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Abstract

The cGAS-STING signaling pathway is one of the important pathways in innate immunity, which
consists of cyclic GMP-AMP synthase (cGAS), stimulator of interferon gene (STING) and a series of
downstream signaling junction molecules and effectors molecules. Cyclic GMP-AMP synthase
(cGAS) recognizes nucleic acids from bacteria, viruses, and other microorganisms, which in turn
catalyzes the synthesis of cyclic GMP-AMP (cGAMP), activates the immune response, and stimu-
lates the induction of type I interferon through the STING-TBK1 signaling pathway. However, this
cGAS-STING signaling pathway has also been implicated in the development of a variety of diseas-
es, and its aberrant activation may allow the body to trigger autoimmune diseases. At the cellular
level, multifaceted roles for the cGAS-STING signaling pathway have emerged: these include auto-
phagy, translation, metabolic homeostasis, DNA damage repair, senescence, and apoptosis. These
roles result from key pathway components and their intrinsic connection to the physiological
state of the cell. In this review, we will discuss recent advances in cellular physiological states
controlled by the cGAS-STING signaling pathway, their relevance to disease, and the intrinsic me-
chanisms that cause disease. The aim of this paper is to provide a comprehensive framework of
signaling pathway information, combined with the discovery of these mechanisms as well as cel-
lular functions, to help researchers better understand the cellular functions of the cGAS-STING
signaling pathway, which will lead to the discovery of some promising therapeutic targets for dis-
eases, and lay a theoretical foundation for future research.
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1. 5|

ST [ A7 1) e 2 TR ST ) A 075 S TR e A Y P DNAA 35405 (R S B B 28 o 7EIX — LI, cGAS BRIk
GMP-AMP & Hilig)-STING (T4 2 5= KI5 5 10 B 41 35 B 22 4 0, FonT DLR 40 B 4 7 1 DNA
HWE— RPN . BEE X — (5 SIEB AR I, FAE IS G DR 980 s B B i ik 3 45 T
MR AR NG . WFFERM[1], cGAS-STING JBEIE LM, BIEMIR. B SR, iy
PR B AR 008 (¥ & g vh 25076 B 25

AT, RERATRE SES M SERG TR ERE, (AEFNEW. . BRIP4,
DNA $R1E 5 . 32 AN HLE T/ VAN A0 B A 35 HLER AR BHM . EAh, cGAS-STING 3 i 1) 5 G 5
G PE M IR A LG VLR B B e B . H AT, EERAH ST R E BRI N AME 55 5
R S 2 S TR 0 ) B AR BIT LA R A B ) B T A s 2 iR T SRS

SR1M1, CGAS-STING &5 5 @ETEAF AEY A, ARAMIEEL, F 4R 7EGHM P R —HL i) Th R A
FRAFEE BFE WAL, FEIRAEN BB A DR 755 . SEANX SE AR S (1, 0T B AR il ke
TR % AR BRI BRI R F R R

9 5 AR SR 2R IR IR R ZE T R G VEHB AT BE cGAS-STING 13 538 1% 1 20 i 3 B MIAH S5 7 A= H Lok
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BT, A B RE G PR E b I K ) 7 A ELAE AR SO0 A AL 2 S A AR RGBT LA, DRERZE TR
AW SR AR 5 S WO DA W TR s 73X {5 5 A B AR AN [ 4 S 2 v P e R S
[ Dy Je ST ST (At R, AT AN () 240 M 2 e ) P B =5 3 — e i DA AR AR OG- I S AR R AL BT
N GIXT cGAS-STING 15 Sl B U BEME, (edbfr It 7T AL, I OuIGAR N AR SE B iR b al . B4k, BR AR
5 A R AE A R 2L R ) Dt e VT AR R ORI T B R B R . B, BT
7T cCGAS-STING g AL et 1 B AU A e, RIS thoxh 236 AR QU™ A4 1 IR R

2. CGAS-STING {5 S B ERVELA
2.1. cGAS 5 DNA iR B!

CGAS & cGAS-STING 15 T i@ HE BRI 4 7, H RS IR 540 N H I 0 S 3UEE DNA(dSDNA),
B A TIEIRES, AT B e B EALEI[1]. SRR cGAS 5 DNA iR AIHLHIxT- I A8 B4 4
REIRTT SRS A 2

CGAS i H Zn> 251185 dsDNA HIBEIR B 4845 &, Rl ) DNA, A2 RNA [1]. cGAS
TR —NEE P cGAS 4 F A dsDNA 2T cGAS-dsDNA B &4, 4 itk 48454
EHFE, cGAS AL ATP Al GTP 4=k cGAMP 1£ 55 — {5 1#[2].

2'3-CGAMP i —4 5 STING 454, ¥% STING [3], #ETMIHGE e E gy . 3X— ik FEAE G s B AR
PR B T EEER .

2.2.STING 55 S1EK

STING /& cGAS-STING 15 ‘i % o i1y S8 1 15 PR 7, LB (R it 1 2 Fh G s 25 1Rk i [4]. 24 cGAS
0 30 g Y AR SR UEE DNA B, 24 cGAMP, HAE NS> 75 STING 454, fillk A %284k
fEHIEA BT 2 M N UHE SRS R I TR E T E R N 1) 77 A [5] . STING 1] LA S 0E Thl7.
NFAT. NF-kb. TCR. UPR. ZHflyHT-%5%5 SiBER[6]. FFFLRN], iXLe(5 530 M KBS A KT STING
N FOTIMES K. Fk STING A5 (1 G B & BE HAT Z IR TR R Je ik o LR ) 3 =5 2 9 oA ¢
STING {5 5B AL .

2.2.1. STING rBH) TBK1 jBE&

TANK 454 % 1 (TANK-binding kinase 1, TBK1)f1#% X 7- kB (nuclear factor kappa-B, NF-«xB) #4112
H e(inhibitor of NF-kBkinasee, IkKe)#% STING #15%, TBK1 — 3Rk ABERR AL J5 [7]45 5 72 STING 1) C iy
BRIGEH RS PLXIS 3P, 2RAKIREE: X, (BRI S, LRIKIRAE) L, 3%, STING
(1) C i BB (CTTE N — AN G A a, FHE AT T 3 (Interferon regulatory Factor 3, IRF3) #4455 21tk
GO S I BEERAL[8]-[10]. B, BEMRILM) IRF3 —HALIFMAL BT, FS7E | BTmR
(Interferon, IFN)F1—$2F-¢ & H) 4FE [H (Interferon-stimulated genes, 1SGs) [11]. 1SGs #2 5 #1% & o I =
BH Sy, AT LAGmAL R E R, X LEEE RS P B RNA B0 BH LR 35 88 6 R

SRSRUE, Wik 1 s, STING MG nl RIS0™ A2 T4 2 A0 HAR R 1=, AT B 5 5 1) 52 of) A 1
DAR BUch 40T 2 A= s R 4 i 55 22 o o A

2.2.2.STING 51 NF-xB {5 S5iE2%

WHFLEN ) B T NF-xB 5 1 P50 P52, REL. REL-A. REL-B ¥, REL-A fil P50 145
NF-kB (#4012 [ (inhibitor of NF-xB, 1kBs)4i# LAJC i It (RPIRASAAAE T4 5T e [12]-[14]. & 2 Fos,
IkBs 454 NF-xB J&, AT LLHED NF-xB % ENfE S, FHIEH AL DNA 454, {f NF-kBa
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Figure 1. STING-mediated TBK1 pathway
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Figure 2. NF-kB signaling pathway involved in STING
& 2. STING 25/ NF-«B {55185

PLEE A T XA AE T4l 5T v o IxBs 1E7Z 3 AR SR A R 22 bk 2 A g %, 5 NF-«B
i ES, NF-«xB ZFEIZENTH], HA M N 5AHCH DNA B 455 DA S L BE R 3% 5% [15]-[17].
FRIB LS a3 Bz, NF-xB #E NHIAZ s PROE T 90 IkBo 22K 5%, H6 UK IkBa {8
NF-«B 1 DNA f# & 3 HEH 4 fut%, S Ae B HoE .

STING ifiif TRIM32 Fl TRIM56 & Bz RFEKIEL NEMO-IKKa/B, #HEififEdt TBK1/IKKe gL,
IkB A F RN IKK FEEEREY), T2 IKKa. IKKS. NEMO AR E SYEE IKKe BERALIEE
JEAH 5 NF-«B 455 HIREJ1[6]. B T cGAS &A1 57 DNA Buf %@k LAk, 12 RAERREE 120 i
ZOREE, I AXITTREN E3 2 FE M T T A G rlbRiiig, m&RMAA LFBER E3 Z R ML
HERERE TRIM32 Il TRIMS6 J5, 4058451 K% DNA R RN, RIUNIHE 15 T4 1072 R A &
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IKKalp A 2, IEH] STING @it TRIM32 Hil TRIMS56 & iz 28k iE 1 NEMO-IKKa/g, #Eifeit
TBK1/IKKe HIiSAL, BEmfest T30 R MR [18]. E3 V2 RIEHLEE TRAF B (A 1E cGAS-STING @M%
FH IR, IKKalp HE L 78 KT TRAF 2 A, 5 & & 2 ZEEP NEMO R 51 6% 5 IKKalp
WAL, A IKKa/B 7T UL B #EE AL 1B B I [19].
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Figure 3. lllustration of NF-«B dissociating DNA
[ 3. NF-«B f%% DNA EI/R

5221 STING /3 FiiE TBKL JEERAIE I STING /1 5/ NF-xB {2 5@ A2 STING Wil ik,
[20].

2.3. UiRENMERER M

FENAA B AL, X B0 25 F0VE K RE e AN BOREZE 7T, cGAS-STING 15 5 I8 B 7EIX
AR ARG R A E[21].

IR EEGLS, STING /31 TBKL 5 @B E N T i #: DNA BAZIEEE, cGAS R
DNA IR, B STING S TR ERIL, 3 ahE A% 5 1 S R E [11]

TEMIE IR T, STING /- 8 0% Bos T PUei /7. Mo 28 fuat TR Y DNA 1] LK
15 CGAS-STING {55538 % o 328 171 388 i {1 a3k 58 i PR (100 7= A4 SR (I a3 2 40 b 092 9 A 288 7 o e 40
SEEGHI T LR UE ST, STING i 6 65 3 5 rtoRa e 57 Ve T 4R (19 T B, e i 8 V2 ) AR EXL 400 P 1) 92 S
IXAE R S VAT T B B Y[22]. BB STING BaEh7, Bm %@ 45l DA s Ioed (1) S iR 51
Thfe KGR 23], SR, R AT DL S STING /S0 T 4B T, M w6tk g % 10 ),

SRIM, 4HMIEH T DNA B 5 E A MRIEITIReIE, IR RI M EE A e, SRR AR R
[ A 149 1 7K ST 4t 5t DNA FIAS B cGAS/STING B o Ay 1 b ik i 87 4 M A [ 1) STING B0 Bk
(RS AL, VF 2 e T STING 15 S IE BRI GRIGE . A7 7R IX b G B 8 BEATL ) (60, 465 g
Yfarh STING FRIA [ 5E PR 21 5 e WList 1% 2= i BR) »  (EL IS A& AN e (10 8 41 M A7 8 38 3k va J 3 A 5 11 1) ol
dsDNA FI/5H cGAS AL 1) 2'3'cGAMP FHE A% SRR 4H A A ML P4 R A0 A . Jied N R 4B STING ik
55 68 W AL S T A PRI I B s AT AR AE A A K DA DG . SR, I =R BE A STING Byt i
AT 2 4 6 8 2 3 O L O R I SR AR o DRI, STING ZE iR S va 97 i i b — X )
8, FHEA STING BEhFIFIE, SR RIS RN 8 % T 48 T A L IR BE IRk, A ARk 35
U IR VR T R
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2.4. BB %RER

YA TE Y X 201 32 H 5 1) DNA R JE AR ) DNA, Jit LA 36 2 5 052 P L) AB - STING & 243
T XN G % R G 0 BT AN R R L SN AR S G B AR, 7E —LEAFERTE L T, cGAS-STING
2B Tl I BEOE, X 5HOM B S B R AOR LA OC . HLan: Trexd THREFRALHIR N FEH &
DNA B2, H A IS cGAS-STING 15 Sk, %K H & R im[24]. Kk, P cGAS-STING 155
PR OS2 VR TT A SR R . B 1 BEOE S EUW B S i LA, STING DhRetERAZ Wi K
H &5, i KL T —3J5 STING ThRESRAFPE I (StingN154S StingV155M %5) 75 A I ] B Gl ik
I, LI ARE IR 32 BRI NI A0 S AP 4iAb, e RS, T A0k AE 4% [25]

SR, cGAS-STING 1558 B 75 U 25 A1 s S e I B BOCEIE A, e IB0E B ThRe
AT RABW S B G R RIS . Rk, KRS cGAS-STING {55 i i i35 14 il B 2 R
e G ZE PR ) — AN BT . S N cCGAS-STING MFRIEN (BB BRI, Ak BT R
HH B B AN R VR YT TV

3. cGAS-STING {55 RIZBaThRE

EYNEER S, STING ML RIEFER e FWNEM, 5 TRAPS, SEC618, STX17 HZNMEAK
A EAEH, R STING LA EE A E A N(COPH) ARH A 77 2 A R M ) 5 R AR TR, 3L
STING ALl BEIANZ R -E A MAARIEE N T STING [, BT

O @ - - J
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Figure 4. cGAS-STING signaling for cellular functions
[El 4. cGAS-STING {5 S HIZHARTHAE

Z R STING HAFEAS 5S4 faw LRSS Bh gt #ia M. RSB T, WK
4 Fizr, STING RIS IR T4 IFN NS RIPUR SIS, T2 &3 E WS i g i i F2[26].

3.1. BREE

STING 1551 WG PR A M. DNA B0 R A 2S¢ 32, 0 R X AR L i = T4 MLt 1) o £
M & [27].STING 51K HEEMEE IFN 5%, A B T B A2 pi 1 (HSV-1)H1 MTB #44[28].STING
I3 1) B R 2L STING AP BT 0 4% % 21 P Joit Do 1 s /< AR T A |, 302 B B — AN SRV . STING
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' F B UPR FIAH AL T 7 2 STING M N B 25 . A2, STING /131 UPR Al B MR i P #R4 E fr
FIAHE 7 B (— AN E B R 322-343 1) o-#E i), X 7 B YA 14 v BE AR T — AN 1 A 5 1) 3 [
R, STING P4 J5i I BB B8 2 (75 212k P i 19X A v R S A m [ R ke 7R A 2 D) 2 5 1 AT A iS5
WANE#E[29] [30].

3.2. EBRHER

B 1 5 B3 T R N P AR AR A R A AT A Lo A D R, TR B R O ) 9
AR — N R HRHIE . BT KB STING-PERK A5 = 1l B 4% il (¥ 8 F1 5T & BN cGAS-STING {5 5 7E 41
MeThae b PR B E 1 5 — AR [31].

W&l 5 Fror, STING-PERK-elF2o {5 5 & 340 1 82 (1 S A, (EAN R 1 — MFERIIE 7 3
AT SRERAEAFAF 546 T, TP T & 2% R 7 EH. sAh, #REIRE TR STING w4l
RNA 5 3 5 5 KA 1] -

h V.V N
cGAS
GAS — A
( LV v N /' 808
\, STING &% —
o°
m— S oy
- _—y
- ~
- ~
- N\

Figure 5. Protein synthesis controlled by the STING-PERK pathway
[ 5. STING-PERK BEIZHIMNERRA MK

3.3. BEERAAEPEA R

e R AR 2B BEREVE N — PRI R ELIRES, 5B RAERA A X, cGAS-STING 558
RS S AT L bR R . WL STING BERS A R AN A 0 I B 2 S R 7, M55 S48 M 4 IE
FE R AT A B R S N (R R AT 2 520 STING A5 1T A0 3R OM[32], A W R AR 35 L
WS cGAS-STING ML [33]. thah, FRBHELIRZ E LFEE mIDNA BRI N, 1X# cGAS-STING
7531 SORE IR T BE BRI IE R 2ok [34]

3.4. ¢HBREERR

dsDNA 5 cGAS 454 )5, cGAS [IJLF flts IE LM 1 N 35 DNA J B T8 A B 454 [35] - X Fh
EEEEY 2 AERE CGAS [MIE T, I T DI I2 i 25 100 55 2 4N . AE B ] A 2, /£ cGAMP
S STING A8H4J5, 5 BSR4 T STING F1 TBKL 1454, MIFRHI T STING 155 15 Bf
fEid. IRF3 — H A% STING-TBKL {5 50, #aAgis)filk NF2 250 RAL KRR EEEE, I F A & SR
fiff 2A (PP2A)JH % TBKYL WML, F£EH1] STING-IRF3-IFN 15 5 R4 8 4 [36]
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3.5. ApRREE

Y P 5 2 P B ) 200 B 3 R S R A A I B LA, DAAS R 4 R B AN 5 A
KPR (SASPS) NFHE. cGAS-STING {5 51 32 /3 DNA 50515 3 NG 52 2 i) AN L] Gt
Z cGAS 5 STING ¥4 i 7E N 34 Fi 52 2 5 DR (4@ . DNA 5473 e 225 DR 3 P8 95t el B e IR 1)
SASPs. HILH—RIRIESEH T STING-PERK-elF2a &5 K HAR S BIIRFERY . mlilk PERK RIIRZEFHE,
YRS elF2a HEERILAE /1B Z IRF3 JUE 1) STING RAASER KL _F R DNA 5l K.
FR T I R |E 25 81 ) cGAS-STING i@ #% 7] FHL1E cGAMP 5 5 [ 41 il 35 % A £F 4E 4L [37] .

3.6. DNA Hifrig &€

PR ASERE (CINYTE S R DNA & RN A T A2 VK B 4L S0 10 RN S e AL 3R 12 . 7EXT
DNA 7ttt Bl , cGAS S A B iz, 5 XUEEK 24 (DSB) 45 &, MIfiBHAS PARP1-5] () DNA
1BH[38]. H—WFFERH, cGAS FER—MILRIERER FNZEN, @id5 dsDNA ElENE &
Y4k RADS1 EAHM /511 DNA #4228, Ml AR EHEE[39]. RIEEERE T cGAMP A1)
A5 EAL(HR) I, b cGAMP B4 7 41l NAD /K, | 7 % % ADP #ZFE3E4k, 1% %K ADP #Hi
St DNA B E CHRZERT O & 1 —F T Iz BB 5 181[40]. 5T cGAS Wi ifi# DNA it =2 K&
FLAE R R AR I R AE, I R — D AT

4. BEERE

CGAS-STING {5 5l %2 — 2 R RN R B4, O 27, IHEZ FRBERE T H
WHTER T2 B EA . AWRHIRINES, BTN A AR 40 A TR 77 THIEAS | W35 R .

B, RN R RN 2%, cGAS HBI AN 578 XUEE DNA, JH0E STING,
BEMARHE T IFN-1 S 2ORER T2 A . (5 BB E 2 PR 2R . B B i s DL S AR
VIR R EAER . EPUMIRIT R, 1208 B RO R B H 6T R A i AR K AR E SRR AR e
FEVRIT M TERE . SR, 25 S @M EROS S B 5 R MEm R A, RUIHAE 4R )%
P XTI SIEF

FIR, EEX cGAS-STING B W FE AR 7~ 7 HRIR s (5 5 BRI, 7R 1G58k
WS4 MIAE TS . G, DNA i85 6 H BN AR . X OV BELAR S R 405 A1) 2 2 A ) AH 1
KAV T A . X8 H AT cGAS-STING g0 78 OF e, (HEAR AR rhiZim ik
() HL AR Ty i S LT LT 75 g — PR R

25 FFTR, cGAS-STING {55 IBBKIE Sy N . SOE A 1 RIBR 16T 7 T R HEAEA, LA
FURRARAT T AR ZAIR IR R B 7 RSL i Heal, [RIR B HE B T ZUR PR 78 130 B Th 88 ) FH L 1 %
TR 77 75 e IR Pk DL A 75 B AR 1Y) B ) R

BE7E cGAS-STING {5 5 38 I %oF 4t Ffd G 22 B ALk 2 M1 H 28 R, AR B FUa H SR T DL R
JUANTT T :

a) IRAIRZ cGAS-STING i & 1 15 PR FI 4l 5« R0 R BR A R 1T O BRI B B T s /N 1 %
FAHPMI I AR R 2R, A BT {5 5 08 B 1 53 A PEANTE R 2 40 HRAS R I ThRe

b) [ B 5 H Al S 5@ A EAE M : cGAS-STING B 5142 He MBI a L HAEH, WX
SO BAE AT Bl TR S AR A SR, 48 AR SRIBIE AR (16 T7 SR I

JEL LA BT, AT CAHARE L cGAS-STING 15 518 B N i (05T VA T SR WA ey 7 bR . Tk
GePE O A B i SR At AT R, AT N IR IA T R A B R
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TEASKI cGAS-STING {5 5@t 5, LLUF LT HE S PR

1. 3T AL AR N PR«

fiEHT CGAS-STING 15 S I i AR JI I RE RN TR BEAEE AR, WA ERESESPREARER, R
FH e e G AR R B I R RN 4, LA S FAE AN R A RS B rh 1 D e 2 R

2. {55 IR I 2% (R RIS (R B 25«

B ARG A )5 I T cGAS-STING B S AL 5 2 AL, e R 7540 B SRR HR
BT FIHE S PRSI R AL B IR cGAS-STING IR I ZNAATAY,, )RR L7 4 i A= a3 3 o (0K
T

3. BB I L AR P -

P ERAR A BT, #57 cCGAS-STING {5 5 Il % 7 i BUE 5 K B MK R A BE R gm B AR 61
HHEAFREE cCGAS-STING #5487 NP B A MBS, i B0 LA T HR AL SR P 6

L LFTIR, X cGAS-STING i i [ 58 AN ZEER B FLAE BE AR 2 A3 (A F AL, R0K R m e
AR 2SR N L, DR TR« S W RNE T IR AL 2 (SRS A k. [, STING A1)
TP Z CLA PG 5 0 s 2 R AR A ) — S FH By ), STING 78 T 4 AAE R PE G % v B R 4555
HHETRE .

SE
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