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Abstract: Cyclic GMP-AMP synthase (cGAS)-stimulator of interferon gene (STING) signaling pathway as an
essential immune response pathway in cytoplasm, can find cytoplasmic DNA to regulate the innate immune and
adaptive immune response. Studies have shown that the signaling pathway can be activated by both tumor self-
DNA and genomic instability, thus to promote or inhibit the development and metastasis of tumors. Therefore, the
role of cGAS-STING in tumor genesis, development and metastasis will be systematically expounded from the
structures, physiological functions, inhibitors and agonists of cGAS and STING as well as its pathway transduction
regulation in this paper. The paper aims to offer theoretical basis and reference for targeting cGAS-STING anti-
tumor drugs in clinical practice and cancer clinical and cancer research workers.
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tide, CDNs). i 7L W, /N R &5 7 « LR « 52 5k i 90
75 CGAMP J& RE A% e 21 B S5 (1) 5T b 3G 2k w1820, AR g,
N 3 2 B 70 5 30 968 4 i ] DL Jd i 7= ik STING
PRE AR KRB R, a0 7 /N B LLC it B A 2 oh ) ik
FK STING RE 0 e 32k b g A= 100, 5 S8R 241 i g i ik
2215 STING 8 55 Treg 4 fu /- 3 S s btk i 1 s 72
KR, RN 220k STING &8 3 ¥l J5 15 41 4 2204,
I, STING ] B8 A2 — AN 00 18 15 L7 A 5 g 1)k 4B
K. REERHE S H T 5L KT cGAS-STING i #%
TEH ) RO 33 TR 2B R e B S B R R B
1 cGASK STING M5B INEE
1.1 cGASHIZEM4F =

cGAS X Ff C60RF150 5 MB21D1, #& — fl 4 F
Ji & 7F 60 kDa [ 8 [ 5, H K %) 130~ 150 /> 5k F: 41
FS I R G5 74 AN R S 1) 2 5 R i 2B A, B i 2 — > =
5708 TAZ B B (N Tase) i 5 1k 1) Mab21 45
R . N-TR iy 1~212 i 5% 3 /& 45 & dsDNA @ 7 117,
IXAN DX I AT 58 AL AN AN [F] 1 DNA &5 & 38, C-K i
213~522 [ FRFL G B o 1% H R e e Il (NTase) 547
A Mab21 25 ¥ 38, 76 I BE T 1 3 N R A R AE P
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To Ay A R AT ) B2 R R Ak 5 i A LA 1Y) DNA B IR 2
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STING fril [ 2 1 K 5 e 8 1 (1) Jv g v o7 R0 5 FE S T
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AL P iR AR K, X e E R AR AR T STING BIAFAERY.

AN, Eh AR R e/ 5 OB AR R B (azomethane/
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TR 5 5 41 B 3 2 10 e i 1 e, B mT DA JE 9 41
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Ep-TCL1 /N VESS STING #45h 7 3'3-cGAMP, & I
LA AT Liang 55025 B STING (130 12 3k
B SR A0 BRI TS . STING A 38 3h 571 3 i 4%
STING U AT A5 ZORE T 4t B JF HE S5 4 B, S AE
[ IE S v T TR I BRIV 7T
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Y1 Mk MCF-7 v 2238 NI, I /e3R8 L1 R S5
Y AT A% ek /038 5 B STING T BE 1 1) S Fi Jos 24 i 1290
PIIE R R . (H2, AN A R e, il it S
NF-xB 5 B, [A £, STING i Bk 5 5 5 9% 40 o i1
TR % I H STING mt K] 1 8 % b i s
DNA (1852 Fil cCGAMP [{13 1 o b Ak, 5587 A4 /N R
AR LE, 42280 1 /0 BCSE 68 2308 41 PRLAE STING filt B 1 718 B
A PUITE 25 5 R ARG B o X 0] g5 A8 SUAE AR SR
YA STING & 1M 72 42 1 2 IFN, 5 80U % 55 5 1
CDS8' T4t B &7 T AR HE R A 5%
332 RFHEPNIELIEFE  STING Al il i 4 28 14 1 5 g
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Wi i 2,3-SUN %8 i (indoleamine 2,3-dioxygenase, 1DO)
e 3t iR A= K, IDO AT 4 STING Bidel. 1DO REfHE 1k
L- €0 S BR e A O N- R BE R PR R, 12 a2 firh 83 4 ff s 9%
6 TR FF BRI T A48 A 3 B, A5 ORTER 2, IDO K
IAE R SR R 45 T T, I H STING A1 IDO [A] i
BB 1D /1N BRUSE BEHRPT LLC (I AL %5 %% . cGAS-STING
5 S 2 1 PD-LL 7E e 41 i 2R 0k, AT A
S 2 B A S P R IR B8, Chen Z5MU& B, A JEA1/N i
%) 7L % g R i s £ B T DA SR K 45 B B 1 7 (procad.-
herin 7, PCDHY), &3 B+ 8 A 43 2 Rl 1) i - B R IR
JoR A A 1) R R B T il — HL 5 2 TR i o 400 i ] it 32
Bz, 9 40 IR i 55 A5 1 cGAMP 21 2L ] fi i 41 i o,
PO STING 3@ #% I 77 A= R A B X+ 4 %= - o (inter-
feron-a, IFNa) F1 i 98 3K 38 K] T~ - « (tumor necrosis
factor-a, TNF-a). 1E 5550 WME 5, IX L8R 2R 0S5
S 5 5 8 0% 7 1 (signal transduction and
activator of transcription 1, STAT1) Al NF-«B i %, M i
(R . [FF, B 2T R 4 i STING )%
iE, FHNH] IFNa fT TNF-o 19774 . Bakhoum &4 Hi
Gt R AN R o8 P 38 i 4 45 IR 20 1 X 7 BT DNA 1R B
FRNRAE R . e AR A TR E W A 2 7= A K
T DNA T 38 3o fok 23 6 20 40 i it o, — B4R s Y

H I DNA B, 5t 22 3035 cGAS-STING i i, {H B f5
NS BE 4 ML) NF-xB B % . # %, cGAS-STING J
6 2 O I 20 B NF-,B 38 I, {2 fd p52 i [A f 3R ik,
A5t e 4 M 114 ik DR SRR RFAIE 5 10 O R M 2 At i LA
B U, JF BLAT kB T 40 Y S 4, | cGAS-
STING i i A Sk 2 1) e A PR 4% 4%
4 cGASFISTING #iEhsw R 05

B IR CGAS-STING 15 5 i % 78 1] A7 4 2 Rk B
G FOCHE B H S 1Y) 3R DNA X 138 % 1) A6 4
WO CATE A 5 S Vs B B JORE PR P R I,
1 Aicardi-Goutieres £5 & 1iE « 5 4t P4 21 B R S,
I, BF AT R L — 2 cGAS [ 7 55 A A ) 750 L2 1,
STING (47 W5 2.
4.1 cGAS &I

Wang ZF181EE T HPLC YA J5t 5 It 2R 075 38 1 o I
FLEH (suramin) & — P R0, 5B AR
£ cGAS 45 4 1) DNA, M T # ] T cGAS B 1) i 14,
I H. 7557 B AL FE ) THPL 41 il P& X 1 IFN-B 15 RNA
FEAFIIAKE. BT (quinacrine) F15( 1 (chlo-
roquine) J& T PLJE 254, 7T 9% 55 cGAS W M, IF B
AT o T BT330I 748l An SEETE i 0
2y BE AT RE SR 3%, TH B4 M UE ST A TR T bR RN S

Table 1  Small-molecule inhibitors of cyclic GMP - AMP synthase (cGAS)

Compound CAS No. Structure Function
tI)H
HO,_S-P L A
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H‘;‘S_‘D HMN o
MNH C:w—.fo
HN
Suramin 145-63-1 ;_NH Binding to cGAS in replace of dsSDNA
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O.:s:,o
OH
O,
s, -
HE © o,,s‘OH
’]\/\JN‘\./
Quinacrine 83-89-6 o Hi Inhibiting the activity of cGAS
L,
Cl N_“
=
Chloroquine 54-05-7 Inhibiting the activity of cGAS

PF-06928215

Binging to cGAMP
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Table 2 Small-molecule inhibitors of stimulator of interferon gene (STING). IFN: Interferon; IRF3: Interferon regulatory factor 3

Compound CAS No. Structure Function
NH
C-178 329198-87-0 .: 0’ 0)7_(21 o Inhibiting the palmitoylation of STING
N
0

0,0

N
0 =
o
NH

I
o
HNY ﬁ\
H-151 941987-60-6 6\NHJLNH

C-176 314054-00-7

W
A,

= Ccl
Astin C AN Yy Oa\ﬂ‘
QHINJ\CH d
H

Inhibiting the palmitoylation of STING

Inhibiting the palmitoylation of STING, response of type I IFN and the
phosphorylation

Blocking IRF3 recruitment into STING

J2 IFN-B & B8 Rm il 7], 5 Hod i #] cGAS 1
dsDNA FIl i & 35 4E -

Hall %5190 B — FioBr 17 w1 38 & cGAS %% Y i 41k
(fluorescence polarization, FP) A& J5 i, AJ s 5 51 Al
Ak cGAS FM il 5 . FP AR W {3 F cy5 bxid i) cGAMP
g6 — iR 16 75 5% R0 7 50 50 [ A4 PF-06928215, 1%
PR 5 MR I cGAMP, A 5 cAMP. cGMP . ATP &
GTP & X R Mo T HAE S K % I M 1 AE
CGAS & — M A IR YT B B SOREBR I R
4.2 STING #&IF

PR A T 5 K I AT A5 ) C-178 RN C-176 1L & ) Jt
M VR T 10000 f %5 B~ JBE 22 IR Bk ik Cys91, M i BH.
W A 75 5 (1) STING I FR A e 4L . C-178 Fl1 C-176 [
YRR S R %A A ) B B BT /N R STING
(mmSTING), 1 A% % A STING (hsSTING). H-151
X hsSTING A3 W & 1y 1l /5 I, 77 BLIE i 40 ) 1 784
IFN 2R B AR TBKL 2% 2 Ak A 40 il hsSTING A5 A 1t
AL FAE BB, /N1 3Rk astin C I 4553 V411 cGAS-
STING {3 5 i #% % Jfil Jii DNA FTi%5 5 () R R %5 . 1E
HSV-1 /2 4L Trex1 B2 (1) /N B R, astin C 7] ik 3% FRAIR L
B 5 % 208 ] B, BE KT IRF3 436 52 8 STING 15 5
AR
4.3 STING #Ezh7

CGAS-STING it % 17 0 A % 38 58 Bt il I8 G 7%,
STING 1) ¥ 5 7 W. % 3. CDNs & — Fl £ % H 1
STING s 71, /& JF A% A2 PSR B A= W) G 2 2 ¢
HH M3 7 7E (1 55 548, CDNSs (KSR AT W R —Fh
CGAS i 42 75 Kl 1 i J5ii DNARS 5 77 A JF di 7 [ — %

& 2',3-cCGAMP; 5 —Fft /& B -5 JE AR U8V 47 5 1T EL
BEAER R R I BT R IN, CDNs Xk A 2 (1 2 g Loe-561,
48 i3 SO 1 s JE ST IR T R, R T R K B
JeE AN B FH A1 5

SR, CDNs A1 g 6k 346 24 4y T i 5 B 5 119 i s 1]
AN BRYE . CDNSs R4 T~ 5K, 4 H a7 Rl AR P 2 A
558 20 B ) T N A e i, LR R S T
B A7 o W TR T A1 RO 2 1 — L % 3% 245 %) ADU-
S100 %0 SR WG, 1Z 2590 H AT IEAL T T B I PR i 40 58!
BB, FH T R 391 P S e ok B R

DMXAA & — P e A 2J00E /N R STING FE H 1 4E
A, fE/NRAA N, DMXAARLES [ B IFN
(7= A T HOR A R R K P AE H . DMXAA B0
STING A] LA if 55 152 80 b CD8* T 4 i 1) S )8, FF
T I 3 BV G B R N A A . R B16 B IR T
By 4= AN R, 2298 N 77 &R 500 pg [ DMXAAGR T, K
240N B LRV IR AT R HE e, 1T STING FRR /1N
B 18T RS . DMXAA T 5] 2 /N B JE /N4 o il e
i Je R 7 A S M I AR, 5 VR M R B R B A IR
STING #5711 2'3'-cGAMP 5 LL, 1J i T M2 F b 41 iy
2 HALED, (H & DMXAA X STING [ #0317 76 Fh &
ZE5E, AR S N STING HI#GE . B RiiFse £ 9, F
FH %2 5 3 18 cGAS-STING i i# 17 A Y5 £ THP-1-Dual
Y1 A A 8 R B STING FJ THP-1 KO-STING 41 i, &
ST 6 2R BRI 1K) STING B 5h 771 07 e A 7Y, w] ks b
J& 2 516,
5 RESRE

cGAS-STING /5 1) il [Tt DNA 8 51l 4% =X L B 5l 71
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Table 3 Small-molecule agonists of STING

Compound CAS No. Structure Function
o
Gl
diABZI STING agonists-1 trihydrochloride 2138299-34-8 Nyu#ﬁ
0 KH }"
L HN =
ik /EINJ
HCIHCIHT = =N
NHz
°| oH, H indi
ADU-5100 1638241-89-0 Y:"Q S Binding to STING

Cyclic GMP-AMP 849214-04-6
c-di-AMP 54447-84-6
DMXAA 117570-53-3
DNA virus g ‘Bacteria

~
‘Suramin
Quinacrine
Chloroquine

Cytoplasmic

DMXAA
ADU-5100
CDNs
diABZI

=~
C-178, G176

CDNs c-di-AMP, cdi-

GMP, cGAMP

Ph: phesphorylation

Pa: paimitoylation
——1 Inhibiling
—* Activating

| IFNs ,cy

Figure 1 Schematic diagram of cGAS-STING mediated cytoplasmic DNA recognition and and its agonists and inhibitors. cGAS recognizes
cytoplasmic DNA produced by DNA virus, tumor cells and bacteria, thereby mediating ATP and GTP synthesis of 2'3'-cCGAMP. 2'3'-cGAMP
binds to STING on the downstream endoplasmic reticulum, allowing STING to be acylated and activated, and transferred to the perinuclear
microparticles via the Golgi apparatus. STING recruits and phosphorylates TBK1, which then phosphorylates IRF3 and STAT6, while
STING also activates NF-xB transcription factors by activating IKK kinase. These factors nuclear translocation, promote the expression of
type | interferons and other immune-related factors, thereby participating in the initiation of the immune response and, if necessary, activa-
tion of the adaptive immune response by antigen presentation. cGAS: Cyclic GMP - AMP synthase; STING: Stimulator of interferon gene;
CDNs: Cyclic dinucleotide; TBK1: TANK-binding kinase 1; IRF-3: Interferon regulatory factor 3; STAT-6: Signal transduction and activator
of transcription 6; IKK: 1xB kinase; NF-xB: Nuclear factor kappa-B; IFN: Interferon

FAHI A 1T~ . 45 EFTIR, cGAS-STING 7£ il B S MM E A T IX =M. A
IR R R R Pt B X EAE . cGAS-STING TN i 9% 41 s A, cGAS-STING 3, 123 1 AV F4k
T 9 7E P B 9 0 A FH RT R A 3 I Y 0 A R e 9% RINRIE, BoE CD8 T4, {2 HEDT IR o . [FI B,
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STING Wi vl 2 ik B 20 0 - JE T ok, STING ¥
FIITE R SR BAT RIS, 1E/NREE 5
Jo B 7L R RN B 4 I ST A P /) BROBSE TR v R PN v
5 STING ¥ 5h 7] cGAMP 1 HAth 38 — AZ FF /R, W] I Jif
IR AR AL/ R AR KR 2% . WL RE % 38 I I T cGAS-
STING 15 5 18 i [ 0E , 38 5 R AR o os ek, ALtk
TR ILALE AT B AP e 8 5 W RR ST B R SR AR Y
HS R .

SR, A R 2 1) L 7 2EidE— 2P B, cGAS-STING
(P73 P S B STING Ry Kk, AT 4 25 6y 00l 41
i Treg 2 o, 5 B i 988 41 Pfa 3 3% 9% . STING tH 7] LA
BOHE 1DO, AT 2 3E i R 10 3 K 5 A 3 b Xt iR R
A BRI IR ML AN B B TS S AR I
VR 50 A0 B0 790 R A FEATL )R A P 2% 00 5 30— 20
RNIEFE . 5346, BT %A% 5 5% il 8g 6 0 1 1 42 0] /g
H5HRIETAFRMMA K, 75767 R bR e f) 71/
BN ) ) B 3 3k AR B AR OV E I R . R, 0
X I8 B RN FT, A BT 5 STING S A Is IR VAR 97
(4, IF HAF A H0 ] B2 3F STING A A4S 538 25 1)
ZIPREAE AR PTIIRE PO A DL B B e g2 e 4
SUSE AT R B S, AR BE A S 5 R AR
T g s R YA T A R 45 B8 K IIE A .

References

[1] Woo SR, Fuertes MB, Corrales L, et al. STING-dependent
cytosolic DNA sensing mediates innate immune recognition of
immunogenic tumors [J]. Immunity, 2014, 41: 830-842.

[2] Mackenzie KJ, Carroll P, Martin CA, et al. cGAS surveillance
of micronuclei links genome instability to innate immunity [J].
Nature, 2017, 548: 461-465.

[3] Harding SM, Benci JL, Irianto J, et al. Mitotic progression
following DNA damage enables pattern recognition within
micronuclei [J]. Nature, 2017, 548: 466-470.

[4] Yang H, Wang H, Ren J, et al. cGAS is essential for cellular
senescence [J]. Proc Natl Acad Sci U S A, 2017, 114: E4612-
E4620.

[5] Gluck S, Guey B, Gulen MF, et al. Innate immune sensing of
cytosolic chromatin fragments through cGAS promotes senes-
cence [J]. Nat Cell Biol, 2017, 19: 1061-1070.

[6] Dou Z, Ghosh K, Vizioli MG, et al. Cytoplasmic chromatin
triggers inflammation in senescence and cancer [J]. Nature,
2017, 550: 402-406.

[71 Chen YA, Shen YL, Hsia HY, et al. Extrachromosomal telomere
repeat DNA is linked to ALT development via cGAS-STING
DNA sensing pathway [J]. Nat Struct Mol Biol, 2017, 24: 1124-
1131.

[8] Xia T, Konno H, Ahn J, et al. Deregulation of STING signaling

[°]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

in colorectal carcinoma constrains DNA damage responses and
correlates with tumorigenesis [J]. Cell Rep, 2016, 14: 282-297.
Gaston J, Cheradame L, Yvonnet V, et al. Intracellular STING
inactivation sensitizes breast cancer cells to genotoxic agents [J].
Oncotarget, 2016, 7: 77205-77224.

Baird JR, Friedman D, Cottam B, et al. Radiotherapy combined
with novel STING-targeting oligonucleotides results in regres-
sion of established tumors [J]. Cancer Res, 2016, 76: 50-61.
Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as
regulators of the immune system [J]. Nat Rev Immunol, 2009, 9:
162-174.

Liang D, Xiao-Feng H, Guan-Jun D, et al. Activated STING
enhances Tregs infiltration in the HPV-related carcinogenesis of
tongue squamous cells via the c-jun/CCL22 signal [J]. Biochim
Biophys Acta, 2015, 1852: 2494-2503.

Civril F, Deimling T, de Oliveira Mann CC, et al. Structural
mechanism of cytosolic DNA sensing by cGAS [J]. Nature, 2013,
498: 332-337.

Li Y, Lu J, Han Y, et al. RNA interference functions as an
antiviral immunity mechanism in mammals [J]. Science, 2013,
342: 231-234.

Wu J, Sun L, Chen X, et al. Cyclic GMP-AMP is an endogenous
second messenger in innate immune signaling by cytosolic DNA
[J]. Science, 2013, 339: 826-830.

Ishikawa H, Barber GN. STING is an endoplasmic reticulum
adaptor that facilitates innate immune signalling [J]. Nature,
2008, 455: 674-678.

Zhong B, Yang Y, Li S, et al. The adaptor protein MITA links
virus-sensing receptors to IRF3 transcription factor activation
[J]. Immunity, 2008, 29: 538-550.

Zhang X, Shi H, Wu J, et al. Cyclic GMP-AMP containing
mixed phosphodiester linkages is an endogenous high-affinity
ligand for STING [J]. Mol Cell, 2013, 51: 226-235.

Burdette DL, Monroe KM, Sotelo-Troha K, et al. STING is a
direct innate immune sensor of cyclic di-GMP [J]. Nature, 2011,
478: 515-518.

Zhang Z, Yuan B, Bao M, et al. The helicase DDX41 senses
intracellular DNA mediated by the adaptor STING in dendritic
cells [J]. Nat Immunol, 2011, 12: 959-965.

Unterholzner L, Keating SE, Baran M, et al. IFI16 is an innate
immune sensor for intracellular DNA [J]. Nat Immunol, 2010,
11: 997-1004.

Rathinam VA, Fitzgerald KA. Innate immune sensing of DNA
viruses [J]. Virology, 2011, 411: 153-162.

Saitoh T, Fujita N, Hayashi T, et al. Atg9a controls dsDNA-
driven dynamic translocation of STING and the innate immune
response [J]. Proc Natl Acad Sci U S A, 2009, 106: 20842-20846.
Rasmussen SB, Horan KA, Holm CK, et al. Activation of
autophagy by alpha-herpesviruses in myeloid cells is mediated

by cytoplasmic viral DNA through a mechanism dependent on



JEAMEAE: cGAS-STING 1E J8d #4515 th (K TF 9% 33t g

405

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

(34]

[35]

(36]

[37]

[38]

[39]

stimulator of IFN genes [J]. J Immunol, 2011, 187: 5268-5276.
Ahn J, Xia T, Konno H, et al. Inflammation-driven carcinogenesis
is mediated through STING [J]. Nat Commun, 2014, 5: 5166.

Liu H, Zhang H, Wu X, et al. Nuclear cGAS suppresses DNA
repair and promotes tumorigenesis [J]. Nature, 2018, 563: 131-
136.

Ye L. The Role of STING on the Progression of Lung Adenocaci-
noma and Its Underlying Mechanism (STING 7 fiii it % & =
R R AE I 18 HLTTE #2) [D]. Nanjing: Nanjing Medical
University, 2018.

Lemos H, Mohamed E, Huang L, et al. STING promotes the
growth of tumors characterized by low antigenicity via IDO
activation [J]. Cancer Res, 2016, 76: 2076-2081.

Li T, Cheng H, Yuan H, et al. Antitumor activity of cGAMP
via stimulation of cGAS-cGAMP-STING-IRF3 mediated innate
immune response [J]. Sci Rep, 2016, 6: 19049.

Durante M, Formenti SC. Radiation-induced chromosomal
aberrations and immunotherapy: micronuclei, cytosolic DNA,
and interferon-production pathway [J]. Front Oncol, 2018, 8:
192.

Deng L, Liang H, Xu M, et al. STING-dependent cytosolic DNA
sensing promotes radiation-induced type | interferon-dependent
antitumor immunity in immunogenic tumors [J]. Immunity,
2014, 41: 843-852.

Corrales L, Glickman LH, McWhirter SM, et al. Direct activa-
tion of STING in the tumor microenvironment leads to potent
and systemic tumor regression and immunity [J]. Cell Rep, 2015,
11: 1018-1030.

Ahn J, Konno H, Barber GN. Diverse roles of STING-dependent
signaling on the development of cancer [J]. Oncogene, 2015, 34:
5302-5308.

Campisi J, d'Adda di Fagagna F. Cellular senescence: when bad
things happen to good cells [J]. Nat Rev Mol Cell Biol, 2007, 8:
729-740.

Childs BG, Durik M, Baker DJ, et al. Cellular senescence in
aging and age-related disease: from mechanisms to therapy [J].
Nat Med, 2015, 21: 1424-1435.

Tang CH, Zundell JA, Ranatunga S, et al. Agonist-mediated
activation of STING induces apoptosis in malignant B cells [J].
Cancer Res, 2016, 76: 2137-2152.

Jin L, Getahun A, Knowles HM, et al. STING/MPYS mediates
host defense against Listeria monocytogenes infection by
regulating Ly6C(hi) monocyte migration [J]. J Immunol, 2013,
190: 2835-2843.

He L, Xiao X, Yang X, et al. STING signaling in tumorigenesis
and cancer therapy: a friend or foe? [J]. Cancer Lett, 2017, 402:
203-212.

Bhatelia K, Singh A, Tomar D, et al. Antiviral signaling protein
MITA acts as a tumor suppressor in breast cancer by regulating
NF-kappa B induced cell death [J]. Biochim Biophys Acta,

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

2014, 1842: 144-153.

Song S, Peng P, Tang Z, et al. Decreased expression of STING
predicts poor prognosis in patients with gastric cancer [J]. Sci
Rep, 2017, 7: 39858.

Klarquist J, Hennies CM, Lehn MA, et al. STING-mediated
DNA sensing promotes antitumor and autoimmune responses to
dying cells [J]. J Immunol, 2014, 193: 6124-6134.

Munn DH, Mellor AL. IDO in the tumor microenvironment:
inflammation, counter-regulation, and tolerance [J]. Trends
Immunol, 2016, 37: 193-207.

Chen Q, Boire A, Jin X, et al. Carcinoma-astrocyte gap junctions
promote brain metastasis by cGAMP transfer [J]. Nature, 2016,
533: 493-498.

Bakhoum SF, Ngo B, Laughney AM, et al. Chromosomal insta-
bility drives metastasis through a cytosolic DNA response [J].
Nature, 2018, 553: 467-472.

Smith S, Jefferies C. Role of DNA/RNA sensors and contribu-
tion to autoimmunity [J]. Cytokine Growth Factor Rev, 2014, 25:
745-757.

Wang M, Sooreshjani MA, Mikek C, et al. Suramin potently
inhibits cGAMP synthase, cGAS, in THP1 cells to modulate
IFN-beta levels [J]. Future Med Chem, 2018, 10: 1301-1317.

An J, Woodward JJ, Sasaki T, et al. Cutting edge: antimalarial
drugs inhibit IFN-beta production through blockade of cyclic
GMP-AMP synthase-DNA interaction [J]. J Immunol, 2015,
194: 4089-4093.

Piscianz E, Cuzzoni E, Sharma R, et al. Reappraisal of antima-
larials in interferonopathies: new perspectives for old drugs [J].
Curr Med Chem, 2018, 25: 2797-2810.

Hall J, Brault A, Vincent F, et al. Discovery of PF-06928215 as a
high affinity inhibitor of cGAS enabled by a novel fluorescence
polarization assay [J]. PLoS One, 2017, 12: e0184843.

Haag SM, Gulen MF, Reymond L, et al. Targeting STING with
covalent small-molecule inhibitors [J]. Nature, 2018, 559: 269-
273.

Li S, Hong Z, Wang Z, et al. The cyclopeptide astin C specifically
inhibits the innate immune CDN sensor STING [J]. Cell Rep,
2018, 25: 3405-3421.

Gomelsky M. cAMP, c-di-GMP, c-di-AMP and now cGMP:
bacteria use them all! [J]. Mol Microbiol, 2011, 79: 562-565.
Krasteva PV, Sondermann H. Versatile modes of cellular regulation
via cyclic dinucleotides [J]. Nat Chem Biol, 2017, 13: 350-359.
Demaria O, De Gassart A, Coso S, et al. STING activation of
tumor endothelial cells initiates spontaneous and therapeutic
antitumor immunity [J]. Proc Natl Acad Sci U S A, 2015, 112:
15408-15413.

Fu J, Kanne DB, Leong M, et al. STING agonist formulated
cancer vaccines can cure established tumors resistant to PD-1
blockade [J]. Sci Transl Med, 2015, 7: 283ra252.

Wang Z, Celis E. STING activator c-di-GMP enhances the anti-



406

Zy%% %R Acta Pharmaceutica Sinica 2020, 55(3): 398 —406

[57]

[58]

tumor effects of peptide vaccines in melanoma-bearing mice [J].
Cancer Immunol Immunother, 2015, 64: 1057-1066.

Leach DG, Dharmaraj N, Piotrowski SL, et al. STINGel:
controlled release of a cyclic dinucleotide for enhanced cancer
immunotherapy [J]. Biomaterials, 2018, 163: 67-75.

Berger G, Lawler SE. Novel non-nucleotidic STING agonists
for cancer immunotherapy [J]. Fut Med Chem, 2018, 10: 2767-
2769.

[59]

[60]

Downey CM, Aghaei M, Schwendener RA, et al. DMXAA
causes tumor site-specific vascular disruption in murine non-
small cell lung cancer, and like the endogenous non-canonical
cyclic dinucleotide STING agonist, 2'3'-cGAMP, induces M2
macrophage repolarization [J]. PLoS One, 2014, 9: e99988.
Wang MJ, Fu R, Jiang HM, et al. Establishment and application
of STING agonist in-vitro screening model [J]. Acta Pharm Sin
(252244, 2019, 54: 1875-1880.



