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ABSTRACT
STING1 (stimulator of interferon response cGAMP interactor 1) plays an essential role in immune 
responses for virus inhibition via inducing the production of type I interferon, inflammatory factors and 
macroautophagy/autophagy. In this study, we found that STING1 activation could induce not only 
canonical autophagy but also non-canonical autophagy (NCA) which is independent of the ULK1 or 
BECN1 complexes to form MAP1LC3/LC3-positive structures. Whether STING1-induced NCA has similar 
characters and physiological functions to canonical autophagy is totally unknown. Different from 
canonical autophagy, NCA could increase single-membrane structures and failed to degrade long-lived 
proteins, and could be strongly suppressed by interrupting vacuolar-type H+-translocating ATPase 
(V-ATPase) activity. Importantly, STING1-induced NCA could effectively inhibit DNA virus HSV-1 in cell 
model. Moreover, STING1 [1–340], a STING1 mutant lacking immunity and inflammatory response due to 
deletion of the tail end of STING1, could degrade virus through NCA alone, suggesting that the antiviral 
effect of activated STING1 could be separately mediated by inherent immunity, canonical autophagy, and 
NCA. In addition, the translocation and dimerization of STING1 do not rely on its immunity function and 
autophagy pathway. Similar to canonical autophagy, LC3-positive structures of NCA induced by STING1 
could finally fuse with lysosomes, and the degradation of HSV-1 could be reverted by inhibition of 
lysosome function, suggesting that the elimination of DNA virus via NCA still requires the lysosome 
pathway. Collectively, we proved that besides its classical immunity function and canonical autophagy 
pathway, STING1-induced NCA is also an efficient antiviral pathway for the host cell.
Abbreviations: ATG: autophagy related; Baf: bafilomycin A1; CASM: conjugation of LC3 to a single 
membrane; CGAS: cyclic GMP-AMP synthase; cGAMP: cyclic GMP-AMP; CQ: chloroquine; CTD: 
C-terminal domain; CTT: C-terminal tail; ER: endoplasmic reticulum; ERGIC: ER-Golgi intermediate 
compartment; HSV-1: herpes simplex virus 1; IRF3: interferon regulatory factor 3; IFNs: interferons; 
LAMP1: lysosomal associated membrane protein 1; LAP: LC3-associated phagocytosis; MAP1LC3/LC3: 
microtubule associated protein 1 light chain 3; MOI: multiplicity of infection; RB1CC1/FIP200: RB1 
inducible coiled-coil 1; STING1: stimulator of interferon response cGAMP interactor 1; TBK1: TANK 
binding kinase 1; TGOLN2/TGN46: trans-golgi network protein 2; ULK1: unc-51 like autophagy 
activating kinase 1; V-ATPase: vacuolar-type H+-translocating ATPase; VSV: vesicular stomatitis virus
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Introduction

Innate immunity constitutes the first line for defending host 
cells against invading microbial pathogens, which can play 
a wide range of antiviral responses and release pro- 
inflammatory signals [1,2]. Through pattern recognition recep-
tors, innate immunity can quickly perceive the danger signal 
from pathogenic microorganisms, activate adaptive immunity, 
and start the immune response for host organism. STING1 
(stimulator of interferon response cGAMP interactor 1) can 
initiate the recognition of exogenous DNA introduced by 
pathogen infection or endogenous DNA abnormally released 
by host via upstream kinase CGAS (cyclic GMP-AMP 

synthase) [3,4]. After activation, the conformation of STING1 
changes and transports from the endoplasmic reticulum (ER) 
to endoplasmic reticulum-Golgi intermediate compartment 
(ERGIC) and Golgi membrane [5]. In this process, STING1 
recruits and phosphorylates TBK1 (TANK binding kinase 1), 
resulting in the phosphorylation of downstream IRF3 (inter-
feron regulatory factor 3), and then the phosphorylated IRF3 
will be dimerized and translocate into the nucleus, inducing the 
production of type I interferon, and finally activate the innate 
immune response to resist pathogen invasion [6,7]. So the 
innate immunity mediated by STING1 constitutes the body’s 
external defense against the threat of pathogens.
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STING1 protein is composed of 379 amino acids, mainly 
composed of four transmembrane domains (STING1 [1-149]) 
that enable STING1 to locate on ER or mitochondria, and 
cytoplasmic oriented C-terminal functional domain (STING1 
[CTD]) that mediates homodimerization for STING1 activa-
tion via binding to the cGAMP [8]. Cytoplasmic C-terminal 
tail (STING1[CTT]/STING1[340–379]) of STING1[CTD] 
binds and combines with downstream TBK1 and IRF3 to 
ensure the immune efficacy and releases type I interferon 
and inflammatory factors, thus effectively inhibits pathogens 
[9,10]. Besides the above antiviral response pathway, more 
and more studies have shown that STING1 could also effec-
tively inhibit DNA viral infection through autophagy which is 
independent of immunity and inflammatory function [11,12]. 
In fact, HSV-1 has evolved different mechanisms to evade 
autophagy, but how STING1 activation initiates autophagy 
and whether STING1-induced autophagy or autophagy- 
related process contributes to HSV-1 inhibition has not been 
fully elaborated.

Macroautophagy/autophagy is an evolutionally conserved 
catabolic process of cells, and is an important homeostatic 
mechanism involving the degradation of long-lived proteins 
and the formation of microtubule-associated protein 1 light 
chain 3 (MAP1LC3/LC3) positive double membrane vesicles 
called autophagosomes, which sequester damaged organelles, 
protein aggregates, and invading intracellular pathogens for 
degradation [13]. Conserved from yeast to human, canonical 
autophagy takes place through a series of steps including 
vesicle initiation which mainly depends on the ULK1 (unc- 
51 like autophagy activating kinase 1) complex, nucleation 
which depends on the BECN1 (beclin 1) complex, ATG9 
and WIPIs, expansion which mainly depends on ATG12– 
ATG5 and LC3–PE/LC3-II conjugation systems, closure 
which mainly depends on RB1CC1/FIP200 (RB1 inducible 
coiled-coil 1) and the endosomal sorting complex required 
for transport (ESCRT), followed by autophagosomes fusion 
with lysosomes for cargo degradation [14]. Canonical auto-
phagy induction via STING1 is a primordial function of the 
CGAS pathway which could effectively restrain HSV-1 virus 
[11,12]. However, the specific mechanism of STING1 
mediated autophagy in cell internal defense is still very 
limited.

Recently, noncanonical autophagy (NCA) has also been 
reported when STING1 is activated [12,15]. NCA usually 
does not require the participation of some ATG genes, but 
can still normally recruit LC3 molecules to various vacuoles 
[16], such as LC3-associated phagocytosis (LAP) [17], LC3- 
associated endocytosis (LANDO) [18], and entosis [19]. In the 
process of NCA, a parallel LC3 lipid pathway involves the 
conjugation of LC3 to a single membrane (CASM) in the 
lysosome chamber. Therefore, NCA is also defined as 
a CASM process [20]. Despite evidence showing that xeno-
phagy and LAP, two special forms of autophagy, could effec-
tively phagocytize invading pathogens and degrade them by 
fusing with lysosomes in an LC3-dependent manner [17,21]. 
Whether STING1-induced NCA can resist HSV-1 virus as 
canonical autophagy is totally unknown, and the physiological 
function of STING1-induced NCA requires further 
exploration.

It is unclear whether STING1-induced NCA has the simi-
lar function like canonical autophagy which requires the for-
mation of double-layer autophagosomes and fusion with 
lysosomes to realize the degradation and recycling of long- 
lived proteins and intracellular organelles [22]. In addition, we 
and other groups have reported that vacuolar-type H+- 
translocating ATPase (V-ATPase) inhibitor bafilomycin A1 
(Baf), which originally blocks canonical autophagy and 
increase the level of LC3-II due to lysosome dysfunction, 
could significantly reduce the level of LC3-II in NCA induced 
by chemical AMDE-1 (autophagy modulator with dual 
effects) and osmotic stress agent chloroquine (CQ) [23,24]. 
Moreover, Xu, et al. found that ADP ribosylation modifica-
tion of V-ATPase with SopF could effectively inhibit NCA as 
well [25,26]. Although V-ATPase is a universal regulator of 
LAP and NCA [11,15,27], whether V-ATPase is also crucial 
for STING1-induced NCA remains a question.

In this study, we found that LC3 lipidation could be 
induced by STING1 or STING1 truncation without innate 
immune region STING1 [1-340] in ULK1 complex and 
BECN1 complex deficient cells. In addition, STING1- 
induced NCA did not affect the translocation and dimeriza-
tion of STING1, but lost the capability to degrade the long- 
lived proteins and the formation of double-membrane struc-
tures. More importantly, STING1 could effectively suppress 
HSV-1 virus through NCA alone which was independent of 
its immunity and inflammatory functions. Such antiviral 
response through NCA alone also relied on lysosome pathway 
for virus degradation. This study explored a novel physiolo-
gical function and laid a foundation for the subsequent anti-
viral mechanism of NCA induced by STING1 activation.

Results

Activation of STING1 can induce autophagy

In both HeLa and HEK-293A cells, the index LC3-II of 
autophagy level was significantly increased after transient 
transfection of HA-STING1 plasmids (Figure 1a and S1A). 
The level of LC3-II accumulated by the lysosomal inhibitor 
CQ was further increased after the combination of STING1 
overexpression or a specific agonist of STING1 cGAMP 
(Figure 1b and S1B). At the same time, the increase level of 
p-TBK1 indicated that STING1 was really activated (Figure 1b 
and S1B). Moreover, autophagy flux assay using GFP-LC3 
HeLa or MEFs also confirmed that overexpression of 
STING1 could induce autophagy (Figure 1c and S1C). 
Besides, plasmids harboring full-length STING1 (STING1 
[FL]), N-terminal domain 1–340 of STING1 lacking immu-
nity function segment (STING1 [1-340]), C-terminal domain 
segments (149–379) of STING1 facing cytoplasmic functional 
regions (STING1[CTD]), and four transmembrane domains 
of STING1 (STING1 [1-149]) were constructed. We found 
that the activation of STING1 by cGAMP or DNA virus HSV- 
1 could further induce LC3-II of DLD1 cells which could 
express the C-terminal domain fragment of STING1, indicat-
ing that autophagy could be effectively induced once CTD 
functional domain was contained (Figure 1d,e). Similarly, 
GFP-RFP-LC3 was applied and found that like canonical 
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Figure 1. STING1 overexpression and cGAMP induce autophagy. (a) Immunoblot analysis of LC3-ΙΙ levels in HeLa cells that were transfected with vector or HA-STING1 
(0.8 µg/mL) for 24 h. (b) Immunoblot analysis of LC3-ΙΙ levels in HeLa cells that were transfected with vector or HA-STING1 with or without CQ treatment at a final 
concentration of 40 µM. (c) GFP-LC3 puncta formation was analyzed in HeLa cells stably expressing GFP-LC3 that transfected with empty vector or STING1 plasmid 
with or without CQ (40 µM) treated for 6 h. (d) Western blotting of cell lysates from wild type and STING1-deficient DLD1 cells were transfected with full-length 
STING1 (STING1[FL]-GFP) or the indicated truncated plasmids labeled with GFP-tag and treated with rapamycin (10 µM) or cGAMP (1 µM) for 6 h. The ratio of p-TBK1: 
GAPDH was calculated and labeled. (e) Immunoblot analysis of LC3-ΙΙ levels in WT and STING1−/− DLD1 cells that transfected with STING1 or its truncated mutants 
(STING1 [1-340], STING1[CTD], STING1 [1-149]) with or without HSV-1-GFP virus infected at a multiplicity of infection (MOI) of 5 for 6 h. The ratio of p-TBK1:GAPDH 
was calculated and labeled. (f) HEK-293A cells stably expressing GFP-RFP-LC3 were treated with 2 μM of torin1 for 6 h or transiently transfected with STING1[FL] or 
the indicated truncated plasmids. After 24 h expression, cells were harvested and re-seeded on confocal culture dish. The colocalization of GFP and RFP puncta was 
examined and quantified. Bar: 10 μm. At least 50 cells were counted from each group. (g) WT HeLa cells stably expressing GFP-tagged STING1 or its truncated 
mutants (STING1 [1-340], STING1[CTD], and STING1 [1-149]) were fixed and stained with marker antibody for ER (CANX [calnexin]) and images were then captured by 
confocal microscopy. Scale bar: 10 µm. The degree of colocalization for STING1 and CANX was quantified by Pearson’s and overlap coefficient by ImageJ.
*P<0.05, **P<0.01, ***P<0.001, ns, not significant.
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autophagy inducer torin1 instead of STING1 [1-149], STING1 
[FL], STING1 [1-340], and STING1[CTD] showed significant 
autophagy induction activity (Figure 1f).

When STING1 is activated by cGAMP, it will transfer to the 
Golgi apparatus from the ER, and finally reach the peripheral 
body of the nucleus to play inherent function [7]. STING1[FL], 
STING1 [1-340], and STING1 [1-149] could locate on the ER 
and mitochondria because they all contained four transmem-
brane domains, while STING1[CTD] without the four trans-
membrane domain dispersed in the cytoplasm (Figure 1g and 
S1D). These data demonstrated that activation of STING1 
could induce autophagy, but the four-layer transmembrane 
domains of STING1 [1-149] failed to induce autophagy.

Activation of STING1 can also induce NCA

As a canonical autophagy inducer, torin1 failed to induce auto-
phagy in RB1CC1/FIP200-, ATG13-, and ATG9A-deficient cells. 
Similar to AMDE-1, a well-known chemical inducer for NCA 
[23], activation of STING1 by gene overexpression could increase 
the level of LC3-II in the above cells (Figure 2a–d and S2A-B). 
Although CQ is usually used as a lysosome inhibitor, higher dose 
with longer treatment of CQ could also induce NCA due to 
osmotic imbalance [24]. So the increase of LC3-II induced by 
STING1 could be further accumulated by CQ. Interestingly, 
SQSTM1/p62, the substrate of canonical autophagy [28], did not 
degrade during the NCA process induced by STING1[FL] and 
STING1 [1-340] (Figure 2b,c). Different from LAP, which is 
highly dependent on BECN1 [17], STING1-induced NCA did 
not require BECN1 (Figure 2d). In addition, STING1 [1-340] 
without immune function could significantly induce the produc-
tion of NCA as well, indicating that although STING1 is an 
immune molecule, STING1-induced NCA did not belong to 
LAP (Figure 2d). On the contrary, STING1 failed to induce LC3- 
II in atg5−/− MEF cells (Figure 2e). We then found that cGAMP, 
a specific agonist of STING1, could also significantly activate 
endogenous STING1 and led to the degradation of STING1, 
subsequently induced NCA in ulk1-/- and rb1cc1-/- MEF cells 
(Figure 2f), suggesting that activation of STING1 by protein over-
expression or chemical agonists could both induce NCA which 
was independent of ULK1 complex or BECN1 complex but was 
dependent of ATG5.

Chemical-induced NCA by CQ or AMDE-1 could be sup-
pressed by V-ATPase inhibitor Baf [23,24,29]. So we won-
dered whether Baf had the same effect on STING1-induced 
NCA. As shown in Figure 2g, although Baf led to a significant 
accumulation of LC3-II in WT MEF cells as a lysosome inhi-
bitor, it strongly inhibited the NCA induced by STING1 and 
AMDE-1 in rb1cc1-/- MEF cells (Figure 2g). Furthermore, 
SopF, a unique protein of Salmonella which makes 
V-ATPase lose the ability to recruit ATG16L1 by ADP ribose 
modification of V-ATPase complex [25,26], could signifi-
cantly inhibit STING1 or cGAMP-induced NCA. While 
SopFY224D, which does not bind to V-ATPase, failed to 

downregulate the level of LC3-II (Figure 2h and S2C), sug-
gesting STING1-induced NCA required functional V-ATPase.

Moreover, ATG16L1K490A is a recently found allele with 
a mutation in the C-terminal WD40 repeats of ATG16L1 
required for conjugation of LC3 to single membranes but not 
autophagosome formation [30]. We then used RB1CC1 knock-
out and RB1CC1 and ATG16L1 double-knockout cells to rescue 
ATG16L1K490A HeLa cells to see their contribution on NCA. 
As shown in Figure 2i, the rescue of ATG16L1 instead of 
ATG16L1K490A have much more LC3-II after the treatment of 
cGAMP, AMDE-1, or overexpression of STING1. Since the 
WD40 repeats (WDR) domain of ATG16L1 is required for its 
NCA role in LC3 lipidation at single membranes [15], rescuing 
ATG16L1ΔWDR in ATG16L1-/- HeLa cells will only mediate 
the canonical autophagy process. Similar to torin1 stimulation, 
overexpression of STING1 could induce LC3-II accumulation 
in NCA-deficient ATG16L1ΔWDR HeLa cells (Figure 2j). 
These data indicated that, besides canonical autophagy, activa-
tion of STING1 by protein expression or cGAMP could also 
induce NCA. Such NCA mediated by the WDR domain of 
ATG16L1 could be blocked by V-ATPase inhibitor.

STING1 activation promotes HSV-1 clearance in cells 
lacking canonical autophagy

The antiviral effect of STING1 and the infection ability of 
DNA virus HSV-1 were firstly verified in THP-1 cells, 
which have higher expression level of endogenous 
STING1 [31]. Activation of STING1 by the specific agonist 
cGAMP could significantly reduce the infection efficiency 
of HSV-1 virus. Nevertheless, the infection rate of HSV-1 
increased significantly in THP-1 cells after knocking down 
STING1 (Fig. S3A-B). These results indicated that STING1, 
as a DNA recognition molecule, could resist DNA virus 
under the activation of cGAMP. We then focused on the 
role of autophagy proteins on STING1-mediated HSV-1 
clearance. Using flow cytometry to detect the virus infec-
tion rate, we found that both cGAMP stimulation and 
STING1 overexpression could effectively inhibit the infec-
tion rate of HSV-1 in WT and rb1cc1-/- MEF cells, which 
have higher basal level of STING1 [11]. Infection rate could 
be further downregulated by the combination of cGAMP 
and STING1 overexpression (Figure 3a,b). Furthermore, 
cGAMP stimulation alone could no longer reduce the 
virus infection rate in ATG13-/- and ATG9A-/- HeLa cells, 
due to the lower basal level of STING1 [12] (Figure 3c,d). 
However, transfection of STING1 could still effectively 
inhibit the virus infection rate in those HeLa cells and 
could be further reduced by cGAMP (Figure 3c,d). 
Although cGAMP itself could induce NCA in ATG13-/- 

HeLa cells independent of endogenous STING1 (Fig. S2B), 
its antiviral activity also depended on the expression level 
of STING1. These data suggested that the deletion of 
upstream gene of canonical autophagy does not inhibit 
the antiviral function of STING1.
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Figure 2. STING1 can significantly induce non canonical autophagy in ULK1- and BECN1-deficient cells. (a) rb1cc1−/− MEFs stably expressing GFP-LC3 with or without 
transfected of HA-STING1 plasmid were treated with indicated chemicals (AMDE-1, 10 μM; CQ, 20 μM; torin1, 2 μM) for 6 h. Quantification of LC3 puncta per cell was 
shown on the right side. 50 randomly-selected cells per condition were counted. (b-c) Western blotting of cell lysates from WT-HeLa, ATG13-/- HeLa, and ATG9A-/- 

HeLa cells were treated with torin1 (2 μM) for 6 h or transfected with HA-STING1 plasmid for 24 h. (d) WT and BECN1−/− HEK-293T cells were treated with torin1 (2  
μM) for 6 h or transfected with HA-STING1[FL] or the C-terminal truncation (STING1 [1-340]) plasmids for 24 h. Cell lysates were subjected to western blotting analysis 
with the indicated antibodies. (e) WT and atg5-/- MEF cells were treated with torin1 (2 μM) for 6 h or transfected with HA-STING1 for 24 h. Cell lysates were subjected 
to western blotting analysis with the indicated antibodies. (f) WT-MEFs, rb1cc1-/- MEFs and ulk1-/- MEFs were treated with increasing amounts of cGAMP (0 µM, 1 µM 
and 2 µM respectively) for 3 h, followed by western blotting assays of LC3-ΙΙ conversion. (g) WT and rb1cc1-/- MEF cells were treated with indicated chemicals (AMDE- 
1, 10 μM; bafilomycin A1 (Baf), 0.5 μM; cGAMP, 1 μM) for 6 h. Immunoblotting was then performed to analyze the LC3-ΙΙ conversion. (h) Western blotting of cell 
lysates from RB1CC1−/− HeLa cells lacking endogenous STING1 expressing were transfected with HA-STING1 or mcherry-SopF and its mutant mcherry-SopFY224D 

plasmids for 24 h, and then assessed for LC3-ΙΙ conversion in the right panel. (i) RB1CC1−/− HeLa cells and RB1CC1 and ATG16L1 double knockout cells stably 
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STING1 can inhibit HSV-1 through noncanonical 
autophagy pathway alone, canonical autophagy 
pathway alone, or immunity function alone

In order to clarify how STING1 exert its antiviral ability, we 
compared different STING1 mutants with or without immu-
nity function in cells with or without canonical autophagy and 
NCA function. The C-terminal tail of STING1 was removed 
to block the ability of downstream TBK1 and IRF3 to bind 
with STING1, which made STING1 lose its original innate 
immunity function, but retain the function of autophagy [9]. 
Comparing with the control HeLa cells without STING1 
expression [11,12], unlike MEF cells, cGAMP alone could 
not change the infection rate of HSV-1 of HeLa cells due to 
the lack of endogenous STING1 in HeLa cells (Figure 4A). On 
the contrary, transfection of full-length STING1 inhibit the 
infection rate. Such inhibition could be found when STING1 
[1-340] was transfected (Figure 4A), suggesting HeLa cell 
could still inhibit HSV-1 without immunity function. We 
then used the cells mentioned in Figure 2J and found that 
ATG16L1-/- HeLa cells expressing ATG16L1ΔWDR and trans-
fected with STING1 [1-340] could significantly inhibit HSV-1 
(Figure 4B), suggesting STING1-induced canonical autophagy 
alone could reduce the infection rate. Moreover, transfection 
of STING1 [1-340] could still effectively inhibit HSV-1 virus 
replication, and the virus infection rate was further decreased 
under the treatment of cGAMP in ATG13-/- and ATG9A-/- 

HeLa cells (Figure 4C and S4A), suggesting that STING1 
activation could inhibit virus through only NCA pathway 
which is independent of its immunity domain and canonical 
autophagy function. As we known, ATG16L1 is required for 
both canonical and NCA, so deletion of ATG16L1 gene will 
lead to the failure of LC3 lipidation [32], which is a key 
process for different types of autophagy (Fig. S4B). Different 
from ATG13-/- and ATG9A-/- HeLa cells, STING1 [1-340] 
could no longer suppress virus replication in ATG16L1-/- 

HeLa cells (Fig. S4C), indicating that lacking canonical auto-
phagy and NCA pathways and deficient of immunity domain 
of STING1 simultaneously, cells could strikingly lost the cap-
ability to inhibit HSV-1 infection. Similarly, using cells men-
tioned in Figure 2I we found that without canonical 
autophagy and NCA pathways, cells transfected with 
STING1[FL] alone instead of STING1 [1-340] could still 
reduce the infection rate (Fig. S4D). Importantly, such anti-
viral effects in figure S5C could be rescued by overexpressing 
full-length STING1 in ATG16L1−/− HeLa cells (Figure 4D). 
Although different types of autophagy were all blocked in 
ATG16L1-/- cells, STING1[FL] could still effectively exert its 
antiviral effect via its original innate immune function. These 
results implied that besides immunity function and canonical 
autophagy pathway, novel NCA pathway induced by STING1 
could also be an efficient way to inhibit virus infection.

cGAMP and HSV-1 cannot stimulate immune response 
and inflammatory factors in STING1 [1-340] cells

Previously, a truncated plasmid lacking immune function, 
STING1 [1-340], was used to show that STING1 can inhibit 
the virus via NCA pathway. Recent reports have proved that 
STING1 can still inhibit pathogen infection through inflam-
matory response even independent of its original innate 
immune activity [33,34]. However, we are not clear whether 
such antiviral effect of STING1 [1-340] in cells lacking cano-
nical autophagy is still caused by any inflammatory factors or 
not. Therefore, the level of inflammatory factors was detected 
in different cells under the action of cGAMP and HSV-1. The 
deletion of canonical autophagy gene Rb1cc1 did not affect the 
NCA and immunity level, so in both WT and rb1cc1-/- MEF 
cells, the levels of p-TBK1 and LC3-II increased under 
cGAMP or HSV-1 virus treatment (Figure 5A). In the mean-
time, cGAMP or HSV-1 could significantly increase the RNA 
levels of inflammatory cytokines such as Ifnb, Il6, Tnf, and 
Cxcl10 due to the contribution of endogenous full length 
STING1 in MEF cells (Figure 5B). However, cGAMP stimula-
tion failed to directly promote the release of inflammatory 
factors in ATG13-/- HeLa cells due to the lack of endogenous 
STING1 (Figure 5C). While, after transfection of STING1 
[FL], the level of inflammatory factors increased, and further 
enhanced when combined with cGAMP. More importantly, 
transfection of STING1 [1-340] could not upregulate the 
levels of the response of inflammatory factors as STING1 
[FL] did (Figure 5C). Such pattern was also confirmed when 
HSV-1 infection was applied to ATG13−/− or BECN1−/− HeLa 
cells (Figure 5D,E). Taken together, the antiviral effect of 
STING1 [1-340] which failed to induce immunity response 
in cells lacking canonical autophagy gene is mainly contrib-
uted to NCA activity instead of the production of inflamma-
tory factors.

Deletion of CTT does not change the translocation and 
dimerization properties of STING1

STING1 activation by cGAMP requires its translocation from 
the ER to the Golgi apparatus and subsequent polymerization 
to recruit and activate the kinase TBK1 and, subsequently, the 
transcription factor IRF3, ultimately leading to the production 
of various cytokines, including type I type I interferon (IFNs) 
[7,10]. We found both STING1 activators cGAMP and HSV-1 
could promote the dimerization of endogenous STING1 in 
MEF cells (Figure 6A). It remains unknown that after remov-
ing the original innate immune and inflammatory response 
ability of STING1, whether STING1 [1-340] could still have 
the similar characteristics of translocation and dimerization of 
STING1. Therefore, STING1-/- HeLa cells were used for tran-
sient transfection of STING1[FL] and STING1 [1-340]. Both 

expressing ATG16L1K490A were treated with indicated chemicals (AMDE-1, 10 μM; cGAMP, 1 μM; Torin1, 2 μM) for 6 h or transiently transfected with HA-STING1[FL] or 
the C-terminal truncation (STING1 [1-340]) plasmids for 24 h, and then assessed for LC3-ΙΙ conversion in the right panel. (J) Restoring the ATG16L1ΔWDR domain by 
stably expressing on ATG16L1−/− HeLa cells treated with torin1 (2 µM) for 6 h or transiently transfected with HA-STING1[FL] or the C-terminal truncation (STING1 
[1-340]) plasmids for 24 h. Cell lysates were subjected to western blotting analysis with the indicated antibodies.
*P<0.05, **P<0.01, ***P<0.001, ns, not significant.
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constructs demonstrated increased dimerization after cGAMP 
treatment in non-reduced electrophoresis (Figure 6B and 
S5A). In addition, in RB1CC1-/- HeLa and BECN1-/- HEK- 
293T cells in which NCA could be induced by cGAMP or 
HSV-1, STING1[FL] and STING1 [1-340] could still dimerize 
(Figure 6C and S5B). To rule out the possible effect of 

autophagy pathway on dimerization, ATG7-/- HeLa cells with-
out any autophagy activity were analyzed and found that 
STING1 [1-340] could still undergo obvious dimerization, 
suggesting the dimerization of STING1 was irrelevant to 
autophagy function (Figure 6D). To differentiate whether 
the multi-bands of STING1 were specific or not, anti-Flag 

Figure 3. STING1 show obvious resistance to HSV-1 virus in both WT and autophagy gene deficient cells. (A-D) WT (A) or rb1cc1−/− MEF (B) cells containing 
endogenous STING1 expressing [11] and ATG13−/− HeLa (C) and ATG9A−/− HeLa (D) cells lacking endogenous STING1 expression were transfected with HA-STING 
plasmids. After 24 h incubation, cells were then infected with HSV-1-GFP virus at a multiplicity of infection (MOI) of 5 for 6 h, with or without 1 μM of cGAMP 
stimulated for the indicated time. GFP-positive cells were analyzed by flow cytometry. Quantification charts of HSV-1-GFP virus infection rate in (A-D) were shown in 
the right panels. Data analysis was performed using FlowJo software and presented as mean±SEM from 3 individual experiments.
*P<0.05, **P<0.01, ***P<0.001 vs with positive control based on HSV-1-GFP infection alone, ns, not significant.
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Figure 4. STING1 can inhibit HSV-1 through noncanonical autophagy pathway alone, canonical autophagy pathway alone, or immunity function alone. (A) WT HeLa 
cells which lacking endogenous STING1 expressing were transfected with STING1 truncated mutants STING1 [1-340] plasmids or full-length STING1[FL] plasmid. After 
24 h expression, cells were infected with HSV-1-GFP virus at a MOI of 2.5 for 6 h, with or without 1 μM of cGAMP stimulated for the indicated time. GFP-positive cells 
were analysis by flow cytometry. Quantification of HSV-1-GFP virus infection rate is shown in the right panel. (B) After STING1[FL] or STING1 [1-340] plasmids were 
transfected into NCA-deficient ATG16L1ΔWDR-GFP HeLa cells for 24 h, HSV-1-GFP virus were then infected for 6 h, with or without 1 μM of cGAMP stimulated for the 
indicated time. PE flow detection channel was used to detect HSV-1-GFP virus coat gB protein to avoid the interference of GFP in the basal of the ATG16L1ΔWDR-GFP 
ATG16L1-/-HeLa cells. PE positive cells were analysis by flow cytometry. (C-D) ATG13-/- HeLa cells which have canonical autophagy dysfunction (C) and ATG16L1-/- HeLa 
cells which have autophagy dysfunction (D) were transfected with STING1 truncated mutants STING1 [1-340] (C) or full length STING1 (D). After 24 h expression, cells 
were then infected with HSV-1-GFP virus at a MOI of 5 for 6 h, with or without 1 μM of cGAMP stimulated for the indicated time. GFP-positive cells were analyzed by 
flow cytometry. Quantification charts of HSV-1-GFP virus infection rate were shown in the right panels. Data analysis was performed using FlowJo software and 
presented as mean±SEM from 3 individual experiments.
*P<0.05, **P<0.01, ***P<0.001 vs with positive control based on HSV-1-GFP infection alone, ns, not significant.
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Figure 5. Both cGAMP and HSV-1 can stimulate STING1 to produce immune response and inflammatory factors, but not STING1 [1-340]. (A-B) WT and rb1cc1-/- MEF 
cells containing endogenous STING1 expressing were treated with 1 μM of cGAMP for 6 h or infected with HSV-1-GFP virus at a MOI of 5 for 6 h. Cell lysates were 
subjected to immunoblot analysis of LC3-ΙΙ conversion and phosphorylation degree of TBK1 (A). And mRNA was extracted for RT–Qpcr analysis of expression of the 
genes for Ifnb, Tnf, Il6, and Cxcl10 (B). (C-D) ATG13-/- HeLa (C) and BECN1-/- HEK-293T (D) cells lacking endogenous STING1 expressing were transfected with control 
plasmid (pcDNA3.1) or STING1 plasmids (STING1[FL] and STING1 [1-340]). After 24 h expression, cells were treated with or without 1 μM of cGAMP for 3 h. Total RNA 
was isolated to measure the expression of indicated genes by reverse transcription qPCR. (E) ATG13-/- HeLa cells lacking endogenous STING1 expressing were 
transfected with control plasmid (pcDNA3.1) or STING1 (STING1[FL] and STING1 [1-340]) for 24 h before infected with or without HSV-1-GFP virus at a MOI of 5 for 6  
h. Total RNA was isolated to measure the expression of indicated genes by reverse transcription qPCR. Representative data were shown from three independent 
experiments; n = 3.
*P<0.05, **P<0.01, ***P<0.001, ns, not significant.
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and anti-GFP antibodies were additionally applied to confirm 
that those bands are specific STING1-related proteins 
(Figure 6B–D). Moreover, the enhanced level of p-TBK1 in 
STING1[FL] group was largely downregulated in STING1 
[1-340] group even after cGAMP or HSV-1 treatment, 
which is consistent with the finding that no inflammatory 
factors could be induced in STING1 [1-340] HeLa cells due 
to the lack of C-terminal tail 340–379 of STING1.

Furthermore, GFP-labeled STING1[FL] and STING1 
[1-340] were stained with different organelle markers such 
as CANX (calnexin), LMAN1/ERGIC-53, and TGOLN2/ 
TGN46. After cGAMP treatment, both STING1[FL] and 
STING1 [1-340] could translocate from ER to ERGIC or 
trans-Golgi membrane (Figure 6E,F and S5C). These results 
suggested that the deletion of C-terminal tail does not 
change the translocation and dimerization properties of 
STING1.

STING1-induced noncanonical autophagy degrades the 
virus through lysosomes

Although STING1 could induce NCA, we are not clear 
whether such NCA process could still have the similar hall-
marks of canonical autophagy such as long-lived protein 
degradation function and double membrane structures for-
mation [35]. We firstly compared the wild type and rb1cc1−/− 

MEF cells with or without cGAMP treatment to measure the 
long-lived proteins degradation activity using non-radioactive 
methods [36]. We found that, different from the context of 
canonical autophagy in which cGAMP could increase the 
degradation in WT MEFs, STING1-induced NCA mediated 
by cGAMP could not degrade long-lived proteins in rb1cc1-/- 

MEFs (Figure 7A,B). We then detected the cellular structures 
by transmission electron microscope of rb1cc1−/− MEFs before 
and after cGAMP treatment. As shown in Figure 7C, double 
membrane structures were not increased but more single 
membrane vesicles accumulated, suggesting that unlike cano-
nical autophagy, STING1-induced NCA mainly induced sin-
gle membrane structures.

Lysosomes are major organelles for degradation of damaged 
proteins or pathogens after fusion with autophagosomes [37], so 
we analyzed the colocalization of LC3 and LAMP1 (lysosomal 
associated membrane protein 1) to see whether STING1- 
induced NCA could finally fuse with lysosome. After activating 
STING1 by cGAMP or overexpression of STING1[FL] or 
STING1 [1-340], the increased LC3-positive structures could 
significantly overlap with lysosomes (Figure 7D). Tandem LC3 
assay also indicated that cGAMP could induce higher ratio of 
RFP+ GFP+ dots (Figure 7E). To rule out the possibility that 
lysosome function was suppressed by cGAMP or STING1 over-
expression which could cause the LC3 accumulation on the 
lysosome or the failure of quenching GFP to form RFP+ GFP+ 

dots, we measured the lysosome function by DQ-BSA assay [38]. 
As shown in Figure 7F, except V-ATPase inhibitor Baf which 
impaired the pH of lysosome, torin1, cGAMP, and the over-
expression of STING1[FL] and STING1 [1-340] did not sup-
press lysosome degradation function. So we speculated that the 

accumulated LC3-positive structures induced by STING1 activa-
tion could fuse with lysosomes without disturbing the degrada-
tion function of lysosomes. We then performed a protease 
protection assay to see LC3-II was located inside or outside of 
the membrane of subcellular organelles. We could see that, after 
trypsin digestion most lipidated LC3 was digested even without 
membrane permeabilization by Triton X-100, suggesting that 
LC3-II proteins are mainly located on the outside of subcellular 
organelle membranes such as lysosome in rb1cc1−/− MEFs after 
cGAMP stimulation (Figure 7G).

Since HSV-1 could be inhibited by cGAMP through NCA, 
and LC3-positive structures could finally fuse with lysosome 
in rb1cc1−/− MEF cells, we were eager to know whether HSV-1 
could be degraded by NCA through lysosomes. When HSV-1 
degradation was blocked by lysosome inhibitor CQ, more 
HSV-1 virus would be detected by GFP or HSV-1 gB in 
lysosomal fraction (Figure 7H), suggesting HSV-1 could be 
degraded by STING1 activation through lysosome pathway 
after NCA induction.

Those results indicated that STING1-induced NCA can 
impair long-lived proteins degradation and double membrane 
formation, but has no effect on the fusion of LC3-positive 
structures with lysosomes, and can degrade HSV-1 through 
lysosome pathway.

Discussion

STING1 was originally reported to exert its antiviral function 
by releasing type I interferon and inflammatory factors [3,33]. 
In addition, STING1 was reported to effectively mediate anti-
viral response and tumor immune escape in the form of its 
interferon independent pattern [39,40]. Yamashiro et al. and 
Wu et al. generated the STING1S365A/S365A mutant mouse that 
precisely ablate IFN-dependent activities while preserving 
IFN-independent activities of STING1. STING1S365A/S365A 

mice are able to protect against HSV-1 infection, despite 
lacking the STING1-mediated IFN response. This challenges 
the prevailing view and suggests that STING1 could control 
HSV-1 infection through IFN-independent activities [39,40]. 
Indeed, STING1S365A is still able to induce autophagy-like 
formation of LC3 puncta. Although the mechanism that med-
iates protection to HSV-1 downstream of the STING1[CTT] 
and TBK1 remains unclear, we propose this might be through 
an autophagy or autophagy-like process. Moreover, canonical 
autophagy, as another important function of STING1, can 
also effectively resist DNA virus [12]. Recently, we and other 
groups found that STING1 could also induce NCA. However, 
whether STING1-induced NCA have similar character to 
canonical autophagy and could contribute to antiviral 
response are not clear at all. In this work, we compared the 
hallmarks of autophagy and found STING1-induced NCA is 
significantly different from canonical autophagy. More impor-
tantly, we found that STING1 could effectively inhibit the 
virus in NCA cell models lacking the innate immunity, 
inflammatory response, and canonical autophagy functions 
of STING1. Our data suggests NCA might be a novel mechan-
ism to mediate the antiviral response of STING1.
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Figure 6. Translocation and dimerization of STING1 is unchanged in STING1 [1-340] which merely affected innate immune function. (A) WT MEF cells were treated 
with increasing amounts of cGAMP (0 µM, 1 µM, and 2 µM respectively) for 3 h or infected with increasing MOI of HSV-1-GFP virus (0, 2 and 5 respectively) for 6 h. Cell 
lysates were analyzed by non-reduced gel (for endogenous STING1 dimerization) or reduced gel followed by immunoblotting with the indicated antibodies. (B) WT 
HeLa cells stably expressing Flag- and GFP-tagged STING1 or the C-terminal truncation (STING1 [1-340]) were treated with increasing amounts of cGAMP (0 µM, 1 µM 
and 2 µM respectively) for 3 h. Cell lysates were analyzed by non-reduced gel (for recombinant Flag-STING1-GFP dimerization) or reduced gel followed by 
immunoblotting with the indicated antibodies. (C) RB1CC1-/- HeLa cells which lacking endogenous STING1 expressing were transfected with control plasmid 
(pcDNA3.1) or STING1 plasmids (STING1[FL] or STING1 [1-340]) for 24 h before treated with cGAMP (1 μM) for 3 h or infected with HSV-1-GFP virus at a MOI of 5 for 6  
h. Cell lysates were analyzed by non-reduced gel (for recombinant Flag-STING1-GFP dimerization) or reduced gel followed by immunoblotting with the indicated 
antibodies. (D) ATG7-/- HeLa cells which autophagy dysfunction and lacking endogenous STING1 expressing were transfected with HA-tagged STING1 or the 
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Compared to canonical autophagy, which required nearly 
40 ATG proteins to form double membrane autophagosomes 
to degrade long-lived proteins or pathogens through lyso-
somes [22], NCA has only limited studies for its functions 
and biological processes. As STING1 activation could strongly 
induce both canonical autophagy and NCA, we thought it 
would be important to differentiate these two processes for 
this vital intrinsic immune molecule. Although other types of 
NCA or CASM like LAP, LANDO, and chemical-induced 
NCA were reported, not too much protein degradation func-
tion was measured for those NCA [17–19,23]. Here we firstly 
demonstrated that different from canonical autophagy, 
STING1-induced NCA could not degrade long-lived proteins. 
In addition, the membrane structure of NCA induced by 
STING1 is still a controversial issue until now. According to 
previous reports [12], STING1 induced obvious double-layer 
membrane autophagy structure in ULK1- and BECN1- 
deficient cells under cGAMP stimulation. Nevertheless, 
Fischer et al. found that the NCA induced by STING1 is an 
obvious monolayer membrane structure through correlative 
light electron microscope [15]. In the evidence we provided by 
transmission electron microscope, we proved that cGAMP 
could significantly induce NCA in rb1cc1−/− MEF cells with 
increasing monolayer vesicles. Based on these two hallmarks 
of autophagy, we demonstrated that STING1-induced NCA 
has distinct structural and functional properties compared to 
canonical autophagy.

As a well-known form of NCA, LAP can effectively pha-
gocytize and eliminate invasive pathogens with the participa-
tion of BECN1 complex [17]. While, NCA induced by 
STING1 is largely different from LAP that both ULK1 com-
plex and BECN1 complex are not required. Interestingly, we 
have ever reported that chemical-induced NCA by AMDE-1 
and niclosamide was also independent of ULK1 and BECN1 
complex [23,41], but ATG16L1 is indispensable, suggesting 
different types of NCA may require different ATG proteins. 
In addition, we and other groups found that chemical- 
induced NCA could also be strongly inhibited by V-ATPase 
inhibitor Baf [29]. So we thought V-ATPase and ATG16L1 
might play key roles in the process of STING1-induced NCA 
as well. Interestingly, during the time we carried out this 
work, more and more studies indicated that WD40 repeats 
domain of ATG16L1 is required for LC3 lipidation at single 
membranes, and V-ATPase might be a main binding target 
for the WD40 repeats domain of ATG16L1 in STING1- 
induced LC3 lipidation process and xenophagy model 
[15,25,30]. Similar to our hypothesis, STING1-induced NCA 
could be strongly blocked by Baf and bacterial protein SopF 
which can inactivate V0 complex of the V-ATPase. Moreover, 
both the deletion of WD40 repeats domain of ATG16L1 and 
mutation of the K490 site on ATG16L1 could greatly block 
the binding of ATG16L1 to V-ATPase and obviously inhibit 

NCA. So, this study confirmed that STING1-induced NCA 
might be mediated by V-ATPase-ATG16L1 axis. While how 
STING1 initiates such axis remains unclear.

STING1 proteins need to undergo dimerization, transloca-
tion from the ER to the Golgi apparatus to exert immune 
effects by recruiting TBK1 and IRF3 [6,7]. In this work, 
although the deletion of CTT domain (STING1 [1-340]) failed 
to increase the phosphorylation level of TBK1 and IRF3 and 
lost immune and inflammatory response of STING1, it did 
not affect the translocation and dimerization of STING1 in 
NCA cells or ATG7-deficient cells without any autophagy 
function, suggesting the dimerization is separated from auto-
phagy processes. Previous studies have shown that STING1 
could resist the virus through the release of type I interferon 
and the NFKB/NF-κB inflammatory pathway [3,33]. But 
interferon-independent antiviral effect of STING1 suggests 
that there might exist other new pathways involved in the 
antiviral response of STING1 [39,40]. By combination of 
different mutant of STING1 with or without immune func-
tion and different cell lines with or without autophagy to 
measure the antiviral ability, we finally demonstrated that 
STING1-induced NCA alone could efficiently downregulate 
the virus infection rate. Interestingly, cGAMP could also 
induce NCA in cells without STING1, but such NCA could 
hardly inhibit virus infection, indicating that STING1 is cru-
cial in the antiviral process.

Since NCA could accumulate LC3-positive vesicles, we 
tested the role of lysosome which might be necessary for 
vesicle fusion and virus degradation. NCA induced by 
STING1 activation does not affect the degradation function 
of lysosomes by DQ-BSA assay. Whereas, in rb1cc1−/− MEF 
cells, we found that most of the GFP-LC3 positive structures 
induced by STING1 were colocalized with lysosomes, suggest-
ing STING1-induced GFP-LC3 puncta could fuse with lyso-
some but could not be quenched. One possibility is that the 
lipidated LC3 protein of NCA was mainly fixed outside the 
lysosomal membrane instead of facing the lysosomal acidic 
environment for degradation or quenching. This hypothesis 
was verified by protease protection experiment, which proved 
that LC3-II proteins were mainly distributed outside the sub-
cellular organelle membrane. In view of the diffused distribu-
tion of HSV-1 virus in cells after infection, it is hard to detect 
the colocalization of lysosome and virus by immunofluores-
cence tests. On this basis, we further designed the lysosome 
extraction experiment to explore whether the NCA induced 
by STING1 can really degrade HSV-1 virus through lysosome 
after adding the lysosome inhibitor CQ. Although higher dose 
and longer duration of CQ treatment might also induce NCA 
due to osmotic imbalance [24], the results showed that CQ 
alone could not inhibit HSV-1 virus. The detection of viral 
coat protein gB and GFP tag carried by the HSV-1 showed 
that STING1 effectively induced NCA to inhibit the HSV-1, 

C-terminal truncation (STING1 [1-340]) for 24 h, cells were then treated with cGAMP (1 μM) for 3 h. Cell lysates were analyzed by non-reduced gel (for recombinant 
HA-STING1 dimerization) or reduced gel followed by immunoblotting with the indicated antibodies. (E-F) HeLa cells stably expressing GFP-tagged STING1 or the 
C-terminal truncation (STING1 [1-340]) were fixed and stained with marker antibody for ER (CANX) and the ER-Golgi intermediate compartment (LMAN1/ERGIC-53) 
after treated with or without 1 μM of cGAMP for 3 h, and images were then captured by confocal microscopy. All images are representative of at least three 
independent experiments in which > 95% of the cells displayed similar staining. Scale bar: 20 µm. The degree of colocalization for STING1 and CANX or LMAN1 was 
quantified by Pearson’s and overlap coefficient by Image J.
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Figure 7. Non canonical autophagy induced by STING1 can degrade the virus through lysosomes.(A-B) Flow cytometry was performed to analyze the fluorescence 
intensity within the WT MEF (A) and rb1cc1-/- MEF (B) cells, and the histograms represent the relative average fluorescence intensity of 10,000 cells from different 
samples. Negative control: cells without AHA labeling but were subjected to click reaction. Data for the relative signal intensity were expressed as the ratio of 1 μM of 
cGAMP treated for 6 h cells to the untreated control cells. (C) Representative images of transmission electronic microscope of rb1cc1-/- MEF cells stimulated with 1 μM 
of cGAMP for 6 h. (D) Colocalization of NCA autophagosomes and lysosomes induced by STING1. rb1cc1-/- MEF cells stably expressing GFP-LC3 were treated with 
indicated chemicals (torin1, 2 μM; cGAMP, 1 μM) for 6 h, or transfected with STING1 plasmids (STING1[FL] or STING1 [1-340]) for 24 h, followed by immunostaining of 
LAMP1 (red). Scale bar: 20 µm. (E) rb1cc1-/- MEF cells which containing endogenous STING1 expressing were transiently transfected with RFP-GFP-LC3 plasmid. After 
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and then degraded the virus through lysosomal pathway. The 
above data clearly showed that HSV-1 virus could be appar-
ently degraded through lysosome during NCA induced by 
STING1, which is different from traditional interferon- 
mediated virus inhibition.

Besides the induction mechanism of innate immunity 
mediated by pattern recognition receptors [42], autophagy 
has evolved into a host defense mechanism against immune 
and pathogenic stress through canonical and noncanonical 
pathways, and mediates the immune self-tolerance of cells to 
internal and external threats [43,44]. Although its deploy-
ment speed is not as fast as that of innate immunity, it can 
lead to a broader antiviral response and induce a pro- 
inflammatory signal cascade. Those different self-defense 
mechanisms of the host cell constitute its internal defense 
and innate immunity.

To sum up, we uncovered a new mechanism that NCA 
induced by STING1 activation is important for STING1 to 
resist DNA virus. Our study also shows a physiological sig-
nificance for NCA, and provides a certain reference for the 
antiviral research of NCA in the future.

Materials and methods

Materials

2’3’-cGAMP was from InvivoGen (tlrl-nacga23), and deliv-
ered into cells by permeabilization with 10 μM of digitonin 
(Solarbio, ID0410). The concentration of cGAMP used in 
stimulating MEF cells was 1 μM unless indicated other-
wise. AMDE-1 (4N–049) was from Key Organics. Torin1 
(HY-13003) was from MedChemExpress. Chloroquine 
(CQ, A506569) was from Sangon Biotech. Bafilomycin A1 
(B-1080) was from LC Laboratories. Dequenched-BSA 
(DQ-BSA) Red (D12051) were from Life Technologies.

Antibodies

Antibodies against human STING1 (D2P2F, 13647), 
p-TBK1 (D52C2), p-IRF3 (Ser396, 4D4G), LAMP1 
(D2D11), ATG13 (E1Y9V), ATG9A (D409D), BECN1 
(3738S), CANX (2679P), HA (2367S), and ATG4B 
(D1G2R) were from Cell Signaling Technology; antibodies 
against LC3B (L7543), ATG5 (A0731), ULK1 (A7481), and 
TUBA4A/α-tubulin (T6074) were from Sigma-Aldrich; 
antibodies to LC3B (PM036), ATG5 (M153), SQSTM1/p62 
(PM045), and ATG16L1 (M150) were from MBL 
International; antibodies against LMAN1/ERGIC53 (sc 
-398,777), GFP (sc-9996), and TOMM20 (FL-145) were 
from Santa Cruz Biotechnology; antibody against 

TGOLN2/TGN46 (AHP500GT) was from Bio-Rad. 
Secondary antibodies conjugated with Alex Fluor 488, 
Alex Fluor 594, or horseradish peroxidase were from 
Invitrogen and Jackson Immuno Research Laboratories, 
respectively.

Cell culture and DNA transfection

WT HeLa cells, ATG16L1−/−, ATG4B−/− HeLa cells, WT 
mouse embryonic fibroblasts (MEFs), rb1cc1/fip200−/−, 
ulk1−/−, and atg5−/− MEFs, have been described previously 
[23]. THP-1 and DLD1 cells were from National 
Collection of Authenticated Cell Cultures. ATG13−/− Hela 
cells were provided by Lei Liu (Institute of zoology, 
Chinese Academy of Sciences, Beijing). ATG9A−/− Hela 
cells were provided by Dr. Yueguang Rong (Tongji 
Medical College of HUST, Wuhan). BECN1−/− HEK-293T 
cells were provided by Dr. Jun Cui (Sun Yat-sen 
University, Guangzhou). THP-1 and DLD1 cells were cul-
tured in RPMI 1640. Others cells were cultured in DMEM 
(Thermo Scientific, SH3024301) supplemented with 10% 
(v:v) fetal bovine serum (Gibco, A31608) and standard 
supplements in a 37°C, 5% (v:v) CO2 incubator. For star-
vation, Earle’s balanced salt solution (EBSS, Sigma, E2888) 
was used.

For transient transfection, human cDNAs encoding 
N-terminal HA-tagged STING1 and its mutants were cloned 
into pcDNA3.1(+) or pEGFP-N3. For stable cell line prepara-
tion, human cDNAs encoding N-terminal Flag-tagged 
STING1 and its mutants were cloned into a pLVX-AcGFP- 
N1 lentiviral vector. These lentiviruses were packaged in 
HEK-293T cells and transduced into target cells. Plasmids 
for the expression of WT and Y224D-SopF were provided 
by Dr. Feng Shao and Dr. Yue Xu (NIBS, Beijing). Plasmids 
were transfected into cells using Lipofectamine 2000 
(Invitrogen, 11668019).

Immunoblotting

Cell lysates were prepared with RIPA buffer (Beyotime 
Biotechnology, P0013B) with a protease and phosphatase 
inhibitor cocktail (Thermo Scientific, 78440). The proteins 
in the cell lysates were subjected to SDS-PAGE using a 12% 
(w:v) gel. The separated proteins were transferred to a PVDF 
membrane (Millipore, Billerica, MA). The transferred mem-
brane was blocked with 5% (w:v) skim milk dissolved in TBST 
buffer (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, and 0.1% 
Tween 20 [Mikxlife, TC279]). The membrane was washed 
three times with TBST buffer and then incubated with pri-
mary antibody (1:1000–2000) overnight at 4°C. The 

24 h expression, cells were then harvested and re-seeded on confocal culture dish. Cells were treated with indicated chemicals (torin1, 2 μM; cGAMP, 1 μM) for 6 h, 
followed by fixation. The colocalization of GFP and RFP puncta was examined and quantified. Scale bar: 10 µm. At least 50 cells were counted from each group. (F) 
Representative single-plane confocal micrographs of WT HeLa cells incubated with DQ-Red BSA were starved for 2 h by EBSS in the absence or presence of 500 nM 
Baf, 2 μM torin1, 1 μM cGAMP or transfected with STING1 plasmids (STING1[FL] or STING1 [1-340]) for 24 h. The cell nucleus is stained using DAPI (blue). Scale bar: 20  
µm. And then assessed for average fluorescence value of DQ-BSA in the right panel. At least 50 cells were counted from each group. (G) Protease protection assay of 
homogenates from rb1cc1−/− MEF cells treated with 1 μM of cGAMP for 3 h. Diagrams show subcellular location of LC3-II and endogenous STING1 detected by 
western blotting. (H) Detect the virus content in lysosomes. Rb1cc1-/- MEF cells which contain endogenous STING1 were infected with HSV-1 virus at MOI = 5. After 
24-h infection, cells were harvested and re-seeded on culture dish. Cells were then treated with indicated chemicals (CQ, 40 μM; cGAMP, 1 μM) for 6 h. Lysosomal 
fraction was collected, followed by immunoblotting with indicated antibodies. Representative data were shown from three independent experiments; n = 3.
*P<0.05, **P<0.01, ***P<0.001, ns, not significant.
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membrane was subsequently visualized by image analyzer 
(Tanon, 5200) followed by incubation with the secondary 
antibody. The density of LC3-II was first normalized to the 
loading control. Then, the ratio of LC3-II:loading control was 
quantified.

Immunostaining

Cells were cultured on glass-bottom culture dishes (Nest 
Scientific, 801002). After treatment, cells were fixed with 4% 
paraformaldehyde for 20 min, and subsequently permeabi-
lized with 0.01% Triton X-100 (BBI, A600198) for 30 min at 
room temperature. Cells were blocked in fetal goat serum 
(Boster Biological Technology, AR1009) after washing three 
times with phosphate-buffered saline (PBS, Hyclone, 
SH302561.01). Then cells were incubated with primary anti-
bodies (1:100–150) prepared with fetal goat serum overnight 
at 4°C. Cells were washed with PBS for three times and 
incubated with fluorescence-labeled secondary antibody 
Alexa Fluor 488 or DyLight 594 secondary antibodies 
(ThermoFisher Scientific, 710369, 35560). Images were 
observed using laser confocal microscope (Olympus, 
FV3000) or EVOS FL Auto (Life Technologies, Bothell, 
WA). For manual quantification of the puncta formation, at 
least three optical fields with at least 50 cells per experimental 
condition were analyzed. Data from repeated experiments 
were subjected to statistical analysis.

Reverse transcription quantitative PCR (RT-Qpcr)

Total RNA was extracted from cultured cells with Trizol 
reagent (Invitrogen, 15596026) and then was reversely tran-
scripted to cDNA using One-step RT Kit (Takara 
Biotechnology, Japan). The mRNA levels of target genes 
were detected using SYBR-Green Quantitative PCR kit 
(Takara Biotechnology, RR067A) by iCycler iQ system (Bio- 
Rad, USA). Amplification conditions were 15 min at 95°C, 
followed by 40 cycles of 30 s at 95°C, 1 min at 55°C, and 30 
s at 72°C. All PCR reactions were done in triplicate. Mouse or 
human-specific primers were synthesized by Invitrogen 
(Table S1). GAPDH or β-Actin were served as endogenous 
control.

Virus propagation

HSV-1-GFP strain was obtained from MOE Key Laboratory 
of Gene Function and Regulation (Guangzhou, China). HSV- 
1-GFP strain was propagated and titer measured by plague 
assays on Vero cells and used at the indicated multiplicity of 
infection in MEF or HeLa cells. To prepare viral stock, 
adsorption of HSV-1-GFP on Vero cells at 37°C for 1 h, 
unbound viruses were removed by washing three times with 
phosphate-buffered saline (PBS, Hyclone, SH302561.01). 
Coated cells with DMEM containing 2% FBS and incubated 
at 37°C for 10 h in an atmosphere of 5% CO2. Viral stock was 
clarified by centrifugation at 1000×g for 10 min. Supernatants 
containing the viruses were collected, filtered and concen-
trated by PEG8000 precipitation.

Electron microscopy

Electron microscopy was performed by Japan Electron Optics 
Laboratory Co., Ltd., JEM-1400 PLUS based on a chemical- 
fixation method. Chemical-fixation solution containing 2.5% 
glutaraldehyde was diluted in 0.1 M phosphate buffer, pH 7.5, 
and rb1cc1−/− MEF cells were fixed for more than 2 h after 
centrifugation at 800×g for 3 min. These samples were washed 
with 0.1 M phosphate buffer three times for at least 30 min, 
followed by further fixation with 1% osmic acid (TED PELLA, 
18456) diluted in 0.1 M phosphate buffer for 1 h at 4°C and 
the same washing process as above. Then the samples were 
dehydrated using different concentrations of ethanol (30%, 
50%, 70%, 90%, 100%) for 5 min each, a mixture of anhydrous 
acetone and anhydrous ethanol (1:1) for 10 min, and anhy-
drous acetone two times for 10 min each. After dehydration, 
these samples were infiltrated with a 1:1, 1:2 and 0:1 mixture 
of anhydrous acetone and Epon812 resin (TED PELLA, 
GP18010) at 38°C for 4 h, followed by embedding in 
Epon812 resin for overnight. Polymerization was performed 
at 37°C, 45°C, and 60°C for 12 h, 12 h, and 48 h respectively, 
and then the resin was ultra-thin sectioned using a 70 nm- 
thick ultramicrotome (UC-7). After that, the sections were 
stained with 2% uranyl acetate (EMS, 22400) diluted in 70% 
ethanol for 30 min and lead citrate (TED PELLA, 19314) 
diluted in double distilled water for 15 min. After washed by 
double distilled water and dried under the baking lamp, 
samples were observed through a transmission electron 
microscope (JEM-1400 PLUS) at a voltage of 100 kV and 
images were acquired using a CCD camera (EMSIS, 
MORADA).

Flow cytometry

MEF or HeLa cells were treated with or without 1 μM of 
cGAMP for indicated time, or transfected with STING1 plas-
mids or not for 24 h, then subjected to HSV-1 virus with GFP- 
labeled infection at a multiplicity of infection (MOI) of 5. At 
12 h p.i., cells were washed twice with fluorescence activated 
cell sorting (FACS) buffer (20 mM PBS, pH 7.5, 1% BSA), 
fixed with 2% paraformaldehyde, and analyzed on BD FACS 
Calibur (BD Biosciences) in FL1 channel (Ex 488 nm, Em 525  
nm) for EGFP signal detection. Data analysis was performed 
using FlowJo software.

DQ-BSA Red assay

Cells were incubated with 10 µg/mL of DQ-BSA Red 
(Thermofisher, D12051) in EBSS medium at 37°C for 2 h, 
and then new medium with or without the indicated com-
pounds were added for another 4 or 6 h, and then fluores-
cence microscopy was used to detect the intensity of red 
fluorescent.

Long-lived protein degradation assay

Long-lived protein degradation assay was performed in 
accordance with the protocol reported before [36]. Cells 
to be tested were incubated with L-methionine-free 
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DMEM supplemented with 4 mM of glutamine (BBI Life 
Sciences, GB0224), 0.2 mM of L-cystine (Solarbio, C7480), 
1 mM of sodium pyruvate (Macklin, S817535) and 50 μM 
of AHA (MCE, HY-140346A) with 10% dialyzed FBS 
(Biological Industries, 2148391). After incubation for 18  
h, returned to normal medium and incubated for 2 h. Cells 
were subjected to 1 μM of cGAMP in the presence of 
10×L-methionine for 12 h. Then cells were collected, 
fixed, washed, permeabilized before incubated in the click 
reaction master mix (50 μM TAMRA alkyne [AAT 
Bioquest, AAT-487], 1 mM TCEP [Calbiochem, 580560], 
100 μM TBTA [GLPBIO, GC45003], 1 mM CuSO4 [Sangon 
Biotech, C3008] in PBS) in the dark for 2 h. After click 
reaction, resuspended in 500 μL PBS and analyzed by flow 
cytometry.

Protease-protection assay

The protease-protection assay was performed as previously 
described. Cells were treated with cGAMP for 24 h prior to 
collection by trypsinization (Sango biotech, A610629–0050) 
at 37°C. Cells were next centrifuged and resuspended in 0.7  
ml of ice-cold homogenization buffer (10 mM HEPES-KOH, 
0.07 M sucrose, 0.22 M D-mannitol, 1 mM EDTA, 1 mM 
DTT, pH 7.5). All following steps were performed on ice 
or at 4°C. The proteins were extracted by rupturing the cells 
using 27 G needles with a 1 ml syringe for 10 times. Then, 
cells were centrifuged twice at 300×g to discard the nuclear 
pellet. Each sample was divided into 2 tubes for subsequent 
permeabilization and counterpart non-permeabilization 
with 5% Triton X-100 in homogenization buffer to 
a working concentration of 0.5%. Each 2 samples above 
were divided into 3 parts, one was treated with 1 mg/ml of 
trypsin to a final concentration of 100 μg/ml at 37°C for 30  
min. The rest two parts were added with an equivalent 
volume of homogenization buffer at 37°C or ice for 30  
min. All samples were prepared for further Western blot 
analysis.

Extraction of lysosomal fraction

Lysosomal protein fraction was extracted using 
a lysosomal protein extraction kit (Bestbio, BB-31,452–2) 
according to the manufacturer’s instructions. In brief, col-
lected cells were suspended with lysosome extraction 
reagent A and oscillated on ice for 10 min. Then the cells 
were homogenized 35 times in a Dounce homogenizer 
(Dongguan Kemao Biological Technology, KM-10-024-2) 
followed by centrifugation at 1,000×g for 5 min. 
Supernatant fractions were centrifuged at 30,000×g for 
30 min and the supernatant was collected and labeled as 
the cytosolic fraction. The resulting precipitates were sus-
pended with lysosome extraction reagent B and further 
centrifuged at 30,000×g for 30 min. The precipitates were 
suspended with lysosome extraction reagent C and oscil-
lated for 20 min followed by centrifugation at 14,000×g for 
15 min. The supernatant was taken as the lysosomal pro-
tein fraction.

Statistics

The results shown are representative of at least three inde-
pendent experiments. The data are presented as the mean 
±standard error of mean. The statistical significance of data 
was verified by the Student’s t-test wherever required. P-value 
<0.05 was considered as being significant.
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