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[ Abstract] Mitochondria are important organelles that present extensively in cells, serving diverse functions. In
addition to controlling cell energy production and metabolism, mitochondria are also involved in various biological
processes, including anti-infection, apoptosis, and autophagy. Harmful stimuli from external environment or those
generated by the cells themselves can damage mitochondria and cause mitochondrial stress response, during which the
mitochondrial matrix containing mitochondrial DNA (mtDNA) can leak into the cytoplasm. Cytoplasmic mtDNA, acting
as a damage-associated molecular pattern (DAMP), can activate a panel of DNA sensors and elicit innate immune
response in organisms. Cyclic GMP-AMP synthase (cGAS), a key intracellular DNA sensor, can catalyze the conversion of
GTP and ATP to cyclic GMP-AMP (2'3'-cGAMP), which serves as second messenger to bind and activate stimulator of
interferon gene (STING), an endoplasmic adaptor protein. Beyond its critical roles in anti-microbial immunity, cGAS-
STING pathway also serves important functions in many pathological and physiological processes such as autoimmunity,
tumor and senescence. In this review, we focus on how the mtDNA released during mitochonrial stress response activates
the cGAS-STING innate immune signaling pathway and the associated diseases, in order to help promote basic research
about the role of mitochondria in innate immunity and provide new strategies for developing mitochondria-
targeting drugs.
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A B 15 M4 (reactive oxygen species, ROS) 45, M i
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AR — SEEE R I IR . S 1B AN T R 22
B, IXLE[EA B SR i A 57 5455 (pathogen-
associated molecular patterns, PAMPs)"“*, [tt4}, PRRsif
RERS TR 0 M 2 F8 R 1) B B 2 1 B sl R S i 3 AH
K4y T (damage-associated molecular patterns,
DAMPs)® . A 2o A E 17 8 i ik 22 380 5T P 7Y
mtDNAJEDAMPsH H 2R IR, il fFimtDNA R 4545 Jf
WA 6] DN AR 52 4, 175 58k B [ AT fie e S
NP HETE AP EAATE T BT ) DNA 32 (44 65
DAL, IFI16, DDX41 1 DNA-PK 4%, {H X J& R F DNA i1
Sl 91 SR 2 TR 2 A R S, Sk S BT DNA SZAAKR
ANHA N B RR - 1 BR & U (cyclic GMP-
AMP synthase, cGAS) f& T 54 B A BT 5 4R K AR
Ji5 DNA B2 1K, cGAS TEMTFL3h47) (1) 22 Fh 41 i Hh 45
Fek, ATEE TP R ML F (stimulator of interferon
genes, STING )M i (55l i o AR SCHE N Pt i b Zokr
PRBE mtDN AU #% cGAS-STING [ 4 i {5 5 i
6 LA K 5 I O B — BB A o7 SR E AT S5 )
e, LA oA SRR TR [ S A PP AR SR ST S
D5 1), IR LALERLAAR S s A5 AF SCLR I 1) 25 W) T 4
AR

1 cGAS-STINGE B RIE(SSEK

cGASIE T H IR, M DNAZS &
SERIR P IA] AT BRI AL R A5 A I LA BRSO ST 1
male abnormal 21(Mab-21) 2591240 %', Mab-2145 43k
A URSF EVER 45, 7T LU ADNARIKIE . cGASH]
PLIE T DNAZS & 253 Bty 1F B Y S SRR SR SE RN PR 25
¥y, 5 8RN 71 H A W EEDNA (double-strand DNA,
dsDNA) &5 &, 3 P 6t i oA FH A9 285 5 [ 15 cGAS KT
DNAMBUNEA TR FHET . cGASRERT LATEIK F 9
T O I TR S5 TR E ) B dsDNA, o m] DL 9 BRASAF
TR R A H B DNA, N4l DNASK mtDNA .
cGAS5dsDNAZE & Z )5, Wi Lh2 « 200 LL il ASBE iR
B, T cGASHYIE M 5 & A R AR, I {4k
ATPHIGTPE IR IRGMP-AMP(cGAMP) . HcGASH K,
HcGAMPAL 7 W W R —FR%E, — 1N FEGMPRY2'-OHFI
AMPH5'-BERR Z 8], 53— TEAMPHY3'-OHHIGMPIH5'-
WEIR 2 8], BEFR M2'3'-cGAMP™?, 2'3'-cGAMPYE Jy 55 —
{RAH, AT LASE A 000 N T I T STINGEE [, 55 3L
R TERALTE U IR AR, I PPN JTT X A4 31 DA 5t I - 5
FepArp ) X", fEpEad AR, STINGAY PSR H] LIVE N
{55 F G ZLIF B TANK-45 4 1 (TANK-binding

kinase 1, TBK1), I TBK1 it AT LUBERR (LS TING Y
FRBEAR S 45 B, AR AR SR SRR AL TR I I 73
(interferon regulatory factor 3, IRF3)"""? BEfR 1LY
IRF3JE i R A, e B A MU, 7S P UFIE T4 R
(type Iinterferon, IFN- [ ) FIT-H & Jl I FE K (interferon
stimulatory genes, ISGs) iY#% 5 K35, 13 8 e RYE S I
R AR, STINGIA IS 28 M AYNF-kB(nuclear factor
kappa-B, NF-kB) {5 5 id i, 75 MRS Fa(TNF-a)
A Z6(interleukin-6, IL-6) % A Rk (K1) .

A E N cGAS HAFTE T 40 i B v, LARL ik
cGASH H A DNAML 7, SHEALE R A 5 fl K
Bio AT JLAFRIBTIE TAERB, cGASRHIAF7E T ALY 2
AN DX, A E 7 5 AN 2R A S AR G . N R4
JHLE LI cGAS, HAE Y% 2 SCRAR I B9V FIFLHIBANS
ARTA] o 78 PR 2H AN TRE 1 20 B L G e A v, e € 44
TEA 225y 24 v 2 e A AR O3 DR RNTTE Iz .
BBA A5, N Rk A A% A BE [ ZHDNA . AH L
TANMIAZIE, O IR TG E , PRI cGASTE 25 by A T%
FIF SN AIDNASS &, JETHE T 7Y STINGSS 5
T FEAITEN- T BRIEM, B, cGASX R DNAR B
T — TP N e B S AP o 7 R 20 L
N B AN 1 IS 20 (THP-1) h, cGASIREE = &
1 FL AT F18) 22 B it 23 g Sl AR AT 70 v A 1) B PR T LI 4,
5- ZBERRAI LS G, NI E R AE BT |, i/ s B 2t 14
IR cGASI 2 PR AR AN BT AN AN IAZ . AR BRARET,
cGASHY 2 M 5 1 oz i FEsi S UMM B Y ) Y DNA LA
FUEADE R A B G SOV . B R AR B,
CGASIE AT LU Anfa] DA 2R B JIEI5E 72 , 3 A 380 Jo v A 441K
U I WG OAE ], BT —JC T

VDK, cGASHYANRLAL & AL 1E 5 [ BOR B Z AT 58 & 7Y
HA, I B — DIPTSR AN B
MLIIA% N cGAS T 518 FINONO— 2, Biplm] 45 x5 A f
PEBR B TEHIV AU AR 7R T i+ 20 A% 9 Y
cGAS, 1] 5 cGASH;HIAIRRNA (circular RNA antagonist
for cGAS, cia-cGAS) 455 I T2 R BT M, LU 4R 515 1M
T AR AR FERhE AN, DNAS 15 m] 55
cGAS P2 1 S5t i A B 20 i 4% b, LA S TING 1)
05 AN Z B DN AR [m] 95 F 2 A8 52, DA T i e e 14
JU . TR BIFTE R W, 7R 4 X 2 B0 i rh AT R
cGASHATHIAZAENT, I HAEAN M Z ) AIHL R (L ANMEE
L929FIHela), cGAS £ BAT £ T ANMIRZ 1 Bl
CGASTIAAAE T 40 B A% PN 3 FiOUL s Bk 8 22 (W 90
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Fig 1 The mtDNA-cGAS-STING pathway of cytosolic DNA sensing

Upon sensing abnormal intracellular DNA such as mtDNA released during mitochondrial stress, cell genomic DNA or pathogenic microorganism DNA, cGAS

converts ATP and GTP into 2'3'-cGAMP. 2'3'-cGAMP then binds to STING in the endoplasmic reticulum and triggers STING trafficking to the Golgi apparatus. STING

then activates the downstream kinases TBK1 and IKK to phosphorylate the transcription factors IRF3 and NF-kB respectively, ultimately inducing the expression of type
I IFNs and cytokines. Genetic: DNA mutation/deletion; ROS: Reactive oxygen species; cGAS: Cyclic GMP-AMP synthase; cGAMP: Cyclic GMP-AMP; STING:

Stimulator of interferon genes; IFN- | : Type | interferon; IL-6: Interleukin- 6; IRF3: Interferon regulatory factor 3; NF-kB: Nuclear factor kB.

AT, — 38 (R} 2 ) B B 8 0 7 AR AT, BB P cGAS
Ty ik G T EON A0 AL N T R4 DNA L 20204F9 ),
SANUREZL [ o 30 T 4 A% N cG A SHIAZ /IMA I 1 1 53
FHL: % N cGASHT LGN EE IR I 25 TN 1 S5 4% /J\M:L%%
WL, LA A T BN cGAS S A B 3L NI DNAMISE &
SR EUNH cCGASHIBHE ME . BESRcGASHI K RAFLE T41
JHUAZ N I EL LS PE R ], IR A% N cGASI A= W2 3
e SV AEAE IALE R A4 7 20204F 121, AT E4L
KB, 4% B RNAJK 7 5 DN AJE 2 H B, 4% N cGAS
A 3 3o S P A R W Pront ST JEIEN- 1 8 8 F4bH34
B RS R & A X RR AU LA i, DA e 1
IFN- T %G S R0 B 19 AT G 0>, 3X — 5%
SR URR T RN cGASTEFIPLHI vkl — £, Ak id
T B 20 TAE RIS N cGASHIZE )24 T RE L 4 T
Bl

2 mtDNASCcGAS-STING/E S1@ &

B2 32 B SR AR IR U N 3R, Rk
J2 PR D Ay A, A A Wk 940 A 2 R A A A T i
LRI SR S TE S BOLIE N 41 DN A 5 40 il % DN AFF
TEZE St . Horh—A> 35 A 22 5 w2 A0 L T 41 iI A% DNA,
mtDNA ) F A B 32 35 i A, SX i A+ mtDN A
AR DN AR BEAR L, AT SR DN ABE ML A9 ey
BB o 5 A HE LR B BN, mtDN AT i i3 BAX/
BAKH 9 L L A4 SM 3% A A ] (mitochondrial outer
membrane permeabilisation, MOMP ) ol 28 4 4 i 18 175 1
H:#FL (mitochondrial permeab1l1ty transition pore,
mPTP) BB ML BT o ik A S ST N A mtDN AT 5
cGASZE A, /%fuﬁTw?E@STINGE%E%#%E‘HFN- I
FEAERS R F mtDNA-cGAS-STINGr 5 38 i 1)
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S POE AT SR IEN- T BObH G AR M 3k R 9 2at J3E 38, 31X
5 ZMBIR I R A K e R AROC . R ISR E M I e
T R R 3 K mtDN AR N K, HRTCAE
AR B i R P RER B mtDNA-cGAS-STINGAH
5 I

DODNAJ#H 5SmtDNA-cGAS-STING/H 5 i 4 .
27 FIDNAJKE B 1Y 1R Yo i), cGASER T IR BIAE 8 A
B DNA, 8 REIE i 45 4 15 B o P R B
mtDNAIE FHFYSTINGIE 53l #% . LR 7% K 1A
(mitochondrial transcription factor A, mtTFA, il # FR Ky
Tfam) 2% K G (19 8 A, FEA R h & 5, biikis
FIKAR L FERE . Tfam 7] DL mtDNA B & i fif;
s, B 455 mtDNAJFH H i IR e B8 77, 5 mtDNA
HIFEE PRI RIS Tfam B3N A8 1325k e &
BRI LA e mDNA R AL, M mtDNA
HERFI ML . Y2 F P L2 EE- 1 (herpes simplex
virus-1, HSV-1) W G f, fi =5 40 M i deobr i ml & A
Tfam#E3H 31 F B mtDNA M BT, mtDNA 17 3405 A 5
M B cGAS-STINGAF 5 i % LA HLHU e 2 B L ™7, R B
Tfam ) — 5557 FE R0 P58 20 5 | S mtDNA P R 3, 3550
15 EANIRPTHS V-1 VS VIR BRI 0 RE 1™, FEm B
55 AR A IR b, 15 400 T8 S mtDNA ) R
JRCHG SR O 75 G S, TS L HE A T T AR R A BIL R
DAk A 2 G MR . BN, HSV - 15 25 0] 3 iof Ho 4
AR SF A R B U L1 2. 5 RHE R A 1 £ 41 LAY mtDNA, 3
FURGL AP mtDNAR) 58 43, LItk bt 3 40 i A4
o SOV, A RT3 B i S

(QRNAJKEESmtDNA-cGAS-STING S S i, R
E cGASTEDNAKEFMEAYPRR, {H 76 2 Fl RN AJR 75 A1 B
T FE PSS T cGAS-STINGIH S % 100 , LA BF
5% 2% WIZ238 6 138075 5 RN ARG 75 U 5 i i mtDN A B¢
A o B F A 27 (dengue virus) P 175518 4N
77 ROSHEHEmtDNA R R, 3 M0 TollFf 52 1429 (toll -
like receptor 9, TLR9) MlcGASH T 1) [EE T {7 =il
BECONS Sy AR ST AR I, B R A AT R 3 A R
140 it/ % -1 (interleukin-1p, IL-1B), IL-1p ] fill# I T
gl NGBSy RN N N B RS A N R DA 2 S
PEmtDN ARG cGAS-STINGAR 51 i, 175 & i
Gt KW, iR B (influenza virus) Zmfis i M23E 1
Fil O UL 95 B (encephalomyocarditis virus, EMCV ) %
2B 2R 1 HLA S LI 1, il 3 2R IR BUR BE (5 S i
(mitochondrial anti-viral signaling protein, MAVS) #ffit &
B 7=, AR mDNARECEI T, % cGAS-STINGAH

SRS b, TEFE R EE (Zika virus ) B R 0
MELH] T mtDNA B cGAS-STINGAR 53 i 1) 3%
i, 1B Zikadi 15 5| E mtDN AR i B AL E H TS A
B,

5HSV-12548], RN A RE U #E 4k HHAH R ) 5 i DLk
WG 40 M mtDNA-cGAS-STING [ A i 5 538 JE 1Y
WoNE o B A EE R E A B A i AR S R R
NS2B3ZE [l &2 A1, #1H cGASFISTINGZE - i
TR, DA RI i SR e 2o 2 b B BT mt DN A 1 cGAS-
STINGIE P&, Zikads 5 Al 1 H A% 19454 5
(non-structural protein, NS1), 3458 7 PR 2 R B R A2
R A6 H K fi# 1§ 1 (cysteine aspartate-specific proteinase-1,
caspase-1)FRE M, DhILAE #E caspase-1%F cGASI DI H],
IR B A S RN AR A, i B AT
NS P RNAZ & 454 5 5 mtDNAZL &, DLk ikt
cGAS-STINGHI AT 15 S i S ™

XERIFSE 45 FAR R, fEHEmtDNA BRI 254 7] fig
WASRIE FHUREEAIAE S o LS 2 (manassantin B) 1]
MR HEmtDNAM B, #0% cGAS-STING/F 5l %, i/
SPUR R LR (0 3K, DL I 2 5 41 PR 5% 2 22 B3
(coxsackie virus B3, CVB3) Y HE /1%,

QY H 5 mtDNA-cGAS-STINGI Sl . Y45
FFA 23805 cGAS, 51 % cGAS-STINGH A IIIFN- T
R cGASHY BN B A NI B 45 AT W DN AS]
21, AFLJE SR B S8 S 2R A B I A m DN A ) B il
TE 45 B FF T 0 cGAS-STINGIH % h & 45— g VE ™.
B L, ZEAZAT TR A B e 2 3 I R R 40 i €, 3R C IO
Jift, A mtDNAF A] B8 /238 2 BAX/BAKAK# 1 MOMPi%&
TR A 240 M S P 380 cGAS™,

mtDNA-cGAS-STINGI# R T 7EHE U i P
YRR E IR, AR T, A R AT T
YRR E ) R TSR IRBE Y “Amis " P T EA OGS
Mo RRERFET 0 40— )7 TR mtDNA, £8H1 cGAS-
STINGIH 5| #IFN- 1 35— R 5 RAEF F 194
Ji%, 5 A FE 1 2 L 1) 40 R SR BRI 7 ) R SR, S — T
TET, RIS FET 40 A 0 e 14 P 3 Jeh B i 4 i £ 28 CH T
Caspasef [, £ Caspase-9/3/7 8k ) i, YIHImtDNAL
PHRITEN- T (77 Az, i 8 G TTBRI AR, 75 LA 1) 4
AT B 1) 2 Je 8, LR AR R OB ) S PR A D B, A
YERETE MR h B R, BOR IR kL, I8
T 40 T Y Caspase MY AT AV EImtDNA, i A] DL i B
V) EcGAS . IRF3FIMAV S 458 2 w142, 25y
Caspase/\ T B T 1 R AE K 280 kA 775 9E # R



3 1] 25K NS BRI ADNA 5 cGAS-STINGFH A 245 538 I8 A 7 B v 391

T, X A RE S PR mt DN A5 98 5E I b 1Y — Fh fiie e
YA ML T Caspase P2 R BFE M )5, W5 25
FRFUIIEN- T B,

3 mtDNA-cGAS-STING{E 2B 5 &%

mtDNA-cGAS-STINGA 5 i f# i B 24 “XLT)
G, 29 R W) AR, 1238 [ ) 0 AT Bh 18 24
J b 7 A S K S B TEN- T, AR BT J5 1 AR 4 A
/A T B B8 = e 0 B 7S A TS AV VS A NIVAYGj %
T UM BT mtDNA R 53 HEFRIR, mtDNA-cGAS-STING
I () AT D) 23 R T B AR, AR AR 2R A TR |
FI B Sy P AU B A SRR 1 RAESS
3.1 mtDNA-cGAS-STINGIE I 5# 2 41R 1T &R

it 2 R AT P 05 AL 455 B R 2% 1 BR% (Alzheimer
disease, AD) . A4 #5575 (Parkinson’ s disease, PD) . F4E
T 4% 579 (Huntington s disease, HD) . JJLZE 45 M4 6 ()
RIFLIE (amyotrophic lateral sclerosis, ALS) LA & 22 & 1
f# 4t (multiple sclerosis, MS) %0 . JT KA 5T K BLAH L
IRTTPEEENG 5P 2 9 AE 2% U AH G, T mtDNA B Rl ) 38
11 cGAS-STINGIZ RN FH L JAE, S5 MBI M0
1R KRR

mtDNA-cGAS-STINGI# % 133 7E 5 PD B B AH X .
IEFEAEOLT, MRS 2 7 B AR B B b T BR D) B R
PSRRI, A BRSO 1 W . IR I A 7k ) B
[RIR Y75 5 &5 1 3B 1 (PTEN-induced putative kinase
1, PINK1)/ParkiniZ& 4% A] 15 KR W 3L 30 0 4t it v 32 45 10 £
B, LR A 52 S B PINK & 148 52 78 2k 1A b i
|, BIRZRAR AR AL 7 FEAIR, J5 2 PINK1/Parkin S 19 2%
BEAK F I ParkinB{PINK1REER /N BUK PDELAL_F77F
JUE AR mtDN A ZE AR I S AE R AL, MRS TINGE %
6 FH 0 3R BT 570 o] A AL A i R RE R B, ML 1,
PINK1/Parkinf [ 9 i 2k 25 T 20400 1 2ok 14 1) 2 A,
mtDNABL, 1705 cGAS-STINGS R 5 %, 51 & RAE
S

mtDNA-cGAS-STINGIH #% 1 5 ALSWAFTEAH K
7. TDP-43(TAR DNA binding protein-43) j&—F#%
DNA/RNAZE A A, IEH GO T, TDP-43%K (1 F 2504
FEAN A P, EA AT DL 31 40 B 5 o5 HAh 2R 1 A
AR R EAE G, 2 5RNAEY), T,
JRAFE AR . ERIRES T, TDP-4376 i 5 1 5
WAEMEALSH F B ARk, TR & B, MY
TDP-437] L) it GO AR 2 I TOM 20/ TIM22. 3 A £k
KLAREE BT, S HFROSHY A= B, HEROSHE A3 Y mtDNA

A LAmPTPAAS 1) 7 AR BN AN b . BB h R R 1Y
mtDNAFE— 0% cGAS-STINGI# i, 51 & FiF L E
R AR IR I FR38, 51K ALS™,
mtDNA-cGAS-STINGI# [ 1) 5 i g5 £ HD,
I H1Z38 Bk 57 3 48 B2 & (melatonin, MT) AR . HBEEZR
AR BR R, TR LT R R R P 2R A0 A Y 2Rk
BB, Ho o WA R A AR B K B s D . HLARRE SR K
A R SR ZRARTR A, 51 LR R S A I R £k
B BE B A A IR, S B mtDN A BT B0 20 Hh
I cGAS-STINGF 53, 7= A= RAE ML . FEHD/IN U
AU Al L B mtDNA BB I, cGAS-STINGI # 1
T AL DU AR S I S RE AU, ML TR YT,
LR B A . X8R TR R R IATHD Y
TETEHLE, mtDNA-cGAS-STINGAH 538 i [F] i A y7
HDHR AL 4
3.2 mtDNA-cGAS-STINGEES5 RS MHAMIRE
(SLE)

SLEJE—F A ZR10 F B Sefie e, Ho& s I A B Fir
WA ARG . BT & B, SLES mtDNAR B
—E IR, TESLEFRAII SR I Zki i 22
FH HL R AR 754 ] 25 L & 11 (voltage-dependent anion-
selective channel, VDAC) & RAKTE W19 LA, ¥
mtDNAREHCEN A0 B, SR VD ACTE SR 77 VBIT-
4REAE N H mtDNA R B, PR cGAS-STINGA ™ F: 1Y
IFN- | (53K, 1 s SLERRY/ N R BER R ALY, %
W52 R AmtDNA BB VI S, F-48IA YT SLESFAH G
H B i 2 W it 1R R e
3.3 mtDNA-cGAS-STINGIE 8% 5 fifi

it 4% 1 3K AT P9 % I B S A A 1) 2L PRI R il
RAEIRE AT o3 Wbl A A, SR H mtDNARY E AL
i AR I, i 1 STINGHR B R #2175 S IFN- [ 1y RBFfili
R LA, AR RE S T U A A R0l 27 4 Ak 1
FENER, fill Ak AR R ] (A 2R A0 i (dendritic
cells, DC) BitmtDNA, #7% cGAS-STINGA 5l %, IS
it P S E SO 18 A A, X 4278 mtDNA-cGAS-STINGIH
R PTG S v T 8 AR R T A SR A A5 % O R S 1Y)
FEHLH], R LURIRST IR SR emg
3.4 mtDNA-cGAS-STINGIE & 5 1 I & 5%

O MBI HH AR S R IR 22—, &40
AP Y 2 2% % 5 mtDNA-cGAS-STINGIE 4 A TS
G IEEEOLT, O U 30 5 1 mDN A 239k
WG e, 2 A 3 R 2 (R R — TR0 535 Wk
TS, O AILAN B DR TG 32 B i 7 Bk S Ak 52 49 I mt DN A,
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FHmtDNA M I 2 240l 57 0TS cGAS-STINGAR 5 i
6, 5 [ I RE FUNE ) & A 5700 it T BE

F2 Bl KT v LA AR P 2 LA R i 40 J g o e o
By kAR i B 2 —, 6l A58 % BE, mtDNA-cGAS-
STINGH [ F] REAF 1 3 Sl kT LA A () dike 2 K% &7
LR A o 224 3 3 KT T LA B 0% SR ik & A B34
i, It 3 21 20 B2 5 P AY mtDNA AT i 3% cGAS-STING
15538 s FECE W WA AE T, FEpbad B b, Z 40
F BN T LA B E A A A S, LI I 41 DNA ]
PO B LI ) cGAS-STINGIS S %, 5 IR 4 8
K F1 -9 (matrix metalloproteinase 9, MMP-9) 3% 35 .
MMP-9 7] [ fifk 40 M AP, R M5 & FE s bk 22, i
STINGIIE AL AR 3 BHL 1 E 2 A Y K Jel
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