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STING directly recruits WIPI2 for autophagosome
formation during STING-induced autophagy
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Abstract

The cGAS-STING pathway plays an important role in host defense
by sensing pathogen DNA, inducing type | IFNs, and initiating
autophagy. However, the molecular mechanism of autophagosome
formation in cGAS-STING pathway-induced autophagy is still
unclear. Here, we report that STING directly interacts with WIPI2,
which is the key protein for LC3 lipidation in autophagy. Binding to
WIPI2 is necessary for STING-induced autophagosome formation
but does not affect STING activation and intracellular trafficking.
In addition, the specific interaction between STING and the PI3P-
binding motif of WIPI2 leads to the competition of WIPI2 binding
between STING and PI3P, and mutual inhibition between STING-
induced autophagy and canonical PI3P-dependent autophagy. Fur-
thermore, we show that the STING-WIPI2 interaction is required
for the clearance of cytoplasmic DNA and the attenuation of cGAS-
STING signaling. Thus, the direct interaction between STING and
WIPI2 enables STING to bypass the canonical upstream machinery
to induce LC3 lipidation and autophagosome formation.
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Introduction

By recognizing microbial components, pattern recognition receptors
(PRRs) initiate intracellular signaling to activate innate immunity. In
mammalian cells, the DNA-sensing cyclic GMP-AMP (cGAMP)
synthase (cGAS) functions as an intracellular PRR to trigger patho-
gen DNA-driven immune responses. This process relies on the bind-
ing of cGAMP to the adaptor protein stimulator of interferon genes
(STING) and subsequently the export of STING from the endoplas-
mic reticulum (ER; Chen et al, 2016b; Motwani et al, 2019). The
cGAS-STING pathway activates the synthesis of antiviral type I
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interferons (IFNs) through the TANK-binding kinase 1 (TBK1)-
dependent transcription factor interferon regulatory factor 3 (IRF3),
and of proinflammatory cytokines via NF-kB (Chen et al, 2016b;
Motwani et al, 2019). Mice deficient in cGAS-STING signaling are
susceptible to lethal infection by DNA viruses (Ishikawa et al, 2009;
Li et al, 2013), highlighting the critical role of the cGAS-STING path-
way in combating viral infection. However, the type I IFN response
may also be used by pathogenic bacteria for their dissemination and
to promote chronic persistent infections (McNab et al, 2015). Exces-
sive or prolonged activation of cGAS-STING signaling is associated
with a broad array of inflammatory and autoimmune diseases
(Motwani et al, 2019; Ma et al, 2020).

Recent studies have indicated that cGAS-STING signaling also
activates macroautophagy (hereafter referred to as autophagy;
Watson et al, 2012, 2015; Liang et al, 2014; Prabakaran et al,
2018; Gui et al, 2019; Liu et al, 2019), the autophagosome- and
lysosome-dependent intracellular degradation process, and induc-
tion of autophagy is a primordial function of the cGAS-STING
pathway (Gui et al, 2019). Upon binding to cGAMP, STING trans-
locates from the ER to the ER-Golgi intermediate compartment
(ERGIC) and the Golgi complex via the COPII vesicle transport
pathway (Gui et al, 2019). In both STING-induced autophagy and
starvation-induced canonical autophagy, the ERGIC serves as a
membrane source for LC3 lipidation and autophagosome formation
(Ge et al, 2013; Gui et al, 2019). In STING-induced autophagy,
activated STING drives the formation of these ERGIC-derived vesi-
cles (Gui et al, 2019). Accumulating evidence has suggested that
this STING-mediated autophagy is essential for not only the clear-
ance of cytoplasmic DNA (Liang et al, 2014; Gui et al, 2019) but
also the attenuation of the cGAS-STING signaling by selectively
degrading cGAS and STING (Chen et al, 2016a; Prabakaran et al,
2018; Jena et al, 2020), and possibly the downstream IRF3 (Jiang
et al, 2018; Wu et al, 2021). This ensures the precise control of
IRF3 activity and type I IFN production, thereby fine-tuning the
immune response.

The core autophagy machinery proteins autophagy protein 5
(ATGS) and WIPI2, a phosphatidylinositol-3-phosphate (PI3P)- and
ATGI16L1-binding protein, are crucial for cGAMP-stimulated LC3

Faculty of Health Sciences, University of Macau, Macau, China

B WN R

*Corresponding author. Tel: +86 571 8820 8551; E-mail: wanwei@zju.edu.cn
**Corresponding author. Tel: +86 571 8820 8357; E-mail: liuwei666@zju.edu.cn

© 2023 The Authors

Department of Biochemistry, and Department of Thoracic Surgery of Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, Hangzhou, China
Department of Metabolic Medicine, International Institutes of Medicine, the Fourth Affiliated Hospital, Zhejiang University School of Medicine, Yiwu, China

Joint Institute of Genetics and Genomics Medicine between Zhejiang University and University of Toronto, Hangzhou, China

The EMBO journal 42: €112387|2023 1 of 17


https://orcid.org/0000-0001-6939-3402
https://orcid.org/0000-0001-6939-3402
https://orcid.org/0000-0001-6939-3402
https://orcid.org/0000-0002-5379-150X
https://orcid.org/0000-0002-5379-150X
https://orcid.org/0000-0002-5379-150X
https://orcid.org/0000-0002-1791-2124
https://orcid.org/0000-0002-1791-2124
https://orcid.org/0000-0002-1791-2124
https://orcid.org/0000-0001-7369-5227
https://orcid.org/0000-0001-7369-5227
https://orcid.org/0000-0001-7369-5227
https://orcid.org/0000-0002-8033-4718
https://orcid.org/0000-0002-8033-4718
https://orcid.org/0000-0002-8033-4718

The EMBO Journal

lipidation and autophagosome formation (Gui et al, 2019). Intrigu-
ingly, a number of autophagy-related proteins that are required for
canonical autophagy, including ATG9A, unc-51 like autophagy acti-
vating kinase 1 (ULK1) complex, and phosphatidylinositol 3-kinase
catalytic subunit type 3 (PIK3C3/VPS34) complex, are not essential
for STING-induced autophagy (Gui et al, 2019; Liu et al, 2019). Of
these proteins and protein complexes, the most notable is the
PIK3C3 complex, due to the key role of its product PI3P in the for-
mation and expansion of phagophores, either from the omegasomes
or the ERGIC (Dooley et al, 2014; Ge et al, 2014). For the former,
PI3P recruits the ATG12-ATG5-ATG16L1 complex via WIPI2 to tar-
get LC3 to the phagophore (Polson et al, 2010; Dooley et al, 2014);
For the latter, PI3P collects COPII proteins to generate vesicles from
the ERGIC (Ge et al, 2014; Davis et al, 2016). Numerous studies
have proved that WIPI2 plays an indispensable role in canonical
autophagy (Polson et al, 2010; Dooley et al, 2014; Zhao et al, 2017;
Wan et al, 2018; Lu et al, 2019; Fracchiolla et al, 2020). The cGAS-
STING pathway-induced autophagy requires WIPI2 but not PIK3C3
complex, indicating the existence of a PI3P-independent mechanism
for the membrane recruitment of WIPI2.

In this study, we have performed mass spectrometry analysis of
STING vesicles to screen for proteins that may participate in cGAS-
STING pathway-induced autophagy. Among the proteins, we find
that WIPI2 and its interacting partner ATG16L1 are enriched in
STING vesicles. By identifying WIPI2 as a constitutive STING-
binding protein, we elucidate that the direct interaction between
WIPI2 and STING enables WIPI2 to target STING-positive vesicles
for LC3 lipidation and autophagosome formation during STING-
induced autophagy. Moreover, we provide evidence that this PI3P-
independent mobilization of WIPI2 is necessary for the autophagic
clearance of cytoplasmic DNA and the attenuation of activated
cGAS-STING signaling.

Results
WIPI2 is recruited to STING vesicles

Given that STING-containing vesicles derived from the ERGIC act as
the primary membrane source for autophagosome formation during
STING-induced autophagy (Gui et al, 2019; Liu et al, 2019), we
speculated that specific proteins participating in the autophagosome
formation process may be localized to STING vesicles. Therefore,
we set up a STING-positive membrane isolation assay in HEK293T
cells stably expressing STING-HA (Fig 1A). Cells were treated with
cGAMP and then homogenized in the absence of detergent. After
incubation with anti-HA affinity beads, the beads-bound STING-
positive membranes were precipitated and subjected to mass spec-
trometry analysis. High abundance proteins dragged down by
STING-positive membranes included TBK1, SQSTM1, and SEC24C
(Fig 1B and Dataset EV1), three known STING-binding proteins
(Prabakaran et al, 2018; Gui et al, 2019). Interestingly, WIPI2 and
its binding partner ATG16L1, and many other autophagy-related
proteins including ATGS5, ATG12, LC3, and NBR1, were also among
the proteins (Fig 1B and Dataset EV1). In addition, many proteins
identified in STING-positive membranes were recently shown to
have an affinity with STING by a proximity labeling screen using
STING as bait (Chu et al, 2021; Dataset EV1). To verify the
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localization of WIPI2 in STING vesicles, we performed a western
blot analysis on the isolated STING-positive membranes. WIPI2 and
ATG16L1 but not WIPI1, another PI3P-binding member of the WIPI
family, were precipitated by the STING-positive membranes, and
the precipitation was unaffected by TBK1/IKKe inhibitor BX795
(Appendix Fig S1A). We also observed the distribution of trans-
fected WIPI2-GFP in HEK293T cells stably expressing STING-HA.
Upon cGAMP treatment, co-localization of WIPI2-GFP with STING-
HA puncta was detected (Fig 1C and D). Endogenous WIPI2 also co-
localized with endogenous STING puncta in cGAMP-treated mouse
embryonic fibroblasts (MEFs; Fig 1E and F). In addition, cGAMP
stimulation led to the localization of endogenous ATG16L1 to the
STING-HA puncta (Fig 1G and H). Using a specific antibody against
ERGIC-53, a marker protein of the ERGIC, in MEFs, we detected an
overlap between WIPI2-GFP and ERGIC-53, which was more obvi-
ous at the puncta surrounding the ERGIC body (Appendix Fig S1B
and C). By contrast, GFP-tagged WIPI1 was not found in STING
puncta (Fig 1I). This suggests that WIPI2 undergoes a specific and
PI3P-independent association with STING vesicles. In support of
this, neither GFP-tagged ATG14L, a constitutive subunit of PIK3C3
complex 1, nor DFCP1, an omegasome marker protein that binds to
PI3P, was detected in the puncta (Appendix Fig S1ID-G). Finally,
using a STING mutant (STING-R238A) that is incapable of cGAMP
binding, we confirmed that, in cGAMP-treated cells, the redistribu-
tion of WIPI2 relies on the activation and translocation of STING
(Fig 1J). Taken together, these results suggest that WIPI2 can be
recruited to cGAMP-stimulated STING vesicles through a PI3P-
independent manner.

WIPI2 directly interacts with STING

Next, we explored the mechanism by which WIPI2 is specifically
recruited to STING vesicles. A simple hypothesis is that WIPI2 is a
STING-binding protein. Interestingly, immunoprecipitation of
WIPI2-Myc but not WIPI1-Myc co-precipitated endogenous STING
from transfected MEFs, and cGAMP treatment did not increase the
co-precipitation (Fig 2A). To determine where STING-WIPI2 inter-
action occurs, we fractionated cell membranes of HEK293T cells
stably expressing STING-HA with or without cGAMP stimulation.
After differential centrifugation followed by sucrose gradient and
Opti-Prep density-gradient ultracentrifugation, membrane fractions
were collected, diluted, and subjected to immunoprecipitation (Fig
EV1A). In cells with or without cGAMP treatment, STING and
WIPI2 were strongly distributed in the ERGIC and the ER mem-
brane fractions and they interacted there, respectively (Fig EV1B).
Interestingly, STING but not WIPI2 was detected in the endosome/
lysosome fractions of cGAMP-stimulated cells (Fig EV1B). Of note,
in cells treated with brefeldin A, which inhibits ER-to-Golgi traf-
ficking and abolishes STING vesicle formation (Gui et al, 2019),
the STING-WIPI2 interaction was unaffected (Fig EV1C). Unlike
mouse WIPI2, which has only one isoform, human WIPI2 has dif-
ferent isoforms (Dooley et al, 2014; Wan et al, 2018). We found
that all four tested human WIPI2 isoforms could be co-
immunoprecipitated by STING-HA (Fig EV1D). Moreover, STING-
R238A, which cannot bind cGAMP, and STING-S366A, which can-
not lead to IRF3 phosphorylation and activation (Gui et al, 2019),
co-precipitated with WIPI2 at a similar level as wild-type (WT)
STING (Fig 2B). These results strongly suggest a constitutive

© 2023 The Authors
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Figure 1. WIPI2 is recruited to STING vesicles.

A Schematic of the workflow for identifying proteins those associated with STING vesicles. HEK293T cells stably expressing STING-HA were treated with cGAMP and
homogenized in extraction buffer without detergent. After incubation with anti-HA affinity beads, STING vesicles were isolated and subjected to mass spectrometry
analysis.

Some of the highly abundant proteins in isolated STING vesicles.

Distribution of WIPI2-GFP in HEK293T cells stably expressing STING-HA. The cells were transfected with WIPI2-GFP.

Statistical analysis of the number of STING- and WIPI2-positive puncta in cells treated as in (C).

Distribution of endogenous WIPI2 and STING in MEFs.

Statistical analysis of the number of STING- and WIPI2-positive puncta in cells treated as in (E).

Distribution of endogenous ATG16L1 in HEK293T cells stably expressing STING-HA.

Statistical analysis of the number of STING- and ATG16L1-positive puncta in cells treated as in (G).

Distribution of WIPIL-GFP in HEK293T cells stably expressing STING-HA (I) and endogenous WIPI2 in HEK293T cells stably expressing STING-R238A-HA (J).
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Data information: All the cells were treated with or without cGAMP for 2 h. All statistical data are presented as mean + SEM of three independent experiments. n = 60.
***p < 0.001 (Student’s t-test). Scale bars, 10 pum.
Source data are available online for this figure.
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binding of WIPI2 to STING, independent of STING trafficking and
activation.

To further clarify the interaction between STING and WIPI2, we
constructed truncated WIPI2 mutants and found that the region
containing amino acid 215-259 in WIPI2 was required for STING
binding (Fig 2C). In addition, we created GFP-tagged truncated
WIPI2s (amino acid 215-259 and 260-301) and examined their
affinities for STING. The result revealed that amino acid 215-259 is
sufficient to mediate WIPI2 interaction with STING (Fig 2D). The
FRRG motif that mediates the binding of WIPI2 to PI3P is located in
this region (Polson et al, 2010; Dooley et al, 2014). Therefore, we
tested whether the same motif of WIPI2 is also required for STING-
WIPI2 interaction. By replacing the two arginine residues in the
FRRG motif with threonine or lysine, we generated WIPI2-FTTG and
WIPI2-FKKG mutants that are incapable of PI3P binding (Polson et
al, 2010; Lu et al, 2011; Dooley et al, 2014). Interestingly, WIPI2-
FKKG, or WIPI2-R108E/R125E mutant, which cannot bind to
ATG16L1 (Dooley et al, 2014) but not WIPI2-FTTG interacted with
STING (Fig 2E and F), which suggests that the positively charged
basic amino acid residues within the FRRG motif are important.
Meanwhile, the WIPI2-FKKG mutant showed even higher affinity
for STING than WT WIPI2 (Fig 2E and F).

We then tried to locate the sites in STING that mediate STING-
WIPI2 interaction. Using a similar approach, we found that the
region containing amino acid 277-334 in STING was required for
STING to interact with WIPI2 (Figs 2G and EVIE). Considering
the role of the two basic arginine residues in the FRRG motif of
WIPI2, we speculated that acidic amino acids are needed in
STING. Based on the known structure of human STING (Raman-
julu et al, 2018), we identified two acidic amino acid-rich motifs in
the region 277-334: E282/D283/E286 (motif 1) and E296/D297/
D301 (motif 2; Fig EV1F). We replaced the acidic residues
with alanine to create two mutants, STING-3A-1 (E282A/D283A/
E286A) and STING-3A-2 (E296A/D297A/D301A), respectively. Co-
immunoprecipitation experiments showed that STING-3A-2 co-
precipitated less WIPI2 than WT STING and STING-3A-1 (Fig 2H
and I). We also performed in vitro pull-down assays using purified
truncated STING and full-length WIPI2. The binding of truncated
STING to WIPI2 was markedly reduced by the FRRG>FTTG muta-
tion in WIPI2 or by the E296A/D297A/D301A (3A-2) mutation in
STING (Fig 2J and K).

Figure 2. WIPI2 directly interacts with STING.

Wei Wan et al

Binding of WIPI2 to STING is necessary for
STING-induced autophagy

We then investigated the role of WIPI2 and STING-WIPI2 interac-
tion in STING-induced autophagy. First, we found that, in
cGAMP-treated cells, WT WIPI2 formed punctate structures simi-
lar to those in Torinl-treated cells (Fig 3A and B). We also
observed that WIPI2-FKKG (which can bind STING but not PI3P),
formed puncta only in cGAMP-treated cells, while WIPI2-FTTG
(which interacts with neither STING nor PI3P), failed to form
puncta in both cGAMP-treated cells and Torinl-treated cells (Fig
3A and B). In addition, consistent with previous studies (Dooley
et al, 2014; Gui et al, 2019), knockout of Wipi2 significantly
decreased the production of LC3-II in cGAMP-treated cells and
Torinl-treated cells (Fig 3C). Re-transfection of WIPI2-FKKG but
not WIPI2-FTTG rescued cGAMP-induced but not Torinl-induced
LC3-1I formation (Fig 3C).

cGAMP treatment failed to induce the formation of LC3 puncta in
WT HEK293T cells (Appendix Fig S2A and B), as STING is silenced
in these cells (Sui et al, 2017; Gui et al, 2019). We therefore estab-
lished stable cell lines by transfecting HA-tagged WT STING or
STING mutants into STING-deficient HEK293T cells and examined
the formation of autophagosomes in these cells. cGAMP treatment
did not induce the formation of LC3 puncta in cells expressing
STING-3A-2, which cannot bind to WIPI2, or in cells expressing
STING-R238A, which cannot be activated by cGAMP (Fig 3D and
E). Consistent with this, cGAMP-induced LC3-1I formation and p62
degradation were much weaker or absent in these cells when com-
pared with cells expressing WT STING (Fig 3F). In MEFs stably
expressing GFP-LC3, cGAMP treatment resulted in the localization
of endogenous WIPI2 and STING to formed GFP-LC3 puncta (Fig
EV2A and B) and knockout of Wipi2 inhibited the formation of LC3
puncta (Fig EV2C and D). Previously, it was reported that STING
induces LC3 lipidation and autophagy by binding LC3 through LC3-
interacting regions (LIRs; Liu et al, 2019). We found that mutation
of all the LIRs, located in the c-di-GMP-binding domain (CBD) of
STING (Liu et al, 2019), did not influence STING-WIPI2 interaction
(Appendix Fig S2C). Unexpectedly, the STING mutant with
disrupted LIRs was unable to form puncta in cGAMP-treated cells
(Appendix Fig S2D), suggesting that they are required for STING
trafficking. Taken together, these results suggest that interaction

A Co-immunoprecipitation of endogenous STING with WIPI1/2-Myc in MEFs transfected with Myc-tagged WIPI1 or WIPI2. The cells were treated with or without
cGAMP for 2 h and the WIPI1/2-Myc precipitates were analyzed by western blot using anti-STING.

B Co-immunoprecipitation of endogenous WIPI2 with HA-tagged STING, STING-R238A, or STING-S366A from HEK293T cells stably expressing STING-HA, STING-
R238A-HA or STING-S366A-HA. The cells were treated with or without cGAMP for 2 h.

C-E Co-immunoprecipitation of endogenous STING with Myc- or GFP-tagged WIPI2 or the indicated WIPI2 mutants from MEFs transfected with the indicated

plasmids.
F Statistical analysis of (E).

G,H Co-immunoprecipitation of endogenous WIPI2 with HA-tagged STING or the indicated STING mutants from HEK293T cells transfected with the indicated plasmids.
3A-1, E282, D283 and E286 were replaced by alanine; 3A-2, E296, D297 and D301 were replaced by alanine.

| Statistical analysis of (H).

J Purified GST-tagged STING-153-379 or STING-153-379-3A-2 was incubated with recombinant WIPI2 or the indicated WIPI2 mutants and then precipitated with
glutathione-sepharose beads. The bound WT or mutant WIPI2 was detected by western blot using anti-WIPI2.

K Statistical analysis of ().

Data information: All statistical data are presented as mean & SEM of three independent experiments. *P < 0.05, **P < 0.01 (Student’s t-test).

Source data are available online for this figure.
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Figure 2.

with WIPI2 is required for STING to induce LC3 lipidation and
autophagosome formation.

In MEFs, Wipi2 knockout showed no effect on cGAMP-
stimulated STING punctum formation and TBK1 phosphorylation
(Appendix Fig S2E and F). In addition, in HEK293T cells expressing
STING-3A-2, cGAMP treatment resulted in the formation of STING-
3A-2 puncta, the phosphorylation of TBK1, and the co-localization
of phospho-TBK1 with STING-3A-2 puncta (Appendix Fig S2G).
These data suggest that STING-WIPI2 interaction is unnecessary for
STING trafficking and TBK1 activation.

© 2023 The Authors

Recently, it has been reported that STING can induce LC3 lipi-
dation onto single-membrane vesicles (Fischer et al, 2020). There-
fore, in our study, we examined whether STING-induced LC3
lipidation is also indeed involved in the formation of autophago-
somes. In cGAMP-treated cells, syntaxin 17 (STX17), an autopha-
gosomal SNARE (Itakura et al, 2012), was co-localized with LC3
on STING puncta (Appendix Fig S3A). This suggests that these
STING- and LC3-positive puncta may represent double-membrane
autophagosomes. Because p62 can interact with STING and might
be engulfed into STING-induced autophagosomes (Prabakaran

The EMBO journal  42: €112387|2023 5 of 17



The EMBO Journal

Figure 3.

6 of 17

A

cGAMP Ctrl

Torin1

15+

50-

50-

40-

WT WIPI2 WIPI2-FTTG  WIPI2-FKKG
-- )
=207 [ ct
o Kk —
.. | [ L O cGAMP
%15 M Torin1
B
C
310
[a
L
& 51 S
o 3
S, M rfm i S
WT FTTG FKKG
Wipi2-  Wipi2--
WT  Wppi2" +FTTG +FKKG
-+ - - 4+ - - % - - + - cGAMP
- -+ - -+ - - + - - + Torin
- LC3-II
- - ————— — Anti-WIP12
== = == = = ==|Anti-Myc
. — — — —— —— — —— Actin

E

N
o
|

CJwWT
15, [ 3A-2
H rR238A

*kk

o
f

LC3 puncta per cell
&

o
|

Ctrl cGAMP

The EMBO journal ~ 42: €112387 | 2023

WT STING STING-R238A  STING-3A-2 WT STING ©

STING-R238A  STING-3A-2

LC3

Anti-HA

F HA-vector WT 3A-2 R238A

kDa

15-

50-
90-

90-

50-

40-

40-

-+ -+ -+ -+

- --..-.-‘----

- o oo oo oo o= S o

N — — D G — |

Wei Wan et al

Merged

cGAMP

LC3-l
LC3-lI

p62
p-TBK1
TBK1
WIPI2
Anti-HA

Actin

© 2023 The Authors



Wei Wan et al

Figure 3. Binding of WIPI2 to STING is necessary for STING-induced autophagy.
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A WIPI2-GFP puncta in MEFs stably expressing GFP-tagged WT or mutant WIPI2. The cells were treated with cGAMP for 2 h or Torinl for 1 h.

B Statistical analysis of the number of WIPI2-GFP puncta in cells treated as in (A).

C Western blot assay of LC3 in Wipi2-KO MEFs with or without re-introduction of the indicated WIPI2 mutants. The cells were treated with or without cGAMP for 2 h or

Torinl for 1 h.

D Localization of LC3 in HEK293T cells stably expressing HA-tagged WT or mutant STING. The cells were treated with or without cGAMP for 2 h.

E Statistical analysis of the number of LC3 puncta in cells treated as in (D).

F LC3 and p62 level in HEK293T cells stably expressing HA-tagged WT or mutant STING. The cells were treated with or without cGAMP for 4 h.

Data information: All statistical data are presented as mean & SEM of three independent experiments. n = 60. ***P < 0.001 (Student’s t-test). Scale bars, 10 pm.

Source data are available online for this figure.

et al, 2018), we further performed a p62 protease protection
assay (Valverde et al, 2019; Ohnstad et al, 2020; Appendix Fig
S3B). We found that p62 was contained in STING-positive mem-
branes pulled down from WT MEFs and Atg5-KO MEFs (Appen-
dix Fig S3C). After treating the membranes with trypsin, p62
protein was not detectable in the membranes from Atg5-KO cells,
but it was still present in the membranes from WT MEFs (Appen-
dix Fig S3C). This indicated that a portion of p62 was included
within double-membrane autophagosomes and protected from
proteolysis. Using the same methods, similar results were
obtained in membranes from Wipi2-KO cells, and the re-
introduction of WIPI2-FKKG but not WIPI2-FTTG into Wipi2-KO
cells protected p62 from proteolysis (Appendix Fig S3D). Since
the C-terminal WD40 domain (WDD) of ATG16L1 is crucial for
the lipidation of LC3 on single-membrane STING vesicles rather
than double-membrane autophagosomes (Fletcher et al, 2018;
Fischer et al, 2020), we examined the role of the WDD in the
recruitment of ATGI6L1 to STING puncta. We created Myc-
tagged truncated ATG16L1 without WDD (amino acid 1-336) and
found that this mutant was still able to be recruited to STING
puncta in cGAMP-treated cells (Appendix Fig S3E). However, fur-
ther mutation at the WIPI2-binding sites (E226R/E230R)
completely eliminated the recruitment (Dooley et al, 2014;
Appendix Fig S3E), confirming that ATG16L1 is able to be
recruited to STING-positive membranes through a WIPI2-
dependent manner. Taken together, these results suggest that
STING-bound WIPI2 is required for STING-induced autophagy.

Figure 4. PI3P negatively regulates STING-induced autophagy.

PI3P and STING compete for WIPI2, resulting in mutual inhibition
between canonical autophagy and STING-induced autophagy

Both PI3P and STING bind to the FRRG motif of WIPI2, suggesting
that intracellular PI3P and STING may compete for WIPI2. We
examined STING-WIPI2 interaction in cells subjected to starvation
or Torinl treatment, both of which activate PIK3C3 complex 1 and
induce canonical autophagy. In HEK293T cells stably expressing
STING-HA, co-immunoprecipitation showed that starvation or
Torinl treatment reduced STING-WIPI2 binding (Fig 4A and B). By
contrast, treatment of the cells with VPS34-IN1, a specific PIK3C3
complex inhibitor (Bago et al, 2014), increased the binding and
reversed the decreased binding caused by starvation or Torinl treat-
ment (Fig 4A and B). Because intracellular WIPI2 protein levels
increased in starved or Torinl-treated cells, consistent with our pre-
vious study (Wan et al, 2018), we also chose to pretreat cells with
MG132 to stabilize intracellular WIPI2 and then conducted the co-
immunoprecipitation analysis. Consistent results were obtained by
detecting STING-WIPI2 binding (Appendix Fig S4A and B). Since
WIPI2 can be phosphorylated by mTORC1 at Ser395 and this phos-
phorylation affects the stability of WIPI2 (Wan et al, 2018), we
tested whether mTORC1-mediated phosphorylation directly affects
STING-WIPI2 interaction. Like WT WIPI2, phosphorylation-disabled
(S395A) and phosphorylation-mimicking (S395D) WIPI2 mutants
were similarly co-precipitated with STING from cells treated with or
without Torinl (Appendix Fig S4C and D). Deletion of BECNI, an
essential subunit of PIK3C3 complex, enhanced STING-WIPI2

A Co-immunoprecipitation of endogenous WIPI2 with STING-HA from HEK293T cells stably expressing STING-HA. The cells were pretreated with or without VPS34-IN1
for 1 h and then starved or treated with Torinl for another 3 h along with VPS34-IN1. ST, starvation.

B Statistical analysis of (A).

(@}

with or without Torin1 for 3 h.
Statistical analysis of (C).

Statistical analysis of (E).

O ™M mog

10 um.

T

Co-immunoprecipitation of endogenous WIPI2 with STING-HA from HEK293 cells stably expressing STING-HA with or without BECN1 deletion. The cells were treated

Co-immunoprecipitation of endogenous STING with Myc-tagged WT or mutant WIPI2 from MEFs treated with or without VPS34-IN1 for 2 h.
GFP-LC3 punctum formation in MEFs stably expressing GFP-LC3 and STING-HA. The cells were treated with or without cGAMP or VPS34-IN1 for 2 h. Scale bars,

Statistical analysis of the number of GFP-LC3 puncta in cells treated as in (G). n = 60.

| Western blot assay of p62 and phospho-TBK1 (Serl72) in MEFs. The cells were pretreated with or without VPS34-IN1 for 1 h and then co-treated with cGAMP or

Torinl for another 4 h along with or without CQ. CQ, chloroquine.
] Statistical analysis of p62 protein level in cells treated as in (I).

Data information: All statistical data are presented as mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.
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interaction and prevented the effect of Torinl (Fig 4C and D). Interest-
ingly, WIPI2-FKKG, unable to bind PI3P, showed a higher interaction
with STING, and this interaction was unaffected by VPS34-IN1 treat-
ment (Fig 4E and F). Furthermore, in PI3P-rich membranes isolated
from starved or Torinl-treated cells stably expressing HA-DFCP1
(Judith et al, 2019; Appendix Fig S4E), WIPI2 and WIPII, but not
STING, were contained in the membranes (Appendix Fig S4F). Finally,
by incubating STING-HA precipitates with PI3P- or PI-decorated lipo-
somes, we found that PI3P but not PI was able to dissociate WIPI2 from
STING (Appendix Fig S4G and H). Taken together, these results suggest
that PI3P negatively regulates STING-WIPI2 interaction.

We then checked the effect of intracellular PI3P on STING-
induced autophagy in cells stably expressing GFP-LC3 and STING-
HA. Interestingly, while VPS34-IN1 treatment itself almost had no
effect on the formation of GFP-LC3 puncta, it significantly increased
the number of cGAMP-stimulated GFP-LC3 puncta (Fig 4G and H).
To confirm that VPS34-IN1 treatment itself does influence the basal
level of autophagy, we examined the protein levels of autophagy
receptors p62 and NBR1. VPS34-IN1 treatment increased p62 and
NBR1 proteins in WT but not BECN1-deficient cells (Fig EV3A and
B), indicating that VPS34-IN1 inhibits the production of PI3P in cells
under basal condition. In addition, VPS34-IN1 treatment also
completely eliminated the formation of GFP-DFCP1 puncta induced
by starvation (Fig EV3C and D), confirming the inhibitory effect of
VPS34-IN1 on PI3P synthesis in cells. Consistent with the inhibitory
effect on PI3P-dependent autophagy, VPS34-IN1 treatment blocked
the reduction in p62 protein level induced by Torinl, while it pro-
moted the reduction in p62 protein level induced by cGAMP (Fig 41
and J). Treatment of cells with chloroquine (CQ), a lysosome inhibi-
tor, prevented all the decreases, which suggests that they were
caused by lysosome-dependent degradation (Fig 41 and J).

We also tested the potential effect of STING on canonical autop-
hagy. Deletion of Sting in MEFs significantly increased the number of
GFP-LC3 puncta in CQ-treated or untreated cells (Fig EV3E and F). In
addition, deletion of Sting reduced the cellular p62 protein level and
further promoted the degradation of p62 triggered by starvation or
Torinl treatment (Fig EV3G and H). Together, these data suggest
that there is a reciprocal inhibition between STING-mediated nonca-
nonical autophagy and PI3P-dependent canonical autophagy.

STING-WIPI2 interaction is required for cytoplasmic
DNA clearance

We next assessed the physiological effect of STING-WIPI2 interac-
tion by examining the clearance of cytoplasmic DNA. First, in MEFs

Figure 5. STING-WIPI2 interaction is required for cytoplasmic DNA clearance.

The EMBO Journal

transfected with Cy3 labeled-interferon stimulatory DNA (ISD), we
found that endogenous WIPI2 and ATG16L1, but not WIPI1, were
localized to Cy3-ISD puncta (Figs 5A and EV4A). Using arabinofura-
nosyl cytidine (Ara-C), a chemical that interferes with DNA synthe-
sis and leads to DNA damage (Grant, 1998), we observed that
WIPI2 encapsulated endogenous cytoplasmic DNA (Fig EV4B).
While both WIPI2 and LC3 were localized to Cy3-ISD puncta (Fig
EV4C), knockout of Wipi2 significantly reduced the co-localization
of LC3 with Cy3-ISD puncta (Fig EV4D and E). Of note, deletion of
Sting but not TBKI eliminated the co-localization of WIPI2 with
Cy3-ISD puncta (Fig EV4F and G). In addition, WIPI2-FKKG but not
WIPI2-FTTG co-localized with Cy3-ISD puncta in MEFs (Figs 5B and
EV4H). These results indicate that STING and STING-WIPI2 interac-
tion but not TBK1 is required for the recruitment of WIPI2 to cyto-
plasmic DNA puncta.

We then evaluated the clearance of cytoplasmic DNA from
cells. Co-treatment of cells with cGAMP significantly decreased Ara-
C-stimulated accumulation of cytoplasmic DNA in WT but not
Wipi2-KO MEFs (Fig 5C and D). In addition, re-introduction into
these Wipi2-KO MEFs of WT WIPI2 or WIPI2-FKKG, but not WIPI2-
FTTG or WIPI2-R108E/R125E (2RE), that is unable to interact with
ATGI16L1 (Dooley et al, 2014), reduced the accumulation of cyto-
plasmic DNA (Fig 5C and D). Consistent effects were observed in
the clearance of exogenous Cy3-ISD (Appendix Fig SSA and B). In
addition, we measured the level of intracellular cGAMP, synthesized
when c¢GAS bind to cytoplasmic DNA. Obviously, knockout of Wipi2
further raised the cGAMP level in MEFs transfected with ISD
(Appendix Fig S5C). Re-introduction of WT WIPI2 or WIPI2-FKKG
but not WIPI2-FTTG abolished the increase in cGAMP level (Appen-
dix Fig S5C). Furthermore, VPS34-IN1 treatment significantly pro-
moted the clearance of cytoplasmic endogenous or exogenous DNA
in cGAMP-stimulated cells (Fig 5E and F; Appendix Fig S5D and E).
Taken together, these data suggest that STING-WIPI2 interaction
plays an important role in STING-mediated clearance of cytoplasmic
DNA, and the effect can be enhanced by inhibiting the production of
intracellular PI3P.

Role of STING-WIPI2 interaction in attenuating activated
cGAS-STING signaling

We also explored the role of WIPI2 and STING-WIPI2 interaction in
the attenuation of cGAS-STING signals. Ara-C-treatment induced
TBK1 phosphorylation and Ifnb1 expression in WT but not Sting-KO
cells (Fig 6A-C). Interestingly, Ara-C stimulated higher TBK1 phos-
phorylation and Ifnb1 expression in Wipi2-KO cells than in WT cells

A, B Localization of endogenous WIPI2, WIPI1, ATG16L1 (A) or Myc-tagged WT WIPI2 or WIPI2 mutants (B) in MEFs transfected with Cy3 labeled-ISD (1 ug/ml). ISD, inter-

feron stimulatory DNA.

@ WT or Wipi2-KO MEFs stably expressing Myc-tagged WT WIPI2 or WIPI2 mutants were treated with Ara-C for 12 h and then stimulated with cGAMP for another
12 h. Cytoplasmic DNA was stained with a specific antibody against double-stranded DNA. Low-permeabilization buffer was used to allow the antibody to cross
the cellular but not the nuclear membrane. 2RE, WIPI2-R108E/R125E; Ara-C, arabinofuranosyl cytidine.

D  Statistical analysis of cytoplasmic DNA puncta in cells treated as in (C).

E PI3P inhibits cytoplasmic DNA clearance induced by cGAMP. MEFs were treated with Ara-C for 12 h and then stimulated with cGAMP, VPS34-IN1, or cGAMP and

VPS34-IN1, for another 12 h.
F Statistical analysis of cytoplasmic DNA puncta in cells treated as in (E).

Data information: All statistical data are presented as mean & SEM of three independent experiments. n = 60. ***P < 0.001 (Student’s t-test). Scale bars, 10 pum.

Source data are available online for this figure.
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(Fig 6A—C). Removal of Ara-C from the culture medium significantly in WT cells but remained almost unchanged in Wipi2-KO cells (Fig
reduced the phosphorylation of TBK1 and expression of Ifnbl in WT 6A and B), confirming that STING itself is also a substrate of autop-
but not Wipi2-KO cells (Fig 6A-C). Of note, the protein level of hagy (Prabakaran et al, 2018). In addition, ISD transfection or
STING significantly decreased after Ara-C treatment and its removal cGAMP treatment decreased the protein level of STING in WT but
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not Wipi2-KO cells (Fig EV5A and B). We also evaluated the role of
WIPI2 in cGAS-STING signaling using primary human cells. In
human monocyte-derived macrophages, knockdown of WIPI2 fur-
ther promoted ISD-induced phosphorylation of TBK1 and IRF3 and
the expression of IFNBI (Fig EVSC-E). Meanwhile, ISD-induced deg-
radation of STING was impaired in these cells (Fig EV5C and D).
These data suggest that deletion of Wipi2 disrupts the attenuation of
cGAS-STING signaling after its activation. We further examined the
Ifnbl mRNA level in Wipi2-KO cells after re-introduction of WT
WIPI2 or WIPI2 mutants. Transfection with WT WIPI2 or WIPI2-
FKKG, but not WIPI2-FTTG or WIPI2-R108E/R125E (2RE), attenu-
ated the Ara-C-stimulated increase in the level of IfnbI mRNA (Fig
6D). In addition, we examined the Ifnbl mRNA level in Sting-KO
cells after re-introduction of WT STING or STING mutants, includ-
ing STING-L333A/R334A, which cannot be exported from the ER,
and STING-R238A, which cannot bind to cGAMP (Gui et al, 2019).
Transfection with WT STING, but not STING-L333A/R334A or the
STING-R238A, increased the level of IfnbI mRNA in the cells
(Fig GE). Transfection with STING-3A-2, which cannot bind to
WIPI2, further enhanced Ifnb1 expression (Fig 6E). Finally, after re-
introduction of WT STING or STING-3A-2, we conducted a time-
course experiment by examining cGAS-STING signaling in Sting-KO
cells. Obviously, after cGAMP stimulation, the protein level of WT
STING but not STING-3A-2 decreased significantly (Fig 6F). Com-
pared with WT STING-expressing cells, the phosphorylation of
TBK1, IRF3, and STING decreased less in STING-3A-2-expressing
cells after long-term (12 h) cGAMP treatment (Fig 6F and G).
Consistent with this, cells expressing STING-3A-2 showed much
higher IfnbI mRNA levels after long-term (12 h) cGAMP treatment
(Fig 6H). Taken together, these results suggest that STING-WIPI2
interaction is required for the attenuation of activated cGAS-STING
signaling.

Discussion

In this study, we have revealed a STING-dependent mechanism for
membrane recruitment of WIPI2 during autophagy initiated by the
cGAS-STING pathway. This mechanism requires the direct interac-
tion between STING and WIPI2. Our results prove the necessity
for WIPI2 and suggest that STING and PI3P compete for WIPI2.
There is a mutual functional inhibition between PI3P-dependent

The EMBO Journal

canonical autophagy and PI3P-independent noncanonical autop-
hagy (Fig 7).

Accumulating evidence has confirmed the indispensable role of
WIPI2 in autophagosome formation triggered by different cues
(Polson et al, 2010; Dooley et al, 2014; Thurston et al, 2016; Zhao
et al, 2017; Wan et al, 2018; Gui et al, 2019; Fracchiolla et al, 2020).
However, most of our understanding of WIPI2 recruitment to phago-
phores comes from starvation-induced canonical autophagy, in
which WIPI2 is directed to the formed phagophores through interac-
tion with PI3P on the membranes. Here, we show that WIPI2 can
bind to inactivated or activated STING, and the binding is essential
for STING-induced LC3 lipidation and autophagosome formation.
These results suggest that, unlike canonical PI3P-dependent autop-
hagy, in STING-induced autophagosome formation, WIPI2 is already
localized to the membranes during phagophore biogenesis. This
may explain the dispensability of PI3P and the importance of STING
trafficking in STING-induced autophagy. Besides cytoplasmic DNA,
which activates cGAS-STING signaling, PI3P-independent autopha-
gosome formation can also be triggered by other stimuli such as
unsaturated fatty acids (Niso-Santano et al, 2015). It will be interest-
ing to investigate whether WIPI2 is similarly recruited to the phago-
phores through binding to STING or other transmembrane proteins.

Through the identification of the STING-binding motif in WIPI2,
we have elucidated that STING and PI3P compete for WIPI2. Our
results demonstrate that the inhibition of PIK3C3 complex can
promote STING-induced autophagy by facilitating STING-WIPI2
interaction, while deletion of STING can augment basal and
starvation-induced canonical autophagy. However, the inhibition of
PIK3C3 complex did not affect the activation of STING, because it
influenced neither the formation of STING vesicles nor the phos-
phorylation of TBK1 in cGAMP-treated cells. This supports the view
that PIK3C3 complex-mediated PI3P synthesis is unnecessary in
the cGAS-STING pathway for the activation of TBK1 and IRF3 (Gui
et al, 2019; Liu et al, 2019), but it is inconsistent with the observa-
tion that PI3P is required for the ER exit of STING (Zhang et al,
2020), an essential and rate-limiting step of the cGAS-STING path-
way. Although the PI3P-dependent and PI3P-independent mecha-
nisms for STING trafficking need further investigation, we show
that unlike the other known STING-interacting proteins (Luo et al,
2016; Sun et al, 2018; Yang et al, 2018), the binding of WIPI2 to
STING does not affect STING activation and its intracellular traffick-
ing. This suggests that the direct effect of STING-WIPI2 interaction

Figure 6. Role of STING-WIPI2 interaction in attenuating activated cGAS-STING signaling.

A Wipi2- or Sting-deleted MEFs were treated with Ara-C for 12 h and then cultured in Ara-C-free medium. After 24 h, the cells were lysed and analyzed by western

blot using the indicated antibodies.

B Statistical analysis of the protein level of phospho-TBK1 (Serl72) and STING in cells treated as in (A). The relative phospho-TBK1 level was normalized to TBK1, and

the relative STING level was normalized to Actin.

C-E MEFs with Wipi2 or Sting deletion (C), Wipi2-KO MEFs with transfection of Myc-tagged WT or mutant WIPI2 (D), or Sting-KO MEFs with transfection of HA-tagged
WT or mutant STING (E), were treated with Ara-C for 12 h and then cultured in Ara-C-free medium for another 24 h. Total mRNA was extracted and the Ifnb1
MRNA level was measured by real-time PCR and normalized to Actb mRNA. 2RE, WIPI2-R108E/R125E.

F Sting-KO MEFs with transfection of HA-tagged WT or mutant STING were treated with cGAMP for the indicated time. The cells were lysed and analyzed by western

blot using the indicated antibodies.

G Statistical analysis of the protein level of phospho-IRF3 (Ser396), phospho-TBK1 (Ser172), and phospho-STING (Ser366) in cells treated as in (F). The relative level of
these phosphorylated proteins was normalized to IRF3, TBK1, and STING, respectively.
H Statistical analysis of the Ifnb1 mRNA level in cells treated as in (F). The relative /fnbI mRNA level was normalized to Actb mRNA.

Data information: All statistical data are presented as mean & SEM of three independent experiments. **P < 0.01, ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.
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Figure 6.

is limited to STING-induced autophagy but not type I IFN produc-
tion. Nevertheless, our results suggest that WIPI2 is critical in coor-
dinating PI3P-dependent canonical autophagy and PI3P-independent
noncanonical autophagy. Given the key role of STING-induced
autophagy in combating pathogens and preventing excessive inflam-
mation (Liang et al, 2014; Prabakaran et al, 2018; Gui et al, 2019),
targeting WIPI2 expression and PIK3C3 complex 1 activity might be

12 of 17  The EMBO journal 42: €112387 | 2023

a promising strategy for the treatment of viral/bacterial infections
and autoimmune diseases.

Recently, it was suggested that ATG16L1 can be recruited to peri-
nuclear single-membrane STING vesicles for LC3 lipidation,
depending on the interaction between the WD40 domain of
ATGI16L1 and V-ATPase in the membranes (Fischer et al, 2020).
Here, we show that targeting ATG16L1 to the phagophore-forming
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The binding of WIPI2 to the phagophore is essential for LC3 lipidation and autophagosome formation. WIPI2 is recruited by membrane PI3P in starvation-induced
autophagy, whereas it is recruited by membrane STING in cGAS-STING pathway-mediated autophagy. The competition between PI3P and STING for binding to WIPI2
leads to mutual inhibition between PI3P-dependent canonical autophagy and PI3P-independent noncanonical autophagy.

STING vesicles is independent of its WD40 domain. This difference
could be explained by the absence or presence of WIPI2 on these
membranes. In phagophore-forming STING vesicles, ATG16L1 could
be recruited through binding to WIPI2, but on perinuclear single-
membrane STING vesicles, ATG16L1 needs its WD40 domain to
interact with V-ATPase due to the lack of WIPI2.

Increasing evidence shows that the expression of STING is silent
in many cancer cells (Xia et al, 2016a,b). This may allow more WIPI2
to bind to PI3P, thereby increasing the level of basal autophagy in
these cells. The high level of autophagy in cancer cells is an important
cause of chemotherapy and radiotherapy resistance. Further study is
warranted to determine whether the binding of WIPI2 to PI3P pro-
motes the upregulation of autophagy in STING-deficient cancer cells.

Materials and Methods

Plasmids and oligonucleotides

WIPI2-Myc, WIPI1-Myc, GST-WIPI2, WIPI2a-GFP, WIPI2b-GFP,
WIPI2c-GFP, WIPI2d-GFP, GFP-STX17, and GFP-LC3 were described
previously (Wan et al, 2017, 2018; Shen et al, 2021). GFP-tagged
WIPI2a, WIPI2b, WIPI2¢c, and WIPI2d were different human WIPI2
isoforms, WIPI2 or WIPI2 mutants harbored in all other constructs
were mouse WIPI2, which has only one isoform. GFP-DFCP1 and
STING (human)-HA were gifts from Dr. Hong Zhang (Institute of
Biophysics, Chinese Academy of Sciences, China) and Dr. Quan
Chen (Nankai University, China), respectively. WIPI2-GFP and
ATG14L-GFP were constructed by inserting the corresponding cDNA
into a pEGFP-N1 vector, and HA-DFCP1 was constructed by inserting
the cDNA into a pRK5-HA vector. Site-directed mutagenesis was
performed using QuikChange II XL (Stratagene) according to the
manufacturer’s instructions. Truncated mutants were constructed by
inserting the corresponding cDNA fragments into the vector. The
following Cy3-ISD sequences were used (Du & Chen, 2018), sense,
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Cy3-TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCT
ACA, anti-sense, TGTAGATCATGTACAGATCAGTCATAGATCACTA
GTAGATCTGTA. For RNA interference, the following siRNA duplexes
were used, control siRNA, AAGACCAAUUUCAGCAGACAGTT, WIPI2
siRNA, GACAGUCCUUUAGCGGCATT. For real-time PCR analysis,
the following primers were used: human IFNBI forward, CATTACCTG
AAGGCCAAGGA; human IFNBI reverse, CAATTGTCCAGTCCCAG
AGG; human GAPDH forward, ACAGTCAGCCGCATCTTCTT; human
GAPDH reverse, ACGACCAAATCCGTTGACTC; mouse Ifnbl for-
ward, AGGGCGGACTTCAAGATC; mouse Ifnbl reverse, CTCATTCC
ACCCAGTGCT; mouse Actb forward, GGCTGTATTCCCCTCCATCG;
mouse Actb reverse, CCAGTTGGTAACAATGCCATGT.

Antibodies

The following primary antibodies were used, anti-dsDNA (mouse,
Abcam, ab27156), anti-LAMP2 (rabbit, Abcam, ab199946), anti-
WIPI1 (rabbit, Abcam, ab128901), anti-WIPI2 (mouse, Abcam,
ab105459), anti-GM130 (rabbit, Cell Signaling Technology, 12480S),
anti-phospho-IRF3 (Ser396; rabbit, Cell Signaling Technology,
4947S), anti-IRF3 (rabbit, Cell Signaling Technology, 4302S), anti-
NBRI1 (rabbit, Cell Signaling Technology, 9891S), anti-phospho-STING
(Ser366; rabbit, Cell Signaling Technology, 19781S), anti-STING
(rodent preferred; rabbit, Cell Signaling Technology, 50494S), anti-
phospho-TBK1/NAK (Ser172; rabbit, Cell Signaling Technology,
5483S), anti-TBK1/NAK (rabbit, Cell Signaling Technology, 3504S),
anti-WIPI2 (rabbit, Cell Signaling Technology, 8567), anti-LC3
(mouse, Cosmo Bio, CAC-CTB-LC3-2-IC), anti-ATG16L1 (rabbit,
MBL, PM040), anti-HA (mouse, MBL, M180-3), anti-HA (rabbit,
MBL, 561), anti-LC3 (rabbit, MBL, PM036), anti-Myc (mouse, MBL,
M192-3), anti-Myc (rabbit, MBL, 562), anti-ATGS (rabbit, Novus
Biologicals, NB110-53818), anti-TFR (rabbit, Novus Biologicals,
NB100-92243), anti-BECN1 (rabbit, Proteintech, 11306-1-AP), anti-
CALR (rabbit, Proteintech, 27298-1-AP), anti-GAPDH (rabbit,
Proteintech, 10494-1-AP), anti-p62/SQSTM1 (rabbit, Proteintech,
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18420-1-AP), anti-STING (for endogenous STING staining; rabbit,
Proteintech, 19851-1-AP), anti-GFP (mouse, Santa Cruz Biotechnol-
ogy, sc-9996), anti-GST (rabbit, Santa Cruz Biotechnology, sc-459),
anti-p-Actin (mouse, Sigma-Aldrich, A5316), anti-p-Tubulin (mouse,
Sigma-Aldrich, T8328), anti-ERGIC-53/p58 (rabbit, Sigma-Aldrich,
E1031), anti-LC3B (rabbit, Sigma-Aldrich, L7543), and anti-WIPI2
(rabbit, Sigma-Aldrich, SAB4200399). The following secondary anti-
bodies were used for western blot, donkey anti-rabbit IgG (H + L)
IRDye800CW (LI-COR Biosciences, 926-32213), donkey anti-mouse
IgG (H + L) IRDye680RD (LI-COR Biosciences, 926-68072). The
following secondary antibodies were used for immunostaining,
goat anti-mouse IgG (H + L), Alexa Fluor 488 (Thermo Fisher
Scientific, A-11001), donkey anti-rabbit IgG (H + L), Alexa Fluor
488 (Thermo Fisher Scientific, A-21206), donkey anti-mouse IgG
(H + L), Alexa Fluor 546 (Thermo Fisher Scientific, A10036), don-
key anti-rabbit IgG (H + L), Alexa Fluor 546 (Thermo Fisher Scien-
tific, A10040), goat anti-mouse IgG (H + L), Alexa Fluor 635
(Thermo Fisher Scientific, A-31574), goat anti-rabbit IgG (H + L),
Alexa Fluor 635 (Thermo Fisher Scientific, A-31576). Anti-HA mag-
netic beads (Bimake, B26202) and anti-Myc magnetic beads
(Bimake, B26302) were used for immunoprecipitation assay,
glutathione-sepharose 4B beads (GE Healthcare Life Sciences, 17-
0756-01) were used for GST pull-down assay.

Cell culture and transfection

HEK293T, HEK293, DLD1, or MEFs were cultured in DMEM supple-
mented with 10% FBS. BECNI knockout HEK293 cells and Atg5 knock-
out MEFs were described previously (Huang et al, 2015; Su et al, 2017).
Wipi2 knockout MEFs, Sting knockout MEFs, and TBK1 knockout DLD1
cells were from Dr. Hong Zhang (Institute of Biophysics, Chinese Acad-
emy of Sciences, China), Dr. Quan Chen (Nankai University, China) and
Dr. Pinglong Xu (Zhejiang University, China), respectively. Cell lines
were recently authenticated by STR profiling and tested for mycoplasma
contamination. To obtain human monocyte-derived macrophages,
peripheral blood mononuclear cells (PBMCs) were isolated from the
peripheral blood of healthy volunteers (Solarbio, P8670). Institutional
review board approval and ethics committee approval were granted,
and the informed consent was obtained from all volunteers. The collec-
tion of the peripheral blood and the isolation of PBMCs were according
to the blind strategy. Monocytes from the PBMCs were separated by
adherence to plastic in RPMI 1640 supplemented with 10% human
serum. Differentiation of monocytes to macrophages was achieved by
culturing in DMEM supplemented with 10% heat-inactivated human
serum for 10 days in the presence of 10 ng/ml M-CSF (R&D Systems,
216MCO025CF). Lipofectamine 3000 (Invitrogen, L3000015) was used for
plasmids transient transfection according to the manufacturer’s instruc-
tions. Stable cell lines were generated by transient transfection followed
by selection with G418 or puromycin. For siRNA knockdown in primary
human cells (Prabakaran et al, 2018), cells were transfected with WIPI2
siRNAs or control siRNAs using Lipofectamine 3000 on days 6 and 8
into the differentiation procedure. The human monocyte-derived macro-
phages were used for experiments after 10 days of differentiation.

Reagents and treatment

The chemicals were used as follows unless indicated otherwise:
cGAMP (InvivoGen, tlrl-nacga23-1), 500 nM; Brefeldin A (BFA;
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Selleckchem, S7046), 5 pM; BX795 (Selleckchem, S1274), 10 uM;
Torinl (Selleckchem, $2827), 50 nM; chloroquine (CQ; Sigma-
Aldrich, C6628), 10 uM; MG132 (Sigma-Aldrich, SML1135), 5 uM;
VPS34-IN1 (Selleckchem, S7980), 5 uM; arabinofuranosyl cytidine
(Ara-C; Selleckchem, S1648), 5 uM. cGAMP was delivered into cells
by permeabilization with digitonin (10 pg/ml) for 15 min in buffer
A (50 mM HEPES-KOH, pH 7.2, 100 mM KCl, 3 mM MgCl,, 0.1 mM
DTT, 85 mM sucrose, 0.2% BSA, 1 mM ATP). Cy3-ISD was trans-
fected into cells using Lipofectamine 3000. Cells were incubated
with EBSS referred to as starvation.

Immunostaining and cell imaging

For immunostaining, HEK293T, DLD1 cells or MEFs were fixed with
4% formaldehyde in PBS for 15 min at room temperature and
permeabilized with 0.1% saponin in PBS for 10 min. Then, the cells
were incubated with appropriate primary and secondary antibodies
in 0.1% saponin as indicated. For immunostaining of cytoplasmic
DNA (Spada et al, 2019), to allow the antibody to cross the cellular
but not the nuclear membrane, DLD1 cells or MEFs were permeabi-
lized with permeabilization buffer (0.1% Tween 20, 0.01 % Triton X-
100 in PBS) for 7 min at room temperature. After immunostaining,
the cell nuclei were stained with DAPI Fluoromount-G (Southern
Biotech, 0100-20).

Confocal images were captured in multitracking mode on a laser
scanning confocal microscope with a 63 x plan apochromat 1.4 NA
objective on the Zeiss LSM880. In some experiments, images were
processed using ImageJ. 3D z-stack reconstruction was generated
using Imaris.

Immunoprecipitation and western blot

For immunoprecipitation, cells were lysed in Nonidet P40 (NP-40)
buffer (50 mM Tris—HCl, pH 7.4, 1% NP-40, 150 mM NaCl, 2 mM
EDTA, 1 mM DTT, 10% glycerol) supplemented with protease
inhibitors and phosphatase inhibitors and mixed with anti-HA or
anti-Myc affinity beads at 4°C overnight. The immunocomplexes
were washed extensively four times and resolved in an SDS sample
buffer. To examine the effects of lipids on STING-WIPI2 interaction,
the immunocomplexes were washed with NP-40 buffer and re-
suspended in liposome binding buffer (150 mM NaCl, 50 mM Tris—
HCI, pH 7.5, 1 mM DTT) supplemented with protease inhibitors and
phosphatase inhibitors (Dudley et al, 2019). After incubation with
PI3P- or Pl-decorated liposomes (Echelon, Y-P000-3, or Y-P003-3) at
4°C for 2 h, immunocomplexes were washed and resolved in SDS
sample buffer. Western blot was performed as described previously
(Xu et al, 2016). In brief, samples were separated with SDS-PAGE,
transferred to polyvinylidene difluoride (PVDF) membrane, and
probed with the corresponding antibodies. The specific bands were
analyzed using an Odyssey Infrared Imaging System.

Protein expression and purification

GST-tagged WIPI2 and WIPI2 mutants, STING-153-379, and STING-
153-379 mutants were expressed in Escherichia coli BL21 (Transgen
Biotech, CD601) by induction with 0.1 mM isopropyl B-D-
thiogalactopyranoside (Sigma-Aldrich, 15502) for 12 h at 28°C.
The recombinant proteins were purified using glutathione-sepharose
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4B beads, and eluted with glutathione or incubated with thrombin
at 4°C for 6 h to release the proteins from the GST.

In vitro GST pull-down assay

Purified GST, STING-153-379, and STING-153-379-3A-2 proteins were
incubated with purified WIPI2, WIPI2-FTTG, or WIPI2-FKKG proteins,
respectively. After incubation for 4 h at 4°C, glutathione-sepharose 4B
beads were added to the mixture, followed by further incubation for 2
h at 4°C. The beads were washed with NP-40 buffer for four times.
The beads-bound proteins were analyzed by western blot.

STING vesicles isolation

HEK293T cells stably expressing STING-HA were stimulated with
cGAMP and harvested, washed, and homogenized in extraction
buffer (5 mM MOPS, pH 7.65, 0.25 M sucrose, 1 mM EDTA, 0.1%
ethanol, and protease inhibitors and phosphatase inhibitors). The
lysates were mixed with anti-HA affinity beads at 4°C for 4 h. The
bound STING vesicles were washed using an extraction buffer for
four times and subjected to the mass spectrometry analysis or the
protease protection assay.

Immunoisolation

Immunoisolation of HA-DFCP1-positive membranes was described
previously with some modifications (Judith et al, 2019). Briefly,
cells stably expressing HA-DFCP1 were treated with EBSS or Torinl
and harvested, washed, and homogenized in isotonic buffer
(20 mM HEPES, pH 7.4, 250 mM sucrose, and 1 mM EDTA, prote-
ase inhibitors, and phosphatase inhibitors). The lysates were then
subjected to centrifugation at 3,000 g at 4°C and the supernatants
were incubated with anti-HA affinity beads at 4°C for 4 h. The HA-
DFCP1-positive membranes on the beads were washed four times
with isotonic buffer supplemented with 150 mM NaCl and subjected
to western blot.

Membrane fractionation

Membrane fractionation was performed as described previously (Ge
et al, 2013; Gui et al, 2019). Briefly, cells (30 10-cm dishes) were
treated with or without cGAMP, then collected and homogenized.
Homogenates were then subjected to sequential centrifugation at
1,000 g (10 min), 5,000 g (10 min), and 25,000 g (20 min) to collect
the P1, PS5, and P25 membranes, respectively. The P25 membranes
were suspended in 0.75 ml 1.25 M sucrose buffer and overlayed
with 0.5 ml 1.1 M and 0.5 ml 0.25 M sucrose buffer. Centrifugation
was carried out at 120,000 g for 3 h. The P25L fraction at the inter-
face between the 0.25 M and 1.1 M sucrose layers was selected and
suspended in 1 ml 19% Opti-Prep for the following Opti-Prep step
gradient from bottom to top: 0.33 ml 22.5%, 0.66 ml 19% (sample),
0.6 ml 16%, 0.6 ml 12%, 0.66 ml 8%, 0.33 ml 5%, and 0.14 ml 0%.
Each density of Opti-Prep was prepared by diluting 50% Opti-Prep
(20 mM Tricine-KOH, pH 7.4, 42 mM sucrose, and 1 mM EDTA)
with a buffer of 20 mM Tricine-KOH, pH 7.4, 250 mM sucrose, and
1 mM EDTA. The Opti-Prep gradient was centrifugated at 150,000 g
for 3 h and 10 fractions, 0.5 ml each, were collected from the top.
Fractions were diluted and subjected to immunoprecipitation.
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Protease protection assay

STING-HA-positive vesicles were incubated with trypsin and/or
0.5% Triton X-100 for 90 min at 37°C. Reactions were terminated
by the addition of the SDS sample buffer. The samples were then
subjected to western blot.

cGAMP measurement

Cells were harvested by trypsinization. Cell pellets were lysed and
centrifuged for 5 min at 15,000 g at 4°C. Relative cGAMP measure-
ments of the supernatants were carried out using a 2’-3'-cGAMP
ELISA kit (Cayman, 501700) according to the manufacturer’s
instructions. Protein concentration in the supernatant was measured
using BCA Pierce Protein assay kit and was used to normalize
cGAMP concentration.

RNA extraction and real-time PCR

Total RNA was isolated from cells using TRIzol (Thermo Fisher Sci-
entific, 15596018). Reverse transcription was performed using M-
MLV reverse transcription reagents (Promega). The resulting cDNA
was subjected to real-time PCR analysis with gene-specific primers
in the presence of SYBR Green PCR Master Mix (Takara) using the
ABI7500 real-time PCR system.

HPLC-MS/MS

Mass spectrometry analysis of samples was described previously
(Wan et al, 2018). To identify proteins that target to STING vesicles,
HEK293T cells stably expressing STING-HA were stimulated with
cGAMP. STING vesicles were isolated with anti-HA affinity beads
and washed four times, and then dissolved with 40 pl urea (8 M)/
DTT (10 mM). The mixture was sonicated for 30 min at room tem-
perature and then sequentially treated with IAA (10 mM) and tryp-
sin to alkylate the resulting thiol group and digest the proteins for
16 h at 37°C at an enzyme-to-substrate ratio of 1:50 (w/w). The
tryptic digested peptides were then subjected to HPLC-MS/MS
analysis.

Statistical analysis

All the statistical data are presented as mean + SEM. The statistical
significance of differences was determined using Student’s t-test.
P < 0.05 was considered to be statistically significant.

Data availability

This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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