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T, AR AU A A A IR RS AR S A A B R 0B R P — 2 B R AR T R
I, SAMRRRE IR, MERBEESERRAREZH &Y, Wb KR cGASE Ay 1Ly
ZUF, RETHEIER A FE LRI ARNDNAR  cGASHE HFFHATPHIGTPA MicGAMP4r T, cGAMP
BOlE AR BT, AN, ARG S gk EEA A RN E LAY STING & TS i A & 2
TR, RETHFEAYDNAW SRR 2 0m E400 MM ekAs, SESTINGE 1M i B 25 I 1 TE Ak
M. LR AARECE SAORIE AT TTIDNAZE P2, TS, STINGHREHIFHLETE P 5T N = R 5
M4 EIFMIECGASE H. cGASHUR LG & IR — 15 rh[alA(ER-Golgi intermediate compartment, ERGIC),
icGAMPA; T, J5 & BEAESEE I IS W I %2 57 1) B /R AR (Golgi) . WA K (endosome) FIIVA A (1yso-
STINGZEH, #iMiiEshSTINGEH MMM NG iz2id R, some) S IETEARS 2 AIPE 74512, 7ESTINGEE I FE 15
AR TR R MR A &AL o, STINGE A IR 3L CTT(C-terminal
fe, LASAR UEANNE A e AR R IR A ) R R AR tail) 25 AR ST IS B I TBK 1 (TANK -binding

ite. kinase 1)FIIKK(IxB kinase), J& & 4kt K1
IRF3(interferon regulatory factor 3)FINF-xB(nuclear

- G ZY M)
1 cGAS-STINGli#it 2z Iyiie factor kappa B) AN ADNEH:. 7EATHIRLA,

TERGEEDNAITE N T, cGASE ML TAREIRIR  IRE3HINF-kBE HAbSE AR S50 BB R IS Shsl -+
%, TEARE W cGAMPSY T, T MEECGAS-STING 2 ISP B T-A5E (R 11214,
Y SRS . TR AR AR ECE BB A Sz i TR0 28 R AR M A M R 773 i A 3 0 381 4 i
MIZAETR, SRIE T FEREE A SAMADNARN BEGE Ah, w254 [ B b 30 20 A 3% i (4 A R 37
oMM, AhMTcGASE . cGASY 1K, JA SN ({55 7% Tl e, Mg, 4K
DNA R Bt L2209 LS5 BT R &4, fikkcGASEE Myasg s, A AE S — &R I11SG(interferon-stimulated
HAM IR, cGAS-DNAR SWIIE UGB Al gene)RL[M KT, X ULISG/r T &ML G BE AT 4k 2L
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Figure 1 (Color online) The canonical function of the cGAS-STING pathway. Upon pathogen infection or cell damage, cytoplasmic DNA, released
from pathogen, nuclear or mitochondrial genome, is recognized by the enzyme c¢GAS. DNA bound cGAS then uses ATP and GTP to synthesize
cGAMP. Following that, cGAMP directly binds to ER-localized STING and leads to STING export from the ER. During STING trafficking across
intracellular membrane compartments including ER, ERGIC/Golgi and lysosome, the protein kinases TBK1 and IKK are recruited to STING vesicles
for activation. TBK1 and IKK then activate transcription factors IRF3 and NF-kB by triggering their nuclear translocation from the cytosol. In the
nucleus, IRF3 and NF-«B stimulate the expression of a wide array of genes including type I interferons and inflammatory cytokines, thereby inducing
the innate immune responses. Figure is created using BioRender
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AT B B A — 20 G AH SN B (1 1) ek ik
KAPESIE, AR AT AT o {1 2 T 40 it FTINK 4H 25 47 2
A0 AR 525 | L3S 1 e % (adaptive  immunity) 3L
ﬁ[11,12,14].

DL cGAS-STING:H i 1Y 2 1L Ty RE n] G AL Y
POIw SRR TN IR G S NE, 5ol 00 ot D A 1) Jee e
FIIbIRE 0 2 A S U101 R, 230 6 ) S BT L 2
G &L B HAFFER B SR SV, 3R B A A AT T A
BB AL, FEA B i e 2R T M
SERAIBR I K T

2 cGAS-STINGHip& iy k& L hfi

2.1 SN E v

20 A Wit (autophagy) & ELAZ AL WA H i BE AR SF
KA Bl AR (ly sosome) [ B R iR A2, 1T 43 M E H I
(macroautophagy) . 1% H W (microautophagy) 15>+
B4 B H W (chaperone-mediated autophagy). — B
AN A AR R A, W R R R AR IS
W) XUZ BRE5 R /) A W /MA (autophagosome) L 5. 7E
B Z | B R ARG S N, AR
A& (phagophore) L [n] £ [ SR ALK | Z 4l #% F1A
(Ea N NG S i 7/ 1151 [ N N A A i R i)
HWE/MA, 52 B S 5 R Rl G I s ik 2
PRI TR AR 0) A 1 T T AR AN P A BT R
EEXEE, HIEE AL S % ¥ (aging) . J##AE(cancer) |
AR (metabolic disorder) FlIH Z53E 4750 (neu-
rodegenerative disease)Z5 25 LA 512022,

TH 3L 304 20 i P AL C3(microtubule-associated pro-
tein 1 light chain 3)fIGABARAP(GABA type A
receptor-associated protein) & FH 5K % & B H Atg8(au-
tophagy-related 8)f%[FEE 1, H i 7R A kR 2
B R EEEREER. LC3Ch TAGARTRI, Tt
R UL, LC3451RLC3MIGABARAP 5 5) i 5
A& (lipidation) 2 HA T REAIHTHE 55 1. Zeadt R T
TRABME, KIEERILC3 AL LS &I, lat & A
AR HPEE T Ui B 800 A SRR B 1 A AL A 4 )
RE. TEANA A Wil b, BESS -G Y LC3TE H MR A ZEf |
I RGP A S R 1 e/ MA S S A R 5 S5 21 B B
g R P SR A ),

LC3MI AR B2 — 22 R A B SO, 58 BL.
B, AKMLC3TE TR E HREATGAM) 5 D1 %1

YEHTS 2 iR B ) H 2 iR sk 2k, RJ5, TEEIRERR
ATG7. E2HHFATG3FIE3HHFATG12-ATG5-ATG16L1
BEYIRIFERT, LC3AH & MRk I &2 LR
4T F R IE £ B2 (phosphatidyl ethanolamine, PE).
IKVEPEBILC3 B e 5t oM B4 A R LC3-PE. 78
B Z FESMAM AT, FEAEEULKI (unc-
51-like kinase 1)E A WIHHAZE AWERTIARL I BETE,
LB 5 4k ST R AV PS 34/PTK 3C 3 (phosphatidyli-
nositol 3-kinase catalytic subunit type 3)& &4, f2ffif5
BAE E W TR AL A e T4 3 - B R B A T UL P
(phosphatidylinositol-3-phosphate, PI3P), M= zh 20
AWE. [ WG P3P i B34S A 1R FHIRZEWIPL2
(WD repeat domain phosphoinositide-interacting protein
)% FUFRN FE H, WIPI2BE 511 S5 ATGI6L1E H B
A HAE RS ATG12-ATG5-ATG16L1E 5, et
IR HERILC37E F WERTIARAb  Ab R B4 &8 UL C3-
PE[24N28],

VAR ) Z I 9 6 5 AR, ¢cGAS-STINGIH i Al 8
T AN WA S TR AR BRI, i 5 RS
A, STINGHE = R IEu I CTTEE M, AT
T T AR B TBK L FIIKK B RE /7, PRt o7 S
TR MR 195 B SR, 125 ISTING
HAIRARISIA FLCIM AR L A4 A A MR b, it
A, TEMHFLSh AN N 3355 2 CTTA5 B STING 2
M, STINGTERUE LA AT LAl i 175 4 i [ w2k
YA FiDNALL X DNAJR I FR. DAL SCae i 2 i1
i [ W2 cGAS-STINGH i 1) — A3 0 R Y Th BE.
WP 2 L [ W 4R Y G B LR T ULK L& &
VPS345 A WL T A N cGAS-STINGIH [#475-5: 1 41 iy
W I T 2, T A R PI3PIX 45 4 48 A WIPL 2 AT AR 1E
IR ST A A0 1 s PR R el i) S E— A
FEAR N, TEcGAS-STINGIE B& 5 S 10 41 i 1 kv,
WIPI2A LT AT L i AR A 5T P13 P Y 7 258 1
FHSE. PLRIDTIE R, STINGFEHIALYSTINGZE 47 B
A WIPI2E M, Ja & dkM#H5FATG12-ATGS-
ATGI6L1E A, EsrLC3RYAEFAL N A W/ IMA BT
W(E2)P B ETCTFSTINGE S A4 i 1 151443
HLERRSR S0 22 He b, R A [ 2R A A 2R HLAS AN
TETE B5 538 [ AR 7o 5 SR A R M 5E T DA
FIRI .

cGAS-STINGIE 5 F A 4l g A EALEEN FA
R IR R, B SREIEAMMTDNA. cGAS.
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Figure 2 (Color online) The general process of the cGAS-STING pathway-induced autophagy. Following activation, STING recruits WIPI2 to
STING vesicles by direct interaction. WIPI2 further interacts with ATG16L1 and recruits ATG12-ATG5-ATG16L1 complex, thereby promoting LC3
lipidation and autophagosome formation. Finally, autophagosomes fuse with lysosomes to degrade autophagy cargoes, including cytoplasmic DNA,
invading pathogens, and several components of the cGAS-STING pathway. Figure is created using BioRender
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5 2, cGAS-STING:H #75 T I LI F WA 1 BRI
A [l 23 BRI cGAS-S TIN Gl [ FOIE 5 3, 2E 1T
SR LA B R AE SN, B LR B A A R
IEAk, STINGZE P4 LG 8 nT LATE i A0 55 35 A Wi Ae
WA AR R 12 % B AR AT AR, DAl 2 0k
cGAS-STINGfz 54,

2.2 PAEELC3TEA R EiR it

B T2 T RUZ A F W MA, B8 RALEILC3iE ]
DA 57 20 M PN 1) L2 IS S, N N AR R R AR S,
AT 3 5 A A A AR TR 1 A A A s R LA
cGAS-STING:H #1% S I LC3 g AL &Mt nl DL & A4
THUZBESTINGHE AL, 541 A WEAR, WIPLR2E
AR — i T L. W R, EN T HRESTING
FEU B R F 5 (V-ATPase) 1 5 ATG12-ATG5-
ATG16L1E S YIAREE, MRl dELC3-PERYENIE AL,
IS TINGHE HI AL Y LC3-PEXT T-cGAS-STING H %
(RS DA SR SE R T I R AA A BB 1R, R
HARZ 5 cGAS-STINGE IE i 2 Tl el Jr4E
Kty ZIFF SR, FUZESTING#E A LC3H i
Ak 3 EE 5 cGAS-STINGIH J i — 2 25 BT RE.
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Figure 3 (Color online) The biological functions of the cGAS-STING pathway-induced LC3 lipidation on single-membranes. Following activation,
STING protein functions as a proton channel and promotes proton leakage, which raises pH value within STING vesicles and activates the V-ATPase-
ATGI16L1 axis, resulting in LC3 and GABARAP lipidation onto STING vesicles. Lipidated LC3 and GABARAP then activate transcription factor
TFEB to induce lysosome biogenesis, and activate E3 ubiquitin ligase LUBAC to partially enhance NF-«B activity. In addition, lipidated GABARAP
can recruit and activate protein kinase LRRK2. However, the physiological significance of STING-induced LRRK2 activation remains unclear. Figure is

created using BioRender
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23 DHTEAEN TR
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), PTAE RS STINGER (A A [ B 3 P HL 8 3 3 1%
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STING H B3 LAG 7] 35 2 HENLRP3 S AE /MA ) 38
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The cyclic GMP-AMP (cGAMP) synthase (cGAS)-stimulator of interferon genes (STING) pathway serves as the central
DNA-sensing mechanism in mammalian cells. Upon pathogen infection or cellular stress, DNA fragments, derived from
the pathogen, the nucleus, or the damaged mitochondria, can be partially leaked into the cytoplasm of the cell. The enzyme
cGAS is then bound and activated by cytoplasmic DNA and utilizes ATP and GTP to produce a second messenger molecule
called cGAMP. Following that, cGAMP directly binds to endoplasmic reticulum (ER)-localized adaptor protein STING
and induces a dramatic conformational change of STING, triggering the exit of STING from the ER. During the trafficking
of STING across the intracellular membrane compartments including ER, ERGIC, Golgi, and lysosome, the protein
kinases TANK-binding kinase 1 (TBK1) and IxB kinase (IKK) are recruited and activated by STING. These protein
kinases then induce the nuclear translocation of transcription factors interferon (IFN) regulatory factor 3 (IRF3) and nuclear
factor kB (NF-kB) from the cytoplasm. In the nucleus, IRF3 and NF-kB drive the expression of type I IFNs and
inflammatory cytokines, thereby stimulating the initiation of innate immune responses.

In addition to the canonical function, a number of non-canonical functions of the cGAS-STING pathway have emerged.
Of note, several non-canonical functions, such as induction of autophagy and activation of lysosome biogenesis, predate
the emergence of the canonical function, suggesting them as the primordial functions of the cGAS-STING pathway. During
STING-induced autophagy, STING directly recruits WD-repeat domain phosphoinositide-interacting protein 2 (WIPI2) to
stimulate the lipidation of microtubule-associated protein 1 light chain 3 (LC3) and GABA type A receptor-associated
protein (GABARAP) and the formation of autophagosomes. Interestingly, STING-induced lipidation of LC3 and
GABARAP can also occur on single-membrane vesicles, which is regulated by the V-ATPase-ATG16L1 axis. Several
independent studies have revealed that STING-induced GABARAP lipidation on single-membrane vesicles activates
transcription factor EB (TFEB) and its prologs to stimulate the expression of lysosome-related genes, thereby enhancing
lysosome biogenesis. STING-induced GABARAP lipidation also activates the protein kinase leucine-rich repeat kinase 2
(LRRK2). However, the physiological significance of STING-induced LRRK2 activation remains elusive. Recently,
STING protein has been identified as a proton channel. Moreover, the proton channel activity of STING is required for
several non-canonical functions rather than the canonical function of the cGAS-STING pathway. Upon activation, STING
mediates the leakage of protons within STING vesicles, which raises the pH value and activates the V-ATPase-ATG16L1
axis, resulting in LC3 and GABARAP lipidation onto single-membrane STING vesicles. This suggests that the proton
channel activity of STING is required for the cGAS-STING pathway-induced lysosome biogenesis. The non-canonical
functions of the cGAS-STING pathway, including autophagy induction and lysosome biogenesis, seem to represent a cell-
autonomous strategy of the cell in fighting against pathogen infection.

In this paper, we aim to summarize the current knowledge on the canonical and non-canonical functions of the cGAS-
STING pathway and discuss the remaining issues needed to be addressed in the future.

c¢GAS, STING, innate immunity, autophagy, lysosome
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