 Bl AR A N RS 51 Tl 52 5 AR D) e 32
1, FEERARE O ABCRIEL, KITrEEAE
SRR B ) B sl M T PP P X — IR AR AE 75 N B AT
AR T B, (AAERELEh P AR T REA PT
ANIE] 5 AETS I BT AR U, R SO G e R
F 1 (activating transcription factor associated
with stress-1, ATFS-1) & UPRmt J445 oL F2 v %
OFE SRR, B RN AN I 2ok i E A 7 5
(MTS) #1C ¥tz &AL J7 4 (NLS) . 7813 &1
T, ATFS-1 #f ARk 5 239 2k 1A Lon 25 11 1
Rff . 4 SRR T BERE AT, SRR T AR
REAIR, fdi75 ATFS-15E 00 T40IE% , ATFS-11ER% M
dE AL E 37 (W Hsp6. Hsp60), G fEAR
EHAMEARR L, PR T IR E R,
g LbikYine, B BIZR AP/ N IR TH0T
PRIZFRAS B FE ALY A AE B AL, £k
L AR IO TR 3 G IR N ST R (4 PERK
HRD , SHEAZAEWELK KN F 2 (eukaryotic
initiation factor 2, elF2a) WEER AL, LEH Bi%
ATF4/ATFS, #Eifi i/ 5 C/EBP [A] JR & 1 (C/EBP
homologous protein, CHOP) %5 % 53 K + A &
UPRmt FHOCHEH ™ P %022 778 T 4
(R0 B S TR TR ATFS-1, {5 5 ik 2% ML i 2 i 1t
MTS/NLS < i ) ATFS-1 £ #6i% , 3 [m] 38 B 40 4%
DAF-16/FOX0O, SKN-1/Nrf2, 5 [ IErHA 55 .
WL B (4% 00 S PR ATF4/ATFS/CHOP, 55
filh % AL ) & ISR il B% , P [6) G P& fL 45 Nrf2,
NF-«B. HIF-la, 5 PINKI1/Parkin##22 X, 44k
PRI AT, 53 AW RS2 niik, 5
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IR S VR EGE

ATFS-1 38 323 5 F A A I i 2Bk Ty fig
AU IR, (RIS 3E A W 2k AR g 2 11 s A
BRI P S g, R ROkt L)
REREfS, fEaFZRIRTIREmIMEE , DA E IRy
R . ZRLIRIATIR 5 AR SAEE 2R BR
ATFS-14b, 24778 HAB LR AR IS 5 0 1
(4N mtDNA Jr Bt Y BHEaREAZIE R A 4
RN O A o e B BT (A L mEf)
S UPRmt 5& K Y KRR 7 7R AR RE 75 i i 1
58 UPRmt (W% ATFS) RI7ERiARss, s
Tl Ak B S DA s AR R i 2Pk 7 3R AR R R i
—IRGE )

b. LRI RE R AR LA L

LRI RE P A RN A N O [l e A HAH B
SEM Y, DL ARME S P is b — AN AR e ) —
Ao BRLIRGEAE B ) BB 23 A4l 40 B i A RPIR S
fiil A £ A WU, AHRE AR Y il R &R S
THAE

SRR T RE Pt it 2> 2 BUR AL BRI Th 2R G Y
Ba, T 5 1) 240 A 1) i et A RN AT i Al
ifF 58 N G0 XF 5 #p O B I (Twinkle.  Tfam .
Polrmt . Lrpprc #l Mterf4) g /N AR T T
SRR T2 2% . A Sk 2~ I 1) AR 2 2
(LA, R B S AT IR £b ) 8 B At 1 4
fiE o B SR A RRIE BRI OB SR A
M Q2 [FEY (coenzyme Q2 homolog, COQ2) .
B Q4 [FJEY (coenzyme Q4 homolog, COQ4) .
4 Q6 A JE % (coenzyme Q6 homolog, COQ6)
G SRKOT BB FEAR, 2B CoQ M AR MBI 5
W BEZEMAZ B . [HAF, PPARY/PGC-lof5 54l
FPGC-1a i PEREAR , WD X CoQ ik [H] 1) e 55 I8k
o ZORLIR-A MR AT (55 25 94, UPRmt U5
ATF4, {H H 3K 3l (4 3& 07 1k B R Can 4y 5 F 4R
Hsp60) JoEEKIZ CoQ &l i H BTdl M FRFIE £ 2
A R A, TR R, CoQ
B UG B RE I . C R FEIE . CoQ &k
AH DG B 2 A4 il 45 2 1 3T 3 3R il 2D 3 B CoQ A WL T
BAARAR, [ R SR OGS D, 23
S M SRR IR A N R 2, R CoQ M E & B -
AW T (NDUF L) | 549 I AR P Bk
ARBEIn, InjE e s 5 ROS AR 1, H B ARk A
(RS S

LKA D) BE B AT 18 I 5% SR M CoQ 2EN | 1R

F1 5T A B D K S A B = Bk k% CoQ ikt =,
T “fig at e pL- A W -G B i A
o HATFZER AT TS Sl 1 A K B AHE 1]
Jig B A B AR AR iR (40 SS-31) Sk3E 3R CoQ10
LRRIBIRGCR, VUL Bl S bt A IR
BIT . ZHFEEG TR T X — B S
M4, I &R A CoQ i i YT vk (UNHy T s 3
PRI . AR e S P AR G oem ) R4t TS
Wl AkFT it — PR R A LU SRS I
IREEALERAR, DI RS EVE S RGP ELR AR R
ST IR AR o

c. iR L B 1

FEMFL NP kiR v & 3L T DNA H ZE 4L Fi
5-FF FH FE R R E  (5-hydroxymethylcytosine, Shm)
X P A SRR AR AB M, X BB e 4a S [
Feik . SRR E P DA S X PR AR A A i
VERT 2o GOk i1 DNA FUEAL 28k 4 18 CpG
TEARRTA R, it DNA B LR R Bk B LSt
W FL R MRERE L, B S-H JE MR NE ,  SCFp i
AL sZ B ) ik AnfR e M. ShmC J& DNA HH5E
et B — A E =Y, B TET 28086 93U 4
fiti fHE Ak SmC Ak T 2K . ShmC 7€ mtDNA H (1) 53 17
BT, e R 25 EAEEE (TETs) AGHE,
2 5 R R 5 F DNA 25 FR AL 72 . DNA F
JLH T 1 (DNA cytosine-5 methyltransferase 1,
DNMT1) J&—M%gifi i DNA HEEFERS MG, THE
% 5% B 2 2 b AR T, 38 R ) )E 81 BK B
DNMT1 7EZR R4 (263532 31 NRF1HIT PGC-1a HY
s, Ik Sl SR PR AR AR S N O AR G
LERARFL R )£k . DNMTI YRS 1] 5852 0 27
RER R RBEMER AR R, w2 BET,
mtDNA (1) ShmC 7KF- T [, 0] g 52 i 2k b 1A 5t
FRIBEFDIRE, SRR R ML B 1S SRR AR
A HA A AL A4 A BRAG BEERE . mtDNA (1) H 384k I
TN T XA RIS % R 28 AT RE SR R S A% AH B ]
AIES N T HL AR 2

3 ZRHEFITESSERR

12 304F, Bl LR A B oa Al RAT ST AY
KA, GoRRE o 1 WP A 7 B AR T
PR SRR 5 A B2 H AR T 4E52m i
TRASMZRLAGERR, [HHS 3 2R LR S e 5
WOIIRESR I . AR R DI RERR AT 351 225
DIFASG, i 2B AT ARBIPESOR . i
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o WBHMER AR, LORRI BRI AR P n]
LLIF RERAR AR R B A . AT A T 54
RLRAH DG AZHE DR e A S AT I, T8 W ok
TRBEIRIZH H B 5 AR s SR 1 B o SRR DGR
o ELA B Y S B, AR AR S AR S 1 i RE i 11
B, SRR JE R S SR TENLIY . PR
REAEFARO, . PRI, ZoRIiAT)RERE G- T BN PR EAE
SRR . MERATHEER . AU TERSR AR . TR
XH, ZRRNTE S RS T R
B AR OGS B, DA 7R S — i 19 g B
B o
3.1 P

MUK AR A . ESRE . BTEs
HEDNAEREAT . ROSFL S . mtDNA AR, K4
TREMABGFEZ OGP EERAR T e R
5, BUBANMIREEACHRRAS, AT (L g 1 K A=
R . KA T SR T RE R 14 IR 200 i 2318 fin
WEREAE , W AR AL, BTN 8 TR
N, FFHE IR BT
300 LR R R AT 2 o g 96 4 i F) A= A
HrE

Ji9eR 20 B ) 3222 AR AN 2R ATP, TR il 1
TR AN, P, AR S M R A
SN FAC ARG OB AT RS AR BT . R A
iR, WtEul, ©5L=6eN H i r A /b uiiR ik
G FRAGGEUR e 40 R 221 W I A v ] 7 4
e NHARAAIRAS , IR RS, DU U
PR3 JT e AR AW A T e B e — A R AR
(nicotinamide  adenine  dinucleotide  phosphate
hydrogen, NADPH). #5388, MiJ@4nfe, +rs)
J& oncocytic IR 40 L (A =F & W R M B ot (% 41
1), 2 T BB A BRI T AN 2 R R
P ATP, R G I A e e 0 2 A7 A 7
() CEE Y . Gatenby &5 *°0 DAL B M FIIABE
PEFE R A R B T Warburg 500, st i e 4
LR LEAT SR A AL SR e AL e, R
HH X — IR I IR A A8 25 T e P SRR A E AR
P E KNS . Faubert % BYBFSE IR R 7R
BREOR (LR "CARIC YR AT B a7 A G ) kB
ERACHTE  , TEAR P RS METAY b 737 eI 4 A i)
AT IV, 2 B 2 e IV AT AR S AL Bl 2 1
(TN s 400 BRI ), 4278 Warburg 2408 JF
AR ] o X7 1 R A Y s S S A S
B, PRbR TS X Warburg B0, BV EE /7 52

SR —AIA, BT R AN A RE S AR I O R A%
P RGO, IWIMER Ry . Rt AT
HIRIATT . TEASK, WTLARSTHET S A Al d R
f AT A AR S B . SR M AR SR R Ak
AR EAR © B H A XA AT S 1 2 R RS
Jrike

LRI A A T2y 40 A i B A A
Z 5 RRNEIRAE B A R R R R, B
(275 5 g i) 2 A= DIAH G . BIFFE ABUCR A
A T A4 S i 5] 2- Mgy P PG = 9 2 PR o o
02 1A TR B T 7 o Tl A A TV (o P Ty k2K
SRR, EARNMIIREEE B E S R AP
AR B kA Lobik A ng, SEEkkiAEA
A, i ATP A= B, BT ok iR T RE 2 £
T, AH MR A B AE M FLRR A K I, T
FAHI AN . I, BA R ITDIRRES il R
SIBONE2Ea % NS ATp- AL T B Ry N e
KA R EEAEH . GokiiR =R ERIG IR (A
Y, ANBREARR . IESHEREIR . D2-HILL TR . &
P4 A FINADPH %5, 28 UESE7E g v 2 424
RFTIRE, S S5MMEEEREE = HIE, Mk
AR ZSCRR AR HE SNy B PR A ke T 4 i 1 A
FEFNIETE
3.1.2  EEncRNAF=YIE bR it J

WIRTATIAR, 1EH% A0 - miR-663 /- LRk &
oA AT AR S . 8 AR R A SR
(bisulfite sequencing) I H FEAL KRR 4 PCR 4347 IE
4055 k2 40 i miR-663 i3 31 F BE ALK F .
LR REER (NP, imEA) =&
mtDNA $JE 1Y p 4 i R 5 S LORAR DI RER RS, K
R IEAb AR A . G5 RN, FRERiIRTIRE S 7 40
i, miR-663 Ji 8l H SLA K- & T, fERE
miR-663 Fik T I i flt FH H LRSI i %) (4an
S-RZEMTT) T B IR IF K 2 miR-663 Rk .
i 11 DCFH-DA 5 MitoSOX %¢ Y6 8 £ 46 1l £k i 4
ROS 7K ~F- . 7 1E & 48 Mi vh it fin A8 95 P ROS - (4
H,0,) sHTEALF (AIN-Z B2k peE iR ), Al
DNA F L5 5% Bl 1% 7 A miR-663 Ji3 5 1 F B0k
Bo G5iR BN, RROSKMT, MBEEHE AR5
B B0 S W12 0 58 Y DNA P RE 5 B4 il 175 1448 o
2~3 1%, miR-663 Jii g T 1 LAk, X s 3 [F] i F
TR & A . HeAh, IR HE miR-663 FR
FIRBIMZR, KIS . TE RS FMA PN R e
&I miR-663 w5 14 20 il 22 344 5E FIE AL RE ) G
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AR AR . R, IR 214U miR-663 1
Tk 5 AR L LN T H . ROS KT i I ik
H AN ARG ), miR-663 JEAE M Lk
W AN T 5 V45 20 AR AR A e 1 S
3.1.3 ZKi{ADNA (mtDNA) (KRB S B0%
cGAS-STING{5 5 %

AL T R, ZoniiAiE o BAK/BAX AL
TR A0 € R e BRI, — 2 2ROk K Bl 23 4
mtDNA 2 BB B M5 . mtDNA BB AT
DI cGAS-STING {7 Sl i . ¥tk GMP-AMP &
Wil (cyclicGMP-AMP synthase, cGAS) 7£ i)
FNANAE T H B mtDNA 5, 006 30 28 56 3
F (stimulator of interferon genes, STING) ',
STING F 38 i £ 2 G DA P JoiE 19X 388 o v 7R SR AR 7 5
FIRZ AR b, RS TANK 455 148 1 (TANK
binding kinase 1, TBK1), SHETHHEM K F3
BRI FAZ 6, RAH AR IR TIEAEN
AIAIRE IR A% 5% . cGAS-STING 15 -3 5% Al BTG
FENEE & R i AR AE R Y — 7T, BT
PR A TR TR 0 A2, DA e
K F—J7 M, Mg A %) DNA S R sk 40
M 4 cGAS-STING & 48, F=AE1RIFHE, T
CD8' T 43 XL 2y, d&smbibigd sasg. i,
AJ LLFI A 8 cGAS DNA fiil % STING 30, ]
THREIRYT o BRI R YK R4k
LR ) SR mR B, R MRSV, Wit
mm it mY P S BIS TA s UR O
YRR R SRR D, B NI A g |
HERPIRE AR T SR R R SR . iR S A
FI I 55 7 T I 2 OE R Al B A . 53 Ak, cGAS-
STING 842 FA) 35017 A8 1T L 3 5 £ 28 Ak A e 1 5]
AT FLS? I HUMRE SR 1%, mDNA %
7S R LA Ao A A AL A S I i B 2k A S
FE R IR 5 mtDNA Zwfi g, KR bk s A
Z AR MR ZRAR T RE 010

ZE TR, SRR RERCRANIRAL . RS L
it . kiR i a4 . mtDNA Y BEHURTR
TE cGAS-STING {5 5-38 B& 8 25 fe i g i e
DRI GT 2R A4 - 20 M AZ 3861755 A ML Al A )8 42
280 P AR A 1 st R e g Jre g L ELA e
BIR, ABAT Bh TR E B R T B AN YR Y T R
3.2 MWMERFEER

SRR AR A 75 S A I B 7 A3 P 4i i et R
fit, AERE HEAESR TP R o, 2k

RARTRERE AT & 28U R AR RS, JF T REfE
IALFE M4 %95 (Parkinson’s disease, PD) FIBaf
IRIGERE  (Alzheimer’s disease, AD) FEN I
ZARATHE . BT, XFRmGRARIEIT s R
SRR 5 B 3 B AR B AL .
LRI BEIMRRAE Y R A | SRR LR K
B % B ORI AR A DY SRR T RE S TR AL T BTE
PR B RS, g1 PR LRE R FAE IS 2 R A5
o, R AR T E AR 2R TR
S A

3.2 FRAHERRE (AD)

AD J&—Ff DL AZ B BE FIN N GE 1T B R REAE
AT B A TR, E R B IE AR
FH (amyloid B-protein, AB) EEHR I 25 i £F 4 4
SRR IR GRS TE AD PR WL, R
bR REspE 1 SRR UL R, 2k
AR DG A I 19X B R A 3 A 2 46 L g el 2 2
AD IR CHE N 2R, G A MAET AR &,
— HIR BN ZARR D) RE PR AT 1 B (E, Sk AR
£ tauBfRfL . SRALE A 0

PR TCHI I 25 5 32 B e A G B AR A G s
Bagsem) Y WESR RN, SRR T BE RS RN Z R
PR FE R 41 ) 2R AR AN AD B &R HIL ] 25 DA G
W IE B H A SR IE R ERRE M g
TRV i S XSl ) 1 98 FAE 7 9/ B ATP #E0 , []
IR s R LN A= R VAL G =R AR & [ N
P, ORRIE— 25 0 2R AR T BE RS A AR 2 1
Az B APP/AR S EOR AR R A LR fh 23 5 1 AH O
(B A IS B L R R G, REH0,
KR, 1 H,O0, & 2 b N A 2ok 1A T e e fig
I OCERN R M, WFR ik R LS SERAR A Y6 K
R LR AR BT A S 0 3R, AR ZbiR 7 2 1
(fission, mitochondrial 1, Fisl). Drpl LA K ZERiik
A ZE 1 M2 (mitofusin 1/2, Mfl1/2) s, 5
Fh, AD ) tau i BB LR R S H AT 6 Y o
JE R3A tau B 5L HE RN R R IR AR N . LT
I BRI PE AR AT BRI 7 tau PRI RREIER
/NERER B AR SR AR A= Wy e 2 A BRI . ATP AE B
A SRR RE R NI, PREL T AR E AR
JFOVA, IF AR T bR N 4 AR A RN 23 A T 25 1)
HIE R ALRPIRETE A, PR A RE, BT
tau XM ZORLIAR AR FEAIVE A Y bR R A
tau £ AR IR AL AT AT G, B0 41 4
IR
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TE AD B35 T DANRER B SRR T 2485 1 el Az A
SRR AT A R P R i R o B 3 PR IR
ARG PERER . DA 8 AD A A /IR AR
g v Agn B £ 2R AR TR AR, bR TR
W HAEVE S ZRRTIRE B UIAHOC . A5 R I
Ji 2 P AR AD BB E SRR Ty A 1 i
iTF AD H 5 19 mtDNA $8 2 LAZ 4 g, X
Lo Ze R 20 USRI A 2R S LR TR ERRAI . A
B sghn . AR RIEAR Y TR AR AU |
I AT A O . SRR RRAIR . TR AR
WG SFLARARFOCE A, [ AR42 7K-F3 . 53
Hh, FFFRERN AD T AR R . PDHIW o
il B 11 SR A AR /)N S I 200 A Py A A7 TR 2 45 R
mtDNA #41% cGAS-STING i 1%, #1217 & )2 hii
PR/ N BT ARG SRR, M E RIS T
[ 119 B cGAS-STING i 4% i i nJ REHELE YA 7
AD SF IR THER 258, DIEREAF SR 2 IR
N A ARSI R RS, H X — U i o AN B
TIAT S G b PR X O 1) o3 AL, 3 FT RETE
AR ARG T A o

TEAD R AR SRR, Zebifksl i # sy
PR, NIk R IR A TIEE, i

AN EEREIR S . 7Ef ] AdipoRon 23 AD

5, AMPK/SIRT3 {5538 %5 5 T IRE Lhi
gl Jy2 1, FE AD BE B KRN Ah R 4l 21T
DLW 3] AD 835 K iR I 2R A5 5 1% 3 i B
Be L SRR R B B 3R A 5 30 Il i T JUL et 3 3 il 2
FH ¥ M B (phosphatidylinositol 3-kinase/protein
kinase, PI3K/AKT) =Zifi, 52 GSK3P Y5 # i
%, SEMVER AT IR IO, el AD g3t
B, S A A A 8, AD it AR FEE
1% 1t tau AR R 5 S A A B CIAE G, RAE
BELRRARTIRE TR, L ERZE RT3 AD A H
PUAARTE TR . LR I 6 R 23 B /046 R e A
b, X5 KRIZESG ARSI RE N ARG, R4
SHEMLRADRERERS 2 S35, M TTH N
S5 L B0 0T REAT B T AD B R R o SRR S
(mitochondrial Ca>", mCa*) {55 /&2 541
RIS BREE N . F£AD Y, mCa® {551
JAG AT B B ARSI RERE T . mCa” [F 50 S
SR AMAETE S, HAG S0 5% TR S B0 A
A B St A TR e B AR, IR E R
HAD KRR JRIOCHE R 2

322 WAGAH (PD)

PD Z A i WA is s fehs, s %
DR ZRRT TR, B LA R RE M 2T kA T
PEASVERIZET O RRE, BRI ICEIG @, 2K
TRRAL, SECREMZITTNEE S /ME (4R o
S A% 3 FUE U IR IR) FIE . 2 ERREk
WS FOGE A 2 M B, A AR iE Bl R
2% . fEEEAIER B MR B R . S TR R RE R
W AR A M I I OCHE , SRR ReRE
T 4% P58 2 PD R LY fil A TR 3R o 7E 7 LI 75 4E
RIFPD AT IS 2] — S AR R A DG HE R & AR
R,

R, PD A — i e R 2 e RE
2L kiR &2 5K 1 (mitochondrial respiratory
chain complex I, MCI) ZhfERYEA "2 WA B
I SR RC A% 2 T TR/ N 2 R RE 28T IR
MCI [ ZIRE. MCI IR [ T —Fh2$ 4l Warburg
RN ARG AR | XA AR T R LA, B
fil A T Z U ERERAI B TR, B TE RSOk
PRz b I, X RS B FERE G 12 Bl > il
iz shaka , B IF AR 1R 0 0 22 e 22 T I 1k
PD, XFMEBLANAE J5 ok AR i 2 Bl R e A
I, B, MCIZhREREfG A B e DL R AT
1. RIF S PD, o B 2 BRI
RXs sh Dy pe A 2] 7O ER, X5 ST
PD AR 12 34k, £ PD B Y I MR R R
U K B MCTIE VEREAR, G 20 B ik 55 R
5T A TE MCL B4 B4 V>, 78 % PD & 1Y
mtDNA % Ju 3| 1E 5 4 ML T PP Lok AR T g (1) 52 55
L 2R A MCLIE P FRAIR, S A B H £5 [
fI%, FfaiselAs 12, MCI YRS R A AE R LA
AT TARSE o X fa el b 38 24 h /)N BRURE T p 28
TCHEAT LIRS 3T s, S SRR A Y R A
AR . CafF % . 4R 5T AR 1 A i A A
W S it PR YRR R R 8 A AE T AR Ak 1

X ERY], MCII)RERRRG 23 2B PD K
AR, BCORERXT MCL IR T $E4E T 3T B iR 7 i
o I BAETEFE A6 PINK T AHOG A PD AR
FEA bR s T AR A R K2 B LD MR
R fb v] DAk st R AL, sk i — 20 SC8F T MCH
5k [ 2 PD A L ok o) RS Wl R T R IR T R R
W PD R ARALEITCEE R Z R M, HAJLAKIE
P ) T ERAD RGO AR, Flan, h4AR
% 25 11 (Parkinson’ s disease protein, PARK) 7.
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PARKG6 FI1PARK2 FE [K Y DI ETE R AL, AT ixX 46
W2 5 ZobiA i R E A L2280 kT
PD. XTI A% PD M A kL A Ty il b fig A
AR FH 95 iR 7 ik B S S
3.2.3  EgETEN R

WL 22 45 P il & &% fk 5F  (amyotrophic lateral
sclerosis, ALS) J&—Fh k4T M p 28R 17 M 50N
HAFE R K FE B E S 2028 PE, K29 90%
B BRI, 1A 10% BTG ER A4
YrRe Ry . AL A R AT S I B S H DL
(AP EARFAE

Walczak 55 " & 8, 7EHUE MESUR G ALS
BE WAL A, SR RERE AT RIS L
HRFAEZE R o X TERRBER A . FEASR . P
HEEBWIETE . ATP K- ROS Hl Ca™ Vi SR 2k
ESERITEALRYT, BT ALS . ZEME ALS Al
X HRZH LR A Y A= W) RE R IE AN ] o 7 Cu/Zn 4R
LW AL 1 (superoxide dismutase 1, SOD1) FY
G93A 7B A /N, W% 3] C/EBP [A] & 1
(C/EBP Homologous Protein, CHOP) . Hsp60 F1£k
AR 22 R FE 1 Omi I3 IR REAFE A8 I f- A AE T
G2 5 0. FE HEK293 4 it 5 S5 e rh 2238 i 20
I LW G DNA 454 #1143 (TAR DNA-binding
protein 43, TDP-43 ) A315T &7 Al m; p525L AR
& FUS W] fifi Hsp60. mtHsp70 Fl LonP mRNA 7K
Tl sl X R I fE HEK293 4, 53
1 SRAF5 (activating transcription factor 5, ATF5)
(4 45 5. TDP-43 fl FUS 2 A9 5% & ik vl L
BOE UPRmt, S B8RRI g 5 A pl 2218 47
FA, AEF IR FUS (9 L B, R R B 4 A
UPRmt 3 [K 1] DL 4 TDP-43 155 il 4 b (445 43 Al
PRI REAE M, 3% 26 B UPRmt B35 45 530 ALS
PR R AERUR J Y X SRS #5 7R T UPRmt 78
TDP-43 1 FUS AH 5GSBS AT . —J5 1fi i
of B R A SRR PR, Dy — Oy T
PO T RE T U I D) RE R AT R BRI S . AR, £k
R A Y i i PR S AT A8 X G I R K T
ALS, XTRLAR N I I %) 2 55 7T B S WLAE )41 4
YT ALS £ 3 %) FLAth 40 Jif 2 30 v ke A B A T 44
O3 B R (0 X kAR R AT IR A AT AT
fese — PR 45 1 ALS 4328 7 vk (HIUR M 3L K %
PR, FEB I RN B, iR 7E i 2R T PR
IR BLZ R, bRt AT v B8 R ia T X B 1Y
RTINS, R X TR IR A TR

HROE B9 S AL S X SRR D) RE FRAS 1Y B4
SN S A Ry 7 s 8 TR AR Ak R
3.3 RigfERRm

DL AR o B A S i OB ARG
fRmbESE) o AR E OIERE. ARWGIF. &R
SESE) . BB SRR . E R R RS
HOomEILE . AOHZERIESE . SRR 5 7R E
By 2T . AT 2 AOBE DR A4 IR 50 s &
FEETEER . BAT, 4 m e R Uk fn ik
T 7 A I PR A #1025 T R b A A= ) & AE
FAAREERH TIRYT

FEREPRIG U R B O LA 2, btk 2
HH Drpl £IXWFH TR, W MM12FEE, X475
WEIRIA O WUR A ORI B 27 2500, 432485
A GIRAR A B G L FEARTRE TR D7 I vt 25 A
D% Drpl IR0, MASMIFFE T, AR 2 Ak 3
AR 25 P BERARRE Rk, FEIRESIE R, B4
A0 {5 2 ¢ BRI AT ROS /K F-, ML 5] Drpl &
K38 i K 40 M R e ks i 1o

LRRIIRE SR, BRI R A AL A A AR Ak
L, SRBEAARNITL, B S AR R E
BLRR AR, 2k R IK 4R Fh 5 M B T (DNA
topoisomerase I mitochondrial, Top1MT) {4
et AR, 7ESIRIRE 16 )5, Wik
TopIMT HJ/INER 2 5y & Jie hy 1™ Ei AR g o) g e st A
5 g Wi PE BT % (metabolic dysfunction-associated
steatohepatitis, MASH) , HRRAE & A5 7 28 14
NG i) DR TN D Uk 2% | WS AN
(DS kNS IS EEP S IR Ve eI INEES % R IS §il)
AL R RIS N . mtDNA # DU AR 4L |
HHf ATP 5 i . IR SRR H ORI RRIEER )
R 228 L DL S 9 %  (MDA) K281k,
IEAE A L R GE 4R i b, LR &RIER T
Top I MT TEZE4 -4 Mg 2y G A4 il MASH 5 Ifi (1) 55
B S AL, Gl B RS PEAS TR sk
NEF AR IFLERLAR I Em, SR A A R R
TREERE W 0 1 — A TR TR A

MOTS-c 1R —Fh b 415 4= Bk 5 iz 3 T 1k
FEUMRVERT, it AMPK {5538 575 PGC-1a. 36
Ik, USRI R AR BT OT 4 a  BAY  A EAR
s TEYIRRIE /N EROP S, MEER = T
/BRI e, BEAIR DT E R SRE, ATk
AR RIS, Meli st a8, Mg T LI/
MOTS-c J&7, i B A AR DCHE PR 1Y Rk K- T
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JIE A RS 3 PR ) 3k KT RRAIG, IR BRI 25 g i
g G e O e B 1 G 2 2 O = e e
K FL IR R 1. MOTS-c i A] LATE ik AKT 3
% AN SO I B ARAE A DG, XPREACSS . AR
AR K5 AR 3 5 22 b B A AR I R R A R A
H, 2w AR e i R A R

4 DHEERE

GRATTREC & “fiAdE” B —FP 5 1E B4
Ak (EAEAIEL) MR 4HllE RS, EXFILL
LR AT RE ST, R R AN T A6 15 fef
T TEARWTAS AL A Al B AR T S AR R A B
Y DI REIRAS . AUARFEAN M P VR {55 P A, 8
b PR ) B RS Sl B e = S 4
MUAZAHEAEH . P 2 (B A TRAS SR AR s &
KEZE, Empes 4. Q. GifEmEsE. A
8T INGARAR BN A A% 1357 7155 B9 45 Fh 73— il
AR, I IR SRR SR DL A A AR A
G RIB LML, ML P2 5 — R Y
S5 | B 3l B G . SR AR S ek
RARLEY) G NAF R . ORISR AU N Anfar %
T LA S o] S BRI S W) RECE A i
mtDNA I mtRNA DU FIE ARG, DL i
YRS, A EAEARIVENHB] . TR+
A EERF U PR BOR 8 2 Mol — S LA AT i
RER W F R R ALK, IR AR AT AR IR . FFik
BEJEHE . Zbr -4 A% B30 115 5 AR AR K
WIHTATIE, SRR RE R b AR 715 5 il
B TS B —, SRR R B R
REY], SRR RERERRYT AR T7 0 AT BBAE T
AT, Hrp SR AR ol DIAR PS4 R
TR B T I, N IR ST ROR 2 4
o Bl SRR REREATAYTT RIS AW AR, 1k
1 R R W R G R — R A
T AT BRSPS 2 R P . Ffix gt
i RAL IR LR T 2 2R S T, G T
HLEIRFZE A7 BB Z M 221, DATFRE— A0
LARAR T REREATA PR BB UG o B T LA LT
PRI 2R TR . ARV R A, 2k
RAR-AH AR A TA5 5 B TR F A 5 0 A5
EH K, RAWTRE R R- AN A A 75 5 5 =
LT RIS D0 265 6T JER AR 240 A PR 15512 328 AR g S ol
ZPIRIE R C R AAELEE L, WA TIREN
() BT T IR T R, ek 1A s S =y

THIEEB, Al AR I AR s @A
D PIRRIY , AORARIGAT 55 1] B Z i Y
I PR BT R

2 % x #

[1]  Dyall S D, Brown M T, Johnson P J. Ancient invasions: from
endosymbionts to organelles. Science, 2004, 304(5668): 253-257

[21  BAEM . GORAARR A RR IR . AR YA 2E S A Y ) B
1974,1(1): 16-24
Yang F'Y. Prog Biochem Biophys, 1974, 1(1): 16-24

[3]  Wills E J. The powerhouse of the cell. Ultrastruct Pathol, 1992,
16(3): iii-ivi

[4]  Picard M, Shirihai O S. Mitochondrial signal transduction. Cell
Metab,2022,34(11): 1620-1653

[5]  Monzel A S, Enriquez J A, Picard M. Multifaceted mitochondria:
moving mitochondrial science beyond function and dysfunction.
Nat Metab, 2023, 5(4): 546-562

[6] Ryan M T, Hoogenraad N J. Mitochondrial-nuclear
communications. Annu Rev Biochem, 2007, 76: 701-722

[71  Giegé P, Sweetlove L J, Cognat V, et al. Coordination of nuclear
and mitochondrial genome expression during mitochondrial
biogenesis in Arabidopsis. Plant Cell, 2005, 17(5): 1497-1512

[8] RoS,MaHY, Park C, et al. The mitochondrial genome encodes
abundant small noncoding RNAs. Cell Res, 2013, 23(6): 759-774

[9] Pernas L, Scorrano L. Mito-morphosis: mitochondrial fusion,
fission, and cristac remodeling as key mediators of cellular
function. Annu Rev Physiol, 2016, 78: 505-531

[10] Giacomello M, Pellegrini L. The coming of age of the
mitochondria-ER contact: a matter of thickness. Cell Death Differ,
2016,23(9): 1417-1427

[11] Annunziata I, Sano R, D'Azzo A. Mitochondria-associated ER
membranes (MAMs) and lysosomal storage diseases. Cell Death
Dis, 2018,9(3):328

[12] LiC,LiL,YangM, et al. PACS-2: akey regulator of mitochondria-
associated membranes (MAMs). Pharmacol Res, 2020,
160: 105080

[13] Veeresh P, Kaur H, Sarmah D, et a/. Endoplasmic reticulum-
mitochondria crosstalk: from junction to function across
neurological disorders. Ann N'Y Acad Sci, 2019, 1457(1): 41-60

[14] Vance J E. MAM (mitochondria-associated membranes) in
mammalian cells: lipids and beyond. Biochim Biophys Acta,
2014,1841(4): 595-609

[15] Yuan M, Gong M, He J, et al. IP3R1/GRP75/VDACI complex
mediates endoplasmic reticulum stress-mitochondrial oxidative
stress in diabetic atrial remodeling. Redox Biol, 2022, 52: 102289

[16] Beaulant A, Dia M, Pillot B, et al. Endoplasmic reticulum-
mitochondria miscommunication is an early and causal trigger of
hepatic insulin resistance and steatosis. J Hepatol, 2022, 77(3):
710-722

[17] Prachar J. Intimate contacts of mitochondria with nuclear

envelope as a potential energy gateway for nucleo-cytoplasmic



<1702

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (1)

[18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(311

(321

[33]

[34]

[35]

mRNA transport. Gen Physiol Biophys, 2003, 22(4): 525-534
Stewart J B, Chinnery P F. The dynamics of mitochondrial DNA
heteroplasmy: implications for human health and disease. Nat Rev
Genet,2015,16(9): 530-542

Gomes L C, Di Benedetto G, Scorrano L. During autophagy
mitochondria elongate, are spared from degradation and sustain
cell viability. Nat Cell Biol, 2011, 13(5): 589-598

Rossignol R, Gilkerson R, Aggeler R, et al. Energy substrate
modulates mitochondrial structure and oxidative capacity in
cancer cells. Cancer Res, 2004, 64(3): 985-993

Dzeja P P, Bortolon R, Perez-Terzic C, et al. Energetic
communication between mitochondria and nucleus directed by
catalyzed phosphotransfer. Proc Natl Acad Sci USA, 2002, 99(15):
10156-10161

Ryu K W, Fung T S, Baker D C, et al. Cellular ATP demand creates
metabolically distinct subpopulations of mitochondria. Nature,
2024, 635(8039): 746-754

Butow R A, Docherty R, Parikh V S. A path from mitochondria to
the yeast nucleus. Philos Trans R Soc Lond B Biol Sci, 1988,
319(1193):127-133

Liao X, Butow RA. RTG1 and RTG2 two yeast genes required for a
novel path of communication from mitochondria to the nucleus.
Cell, 1993,72(1):61-71

Vogtle F N. Open questions on the mitochondrial unfolded protein
response. FEBS J,2021,288(9): 2856-2869

Cardamone M D, Tanasa B, Cederquist C T, et a/. Mitochondrial
retrograde signaling in mammals is mediated by the transcriptional
cofactor GPS2 via direct mitochondria-to-nucleus translocation.
Mol Cell, 2018, 69(5): 757-772.e7

Quirds P M, Mottis A, Auwerx J. Mitonuclear communication in
homeostasis and stress. Nat Rev Mol Cell Biol, 2016, 17(4):
213-226

Michal Jazwinski S, Kriete A. The yeast retrograde response as a
model of intracellular signaling of mitochondrial dysfunction.
Front Physiol, 2012,3: 139

Chandel N S, Maltepe E, Goldwasser E, et al. Mitochondrial
reactive oxygen species trigger hypoxia-induced transcription.
Proc Natl Acad Sci USA, 1998,95(20): 11715-11720

Murphy M P. How mitochondria produce reactive oxygen species.
BiochemJ,2009,417(1): 1-13

Sies H, Jones D P. Reactive oxygen species (ROS) as pleiotropic
physiological signalling agents. Nat Rev Mol Cell Biol, 2020,
21(7):363-383

Sena L A, Chandel N S. Physiological roles of mitochondrial
reactive oxygen species. Mol Cell, 2012, 48(2): 158-167

Bell E L, Klimova T A, Eisenbart J, et al. The Qo site of the
mitochondrial complex III is required for the transduction of
hypoxic signaling via reactive oxygen species production. J Cell
Biol, 2007,177(6): 1029-1036

Weston C R, Davis R J. The JNK signal transduction pathway. Curr
Opin Cell Biol,2007,19(2): 142-149

Wei Y, Pattingre S, Sinha S, ef a/. INK 1-mediated phosphorylation

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

of Bcl-2 regulates starvation-induced autophagy. Mol Cell, 2008,
30(6): 678-688

Tournier C, Hess P, Yang D D, et al. Requirement of JNK for stress-
induced activation of the cytochrome c-mediated death pathway.
Science, 2000, 288(5467): 870-874

Giorgi C, Baldassari F, Bononi A, et al. Mitochondrial Ca(2+) and
apoptosis. Cell Calcium, 2012, 52(1): 36-43

Danese A, Patergnani S, Bonora M, et al. Calcium regulates cell
death in cancer: roles of the mitochondria and mitochondria-
associated membranes (MAMs). Biochim Biophys Acta Bioenerg,
2017,1858(8): 615-627

Clapham D E. Calcium signaling. Cell, 2007, 131(6): 1047-1058
Srinivasan S, Guha M, Dong D W, ef al. Disruption of cytochrome
¢ oxidase function induces the Warburg effect and metabolic
reprogramming. Oncogene, 2016,35(12): 1585-1595
Biswas G, Anandatheerthavarada H K, Zaidi M, et al.
Mitochondria to nucleus stress signaling: a distinctive mechanism
of NFkappaB/Rel
inactivation of IkappaBbeta. J Cell Biol, 2003, 161(3): 507-519
Biswas G, Adebanjo O A, Freedman B D, et al. Retrograde Ca®"

activation through calcineurin-mediated

signaling in C2C12 skeletal myocytes in response to mitochondrial
genetic and metabolic stress: a novel mode of inter-organelle
crosstalk. EMBOJ, 1999, 18(3): 522-533

Amuthan G, Biswas G, Ananadatheerthavarada H K, et al.
Mitochondrial stress-induced calcium signaling, phenotypic
changes and invasive behavior in human lung carcinoma A549
cells. Oncogene, 2002,21(51): 7839-7849

Mallilankaraman K, Doonan P, Cardenas C, et al. MICU1 is an
essential gatekeeper for MCU-mediated mitochondrial Ca(2+)
uptake that regulates cell survival. Cell, 2012, 151(3): 630-644
Kahn B B, Alquier T, Carling D, et al. AMP-activated protein
kinase:
understanding of metabolism. Cell Metab, 2005, 1(1): 15-25

Egan D F, Shackelford D B, Mihaylova M M, et al.
Phosphorylation of ULK1 (hATG1) by AMP-activated protein

ancient energy gauge provides clues to modern

kinase connects energy sensing to mitophagy. Science, 2011,
331(6016): 456-461

Kim J, Kundu M, Viollet B, et al. AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat Cell Biol,
2011,13(2): 132-141

Morita M, Gravel S P, Hulea L, et al. mTOR coordinates protein
synthesis, mitochondrial activity and proliferation. Cell Cycle,
2015,14(4):473-480

Khan N A, Nikkanen J, Yatsuga S, et al. mTORCI1 regulates
mitochondrial integrated stress response and mitochondrial
myopathy progression. Cell Metab, 2017,26(2): 419-428.e5
Morita M, Gravel S P, Chénard V, et al. mTORCI1 controls
mitochondrial activity and biogenesis through 4E-BP-dependent
translational regulation. Cell Metab, 2013, 18(5): 698-711
Fujinuma S, Nakatsumi H, Shimizu H, et al. FOXKI1 promotes
nonalcoholic fatty liver disease by mediating mTORC1-dependent
inhibition of hepatic fatty acid oxidation. Cell Rep, 2023, 42(5):



2025; 52 (1) KE

x, %:

etk -MRIZEI TR S EIIER 1703 -

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

112530

Yang W, Nagasawa K, Miinch C, et al. Mitochondrial sirtuin
network reveals dynamic SIRT3-dependent deacetylation in
response to membrane depolarization. Cell, 2016, 167(4): 985-
1000.e21

Fan H, Le J W, Sun M, et al. Sirtuin 3 deficiency promotes acute
kidney injury induced by sepsis via mitochondrial dysfunction and
apoptosis. Iran J Basic Med Sci, 2021, 24(5): 675-681

Ho L, Titus A S, Banerjee K K, et al. SIRT4 regulates ATP
homeostasis and mediates a retrograde signaling via AMPK.
Aging (AlbanyNY),2013,5(11): 835-849

Shaw E, Talwadekar M, Rashida Z, et al. Anabolic SIRT4 exerts
retrograde control over TORC1 signaling by glutamine sparing in
the mitochondria. Mol Cell Biol, 2020, 40(2): ¢00212-19

Condon K J, Orozco J M, Adelmann C H, ef al. Genome-wide
CRISPR screens reveal multitiered mechanisms through which
mTORCI senses mitochondrial dysfunction. Proc Natl Acad Sci
USA,2021,118(4): 2022120118

Ferber E C, Peck B, Delpuech O, ef al. FOXO3a regulates reactive
oxygen metabolism by inhibiting mitochondrial gene expression.
Cell Death Differ, 2012, 19(6): 968-979

Tseng AHH, Shieh S S, Wang D L. SIRT3 deacetylates FOXO3 to
protect mitochondria against oxidative damage. Free Radic Biol
Med, 2013, 63:222-234

Lu D, Liu J, Jiao J, et al. Transcription factor Foxo3a prevents
apoptosis by regulating calcium through the apoptosis repressor
with caspase recruitment domain. J Biol Chem, 2013, 288(12):
8491-8504

Chaanine A H, Kohlbrenner E, Gamb S I, et al. FOXO3a regulates
BNIP3 and modulates mitochondrial calcium, dynamics, and
function in cardiac stress. Am J Physiol Heart Circ Physiol, 2016,
311(6): H1540-H1559

Kim S, Koh H. Role of FOXO transcription factors in crosstalk
between mitochondria and the nucleus. J Bioenerg Biomembr,
2017,49(4):335-341

Carden T, Singh B, Mooga V, et al. Epigenetic modification of
miR-663 controls mitochondria-to-nucleus retrograde signaling
and tumor progression. ] Biol Chem, 2017,292(50): 20694-20706
BHC, 316 b, 1, 2 . miR-878 HIE A1 444 Pim 1 fi HE £ A
I3 %L EOC LA M ke S/ S 4 s . A W Al S 2 W PR
Ji€,2024,51(4): 912-923

Hu S W, Zhang J J, Bai M, et al. Prog Biochem Biophys, 2024,
51(4):912-923

Mercer T R, Neph S, Dinger M E, ef al. The human mitochondrial
transcriptome. Cell, 2011, 146(4): 645-658

Esteller M. Non-coding RNAs in human disease. Nat Rev Genet,
2011,12(12):861-874

Blumental-Perry A, Jobava R, Bederman I, ef al. Retrograde
signaling by a mtDNA-encoded non-coding RNA preserves
mitochondrial bioenergetics. Commun Biol, 2020, 3(1): 626
Vendramin R, Marine J C, Leucci E. Non-coding RNAs: the dark

side of nuclear-mitochondrial communication. EMBO J, 2017,

[68]

[69]

[70]

[71]

(721

(73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

(81]

[82]

[83]

36(9):1123-1133

Loher P, Telonis A G, Rigoutsos I. MINTmap: fast and exhaustive
profiling of nuclear and mitochondrial tRNA fragments from short
RNA-seq data. SciRep,2017,7:41184

Shaukat A N, Kaliatsi E G, Stamatopoulou V, et al. Mitochondrial
tRNA-derived fragments and their contribution to gene expression
regulation. Front Physiol, 2021, 12: 729452

Chae S, Ahn BY, Byun K, et al. A systems approach for decoding
mitochondrial retrograde signaling pathways. Sci Signal, 2013,
6(264): rs4

Cheng Y, Liu P, Zheng Q, et al. Mitochondrial trafficking and
processing of telomerase RNA TERC. Cell Rep, 2018, 24(10):
2589-2595

Zheng Q, Liu P, Gao G, et al. Mitochondrion-processed TERC
regulates senescence without affecting telomerase activities.
Protein Cell,2019,10(9): 631-648

Landerer E, Villegas J, Burzio V A, et al. Nuclear localization of
the mitochondrial ncRNAs in normal and cancer cells. Cell Oncol
(Dordr),2011,34(4): 297-305

Burzio V A, Villota C, Villegas J, et al. Expression of a family of
noncoding mitochondrial RNAs distinguishes normal from cancer
cells. Proc Natl Acad Sci USA, 2009, 106(23): 9430-9434

Borgna V, Villegas J, Burzio V A, et al. Mitochondrial
ASncmtRNA-1 and ASncmtRNA-2 as potent targets to inhibit
tumor growth and metastasis in the RenCa murine renal
adenocarcinoma model. Oncotarget, 2017, 8(27): 43692-43708
Cobb LJ, Lee C, Xiao J, ef al. Naturally occurring mitochondrial-
derived peptides are age-dependent regulators of apoptosis,
insulin sensitivity, and inflammatory markers. Aging (Albany
NY),2016,8(4): 796-809

Hashimoto Y, Niikura T, Tajima H, et al. A rescue factor abolishing
neuronal cell death by a wide spectrum of familial Alzheimer’s
disease genes and Abeta. Proc Natl Acad Sci USA, 2001, 98(11):
6336-6341

Kim K H, Son J M, Benayoun B A, et al. The mitochondrial-
encoded peptide MOTS-c translocates to the nucleus to regulate
nuclear gene expression in response to metabolic stress. Cell
Metab, 2018,28(3): 516-524.¢7

Zapata B, Staszel T, Kie¢ -Wilk B, ef al. Humanin and its
derivatives as peptides with potential antiapoptotic and confirmed
neuroprotective activities. Przegl Lek, 2011, 68(7): 372-377
Tkonen M, Liu B, Hashimoto Y, et al. Interaction between the
Alzheimer’s survival peptide humanin and insulin-like growth
factor-binding protein 3 regulates cell survival and apoptosis. Proc
Natl Acad Sci USA, 2003, 100(22): 13042-13047

Costa-Mattioli M, Walter P. The integrated stress response: from
mechanism to disease. Science, 2020, 368(6489): eaat5314

Kim K H, Lee C B. Socialized mitochondria: mitonuclear
crosstalk in stress. Exp Mol Med, 2024, 56(5): 1033-1042

Telonis A G, Loher P, Magee R, ef al. tRNA fragments show
intertwining with mRNAs of specific repeat content and have links
to disparities. Cancer Res, 2019, 79(12): 3034-3049



<1704

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (1)

[84]

[85]

(86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

Melber A, Haynes C M. UPR™ regulation and output: a stress
response mediated by mitochondrial-nuclear communication. Cell
Res,2018,28(3):281-295

Tran H C, Van Aken O. Mitochondrial unfolded protein-related
responses similar different
regulators. Mitochondrion, 2020, 53: 166-177

Nargund A M, Pellegrino M W, Fiorese C J, et al. Mitochondrial

across Kingdoms: problems,

import efficiency of ATFS-1 regulates mitochondrial UPR
activation. Science, 2012,337(6094): 587-590

Nargund A M, Fiorese C J, Pellegrino M W, et al. Mitochondrial
and nuclear accumulation of the transcription factor ATFS-1
promotes OXPHOS recovery during the UPR(mt). Mol Cell, 2015,
58(1):123-133

Wek R C, Jiang HY, Anthony T G. Coping with stress: eIF2 kinases
and translational control. Biochem Soc Trans, 2006, 34(Pt 1): 7-11
Mick E, Titov D V, Skinner O S, et al. Distinct mitochondrial
defects trigger the integrated stress response depending on the
metabolic state of the cell. eLife, 2020,9: 49178

Genin E C, Madji Hounoum B, Bannwarth S, et a/. Mitochondrial
defect in muscle precedes neuromuscular junction degeneration
and motor neuron death in CHCHDI10%*Y" mouse. Acta
Neuropathol,2019,138(1): 123-145

Kihl I, Miranda M, Atanassov I, et al. Transcriptomic and
proteomic landscape of mitochondrial dysfunction reveals
secondary coenzyme Q deficiency in mammals. Elife, 2017,
6:e30952

Shock L S, Thakkar PV, Peterson E J, ef al. DNA methyltransferase
1, cytosine methylation, and cytosine hydroxymethylation in
mammalian mitochondria. Proc Natl Acad Sci USA, 2011, 108(9):
3630-3635

Castegna A, lacobazzi V, Infantino V. The mitochondrial side of
epigenetics. Physiol Genomics, 2015,47(8): 299-307

Gasparre G, Romeo G, Rugolo M, ef al. Learning from oncocytic
tumors: why choose inefficient mitochondria?. Biochim Biophys
Acta,2011,1807(6): 633-642

Gatenby R A, Gillies R J. Why do cancers have high aerobic
glycolysis?. NatRev Cancer, 2004,4(11): 891-899

Faubert B, Solmonson A, DeBerardinis R J. Metabolic
reprogramming and cancer Science, 2020,
368(6487): eaaw5473

PR, PR, T 55K, 55 R ZOR A 2 5 1A 11175 S Lok
I W35 T AT 15 5 A W 50 . A= Ak 2 5 A= W ) B Jre, 2020,
47(11):1183-1190

Mu CL, He L Q, Wang J L, et al. Prog Biochem Biophys, 2020,
47(11):1183-1190

Tomar M S, Kumar A, Shrivastava A. Mitochondrial metabolism

progression.

as a dynamic regulatory hub to malignant transformation and anti-
cancer drug resistance. Biochem Biophys Res Commun, 2024,
694: 149382

LiY X, Cui S F, Meng W, et al. Mitochondrial DNA and cGAS-
STING innate immune signaling pathway: latest research
progress. J Sichuan Univ Med Sci Ed, 2021, 52(3): 387-395

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

VE/NE, BASC, ERIR, 5 R 5 5 7E Mg gE R v iy
THFEBUIR . v I RE By iR 24 i, 2023, 15(6): 672-676

Xu X J, Liao D W, Wang X C, et al. Chin J Oncol Prev Treat, 2023,
15(6): 672-676

BB, 258, R R IR, 55 AR 16 2R G SRR 1) SR 72 i
JZIT RN L A Ak eE 5 AR Y i B R R 2024, 51(1):
70-81

QuJ, Yan S, Lei L, ef al. Prog Biochem Biophys, 2024, 51(1):
70-81

ZEoK 6, U, i 1L, 45 ZRKLA DNA 5 cGAS-STING i %
PEA 38 I B G RV . DU R4 PR 2 i, 2021, 52(3):
387-395

LiY X, Cui S F, Meng W, et al. J Sichuan Univ Med Sci, 2021,
52(3):387-395

Giannattasio S, Guaragnella N, Arbini A A, et al. Stress-related
mitochondrial components and mitochondrial genome as targets of
anticancer therapy. Chem Biol Drug Des, 2013, 81(1): 102-112
Keerthiga R, Pei D S, Fu A. Mitochondrial dysfunction, UPR™
signaling, and targeted therapy in metastasis tumor. Cell Biosci,
2021,11(1): 186

b, P, £ B, 55 LR REAL LEVRY 7 LR AR BB B
TR B T BE S L A fl e S AR W BUE R 2018, 45(3):
297-304

Yang S F, Sun C, Wang Y P, et al. Prog Biochem Biophys, 2018,
45(3):297-304

Chandel N S. Evolution of mitochondria as signaling organelles.
Cell Metab, 2015, 22(2):204-206

Duncan O F, Bateman J M. Mitochondrial retrograde signaling in
the Drosophila nervous system and beyond. Fly (Austin), 2016,
10(1):19-24

G, IR, EW = LR IRYT M E RGP 1
W K ML . A= S5 A A EE g, 2023, 50(12): 2925-2938
Zheng Q W, Yang Y L, Wang Y Y. Prog Biochem Biophys, 2023,
50(12):2925-2938

Perez Ortiz ] M, Swerdlow R H. Mitochondrial dysfunction in
Alzheimer's disease: role in pathogenesis and novel therapeutic
opportunities. BrJ Pharmacol, 2019, 176(18): 3489-3507

Norat P, Soldozy S, Sokolowski J D, et al. Mitochondrial
dysfunction in neurological disorders: exploring mitochondrial
transplantation. NPJ Regen Med, 2020, 5(1): 22

Wang W, Zhao F, Ma X, et al. Mitochondria dysfunction in the
pathogenesis of Alzheimer's disease: recent advances. Mol
Neurodegener, 2020, 15(1): 30

Giulivi C, Zhang K, Arakawa H. Recent advances and new
perspectives in mitochondrial dysfunction. Sci Rep, 2023, 13(1):
7977

de Torre J C. Pathophysiology of neuronal energy crisis in
Alzheimer’s disease. Neurodegener Dis, 2008, 5(3/4): 126-132
Hemachandra Reddy P. Amyloid beta, mitochondrial structural
and functional dynamics in Alzheimer’s disease. Exp Neurol,
2009, 218(2): 286-292

Hemachandra Reddy P, Reddy T P, Manczak M, et al. Dynamin-



2025;

52 (D

K

x, %:

etk -MRIZEI TR S EIIER -1705-

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

related protein 1 and mitochondrial fragmentation in
neurodegenerative diseases. Brain Res Rev, 2011, 67(1/2):
103-118

Kopeikina K J, Carlson G A, Pitstick R, et al. Tau accumulation
causes mitochondrial distribution deficits in neurons in a mouse
model of tauopathy and in human Alzheimer’s disease brain. Am J
Pathol,2011,179(4): 2071-2082

David D C, Hauptmann S, Scherping I, et al. Proteomic and
functional analyses reveal a mitochondrial dysfunction in P301L
tau transgenic mice. J Biol Chem, 2005, 280(25): 23802-23814
Szabo L, Grimm A, Garcia-Leon J A, et al. Genetically engineered
triple MAPT-mutant human-induced pluripotent stem cells
(N279K, P301L, and E10+16 mutations) exhibit impairments in
mitochondrial bioenergetics and dynamics. Cells, 2023, 12(10):
1385

Gulen M F, Samson N, Keller A, et al. cGAS-STING drives
ageing-related inflammation and neurodegeneration. Nature,
2023,620(7973):374-380

Wang C, Chang Y, Zhu J, et al. AdipoRon mitigates tau pathology
and restores mitochondrial dynamics via AMPK-related pathway
in a mouse model of Alzheimer's disease. Exp Neurol, 2023,
363:114355

Swerdlow R H, Burns J M, Khan S M. The Alzheimer’s disease
mitochondrial cascade hypothesis. J Alzheimers Dis, 2010,
20(Suppl 2): S265-S279

Jadiya P, Kolmetzky D W, Tomar D, et al. Impaired mitochondrial
calcium efflux contributes to disease progression in models of
Alzheimer’ s disease. Nat Commun, 2019, 10(1): 3885

Tysnes O B, Storstein A. Epidemiology of Parkinson's disease. J
Neural Transm (Vienna), 2017, 124(8): 901-905
Gonzalez-Rodriguez P, Zampese E, Stout K A, et al. Disruption of
mitochondrial complex I induces progressive Parkinsonism.
Nature, 2021, 599(7886): 650-656

Winkler-Stuck K, Kirches E, Mawrin C, et al. Re-evaluation of the
dysfunction of mitochondrial respiratory chain in skeletal muscle
of patients with Parkinson’s disease. J Neural Transm (Vienna),
2005,112(4): 499-518

Gu M, Cooper J M, Taanman J W, et al. Mitochondrial DNA
transmission of the mitochondrial defect in Parkinson’s disease.
AnnNeurol, 1998, 44(2): 177-186

Yap Y W, Chen M J, Peng Z F, et al. Gene expression profiling of
rotenone-mediated cortical neuronal death: evidence for inhibition
of ubiquitin-proteasome system and autophagy-lysosomal

pathway, and dysfunction of mitochondrial and calcium signaling.

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Neurochem Int, 2013, 62(5): 653-663

Granat L, Hunt R J, Bateman J M. Mitochondrial retrograde
signalling in neurological disease. Philos Trans R Soc Lond B Biol
Sci, 2020,375(1801): 20190415

Smith E F, Shaw P J, De Vos K J. The role of mitochondria in
amyotrophic lateral sclerosis. Neurosci Lett, 2019, 710: 132933
Walczak J, Dgbska-Vielhaber G, Vielhaber S, ef al. Distinction of
sporadic and familial forms of ALS based on mitochondrial
characteristics. FASEB J, 2019, 33(3): 4388-4403

Riar AK, Burstein S R, Palomo G M, ef al. Sex specific activation
of the ERa axis of the mitochondrial UPR (UPRmt) in the G93A-
SOD1 mouse model of familial ALS. Hum Mol Genet, 2017,
26(7):1318-1327

Wang P, Deng J, Dong J, et al. TDP-43 induces mitochondrial
damage and activates the mitochondrial unfolded protein
response. PLoS Genet, 2019,15(5): 1007947

Deng J, Wang P, Chen X, et al. FUS interacts with ATP synthase
beta subunit and induces mitochondrial unfolded protein response
in cellular and animal models. Proc Natl Acad Sci USA, 2018,
115(41): E9678-E9686

FH, EAF 5, AR BT RS
BrsAs . 25252441, 2021, 56(3): 661-668
JiangY, Wang S B, Du G H. Acta Pharm Sin, 2021, 56(3): 661-668
HuL, Ding M, Tang D, et al. Targeting mitochondrial dynamics by

AP IES /T

regulating Mfn2 for therapeutic intervention in diabetic
cardiomyopathy. Theranostics, 2019, 9(13): 3687-3706

Zhang L, Xie X, Tao J, et al. Mystery of bisphenol F-induced
nonalcoholic fatty liver disease-like changes: roles of Drpl-
mediated abnormal mitochondrial
deposition. Sci Total Environ, 2023, 904: 166831

Fromenty B, Roden M. Mitochondrial alterations in fatty liver
diseases. J Hepatol, 2023, 78(2): 415-429

Baechler S A, Saha L K, Factor V M, et al. Mitochondrial

fission in lipid droplet

topoisomerase I (TopIMT) prevents the onset of metabolic
dysfunction-associated steatohepatitis (MASH) in mice. bioRxiv,
2024:2024.09.05.611454

Yang B, Yu Q, Chang B, et al. MOTS-c interacts synergistically
with exercise intervention to regulate PGC-lo expression,
attenuate insulin resistance and enhance glucose metabolism in
mice via AMPK signaling pathway. Biochim Biophys Acta Mol
Basis Dis, 2021, 1867(6): 166126

Lu H, Wei M, Zhai Y, et al. MOTS-c peptide regulates adipose
homeostasis  to
dysfunction. ] Mol Med (Berl), 2019, 97(4): 473-485

prevent ovariectomy-induced metabolic



1706+ EMUZESEYYIERRE  Prog. Biochem. Biophys. 2025; 52 (7)

Communication Between Mitochondria and Nucleus With Retrograde Signals”

ZHANG Wen-Long, QUAN Lei, ZHAO Yun-Gang™

(Tianjin Key Laboratory of Exercise Physiology and Sports Medicine, Institute of Sport, Exercise & Health,
Tianjin University of Sport, Tianjin 301617, China)

Graphical abstract
Mitochondrial response
mtDNA defects
OXPHOS dysfunction Mitochondrial biogenesis

Protein related stress Mitophagy

Mitochondrial antioxidant

defense systems

S

Signals Retrog;lde signaling
Ca*, ATP, ROS, AMPK, mTOR,

sirtuins, FOXO, non-conding RNA, X F

MDPS, UPRmt )

. ‘ Cellular response
Regulation of nuclear gene expression

Altered metabolism

Outcomes  Cell growth and proliferation

Immunomodulation

—» —= B
Sam\ | S\am\ | Sam
%ﬁ@u Jok Po s

JY

, B
@é‘&y: %&@: |
Pt 2 3)

Abstract Mitochondria, the primary energy-producing organelles of the cell, also serve as signaling hubs and
participate in diverse physiological and pathological processes, including apoptosis, inflammation, oxidative
stress, neurodegeneration, and tumorigenesis. As semi-autonomous organelles, mitochondrial functionality relies
on nuclear support, with mitochondrial biogenesis and homeostasis being stringently regulated by the nuclear
genome. This interdependency forms a bidirectional signaling network that coordinates cellular energy
metabolism, gene expression, and functional states. During mitochondrial damage or dysfunction, retrograde
signals are transmitted to the nucleus, activating adaptive transcriptional programs that modulate nuclear
transcription factors, reshape nuclear gene expression, and reprogram cellular metabolism. This mitochondrion-to-
nucleus communication, termed “mitochondrial retrograde signaling”, fundamentally represents a mitochondrial
“request” to the nucleus to maintain organellar health, rooted in the semi-autonomous nature of mitochondria.
Despite possessing their own genome, the “fragmented” mitochondrial genome necessitates reliance on nuclear
regulation. This genomic incompleteness enables mitochondria to sense and respond to cellular and environmental
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stressors, generating signals that modulate the functions of other organelles, including the nucleus. Evolutionary
transfer of mitochondrial genes to the nuclear genome has established mitochondrial control over nuclear
activities via retrograde communication. When mitochondrial dysfunction or environmental stress compromises
cellular demands, mitochondria issue retrograde signals to solicit nuclear support. Studies demonstrate that
mitochondrial retrograde signaling pathways operate in pathological contexts such as oxidative stress, electron
transport chain (ETC) impairment, apoptosis, autophagy, vascular tension, and inflammatory responses.
Mitochondria-related diseases exhibit marked heterogeneity but invariably result in energy deficits, preferentially
affecting high-energy-demand tissues like muscles and the nervous system. Consequently, mitochondrial
dysfunction underlies myopathies, neurodegenerative disorders, metabolic diseases, and malignancies.
Dysregulated retrograde signaling triggers proliferative and metabolic reprogramming, driving pathological
cascades. Mitochondrial retrograde signaling critically influences tumorigenesis and progression. Tumor cells
with mitochondrial dysfunction exhibit compensatory upregulation of mitochondrial biogenesis, excessive
superoxide production, and ETC overload, collectively promoting metastatic tumor development. Recent studies
reveal that mitochondrial retrograde signaling—mediated by altered metabolite levels or stress signals—induces
epigenetic modifications and is intricately linked to tumor initiation, malignant progression, and therapeutic
resistance. For instance, mitochondrial dysfunction promotes oncogenesis through mechanisms such as epigenetic
dysregulation, accumulation of mitochondrial metabolic intermediates, and mitochondrial DNA (mtDNA) release,
which activates the cytosolic cGAS-STING signaling pathway. In normal cells, miR-663 mediates mitochondrion-
to-nucleus retrograde signaling under reactive oxygen species (ROS) regulation. Mitochondria modulate miR-663
promoter methylation, which governs the expression and supercomplex stability of nuclear-encoded oxidative
phosphorylation (OXPHOS) subunits and assembly factors. However, dysfunctional mitochondria induce
oxidative stress, elevate methyltransferase activity, and cause miR-663 promoter hypermethylation, suppressing
miR-663 expression. Mitochondrial dysfunction also triggers retrograde signaling in primary mitochondrial
diseases and contributes to neurodegenerative disorders such as Parkinson’s disease (PD) and Alzheimer’s
disease (AD). Current therapeutic strategies targeting mitochondria in neurological diseases focus on 5 main
approaches: alleviating oxidative stress, inhibiting mitochondrial fission, enhancing mitochondrial biogenesis,
mitochondrial protection, and insulin sensitization. In AD patients, mitochondrial morphological abnormalities
and enzymatic defects, such as reduced pyruvate dehydrogenase and a-ketoglutarate dehydrogenase activity, are
observed. Platelets and brains of AD patients exhibit diminished cytochrome ¢ oxidase (COX) activity, correlating
with mitochondrial dysfunction. To model AD-associated mitochondrial pathology, researchers employ cybrid
technology, transferring mtDNA from AD patients into enucleated cells. These cybrids recapitulate AD-related
mitochondrial phenotypes, including reduced COX activity, elevated ROS production, oxidative stress markers,
disrupted calcium homeostasis, activated stress signaling pathways, diminished mitochondrial membrane
potential, apoptotic pathway activation, and increased AP42 levels. Furthermore, studies indicate that AP
aggregates in AD and a-synuclein aggregates in PD trigger mtDNA release from damaged microglial
mitochondria, activating the cGAS-STING pathway. This induces a reactive microglial transcriptional state,
exacerbating neurodegeneration and cognitive decline. Targeting the ¢cGAS-STING pathway may yield novel
therapeutics for neurodegenerative diseases like AD, though translation from bench to bedside remains
challenging. Such research not only deepens our understanding of disease mechanisms but also informs future
therapeutic strategies. Investigating the triggers, core molecular pathways, and regulatory networks of
mitochondrial retrograde signaling advances our comprehension of intracellular communication and unveils novel
pathogenic mechanisms underlying malignancies, neurodegenerative diseases, and type 2 diabetes mellitus. This
review summarizes established mitochondrial-nuclear retrograde signaling axes, their roles in interorganellar
crosstalk, and pathological consequences of dysregulated communication. Targeted modulation of key molecules
and proteins within these signaling networks may provide innovative therapeutic avenues for these diseases.
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