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Cyclic GMP-AMP (cGAMP) synthase (cGAS) detects pathogen infections or tissue damage
by binding to microbial or self-DNA in the cytoplasm. Upon binding to DNA, ¢cGAS produces
cGAMP that binds and activates the adaptor protein stimulator of interferon genes (STING),
which activates the kinases IKK and TBK1 to induce interferons and other inflammatory
cytokines. Here, we report that STING also activates autophagy and induces cell death through
a mechanism independent of TBK1 and IRF3 activation, which canonically triggers innate

Immunity signaling.



Upon binding to cGAMP, STING translocates to the ER-Golgi intermediate compartments
(ERGIC) and the Golgi in a process that depends on the COP-II complex and ARF GTPases.
The STING-containing ERGIC serves as a membrane source for LC3 lipidation, a key step in
autophagosome biogenesis. Interestingly, STING lacking its C tail for interferon signaling is
still capable of membrane trafficking and autophagy induction. Through endosomes or
autophagosomes, STING is further degraded in the lysosome to shut down its activation.
Interestingly, we determined that cGAMP-induced autophagy is important for the clearance of
DNA and viruses in the cytosol. Furthermore, sea anemone STING induces autophagy but not
interferons in response to stimulation by cGAMP, suggesting that induction of autophagy is a

primordial function of the cGAS-STING pathway.
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CHAPTER ONE

INTRODUCTION

The ¢cGAS-STING pathway of cytosolic DNA sensing

With the exception of RNA viruses, all microorganisms contain and require DNA in their
life cycle. As the blueprint of life which carries genetic information for almost all living
organisms, DNA is also a key pathogen-associated molecular pattern (PAMP) that is
recognized by innate immune receptors in the cytosol and endosomal compartments (Paludan,
2015), for detecting a large variety of microbial pathogens that contains DNA (Chen et al.,
2016b). Moreover, DNA is also a danger-associated molecular pattern (DAMP) when self-
DNA, which is normally confined to the nucleus and mitochondria in a eukaryotic cell, is
inadvertently present in the cytosol (Ablasser and Gulen, 2016). cGMP-AMP (cGAMP)
synthase (cGAS) is a cytosolic DNA sensor that is activated by binding to double-stranded
DNA (Fig. 1.1), including both microbial and self-DNA (Sun et al., 2013; Wu et al., 2013).
cGAS contains a nucleotidyltransferase domain and two major DNA-binding domains (Sun et
al., 2013) which binds to DNA to form a 2:2 complex (Civril et al., 2013; Kranzusch et al.,
2013; Li et al., 2013a; Zhang et al., 2014a). Binding to DNA then catalyzes the synthesis of
cyclic GMP-AMP (¢cGAMP) from ATP and GTP (Li et al., 2013a; Sun et al., 2013; Wu et al.,
2013; Zhang et al., 2013; Zhang et al., 2014a). cGAMP contains a mixture of phosphodiester
bonds with one between the 2’-OH of GMP and 5’-phosphate of AMP, and the other between
the 2°3°-OH of AMP and 5’-phosphate of GMP (Ablasser et al., 2013a; Diner et al., 2013; Gao
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et al., 2013b; Zhang et al., 2013). This cGAMP isomer, called 2°3’-cGAMP, is unique when
compared to other cyclic dinucleotides from bacteria such as di-AMP, di-GMP and 3°3’-
cGAMP that all contain the 3°-5" linkage, as 2°3’-cGAMP functions more potently as a second
messenger that binds to the Stimulator of Interferon Genes (STING, also known as MITA,
MPYS, ERIS, and TMEM173) (Ishikawa and Barber, 2008; Wu et al., 2013; Zhang et al.,
2013; Zhong et al., 2008). The endoplasmic-reticulum (ER)-membrane adaptor, STING
contains four trans-membrane helices (TM1-TM4), a cytosolic cyclic dinucleotide binding
domain and a carboxyl terminal activation domain for downstream kinase activation. Upon
cGAMP binding, STING traffics from the ER to an ER-Golgi intermediate compartment and
the Golgi apparatus (Dobbs et al., 2015; Ishikawa et al., 2009; Saitoh et al., 2009). During this
process, the carboxyl terminus of STING recruits and activates the kinase TBK1, and the serine
366 site in this domain is subsequently phosphorylated by TBK1, which also licenses the
phosphorylation of transcription factor IRF3 by TBKI1 (Fitzgerald et al., 2003; Liu et al.,
2015a; Sharma et al., 2003; Tanaka and Chen, 2012). STING also activates the kinase IKK,
which phosphorylates the IkB family of inhibitors of the transcription factor NF-kB (Ishikawa
et al., 2009). Phosphorylated IkB proteins are degraded by the ubiquitin-proteasome pathway
to release NF-kB. Dimerized IRF3 and NF-kB then enter the nucleus where they function
together with other transcription factors to trigger the expression of interferons and

inflammatory cytokines such as TNF, IL-1b and IL-6.
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Figure 1.1. The cGAS-STING pathway of cytosolic DNA sensing. DNA is a pathogen-
associated molecular pattern (PAMP) when it is delivered to the host cytoplasm by microbial
infection and is also a danger-associated molecular pattern (DAMP) when it enters the
cytoplasm from the nucleus (e.g., through DNA damage and reverse transcription of
retroelements), mitochondria or dead cells. Cytosolic DNA binds to and activates cGAS, which
catalyzes the synthesis of 2'3’-cGAMP from ATP and GTP. 2'3'-cGAMP binds to the ER
adaptor STING, which traffics to the Golgi apparatus and is degraded in the lysosome. STING
then activates IKK and TBK 1. TBK1 phosphorylates STING, which in turn recruits IRF3 for
phosphorylation by TBK 1. Phosphorylated IRF3 dimerizes and then enters the nucleus, where
it functions with NF-kB to turn on the expression of type I interferons and other
immunomodulatory cytokines. cGAMP can be also transferred through gap junctions to
bystander cells to activate STING-mediated signaling. Adjusted from Chen et al., Nat
Immunol. 2016 Sep 20;17(10):1142-9.



Regulation of cGAS activation

The crystal structure of the cGAS—DNA complex shows that cGAS prefers to bind to the sugar-
phosphate backbone of B-form double-stranded DNA, resulting in rearrangement of the active
site for activation (Civril et al., 2013; Kranzusch et al., 2013; Li et al., 2013a; Wu et al., 2013).
This explains why cGAS is activated by dsDNA independently of its sequence and is not
activated by dsRNA. Some stem-loop structures of single-stranded DNA (ssDNA) derived
from human immunodeficiency virus type 1 (HIV-1), are highly stimulatory and specifically
activate cGAS in a sequence-dependent manner. They form a Y-shaped structure that includes
a duplex with single-stranded overhangs containing a stretch of guanine residues that may
stabilize the binding with cGAS; nevertheless, the structural basis of this activation remains to
be determined (Herzner et al., 2015). Although the main mechanism for cGAS activation is
through direct binding to DNA, several studies have suggested the importance of post-
translational modifications of ¢GAS in regulating its enzymatic activity. Akt kinase
phosphorylates human cGAS at Ser305 (mouse cGAS at Ser291) to inhibit cGAS activity (Seo
etal., 2015). cGAS is glutamylated by the enzymes TTLL4 and TTLL6 that respectively block
cGAS synthase’s activity and DNA-binding ability. Reversal of this modification by the
carboxylpeptidases CCP5 and CCP6 activates cGAS activity (Xia et al., 2016a). However,
only a small fraction of cGAS proteins are modified in both cases with either inhibitory
phosphorylation or glutamylation, which raises the question of how such modifications
influence the overall activity of cGAS enzyme. Recent studies also suggest that cGAS binds

to chromosomes and relocates to the nucleus during the cell cycle (Yang et al., 2017). The loss
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of enzymatic activity of cGAS in the nucleus implies the potential existence of inhibitory

factors that regulate cGAS during mitosis.

The gene encoding cGAS is also induced by interferon which provides a positive feedback
mechanism for amplification of cGAS activity (Ma et al., 2015a; Schoggins et al., 2011). The
expression of cGAS is recurrently suppressed in many tumor cell lines due to loss-of-function
mutation or epigenetic silencing of the cGAS promoter regions (Konno et al., 2018). Similar
to cGAS, STING signaling is also deregulated in some cancer cell lines that constrains the
DNA-damage response and correlates with tumorigenesis (Xia et al., 2016b). The frequent
disabling of the cGAS-STING pathway in cancer cells suggests that activation of this pathway
might be an impediment to cellular immortalization as recent studies also link this pathway to
cellular senescence (Yang et al., 2017). Moreover, the production of cytokines in response to
DNA damage is an important host defense response that prevents the escape of pre-cancerous
cells. Thus, inactivation of this pathway might assist the evasion of cancer cells from
surveillance by the host immune system. Microbes have also evolved ways to evade attack
from the host immune system by inhibiting ¢cGAS activity. Kaposi's sarcoma-associated
herpesvirus (KSHV) encodes ORF52, a tegument protein, which inhibits cGAS enzymatic
activity through a mechanism involving binding to cGAS as well as binding to DNA (Wu et
al., 2015). A cytoplasmic isoform of the latency-associated nuclear antigen (LANA) from
KSHYV also antagonizes the cGAS-mediated restriction of KSHV lytic replication by directly

binding to and inhibiting cGAS (Zhang et al., 2016).



Regulation of STING activation, trafficking and degradation

The identification of 2'3’-cGAMP as the first metazoan cyclic dinucleotide messenger and the
structural studies of STING in its free and 2'3'-cGAMP-bound states provided insights into the
mechanism of STING activation. However, the current structural studies do not fully explain
how STING is activated because both the N-terminal transmembrane domains and C-terminal
tail (CTT) are not visible in any of the STING crystal structures. STING contains four
transmembrane domains at the amino terminus that anchor the protein to the ER membrane,
with the large carboxy-terminal domain facing into the cytoplasm for ligand binding and kinase
recruitment. STING forms a dimer on the ER membrane in the presence or absence of a ligand
(Gao et al., 2013c; Ouyang et al., 2012; Shang et al., 2012; Shu et al., 2012; Yin et al., 2012;
Zhang et al., 2013). The binding of cGAMP to a central crevice of the STING dimer induces
an extensive conformational change that is postulated to release the CTT tail to recruit TBK1
(Tsuchiya et al., 2016). Further analyses of the 2’3’-cGAMP-STING-bound conformation
have revealed that 2°3’-cGAMP, but not the other isomers, adopts an organized conformation
with the lowest enthalpy and entropy costs (Shi et al., 2015). This model offers an explanation
as to why 2’3’-cGAMP obtains the highest affinity for STING compared with other cGAMP
isomers or bacterial CDNs. Certain flavonoid compounds, such as DMXAA and CMA, can
only bind to the same cGAMP-binding site of mouse STING but not human STING (Cavlar et
al., 2013; Conlon et al., 2013; Kim et al., 2013b). Thus, these observations explain in part the
finding that these compounds have antitumor effects in mice but failed in human clinical trials.
The phosphorylation of STING serine 366 is critical for the recruitment of IRF3 and

subsequent phosphorylation of IRF3 by TBKI1 (Liu et al., 2015a). Once IRF3 is
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phosphorylated, it forms a homodimer which enters the nucleus to trigger interferon
expression. Notably, a highly conserved motif pLxIS (p, hydrophilic residue; x, any residue;
S, phosphorylation site which is serine 366 in STING) is shared by several adaptors of innate
immunity such as MAVS, TRIF and STING. Phosphorylation at this motif “licenses” the
downstream phosphorylation of IRF3 by TBKI to ensure that only a few immune adaptors
among all agents that activate TBK1 lead to the activation of IRF3 and interferon induction.
The phosphorylation of STING at Ser366 has been also reported to lead to the degradation of
STING (Konno et al., 2013). However, this model was challenged by data showing that a
STING mutant at serine 366 is still degraded in response to stimulation by DNA or cGAMP

(Konno et al., 2013; Liu et al., 2015a; Tanaka and Chen, 2012).

Different ubiquitination of STING has been suggested to play multiple roles in both the
activation and inhibition of STING. Three distinct ubiquitin E3 ligases have been reported to
positively regulate STING activity. The E3 ligases TRIM56 and TRIM32 have been found to
promote Lys63 (K63) polyubiquitination of STING, which enhances its activation (Tsuchida
et al., 2010; Zhang et al., 2012). The ER-localized E3 ligase complex consisting of AMFR-
GP78 and INSIG1 promotes another form of polyubiquitination (K27) of STING which is
important for recruitment of TBK1 (Wang et al., 2014). In contrast, the E3 ligases RNF5 and
TRIM30a promote K48 polyubiquitination of STING, leading to degradation by the
proteasome (Wang et al., 2015; Zhong et al., 2009). Overall, the roles of ubiquitination in
STING activation or inactivation appear to be quite complex as some E3 ligases were reported

to function at the same site but cause different STING outcomes. Future work is needed to
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clarify the roles of different types of ubiquitination and different E3 ligases in the STING
pathway in vivo. Other modifications like palmitoylation were reported to be required for
STING activation at the Golgi (Mukai et al., 2016). Upon binding to cGAMP, STING rapidly
traffics from the ER to perinuclear compartments and forms large punctate structures (Saitoh
et al., 2009). Inhibition of the trafficking of STING by brefeldin A, an inhibitor of ARF
GTPase, blocks its downstream activities (Konno et al., 2013), suggesting the importance of
STING membrane trafficking in its activation. The autophagy kinase ULKI is reported to
phosphorylate STING to trigger its degradation through autophagy; however, the mechanism
by which STING is targeted to the autophagy pathway remains to be elucidated (Konno et al.,
2013). The Shigella effector protein Ipal inhibits the STING-mediated interferon response by
inactivating the ARF family of GTPases and blocking STING trafficking (Dobbs et al., 2015).
The viral interferon-regulatory factor (vIRF1) of KSHV inhibits STING by preventing it from
interacting with TBK1 (Ma et al., 2015b). Herpes simplex virus type 1 encodes the regulatory
protein ICP27, which prevents the phosphorylation of IRF3 by targeting the TBK 1-activated
STING signalosome (Christensen et al., 2016). The adenovirus protein E1A and human
papilloma virus protein E7 inhibit STING signaling by directly binding to STING, revealing a

host-virus conflict that may shape the evolution of viral oncogenes (Lau et al., 2015).

Regulation of cGAMP transport and stability
Intercellular cGAMP can be directly transferred between cells through their gap junctions
(Ablasser et al., 2013b). This mechanism allows the local immune collaboration by which

virus-infected cells can alert uninfected neighboring cells to elicit a more robust interferon
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response to defend against infection even if the immune response in virus-infected cells has
been antagonized. cGAMP can be also incorporated into viral particles and delivered into the
next infected cell (Bridgeman et al., 2015; Gentili et al., 2015); such a mechanism also allows
the host cells to mount a rapid response to viral infection. The intracellular amount of cGAMP
is regulated not only by the rate of synthesis and transport but probably also by the rate of
degradation. Although no intracellular cGAMP phosphodiesterase has been identified so far,
the extracellular enzyme ENPP1 is reported to cleave the 2°-5” phosphodiester bond of 2°3’-
cGAMP with high specificity (Li et al., 2014). It would be interesting to test if cGAMP can be
exported outside of the cell for clearance by ENPP1. Whether ENPP1 serves as a major enzyme
for degrading 2°3’-cGAMP in vivo requires further investigation. cGAMP binds tightly to
STING which triggers robust trafficking activity and degradation of STING at the lysosome.
It would be interesting to test whether certain portions of cGAMP would be also degraded
together with STING at the lysosome. Higher amounts of cGAMP can be observed in Trex1
and STING double deficient cells (Gao et al., 2015), indicating that STING plays an important
role in facilitating the decay of intracellular cGAMP. Interestingly, RNase T2, which is majorly
localized at the endoplasmic reticulum (ER) or lysosome, degrades 2°3’-cGAMP through

cleavage of the 3’-5” phosphodiester bond in vitro (Ablasser et al., 2013a; Hillwig et al., 2011).



IFN-c. or IFN-B

Reverse '
@ transcription l GAMHDD
C—NOVWN D
(STAT1)(STAT2) TREX1 DNA¢ - DNasel Q0

“=RNase H2 @

— KSHV ~ Type |
ORF52, interferons

LANA A

ENPP1 and l
other PDE?

HPV: E7;

v~ AdV: E1A

cGAS encodlng gene

and other ISGs  Methylation  IFN-B- encodmg gene



11
Figure 1.2. Regulation of the cGAS-STING pathway. The cGAS-STING pathway is
regulated at multiple steps by host or viral factors. The synthesis or clearance of cytosolic DNA
is tightly controlled by enzymes (including SAMHDI1, TREX1, DNase II and RNase H2).
cGAS expression is induced by interferon signaling and is suppressed by DNA methylation.
cGAS activity is also regulated by phosphorylation or other post-translational modifications.
Intracellular 2'3'-cGAMP is degraded by ENPP1 and perhaps other enzymes. cGAMP also
binds to STING possibly for lysosome degradation. cGAMP can also spread to neighboring
cells through gap junctions. STING is regulated by its trafficking to the ER-Golgi intermediate
compartment and the Golgi apparatus and by its degradation at lysosomes. Several viral
proteins (ORF52 and LANA of KHSV; E7 of human papilloma virus (HPV); E1A of
adenovirus (AdV); and VIRF1 of KSHV) inhibit cGAS and STING in the pathway. TYK and
SYK, kinases; STAT, signal transducer and transcription activator; PDE, phosphodiesterase;
HSV-1, herpes simplex virus type 1; ISG, interferon-stimulated gene. Adapted from Chen et
al., Nat Immunol. 2016 Sep 20;17(10):1142-9.
Physiological functions of the cGAS-STING pathway
The ability of cGAS to detect almost any dsDNA to elicit an immune response suggests the
central role of cGAS in host immune defense against a large variety of microbial pathogens
that contain DNA. This has been further validated by recent genetic studies in cGAS-deficient
mice. Infectioen studies in cGas-/- mice demonstrate that cGAS-cGAMP signaling is essential
for the interferon response against infection by DNA viruses such as herpes simplex virus 1
(HSV1), vaccinia virus (VACV), Kaposi's sarcoma-associated herpesvirus (KSHV) and
murine g-herpesvirus virus 68 (MHV68) (Li et al., 2013b; Lio et al., 2016; Ma et al., 2015b;
Paijo et al., 2016; Schoggins et al., 2014; Wu et al., 2015; Zhang et al., 2016). Thus, mice
deficient in cGAS or STING maintains higher viral titers and become more vulnerable to those
infections. Interestingly, cGas-/- mice are also more susceptible to lethal infections by West
Nile virus, an RNA virus, despite the fact that cGas-/~- mice still induce IFNs in response to

RNA virus infections (Schoggins et al., 2014). It is possible that cGAS function importantly

through its indirect role in immune protection against RNA viruses in vivo. For example,
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infection with RNA viruses in vivo might cause cellular damage that results in 'leakage' of
cellular DNA, which in turn activates cGAS for immune defense against infection with RNA
viruses. Alternatively, cGAS may be involved in constitutive production of basal levels of type
I IFNs, which protects against a large variety of microbial infections through “tonic” signaling
(Gough et al., 2012). Membrane fusion between viral envelopes and target cells is also reported

to activate the STING pathway and might contribute to immune defense against RNA viruses

(Holm et al., 2012).

In addition to DNA viruses, retroviruses such as HI'V, which require reverse-transcribed DNA
to propagate their infections, also activate the host innate immune system through cGAS (Gao
et al., 2013a; Lahaye et al., 2013). During retrovirus infection, the viral RNA inside the viral
capsid is reversely transcribed into cDNA, which is injected directly into the nucleus for host
genome integration, without triggering strong innate immune responses in normal cases.
However, if the integrity of the viral capsid is compromised or if some of the host DNA
nucleases such as SAMHD1and TREX1 lose their function in preventing the accumulation of
cytoplasmic DNA, the reversely transcribed viral DNA will be detected by cGAS, resulting in
the induction of interferons and other cytokines. The role of cGAS in detecting pathogens can
be extended to bacteria that contain abundant DNA. Bacteria utilize their secretion system to
deliver effector molecules into the cytoplasm. Although it is still not clear how bacterial DNA
might be delivered to the cytoplasm, many intracellular bacteria such as Mycobacteria,
Legionella, Listeria, Shigella, Francisella, Chlamydia, and Neisseria, trigger robust

interferons through cGAS-STING signaling (Andrade et al., 2016; Collins et al., 2015; Dobbs
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et al., 2015; Hansen et al., 2014; Storek et al., 2015; Wassermann et al., 2015; Watson et al.,
2015; Zhang et al., 2014b). With the exception of Listeria monocytogenes, which directly
produces cyclic di-AMP to induce interferons in a STING-dependent manner in mouse

macrophages, the induction of interferon by most bacteria is largely abolished in the absence

of cGAS.

The ¢cGAS-STING pathway and autophagy

Autophagy is a highly conserved lysosomal degradation pathway that regulates cellular
homeostasis under normal and stressed conditions and also contributes to host defense against
infections (Deretic et al., 2013; Mizushima et al., 2011). As an important homeostatic
mechanism, it involves in the formation of double-membrane vesicles called autophagosomes,
which function to sequester and degrade protein aggregates, damaged organelles, and invading
intracellular pathogens from the cytoplasm (Levine et al., 2011). Recent studies have revealed
a crosstalk between the cGAS-STING pathway and autophagy. During macrophage infection
with Mycobacterium tuberculosis (Mtb), bacterial DNA can elicit ubiquitin-mediated
autophagy through a STING-dependent cytosolic pathway, which then delivers bacilli to
autophagosomes for degradation (Watson et al., 2012). ¢cGAS functions as a vital innate
immune sensor of Mtb infection and produces cGAMP that activates STING to induce type I
interferons and other cytokines (Collins et al., 2015). How the cGAS-STING pathway mediates
autophagy and whether this is a major mechanism for host defense require further study. Upon
DNA stimulation, STING partially colocalizes with the autophagy marker LC3 (ATGS8 in

yeast), which is regulated by ATG9 (Saitoh et al., 2009). The depletion of ATG9, but not
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ATG7, leads to aberrant activation of the innate immune response by greatly enhancing the
assembly of STING and TBK1 after dsDNA stimulation. As ATG9 is the only transmembrane
autophagy-related protein, distinct from other cytosolic ATGs in the ubiquitination system, it
would be interesting to investigate whether STING induces a non-canonical autophagy
pathway directly via its membrane trafficking and undergoes degradation at the lysosome
through the autophagosome. cGAS also binds to beclin-1, a key autophagy regulator that
functions in complex with VPS34 and ATG14 (Kang et al., 2011). Binding of cGAS to
beclin-1 releases RUBICON, a negative regulator of autophagy, from the beclin-1 complex
and thereby leads to the lipidation of LC3, indicating autophagy induction, which may
facilitate the clearance of cytosolic DNA. This interaction also suppresses cGAS catalytic
activity, thereby functioning as a negative feedback mechanism to prevent prolonged immune
activation (Liang et al., 2014). Although this study stated that this interaction induces
autophagy through a STING-independent mechanism (Liang et al., 2014), cGAMP-induced
autophagy seems to be primarily dependent on STING. How the cGAS-STING pathway
interacts with autophagy appears to be complex. It was also reported that STING was
phosphorylated by the autophagy-related kinase ULKI at Ser-366 and that this
phosphorylation targeted STING for degradation by autophagy (Konno et al., 2013). However,
this model was challenged by the finding that mutation of Ser-366 to alanine on STING did
not impair its degradation but rather abrogates its ability to activate IRF3 (Liu et al., 2015a;
Tanaka and Chen, 2012). Thus, how the cGAS-STING pathway crosstalks with the autophagy

pathway remains to be further explored.
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The ¢cGAS-STING pathway and programming cell death
Both ¢cGAS and STING were originally described as key molecules to promote type I IFN and
inflammatory cytokine production by DCs, macrophages, endothelial cells, fibroblasts, and
many other primary cells upon infection with viruses and bacteria. These discoveries establish
the central role of cGAS-STING in innate immunity. However, whether other outcomes of the
cGAS-STING response exist remains largely unknown. Recent studies extended the paradigm
of innate control of adaptive immunity by establishing the antiproliferative and apoptotic
capacity of STING activation in T and B lymphocytes (Cerboni et al., 2017; Gaidt et al., 2017;
Gulen et al., 2017; Heidegger et al., 2017; Tang et al., 2016). STING activation reduces the
proliferation of T lymphocytes through a TBK1 and IRF3 independent manner of recruitment.
T lymphocytes from patients carrying constitutive active mutations in the gene encoding
STING showed impaired proliferation, mitotic errors and reduced memory phenotype skewing
(Cerboni et al., 2017). Although activation of STING in T lymphocytes led to upregulation of
antiviral genes, the most prominent effect observed was the initiation of apoptosis (Gulen et
al., 2017). STING agonists also selectively trigger apoptosis in normal and malignant B cells
(Tang et al., 2016). Additional evidence indicates that the mechanism of apoptosis induced by
STING activation is from increased ER stress as upregulation of genes involved in the unfolded
protein response (UPR) such as XBP-1 were observed in both B cells and T cells upon cGAMP
or other STING agonist stimulation (Larkin et al., 2017; Tang et al., 2016). However, the cell
death phenotype in human myeloid cells and STING-reconstituted HEK293T cells was
reported to be associated with lysosomal cell death (Gaidt et al., 2017). It is possible that this

cell type-specific apoptosis is caused by exhibition of intensified STING responses in both T
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and B cells, as both of those cell lines with STING-mediated apoptosis obtain very high
endogenous level of STING. The stress may come from large amounts of STING activation
and trafficking upon cGAMP stimulation that would explain the unique phenotypes of ER
stress and lysosome membrane permeabilization in those cells. Of note, this proapoptotic
STING response is still functional in cancerous T cells and B cells, and delivery of STING
agonists prevents in vivo growth of lymphocyte-derived tumors independent of its adjuvant
activity (Gulen et al., 2017; Tang et al., 2016). These demonstrate the possibility that distinct
effector responses including interferon induction, autophagy, and programming cell death can
be shaped by the magnitude of cGAS-STING signaling, which may permit cell type-adjusted

responses towards endogenous or exogenous insults.

The ¢cGAS-STING pathway in autoimmune and inflammatory disease

While the cGAS-STING pathway functions as a major defense mechanism for DNA-derived
PAMPs, activation of cGAS by self-DNA-derived DAMPs represents a threat for triggering
host autoimmunity. Normally sequestered in the nucleus and mitochondria, host DNA
inadvertently leaked from these compartments to the cytoplasm has been associated with
autoimmune diseases in humans. For example, humans with mutations in TREX1, RNase H2,
SAMHDI, the adenosine deaminase ADARI1 and the cytosolic receptor MDAS develop
Aicardi-Gourti¢res syndrome (AGS), an SLE-like immune-mediated disorder characterized by
elevated expression of genes induced by type I interferon (Crow, 2015). Furthermore, mice
lacking functional TREX1 or RNase H2 develop multi-organ inflammation through the

activation of the cGAS-STING pathway (Gall et al., 2012; Gao et al., 2015; Gray et al., 2015;
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Mackenzie et al., 2016; Pokatayev et al., 2016). TREX1 is an exonuclease that degrades
cytosolic nicked dsDNA and single-stranded DNA (Lindahl et al., 2009). One-allele deletion
of the gene encoding cGAS or STING largely rescues TREX1-deficient mice from developing
myocarditis and other forms of inflammation (Gao et al., 2015). RNase H2 degrades RNA in
the RNA-DNA hybrid complex and is essential for removing ribonucleotides incorporated into
genomic DNA during replication. Deletion of cGAS or STING leads to the rescue of perinatal
lethality as well as the elevated expression of ISG phenotypes from a knock-in mouse model
with an RNase H2 AGS mutation (Pokatayev et al., 2016). DNase II is a major enzyme that
digests DNA in the lysosome, deletion of which causes embryonic death in mice due to
excessive production of type I interferons in embryos, which kills erythrocytes (Kawane et al.,
2001). Deletion of the interferon receptor (IFNAR) rescues mice from the embryonic lethality
but they still develop polyarthritis, probably due to the continued production of inflammatory
cytokines such as TNF. Deletion of cGAS or STING in Dnase-II-deficient mice completely
rescues them from embryonic lethality, as well as from autoimmune and inflammatory

phenotypes (Gao et al., 2015).

Gain-of-function mutations in the gene encoding STING underlie a recently described type I
interferonopathy called STING-associated vasculopathy with onset in infancy (SAVI) (Liu et
al., 2014). This provides direct evidence that links STING to human autoinflammatory disease.
Human patients with SAVI develop early-onset vasculopathy and pulmonary inflammation
which affect mainly the skin, blood vessels and lungs. In addition to developing cutaneous

inflammation in skin, patients with SAVI may also develop interstitial lung diseases that lead
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to pulmonary fibrosis and also myositis in rare conditions. In contrast, AGS presents as an
early-onset neuroinflammatory condition while SAVI is thought to begin as vasculitis. The
unique tissue-specific clinical manifestations of SAVI and AGS are possibly due to the tissue
specificity of gene expression. These STING gain-of-function mutations render the protein
constitutively active or more sensitive to cGAMP, which results in elevated production of
interferons by a variety of cells, including vascular endothelial cells (Liu et al., 2014; Melki et
al., 2017). Whether these mutations cause similar conformational changes that mimic the
cGAMP-bound form or disrupt the retention signal of STING in the ER needs to be further
investigated. Collectively, these genetic studies provide proof-of-concept findings for targeting

the cGAS-STING pathway to treat certain human autoimmune and inflammatory diseases.

Role of the cGAS-STING pathway in cancer

The mechanism of innate immune system sensing of tumor cells for the production of
interferons and generation of adaptive T cell responses remain a longstanding mystery. Tumor-
cell-derived DNA has been suggested to trigger the cGAS-STING pathway to induce
interferons and further elicit the adaptive immune response (Fig. 1.3). Spontaneous CD8(+) T
cell priming against tumors was defective in mice lacking STING but not in mice lacking
TLRs, MyD88 or MAVS, suggesting the involvement of the cytosolic DNA sensing pathway
as a major mechanism for innate immune sensing of cancer (Woo et al., 2014). Furthermore,
the anti-tumor effect of several cancer therapies including blockade of immune-system
checkpoints using anti-PD-(L)1 or anti-CD47 antibodies or radiation have all been proven to

depend on cGAS or STING (Deng et al., 2014; Liu et al., 2015b; Wang et al., 2017). The recent
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findings on the antiproliferative and apoptotic capacity of STING activation in T lymphocytes
and B lymphocytes also suggest the potential for STING agonists to directly eradicate
lymphoma malignancy (Cerboni et al., 2017; Gulen et al., 2017; Larkin et al., 2017; Tang et
al., 2016). Another strong piece of evidence for cGAS-STING involvement in antitumor
immunity arises from the dramatic antitumor effect of intratumor administration of cGAMP or
its analogs into tumor-bearing mice which results in substantial inhibition of tumor growth and
improvement of the survival of mice (Corrales et al., 2015; Demaria et al., 2015). Furthermore,
the combination of cGAMP with irradiation or immune-system-checkpoint inhibitors
including anti-PD-(L)1 produces synergistic antitumor effects, again suggesting the pivotal
role of the cGAS-STING pathway in intrinsic antitumor immunity. However, recent
observations also suggest that cGAS-STING-mediated inflammation may promote tumor
initiation, growth and metastasis in certain malignancies (Ng et al., 2018). Activation of the
cGAS-STING pathway can lead to tolerogenic responses through the induction of indolamine
2,3-dioxygenase (IDO) (Huang et al., 2013; Lemos et al., 2016). STING activation or
deficiency were respectively associated with different carcinoma mouse models (Ahn et al.,
2015) or viral oncogenesis (Lau et al., 2015; Liang et al., 2015). Brain-metastatic cancer cells
produce cGAMP, which is transferred to neighboring astrocytes to activate an inflammatory
response to facilitate metastasis (Chen et al., 2016a). Chromosomal instability can also
promote metastasis through cGAS-mediated cytosolic DNA response to micronuclei
(Bakhoum et al., 2018). Such studies indicate that cancer immunotherapies must achieve a fine
balance between stimulating antitumor response through the cGAS-STING pathway and

avoiding inflammation-mediated tumor growth. Ultimately, a successful clinical therapy
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should be an optimal combination of different treatments, including stimulation of the innate

immune system, blockade of immune-system checkpoints, and even adoptive T cell transfer.

Dying cells

IFN-c. and IFN-B

Figure 1.3. Role of the cGAS-STING pathway in antitumor immunity. Dying tumor cells
are taken up by DCs, and the tumor DNA is delivered to the cytoplasm through an unknown
mechanism. The DNA activates the cGAS pathway to induce the expression of interferons,
major histocompatibility complex class I (MHCI) and co-stimulatory molecules such as CD86.
Interferons stimulate the maturation of DCs and facilitate presentation of tumor associated
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antigens on MHCI. The DCs then migrate to lymph nodes to activate CD8+ T cells, which
seek and attack tumors in target tissues. TCR, T cell antigen receptor; CD28, costimulatory

receptor; IFN, interferon. complex. Adapted from Chen et al., Nat Immunol. 2016 Sep
20;17(10):1142-9.

In conclusion, cGAS is a cytosolic DNA sensor that activates innate immune defense against
a large variety of pathogens and malignant cells (Sun et al., 2013; Wu et al., 2013). Upon
binding to DNA, cGAS is activated to catalyze cGAMP synthesis from ATP and GTP. cGAMP
in turn binds and activates STING to induce type-I and type-III interferons (IFNs) and other
inflammatory cytokines. After binding to cGAMP, STING traffics from ER to Golgi and other
perinuclear compartments (Chen et al., 2016b; Ishikawa et al., 2009; Saitoh et al., 2009).
During this process, STING recruits and activates the protein kinases IKK and TBK1, which
activate the transcription factors NF-kB and IRF3, respectively, leading to induction of IFNs
and other cytokines (Ishikawa et al., 2009; Liu et al., 2015a; Tanaka and Chen, 2012).
However, the mechanism of STING trafficking and activation after cGAMP binding and the

functional significance of STING trafficking remain poorly understood.

Recent studies have revealed a crosstalk between the cGAS-STING pathway and
autophagy. Upon DNA stimulation, STING partially colocalizes with the autophagy marker
LC3 (Atg8 in yeast), which is regulated by ATG9 but surprisingly not ATG7 (Saitoh et al.,
2009). cGAS was also shown to interact with Beclin-1 to promote autophagy; this interaction
also suppresses cGAS catalytic activity, thereby functioning as a negative feedback mechanism
to prevent prolonged immune activation (Liang et al., 2014). It was also reported that STING

was phosphorylated by the autophagy-related kinase ULKI at Ser-366 and that this
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phosphorylation targeted STING for degradation by autophagy (Konno et al., 2013). However,
this model was challenged by the finding that mutation of Ser-366 to alanine on STING did
not impair its degradation but rather abrogated its ability to activate IRF3 (Liu et al., 2015a;
Tanaka and Chen, 2012). Thus, how the cGAS-STING pathway interplays with the autophagy

pathway remains to be explored.

In this study, we aimed to dissect the mechanism and function of DNA-induced
autophagy. Here we show that DNA induces autophagy through the cGAS-STING pathway
via a mechanism that is independent of TBK1 activation or IFN induction. Upon binding to
cGAMP, STING traffics to ERGIC in a process that depends on the GTPases SAR1 and ARFs
and COP-II complex protein SEC24C. STING-containing ERGIC then serves as a membrane
source for LC3 lipidation, an essential step in autophagosome formation. STING-induced LC3
lipidation requires WIPI2 but not conventional autophagy induction from the cytosol like
mTOR inhibition. However, STING degradation does not require autophagy related genes
including ATGS, WIPI2, ULK1 and BECNI, but is inhibited by lysosomal inhibitors.
Deficiency in VPS34 which involves in both autophagy and the MVB pathway blocks STING
degradation, suggesting that STING can traffic to lysosome through a Golgi-endosome
pathway in addition to the ERGIC-autophagosome pathway. STING-mediated autophagy
promotes clearance of DNA and viruses from the cytoplasm. Interestingly, Sea anemone
STING, which lacks the C-terminal domain required for TBK1 activation and IFN induction

(Kranzusch et al., 2015), also promotes LC3 conversion through binding to cGAMP,
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suggesting that autophagy induction is an ancient and evolutionarily conserved role of STING

that precedes its function in inducing the IFN pathway.
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CHAPTER TWO

RESULTS

DNA induces autophagy through the cGAS-cGAMP-STING pathway

Both DNA and RNA can stimulate the cytosolic innate immune response respectively through
cGAS-STING pathway or RIG-I/MDAS-MAVS pathway. The phosphorylation of immune
adaptor protein STING or MAVS by TBKI kinase licenses IRF3 activation and downstream
interferon response. To study other downstream events in addition to interferon response by
cytosolic DNA, we transfected interferon-stimulatory DNA (ISD) into BJ cells, which are
human fibroblasts immortalized by the telomerase (hTERT). Interestingly, in addition to the
phosphorylation of endogenous STING, TBK1 and IRF3, it also stimulated the conversion of
LC3 into a lipidated form (LC3-II) (Fig. 2.1a). In contrast, Poly(I:C), a synthetic double-
stranded RNA analogue that activates the RNA sensors retinoic acid-inducible gene I (RIG-I)
and melanoma differentiation-associated protein 5 (MDADS), failed to stimulate LC3 lipidation
or STING degradation despite its ability to stimulate phosphorylation of TBK1 and IRF3.
Similarly, infection with herpes simplex virus-1 (HSV-1), a DNA virus, stimulated LC3
lipidation, which was not observed with Sendai virus, an RNA virus that activates the RIG-I
pathway (Extended Data Fig. 2.1a). An HSV-1 mutant lacking ICP34.5, a viral protein known
to inhibit the host immune response (Leib et al., 2009; Liet al., 2011; Liu et al., 2003; Orvedahl

et al., 2007), also stimulated LC3 conversion. This indicates that, despite sharing the same

24
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mechanism of interferon response with the MAVS pathway, the ¢cGAS-STING pathway

uniquely triggers autophagy activity. Furthermore, delivery of cGAMP into BJ cells was
sufficient to induce robust LC3 lipidation and STING degradation, similarly to ISD (Fig. 2.1a).
The ¢cGAMP-induced LC3 conversion was more prominent when cells were treated with
chloroquine, suggesting that the LC3 vesicles were targeted to the lysosome (Extended Data
Fig. 2.1b). The cGAMP-stimulated autophagosome formation was also visualized by GFP-
LC3 live cell imaging (Supplementary Video 1) and by electron microscopy (Extended Data
Fig. 2.1¢). Upon cGAMP treatment, STING translocated to perinuclear compartments where
it partially colocalized with GFP-LC3 puncta, whereas starvation only induced GFP-LC3
puncta formation but not STING translocation (Extended Data Fig. 2.1d and 2.1le). To
determine if LC3 lipidation depends on cGAS or STING, we tested primary MEF and BMDM
cells from cGAS- or STING-deficient mice (Fig. 2.1b and Extended Data Fig. 2.1f). Knockout
of ¢cGAS blocked LC3 conversion triggered by HT-DNA but not cGAMP, whereas knockout
of STING blocked LC3 conversion induced by both HT-DNA and cGAMP. We further tested
BJ cells deficient in STING using CRISPR technology and HEK293T cells lacking both
endogenous cGAS and STING. Reconstitution of wild type ¢cGAS but not a catalytically
inactive mutant (cGAS G198A/S199A) in STING-expressing HEK293T cells rescued LC3
lipidation (Extended Data Fig. 2.1h). Similarly, reconstitution of STING in the STING
knockout BJ cells restored LC3 conversion induced by DNA and cGAMP (Extended Data Fig.
2.1g). Taken together, these results indicate that cytosolic DNA but not RNA induces
autophagy, that DNA-induced autophagy depends on the catalytic activity of cGAS, and that

cGAMP is sufficient to induce autophagy through STING.
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Figure 2.1. DNA-induced autophagy is dependent on cGAMP-induced STING trafficking
but not TBK1 or IRF3 activation. a, DNA and cGAMP but not RNA triggers LC3 lipidation.
BJ cells were stimulated with cGAMP by digitonin permeabilization or transfected with ISD
or Poly(I:C). Cell lysates were analyzed by immunoblotting with the indicated antibodies. b,
DNA-induced LC3 lipidation requires cGAS and STING. WT, cGas™ or Stings”¢' primary
MEF cells were stimulated with cGAMP or transfected with HT-DNA for the indicated time,
followed by immunoblotting. ¢, TBK1 is dispensable for LC3 conversion. WT, Sting” or Thk1
- BJ cells were stimulated with cGAMP before cell lysates were analyzed by immunoblotting.
d, STING S366 phosphorylation by TBKI is essential for IRF3 activation but not LC3
conversion. HEK293T cells stably expressing WT or mutant STING (S366A or R238/Y240A)
were transfected with a cGAS expression plasmid followed by immunoblotting. e&f, cGAMP
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stimulates STING trafficking and degradation in the lysosome. e, BJ cells were treated with
Brefeldin A (BFA), lysosome inhibitors Bafilomycin Al (BafAl) or Chloroquine or
proteasome inhibitors (MG132 or Velcade) before stimulation with cGAMP. Cell lysates were
analyzed by immunoblotting. f, BJ cells were treated with Bafilomycin Al or Brefeldin A
followed by stimulation with cGAMP and confocal immunofluorescence microscopy. g,
Quantification of the cell percentage with colocalized LC3 and STING puncta. All results in
this and other figures are representative of at least two independent experiments. N.D., not
detectable.
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Extended Data Figure 2.1. cGAMP directly triggers autophagosome formation which
requires STING. a, DNA virus but not RNA virus induces LC3 conversion. BJ cells were
infected with wild type (WT) HSV1, HSV1AICP34.5 or Sendai virus (SeV) at indicated
multiplicity of infection (MOI) followed by immunoblotting. b, cGAMP induces STING
degradation in the lysosome. HeLa cells stably expressing STING-Flag were treated with
cGAMP or starved in the presence or absence of chloroquine, followed by immunoblotting. ¢,
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cGAMP induces autophagosome formation. Electron micrographs of BJ cells stimulated with
cGAMP or growing in starvation media (EBSS). Boxed areas are enlarged to show high
density organelles that represent autophagosomes. d, STING traffics to GFP-LC3 puncta.
HeLa cells stably expressing STING-Flag and GFP-LC3 were treated with cGAMP or with
starvation medium. Cells were immunostained with an anti-Flag antibody (to detect STING)
followed by fluorescence microscopy. e, Quantification of the cell percentage with colocalized
LC3 and STING puncta. N.D., not detectable. f, cGAMP induces STING-dependent LC3
lipidation in macrophages. WT, cGas™ or Stings"¢' BMDM cells were stimulated with cGAMP
before cell lysates were analyzed by immunoblotting. g, STING is essential for LC3 lipidation
induced by DNA and cGAMP. Sting”" BJ cells and those reconstituted with STING-Flag were
stimulated with cGAMP or HT-DNA, followed by immunoblotting. h, DNA induces LC3
lipidation through ¢GAS and STING. HEK293T cells or HEK293T STING cells were
transiently transfected with WT or catalytically inactive mutant (G198A/S199A) of cGAS
plasmid, MAVS or STING plasmids, or stimulated with cGAMP in the presence of digitonin.
Cell lysates were analyzed by immunoblotting.

cGAMP-induced autophagy requires STING trafficking but not TBK1 activation

Since cGAMP strongly activates both TBK1 and autophagy, and previous studies have shown
that TBK1 regulates autophagy (Wild et al., 2011), we tested whether TBK1 is required for
cGAMP-induced autophagy. Surprisingly, BJ cells deficient in TBK1 still had normal LC3
lipidation in response to cGAMP treatment (Fig. 2.1c). Consistently, inhibitors of TBKI
(BX785 and MRT 67307) or IKKP (TPCA1) did not impair LC3 conversion or STING
degradation (Extended Data Fig. 2.2a). We have previously shown that TBK1 phosphorylates
Ser-366 of human STING in response to cGAMP stimulation and that this phosphorylation is
important for recruiting IRF3 to STING and TBK1, permitting TBK1 to phosphorylate IRF3
(Liu et al., 2015a). Consistent with a dispensable role of TBK1 in cGAS-induced autophagy,
STING-S366A mutant still mediated normal LC3 lipidation and was degraded in response to
cGAS transfection (Fig. 2.1d). In contrast, a STING mutant (R238A/Y240A) defective in

cGAMP binding did not stimulate LC3 lipidation or phosphorylation of TBK1, IRF3 or IKKf3
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(Fig. 2.1d). These results indicate that cGAMP binding, but not S366 phosphorylation, of

STING is important for autophagy and STING trafficking.
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Extended Data Figure 2.2. ¢cGAMP-induced autophagy requires STING membrane
trafficking but not TBK1 or IRF3. a, Inhibition of TBK1 or IKK does not impair LC3
lipidation. Inhibitors of TBK1 (BX-795, MRT 67307) or IKK (TPCA1) were incubated with
BJ cells before stimulation of the cells with cGAMP. Cell lysates were analyzed by
immunoblotting. b, Inhibition of membrane trafficking blocks STING degradation and LC3
lipidation. BJ cells were treated with indicated concentrations of Brefeldin A (BFA) or
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Golgicide A (GCA) for 60 min, followed by stimulation with cGAMP before cell lysates were
analyzed by immunoblotting. ¢, Membrane trafficking is essential for cytosolic DNA but not
RNA signaling. BJ cells were stimulated with Brefeldin A (BFA) or Golgicide A (GCA) before
transfection with HT-DNA or Poly(I:C) or lipofectamine (Lipo) alone. Cell lysates were
analyzed by native gel (for IRF3 dimerization) or SDS-PAGE followed by immunoblotting
with the indicated antibodies. d&e, Constitutively active mutants of STING stimulate LC3
lipidation independently of cGAMP binding. d, HEK293T cells transiently expressing WT or
mutant STING (N154S and V155M) were transfected with a cGAS expression plasmid
followed by immunoblotting. e, Hela cells expressing GFP-LC3 and WT or mutant STING-
Flag as indicated were treated with cGAMP or untreated, and examined by fluorescence
microscopy. f, Quantification of the cell percentage with colocalized LC3 and STING puncta.
N.D., not detectable.

To investigate the role of STING trafficking in LC3 lipidation, we treated BJ cells with
brefeldin A (BFA) or golgicide A (GCA), which inhibits ER-to-Golgi membrane trafficking
by binding to the guanine nucleotide exchange factor GBF1 (Donaldson et al., 1992; Helms
and Rothman, 1992; Niu et al., 2005; Saenz et al., 2009). Both compounds inhibited LC3
lipidation and STING degradation as well as phosphorylation of TBK1 and IRF3 in response
to HT-DNA transfection or cGAMP stimulation but not Poly(I:C) (Fig. 2.1e and Extended
Data Fig. 2.2b, 2.2c). Treatments of BJ cells with bafilomycin A1 (BafAl) or chloroquine,
which inhibit lysosomal acidification, did not impair LC3 lipidation or IRF3 phosphorylation
but stabilized STING (Fig. 2.1e). The proteasome inhibitors MG132 and Velcade did not
inhibit STING degradation or LC3 lipidation induced by cGAMP (Fig. 2.1e). Confocal
immunofluorescence and live cell imaging also revealed that BafA 1 prolonged the appearance
of STING and LC3 puncta induced by cGAMP, whereas BFA blocked the formation of these
puncta (Fig. 2.1f and Supplementary Videos 2 and 3). Recently, several point mutations of
STING have been linked to a human autoinflammatory disease known as STING associated

vasculopathy with onset in infancy (SAVI) (Liu et al., 2014). We tested two of these mutations,
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N154S and V155M, and found that they caused constitutive lipidation of LC3, phosphorylation

of TBK1 and IRF3, and accumulation of STING and LC3 puncta even in the absence of cGAS
or cGAMP (Extended Data Fig. 2.2d, 2.2e and 2.2f). Collectively, these results indicate that
cGAMP-induced LC3 lipidation and STING degradation require trafficking from ER to Golgi,
that lysosomal acidification is important for STING degradation. and that SAVI-associated

mutations of STING constitutively enhance autophagy and IRF3 activation.

Autophagy induction is an evolutionarily conserved, primordial function of STING

Because TBK1 and phosphorylation of S366 of STING are dispensable for cGAMP-induced
autophagy, we sought to delineate the domains within STING that are important for autophagy
induction. STING contains four transmembrane domains at the N-terminus, a dimerization
domain and a cyclic dinucleotide (CDN) binding domain in the center and a C-terminal
activation domain (residue 340-379) that includes S366 (Fig. 2.2a). Interestingly, deletion of
the C-terminal activation domain (STING 1-340), which abolished phosphorylation of TBK1
and IRF3, did not impair LC3 conversion or STING degradation induced by cGAS or cGAMP
(Fig. 2.2b and 2.2¢). Mutation of a cGAMP-binding residue (R238A) in STING 1-340 blocked
STING degradation and LC3 conversion while V155M mutation in STING 1-340 caused
automatic formation of LC3 marked autophagosomes (Fig. 2.2b and 2.2c¢). Further truncations
of STING into the N-terminus destroyed its ability to induce LC3 lipidation, and finer mapping
identified a small region spanning residues 330-334 of STING as being important for
autophagy induction (Extended Data Fig. 2.3a and 2.3b). Point mutations of residues within

this region revealed that mutation of L333 and R334 to alanine within full-length STING
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abrogated LC3 conversion, phosphorylation of TBK1 and IRF3, and the formation of STING

and LC3 puncta induced by cGAMP (Fig. 2.2d and Extended Data Fig. 2.3c).
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Figure 2.2. Autophagy induction by STING is evolutionarily conserved and separable
from interferon induction. a, Schematic of functional domains and key residues of human
STING. TM: transmembrane domain; CDN: cyclic dinucleotide; C-tail: C-terminal tail. b&c,
The C terminal activation domain of STING is important for TBK1 and IRF3 activation but
dispensable for LC3 lipidation. b, STING knockout Hela cells stably expressing GFP-LC3 and
different STING mutants were stimulated with cGAMP using digitonin permeabilization.
Immunofluorescence using ERGICS53 antibody and GF-LC3 were detected in those cell lines.
¢, HEK293T cells stably expressing the indicated STING were transfected with a cGAS
expression plasmid before cell lysates were analyzed by immunoblotting. d, L333 and R334
of STING are important for LC3 lipidation and TBKI1 activation. Expression plasmids
encoding full-length STING harboring the indicated mutations were transiently transfected
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into HEK293T cells, followed by stimulation with cGAMP. Cell lysates were analyzed by
immunoblotting. e, Schematic of functional domains and residues of human and sea anemone
STING (nvSTING), highlighting the evolutionary conservation of the sequence between the
CDN binding domain and C-terminal activation domain. f, Sea anemone STING stimulates
LC3 conversion but not TBKI1 activation. HEK293T cells expressing human STING or
nvSTING were treated with indicated concentrations of 2°3’-cGAMP or 3’3-cGAMP followed

by immunoblotting.

The sequence surrounding this ‘LR’ motif is evolutionarily conserved (Fig. 2.2¢e) and is also
found in STING of Nematostella vectensis (nvSTING), an anemone species that was recently
found to possess a functional cGAS-STING pathway (Kranzusch et al., 2015). Interestingly,
nvSTING does not contain the C-terminal domain found in vertebrate STING, which is
required for activation of the type-I interferon pathway (Fig. 2.2¢). We established HEK293T
cells stably expressing human STING or nvSTING and stimulated them with 2°3’-cGAMP or
3’3-cGAMP, which have been reported to be the product of human cGAS and Nematostella
vectensis cGAS (nvcGAS), respectively (Fig. 2.2f). 2°3’-cGAMP stimulated stronger LC3
conversion and TBK1 activation than did 3°3’-cGAMP in hSTING expressing cells, consistent
with the previous report that 2°3’-cGAMP is a higher affinity ligand of STING than 3’3’-
cGAMP (Zhang et al., 2013). Similarly, 2°3’-cGAMP stimulated more robust LC3 conversion
than did 3°3’-cGAMP in nvSTING-expressing cells, but neither compounds stimulated TBK 1
activation through nvSTING (Fig. 2.2f). Truncated huSTING (1-340) mimics nvSTING
function in triggering LC3 lipidation after 2°3’-cGAMP stimulation with no evident TBK1 or

IRF3 phosphorylation (Extended Data Fig. 2.4a).
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Extended Data Figure 2.3. Delineation of a STING region (residue 330-334) required for
LC3 lipidation. a, Expression plasmids encoding truncated STING mutants were transiently
transfected into HEK293T cells for 24 hr, followed by stimulation with cGAMP for 4 hr. Cell
lysates were analyzed by immunoblotting. b, Expression plasmids of indicated STING
truncation mutants were transfected into HeLa GFP-LC3 cells for 24 hr. The cells were
stimulated with cGAMP followed by immunostaining and fluorescence microscopy. ¢, STING
mutants as indicated were transfected and stimulated as described in (b) followed by
immunostaining and fluorescence microscopy.

STING from Xenopus tropicalis also lacks the C-terminus required for TBK1 and IRF3

activation (Extended Data Fig. 2.4b). In response to 2°3’-cGAMP stimulation, Xenopus
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STING translocated from ER and triggered LC3 conversion without activating TBK1 or IRF3

(Extended Data Fig. 2.4c, 2.4d and 2.4e). In contrast, STING from Danio rerio, which contains
a C-terminal activation domain homologous to that of human STING, stimulated LC3
conversion as well as phosphorylation of TBK1 and IRF3 (Extended Data Fig. 2.4c, 2.4d and
2.4e). Taken together, our data show that the autophagy-inducing, but not interferon-inducing,
function of vertebrate STING is conserved in Nematostella and Xenopus, suggesting that the

autophagy-inducing function is a primordial function of the cGAS-STING pathway.
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Extended Data Figure 2.4. STING-induced LC3 conversion is a primordial function of
the cGAS-STING pathway. a, nvSTING induces LC3 conversion but not TBK1 activation



38

in response to 2’3’-cGAMP. HEK293T cells were transfected with expression plasmids
encoding full-length (FL) human STING, human STING (1-340) or sea anemone STING
(nvSTING) for 24 hr and then treated with 2°3’-cGAMP for 3 hr. Cell lysates were analyzed
by immunoblotting. b, Domain organization of STING from human, danio rerio (dr) and
xenopus tropicalis (xt). ¢, Xenopus STING stimulates LC3 lipidation but not IRF3
phosphorylation. HEK293T cells were transfected with expression plasmids for STING-Flag
from human, danio or xenopus for 24 hr, then stimulated with cGAMP for 1 hr. A Flag antibody
was used to immunoprecipitate STING from cell lysates, followed by immunoblotting with
the indicated antibodies. d, Xenopus STING stimulates formation of perinuclear puncta of
STING. Hela cells transiently expressing STING-Flag from human, danio or xenopus were
stimulated with cGAMP for 3 hr. Cells were immunostained with a Flag antibody followed by
fluorescence microscopy. e, Quantification of the percentage of cells with STING peri-nuclear
foci formation. All results in this are representative of at least two independent experiments.
N.D., not detectable.

STING translocates to ERGIC to trigger autophagosome formation upon cGAMP

stimulation

To investigate the mechanism by which STING activates autophagy, we examined STING
trafficking by confocal microscopy. Upon cGAMP stimulation, STING first colocalized at the
perinuclear region with ERGIC-53, a marker of ER Golgi intermediate compartment (ERGIC),
followed by colocalization with GFP-LC3-positive autophagosomes (Fig. 2.3a and
Supplementary Video 4). The trafficking of STING to ERGIC was blocked by golgicide A
(Fig. 2.3b). These results are intriguing because recent studies have suggested that ERGIC is a
major source of membranes for starvation-induced LC3 lipidation (Ge et al., 2013). To test if
ERGIC serves as a membrane source for cGAMP-induced LC3 lipidation, we performed in
vitro reconstitution assay using membrane (P25) fractions from 4zg5”- HEK293T-STING cells
stimulated by cGAS transfection which should contain multiple organelle membranes and

cytosol (S100) from WT HEK293T cells (Fig. 2.3c). Consistent with a previous report (Ge et
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al., 2013), when membranes from A¢g57- cells were incubated with cytosol of starved WT cells,
LC3 conversion was detected 1 hour after incubation (Extended Data Fig. 2.5a). Importantly,
LC3 conversion was detected when membranes from cGAS-stimulated Azg5” cells were
incubated with cytosol of unstimulated WT cells (Fig. 2.3¢ and Extended Data Fig. 2.5a).
Membranes from unstimulated cells or cytosol from Atg5” cells did not stimulate LC3
conversion. Membranes from cGAS-stimulated cells that were treated with Brefeldin A lost
the ability to stimulate LC3 conversion (Fig. 2.3d). These results suggest that vesicles budded
from ER and/or Golgi in ¢cGAS-stimulated cells serve as the membrane source for LC3

conjugation by the cytosolic ATGS conjugation machinery.
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Figure 2.3. STING translocates to ERGIC to trigger autophagosome formation. a, STING
co-localizes with ERGIC and autophagosome in response to cGAMP stimulation. HeLa cells
stably expressing GFP-LC3 and STING-Flag were stimulated with cGAMP for the indicated
time followed by immunofluorescence microscopy. b, STING trafficking to ERGIC is blocked
by Golgicide. BJ cells were stimulated with cGAMP for 3 hr in the presence or absence of
Golgicide A. Cells were stained with DAPI or the indicated antibodies and examined by
confocal microscopy. ¢, LC3 lipidation in vitro requires membranes from cGAS-stimulated
cells and cytosolic extracts containing ATGS. Atg5”- HEK293T cells stably expressing STING
were transfected with or without a cGAS expression plasmid for 18 hr before membrane pellets
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(P25) were prepared by differential centrifugation. The membranes were incubated with
cytosolic extracts (S100) from HEK293T cells at 30°C for 60 min, followed by
immunoblotting analysis. d, Membrane trafficking of STING is important for it to induce LC3
lipidation in vitro. Similar to (¢) except that Brefeldin A was added to 293T-STING Atg5™
cells at indicated concentrations before cells were transfected with a cGAS expression plasmid
followed by isolation of membranes (P25) for the in vitro LC3 lipidation assay. e, Procedure
of Opti-gradient fractionation. f, ERGIC fractions are enriched with LC3 lipidation activity.
Similar to (b) except that p25 membranes were further fractionated by Opti-Prep gradient
ultracentrifugation. The membrane fractions were incubated with cytosol (S100) from
HEK293T cells to detect LC3 lipidation as depicted in (b). The reaction mixtures and each
fraction from the ultracentrifugation were analyzed by immunoblotting with the indicated
antibodies.

To determine the types of vesicles that stimulate LC3 conjugation, we further fractionated the
membranes from c¢GAS-stimulated Atg5”~ HEK293T-STING cells by differential
centrifugation followed by sucrose gradient ultracentrifugation and OptiPrep™ (iodixanol)
density gradient ultracentrifugation (Fig. 2.3d). Each membrane fraction was analyzed by
immunoblotting and tested for its ability to support LC3 conjugation by cytosol from WT
HEK293T cells (Extended Data Fig. 2.5b, 2.5¢ and Fig. 2.3f). This analysis revealed that
membrane fractions enriched in STING and the ERGIC markers ERGIC-53 and Sec22b had
the enhanced activity in stimulating LC3 conversion, suggesting that ERGIC serves as a
membrane source for LC3 conjugation (Fig. 2.3f). This membrane activity assay can be also
applied to reconstitute TBKI1/IRF3 recruitment and activation using TBKI/IKKi’- cell
membrane containing STING with cytosol of unstimulated WT cells (Extended Data Fig.
2.5d). Both LC3 lipidation and TBK1/IRF3 activation require the membrane integrity of
STING-containing membrane as disruption of the membrane using detergent also destroyed
the downstream activities (Extended Data Fig. 2.5d). Unlike ERGIC membrane fraction

capable of LC3 lipidation, heavier membrane fractions enriched in the trans-Golgi marker



42

TGN38 and endosome marker EEA1 had more activity in TBK1 phosphorylation (Extended

Data Fig. 2.5¢).
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Extended Data Figure 2.5. In vitro assays of STING-induced LC3 lipidation and
TBK1/IRF3 activation. a, ATG57293T cells stably expressing Flag-STING were transfected
with a cGAS expression plasmid or an empty vector for 24 hr. Membrane pelleted at 25,000 g
(P25) from these cells was incubated with cytosolic extracts (S100) from starved or untreated
293T cells in the presence of GTP and ATP regenerating system. After incubation at 30°C for
60 min, the reaction mixtures were analyzed by immunoblotting. b, Similar to (a) except that
different organelle membranes enriched by differentiation centrifugation were prepared and
incubated with cytosol (S100) from HEK293T cells to detect LC3 lipidation. ¢, Similar to (a)
except that P25 membrane was further fractionated by sucrose step gradient ultracentrifugation
to generate P25P (pellet) and P25L (light) and incubated with cytosol (S100) from HEK293T
cells to detect LC3 lipidation. d, Similar to (a) except that the organelle membrane (P25) was
prepared from BJ cells deficient in TBK1/IKK-¢ and phosphorylation of TBK1 and IRF3 was
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examined this time. The P25 pellet were pretreated with NP40 to disrupt the membrane
integrity to assess the importance of membrane in STING activation. e, Similar to (a) except
that in addition to use P25 membrane for the reaction, P3, P10, P25, P50 and P100 were all
collected using differentiation centrifugation to incubate with cytosolic extracts (S100) from
HEK293T cells to detect LC3 lipidation as well as TBK1 and IRF3 phosphorylation.

STING-induced LC3 lipidation requires WIPI2, independent of cytosol mTOR

inhibition.

To test if canonical autophagy induction is required for cGAMP-induced STING degradation,
we used CRISPR technology to knock out key autophagy genes, including ATGS and ATG9.
Interestingly, ATGS deficiency abolished LC3 lipidation but not STING degradation
(Extended Data Fig. 2.6a). Basal levels of LC3 lipidation appeared to be higher in ATG9Y-
deficient cells, but cGAMP-induced STING degradation was normal in these cells (Extended
Data Fig. 2.6b). As ER stress induces autophagy (Hoyer-Hansen and Jaattela, 2007), we next
tested whether STING, as an ER transmembrane adapter protein, activated autophagy through
inducing ER stress or directly functioning as an ER stress sensor. Dithiothreitol (DTT) or
Thapsigargin, known to induce the accumulation of misfolded proteins on the ER, led to the
proteolytic cleavage of ATF6 and its trafficking from the ER to the Golgi, similar to STING
(Ye et al., 2000); however, no LC3 conversion was detected (Extended Data Fig. 2.6d). In
contrast, STING induced LC3 conversion without causing ATF6 cleavage and elevation of
downstream CHOP protein expression (Extended Data Fig. 2.6d), indicating that STING
activation does not induce autophagy through ER stress. STING activation also does not inhibit
mTOR as mTOR and 4E-BP1 were dephosphorylated after treatment with Torinl or EBSS but

not after HT-DNA or cGAMP despite that HT-DNA and cGAMP triggered more robust LC3
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conversion(Extended Data Fig. 2.6¢c). We further asked whether STING directly activates

ULKI1 kinase to induce autophagy. MEF cells deficient in both ULK1 and ULK2 showed
normal STING degradation and more LC3 conversion after HT-DNA, cGAMP or DMXAA
treatment (Fig. 2.4a). However, ULK1/2 deficiency showed a moderate decrease in LC3
conversion after Torinl and Rapamycin treatment (Extended Data Fig. 2.6d). It has been
reported that not all autophagy initiations were dependent on ULK1/2 (Cheong et al., 2011);
moreover, ULK1/2 not only functions importantly in autophagosome nucleation but also
maturation (Petherick et al., 2015). We also detected the accumulation of P62 in ULK1/2
deficient cells (Extended Data Fig. 2.6d) and accumulation of premature autophagosome
structures in ULK 1 Hela cells (Fig. 2.4d). This indicates that ULK1/2 deficiency results in not
only the impairment of autophagy induction (LC3 lipidation) but also the blockade of
autophagy maturation (LC3-II turn-over). Thus, the overall LC3-II level after conventional
autophagy induction remained almost unchanged in ULK1/2-deficient MEF cells (Extended
Data Fig. 2.6e) while STING-induced LC3-II levels were much higher (Fig. 2.4a). In

conclusion, STING-induced autophagy is uncoupled from cytosolic mTOR inhibition.
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Extended Data Figure 2.6. STING-induced autophagy is uncoupled from cytosol mTOR
inhibition. a, ATGS is required for LC3 lipidation but dispensable for STING degradation
induced by cGAMP. Atg5” or Atg5-reconstituted BJ cells were stimulated with cGAMP for
indicated time followed by immunoblotting of cell lysates. b, ATG9 is dispensable for STING
degradation. 41g9” or Atg9-reconstituted BJ cells were stimulated with cGAMP for indicated
time followed by immunoblotting of cell lysates. ¢, STING activation does not induce mTOR
inhibition. BJ cells were treated with cGAMP, HT-DNA, Torin or Rapamycin for indicated
time followed by immunoblotting of cell lysates. d, STING activation does not induce ER
stress. BJ cells were treated with cGAMP, HT-DNA, DTT or Thapsigargin (TG) for indicated
time followed by immunoblotting of cell lysates. e, Similar to Fig. 2.4a, ULK1 and ULK?2 are
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not essential for LC3 conversion by conventional autophagy. Wild type and ULK1/2”- MEF
cells were stimulated with Torin 1 or Rapamycin at indicated time followed by immunoblotting
of cell lysates. f, Similar to Fig. 2.4¢, BECNI is not essential for LC3 conversion by
conventional autophagy. Wild type and BECNI”- BMDM were stimulated with cGAMP,
Torinl or EBSS at indicated time followed by immunoblotting of cell lysates.

Interestingly, in WIPI2-deficient cells, LC3 lipidation and P62 degradation was largely
abolished after HT-DNA or cGAMP treatment while TBK 1 and IRF3 phosphorylation as well
as STING degradation remained unaffected (Fig. 2.4b). This indicates that STING requires
WIPI2 for further LC3-II lipidation independent of downstream TBKI/IRF3 activation,
consistent with our previous results. Next, we asked if the VPS34/BECN1 complex, generating
PI3P for WIPI2 recruitment (Dooley et al., 2014; Kim et al., 2013a; Russell et al., 2013),
functions importantly in STING-mediated LC3 lipidation. Surprisingly, macrophages deficient
in BECNI1 (BecnlFI/Fl, LysM-Cre) showed higher LC3 conversion than autophagy-sufficient
(BecnlFI/FI) cells after cGAMP, HT-DNA, Torinl or EBSS treatment (Fig. 2.4c and Extended
Data Fig. 2.6f). Similarly, knockout of VPS34 did not abolish LC3 conversion but actually
resulted in the additional accumulation of LC3-II after cGAMP treatment (Fig. 2.4f). Recent
studies reported that PI3P generation can be recovered by other PI3P resources (Devereaux et
al., 2013), and in BECN1 or VPS34 deficient cells, LC3 conversion was not abolished but
actually occasionally accumulated (Devereaux et al., 2013; He et al., 2015; Jaber et al., 2012).
The different results of LC3 conversion in WIPI2-deficient or VPS34/BECN -deficient cells
are possibly due to the extra role of the VPS34/BECN1 complex in autophagosome maturation

(Extended Data Fig. 2.6d and 2.6¢). In conclusion, STING activation requires WIPI2 to induce
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LC3 lipidation and further autophagosome maturation depends on the formation

VPS34/BECN1 and ULK1 complexes.
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Figure 2.4. STING-induced LC3 lipidation requires WIPI2 and STING degradation is
dependent on VPS34. a, STING induced LC3 conversion independent of ULK1 and ULK2.
Wild type and ULK1/2”- MEF cells were treated with cGAMP, HT-DNA, or DMXAA for
indicated time followed by immunoblotting of cell lysates. b, WIPI2 is required for STING-
induced LC3 conversion. WIPI2 knock-out BJ cell pool was generated using sgRNA targeting
WIPI2. Cells were treated with cGAMP, HT-DNA, Torin and Rapamycin for indicated time
followed by immunoblotting of cell lysates. ¢, BECNI is not essential for LC3 conversion
triggered by ¢cGAMP. Wild type and BECNI”- BMDM were stimulated with cGAMP or
HTDNA at indicated time followed by immunoblotting of cell lysates. d, ULK1 and VPS34
are not required for LC3 lipidation but important for autophagosome maturation induced by
cGAMP. ULKI", VPS34", or Atg5”- Hela GFP-LC3 cell pools were generated using CRISPR
and stimulated with cGAMP or Torin for indicated time. GFP-LC3 puncta formation was
showed by fluorescence microscopy. e, Quantification of the percentage of cells with GFP-
LC3 peri-nuclear foci formation. N.D., not detectable. f, VPS34 is required for STING
degradation. VPS34 knock-out BJ cell pool was generated using sgRNA targeting VPS34.
Cells were treated with cGAMP for indicated time followed by immunoblotting of cell lysates.

Previous results showed that deficiencies of autophagy genes including ATGS, ATG9, WIPI2,
BECNI1 and ULK1/2 do not block STING degradation, indicating that autophagy is not
essential for STING degradation. However, in VPS34 knockout cells, STING degradation was
greatly inhibited (Fig. 2.4f). This is consistent with previous studies that VPS34 is not only
important for autophagy but also for the multivesicular bodies pathway (MVB) by
incorporating into different complexes (Funderburk et al., 2010; Futter et al., 2001; Jaber et
al., 2012). Imaging at different time points also revealed that STING partially colocalized with
markers of several organelles and vesicles along the trafficking pathway, specifically into two
routes: ERGIC (ERGICS53) - autophagosome (GFP-LC3) - lysosome (LAMP1) (Fig. 2.3a) and
cis-Golgi (GM130) - trans-Golgi network (TGN38) - endosomes derived from TGN (GGA3)
- late endosome (CD63) - lysosome (LAMP1); Extended Data Fig. 2.7a and 2.7b). In the
presence of bafilomycin Al, STING colocalized with Rab7a, a GTPase associated with the

late endosome (Extended Data Fig. 2.7¢ and 2.7d). Knockdown of Rab7a by RNAi slowed
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down STING degradation and led to accumulation of phosphorylated forms of TBK1 and IRF3

(Extended Data Fig. 2.7¢). Rab7a depletion also led to enhanced LC3 conversion even in the
absence of stimulation (Extended Data Fig. 2.7¢), consistent with an important role of Rab7a
in the degradation of LC3-positive autophagosomes (Eskelinen, 2005; Gutierrez et al., 2004;

Hyttinen et al., 2013; Jager et al., 2004).
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Extended Data Figure 2.7. cGAMP-bound STING traffics through Golgi-endosome or
ERGIC-autophagosome to lysosome. a, BJ cells were stimulated with cGAMP for indicated
time. Cells were immunostained with a STING antibody together with an antibody against
GM130 (cis-Golgi), TGN38 (trans-Golgi), GGA3 (post-Golgi vesicles), CD63 (late
endosome) or LAMP1 (lysosome), followed by immunofluorescence microscopy. b,
Quantification of the percentage of cells in which STING colocalized with different organelle
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markers. N.D., not detectable. ¢, BJ cells were stimulated with cGAMP in the presence or
absence of Bafilomycin Al (BafAl). Cells were immunostained with an antibody specific for
STING or RAB7A followed by microscopy. d, Quantification of the percentage of cells that
STING colocalized with RAB7A. N.D., not detectable. e, BJ cells were transfected with siRNA
targeting RAB7A or a control siRNA for 3 days, followed by stimulation with cGAMP for
indicated time. Cell lysates were analyzed by immunoblotting.

ARFs GTPase are required for STING trafficking and signaling

Brefeldin A and Golgicide A inhibit ARF GTPases by competitively binding to ARFGEF
family including GBF1 to block COP-I vesicle trafficking (Niu et al., 2005; Saenz et al., 2009).
Both inhibitors blocked phosphorylation of TBK 1 and IRF3 induced by DNA but not Poly(I:C)
(Extended Data Fig. 2.2¢) as well as LC3 conversion triggered by cGAMP (Extended Data
Fig. 2.2b), suggesting that ARF proteins and ARFGEF proteins are specifically involved in the
DNA signaling pathway. To test if cGAMP activates ARF1, we stimulated BJ and HEK293T-
STING cells with cGAMP and then immunoprecipitated GGA3, an effector protein that is
known to bind specifically to GTP-bound ARF1. At 4 hours after cGAMP stimulation, which
corresponded to the peak of phosphorylation of STING, TBK1 and IRF3, GGA3 associated
with ARF1, indicating that ARF1 was activated (Fig. 2.5a). In support of an important role of
ARF1 in STING signaling, two different pairs of siRNA against ARF1 strongly inhibited
induction of IFN-B and CXCL10 by HT-DNA but not Poly(I:C) in BJ cells (Fig. 2.5b and
2.5¢). Knockdown of ARF1 but not ARF4 also blocked STING translocation to Golgi in Hela
cells, whereas knockdown of ARF3, ARF5 and ARF6 partially inhibited STING trafficking
(Fig. 2.5d). It indicates that in most cell lines, ARF1 plays a major role in STING trafficking

and downstream activities. As GBF1, one of the major GEF regulators of ARF GTPase, is a
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target of Brefeldin A and Golgicide A, we tested its interaction with STING by

coimmunoprecipitation. Indeed, GBF1 was associated with STING in cGAS-stimulated
HEK?293T cells stably expressing WT STING, but not a STING mutant defective in cGAMP
binding (Extended Data Fig. 2.8a). cGAMP stimulation also led to co-localization of STING
with GBF1, ERGIC-53, the COP-I coat protein B-COP and the cis-Golgi marker GM130; such
co-localization was abolished by Golgicide A (Extended Data Fig. 2.8b). These results suggest
that cGAMP induces STING interaction with ARF GTPase GEF regulator on ERGIC further
triggering ARF GTPase activity for STING membrane trafficking which licenses downstream

autophagy activation and interferon response.
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Figure 2.5. STING activates ARFGEF and ARF GTPase families for its membrane
trafficking. a, cGAMP stimulates ARF1 GTPase activity. BJ cells were treated with cGAMP
or starvation for the indicated time before cell lysates were immunoprecipitated with an
antibody against GGA3 or STING, followed by immunoblotting with the indicated antibodies.
b, Hela STING-GFP cells were transfected with siRNA targeting different ARF family
members for 3 days and then stimulated with cGAMP (75 nM) for 1 hr. STING-GFP foci were
quantified by confocal microscopy. ¢, Quantification of the percentage of cells with STING
peri-nuclear foci formation. N.D., not detectable. d, BJ cells were transfected with two



54

different siRNAs targeting ARF1 followed by transection with HT-DNA or Poly(I:C) for
indicated time. Total RNA was isolated to measure the expression of indicated genes by RT-
qPCR. e, siRNA targeting ARFGEF1 or ARFGEF2 was transfected into 293T STING-Flag
cells before stimulation with cGAMP (0.5 uM) for indicated time. Cell lysates were analyzed
by immunoblotting. f, Similar to e, except that GBF1-deficient 293T-STING-Flag cells were
used.

However, BJ cell clones depleted of ARF1 or GBF1 by CRISPR were still capable of lipidating
LC3 and phosphorylating TBK1 and IRF3 in response to cGAMP stimulation (Extended Data
Fig. 2.8c and 2.8d). The cGAMP signaling pathway in ARF1-/- cells was still sensitive to
inhibition by Brefeldin A, suggesting that Brefeldin A also targets at least one other protein in
these cells to inhibit cGAMP signaling (Extended Data Fig. 2.8c). It is possible that cloning of
ARF1-/- cells leads to a compensatory response such as upregulation of other ARF family
member (Donaldson and Jackson, 2011; Popoff et al., 2011; Volpicelli-Daley et al., 2005).
Similarly, two different clones of 293T STING-Flag cells depleted of GBF1 by CRISPR were
largely normal in lipidating LC3 and activating TBK1 and IRF3 in response to cGAS
transfection (Extended Data Fig. 2.8c). To test if the other GTP exchange factors (GEF) for
ARF, ARFGEF1 and ARFGEF2, could compensate for the loss of GBF1, we used RNAIi to
knock down the expression of these proteins in HEK293T-STING cells lacking GBF1.
Knockdown of both GEF proteins in the GBF1 knockout cells, but not in WT cells, strongly
inhibited TBK1 and IRF3 phosphorylation as well as LC3 lipidation in response to cGAMP
(Fig. 2.5¢ and 2.5f). Knock down of ARFGEF1 alone, but not ARFGEF2 alone, in the GBF1
knockout cells also led to significant inhibition of IRF3 phosphorylation and LC3 conversion.

These results suggest that GBF1 and ARFGEFI, and to a lesser extent ARFGEF2, play an
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important albeit redundant role in STING trafficking, IRF3 activation and autophagy

induction.
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Extended Data Figure 2.8. Deficiency in GBF1 or ARF1 is not sufficient for abolishing
STING trafficking and activation. a, cGAMP induces STING interaction with GBF1. 293T
cells stably expressing WT or mutant STING were transfected with a cGAS expression plasmid
(0.5 pg/ml) for the indicated time. STING in the cell lysates was immunoprecipitated with a
Flag antibody, and the precipitates were analyzed by immunoblotting with indicated
antibodies. b, cGAMP induces STING colocalization with GBF1. HeLa cells stably expressing
STING-Flag were stimulated with cGAMP in the presence or absence of Golgicide A (GCA).
Cells were immunostained with indicated antibodies followed by fluorescence microscopy. ¢,
Two independent clones of ARF1-/- HEK293T STING-flag cells were generated by CRISPR.
These and WT cells were stimulated with cGAMP (0.5 uM) for the indicated time in the
presence or absence of Brefeldin A (BFA, 2 uM). Cell lysates were analyzed by
immunoblotting. d, Two GBF1-/- clones were generated in 293T STING-flag cells by
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CRISPR. cGAS expression plasmids (0.5 pg/ml) were transfected into these as well as WT
cells for the indicated time before cell lysates were analyzed by immunoblotting.

SEC24C is essential for STING membrane trafficking and downstream activation

Trafficking of proteins in the membrane and lumen of the ER initiates through the budding of
vesicles that requires the GTPase SARIA and the COP-II complex that includes SEC24
(Brandizzi and Barlowe, 2013; Saitoh et al., 2009). To test the role of SEC24C and SAR1A in
the cGAS-STING signaling pathway, we used siRNA to knock down the expression of SARTA
or SEC24C in HeLa cells stably expressing STING-GFP. Two different pairs of siRNA
targeting SAR1A or SEC24C largely blocked STING puncta formation induced by cGAMP
(Fig. 2.6a and 2.6b). The depletion of each protein also inhibited induction of IFNf and the
chemokine CXCL10 by DNA or cGAMP, but not Poly(I:C) (Fig. 2.6¢c and 2.6d). Similar to
siRNA that targets STING, two pairs of siRNA targeting SEC24C largely abolished the
phosphorylation of TBK1 and IRF3 triggered by cGAMP (Fig. 2.6¢). We further used CRISPR
technology to knock out SEC24C in HEK293T-STING cells. A single-guide RNA (sgRNA)
against SEC24C was efficient in nearly depleting endogenous SEC24C in these cells without
single cell cloning (Fig. 2.6f). Depletion of SEC24C inhibited LC3 conversion and
phosphorylation of TBK1 and IRF3 (the residual activity may be due to the presence of some
WT cells in the pool). When the knockout cells were repleted with Sec24C, the cGAMP
signaling pathway was fully restored (Fig. 2.6f). The mutagenesis screen of STING identified
the region spanning residues 330-334 as being important for STING trafficking and

downstream signals, including TBK1/IRF3 phosphorylation and LC3 lipidation (Extended



57
Data Fig. 2.3a and 2.3b). The sequence surrounding the ‘LR’ motif (L333 and R334) is

evolutionarily conserved among species in which STING is capable of binding cGAMP (Fig.
2.2e). Co-immunoprecipitation experiments showed that cGAMP induced the interaction
between STING and SEC24C at early time points and that this interaction was disrupted by
the double mutations of L333 and R334 in STING (Fig. 2.6g). These results indicate that
formation of the COP-II vesicle is important for the signaling events after cGAMP binds to

STING.
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Figure 2.6. SEC24C is important for STING trafficking and downstream activities. a,
Hela STING-GFP cells were transfected with siRNAs targeting SAR1A, SEC24C or luciferase
(control) for 3 days before stimulation with cGAMP (75 nM) for 1 hr. STING-GFP foci were
detected and quantified by confocal microscopy. b, Quantification of the cell percentage with
colocalized LC3 and STING puncta. All results in this and other figures are representative of
at least two independent experiments. N.D., not detectable. ¢, BJ cells were transfected with
siRNAs targeting SAR1A for 3 days before transfection with HT-DNA or Poly(I:C) for the
indicated time. Total RNA was isolated to measure the expression of indicated genes by RT-
qPCR. d, Similar to (c¢) except that Hela cells were transfected with siRNAs targeting SEC24C,
and cells were stimulated with cGAMP or Poly(I:C). e&f, SEC24C is required for LC3
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lipidation and IRF3 phosphorylation. e, SEC24C were depleted using two pairs of siRNA
separated. The cells were stimulated with cGAMP followed by immunoblotting f, HEK293T
cells stably expressing STING were infected with lentiviruses harboring SEC24C sgRNA to
deplete endogenous SEC24C. To restore SEC24C expression, an aliquot of the cells was
infected with lentiviruses expressing a sgRNA-resistant SEC24C cDNA. The cells were
stimulated with cGAMP followed by immunoblotting. g, cGAMP induces STING binding to
SEC24C. HEK293T cells stably expressing SEC24C-HA and WT STING-FLAG or the
indicated mutant STING were stimulated with cGAMP before cell lysates were prepared for
immunoprecipitation using the Flag antibody. Precipitated proteins were analyzed by
immunoblotting with the indicated antibodies.

c¢GAMP-induced autophagy promotes the clearance of cytosolic DNA and viruses

Our findings that the autophagy- and interferon-inducing activities of STING can be uncoupled
and that the autophagy-inducing activity of STING predates its interferon-inducing activity
during evolution raise the question of the role of autophagy induction by the cGAS-STING
pathway. We first examined whether autophagy induction by cytosolic DNA provides a
mechanism for the clearance of DNA from the cytosol. HeLa cells stably expressing GFP-LC3
alone or together with STING were permeabilized with the bacterial toxin perfringolysin O
(PFO) before delivery of Cy3-labelled ISD. The DNA activates endogenous cGAS to produce
cGAMP, which leads to LC3 puncta formation in STING-expressing but not STING-deficient
cells (Fig. 2.7a). Co-localization of the LC3 puncta with Cy3-ISD was evident in cells
expressing WT STING, but not a STING mutant defective in cGAMP binding (Fig. 2.7a and
Extended Data Fig. 2.9a, 2.9b). The intensity of Cy3-ISD in cells expressing the mutant STING
was greater than that in cells expressing WT STING (Extended Data Fig. 2.9a), suggesting that
DNA accumulated in the cells that failed to activate autophagy. Treatment of cells with

Brefeldin A abolished the colocalization of LC3 puncta with Cy3-ISD which also accumulate
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cytosolic Cy3-ISD (Extended Data Fig. 2.9b). These results suggest that cytosolic DNA was

delivered to the LC3-containing autophagosomes triggered by STING trafficking. Live cell
imaging further revealed the process by which Cy3-ISD in the cytosol led to LC3 puncta
formation and was then wrapped up by LC3 puncta followed by DNA degradation
(Supplementary Video 5). cGAMP delivery further accelerated LC3 puncta formation and
DNA degradation (Supplementary Video 6). These results indicate that cGAMP-induced

autophagy facilitates the clearance of cytosolic DNA.
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Figure 2.7. cGAMP-induced autophagy mediates the clearance of cytosolic DNA from
micronuclei and viruses. a, Cytosolic DNA colocalizes with LC3 wvesicles in STING
expressing cells. CY3-ISD DNA was delivered into HeLa-GFP-LC3 cells or those stably
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expressing STING in the presence of PFO, followed by fluorescence microscopy. Higher
magnification of single cell images was shown, representing > 90 % of the cells under
examination. b, Micronuclei formation induces autophagy. Hela cells stably expressing GFP-
LC3 and STING-flag were treated with Etoposide or Cisplatin for 24 hours.
Immunofluorescence of anti - double strand DNA and GFP-LC3 were examined for
micronuclei and autophagosomes. ¢, STING was knocked out using CRISPR technique and
lentiviral vector expressing STING-flag or empty control were used for rescue in Hela cells
expressing GFP-LC3. The cells were treated with Etoposide combined with or without
cGAMP. The micronuclei were detected using antibodies against gamma H2AX or double
strand DNA and autophagosomes were examined using GFP-LC3. d, Autophagy induction
through STING 1-340 is sufficient to suppress HSV1 replication. HEK293T cells stably
expressing WT or mutant STING were stimulated with cGAMP and then infected with
HSVI1AICP34.5 for 12 hr at MOI of 1 or 3. Viral DNA in the infected cells was quantified by
qPCR using primers targeting the HSV1 genome. VGE: virus genome equivalent. e, LC3
deconjugation by RavZ abrogates cGAMP’s anti-viral effects. HEK293T-STING stable cells
transiently expressing WT or C258A RavZ were stimulated with indicated concentrations of
cGAMP before infection by HSVIA ICP34.5 for 8 hr. Viral DNA in infected cells was
measured by qPCR to calculate VGE. Data are presented as mean + SD. **, p < 0.001; n.s.,
not significant (t test, alpha = 0.01). f, ATGS5 knockout partially reverses cGAMP stimulated
anti-HSV 1 repression. ATG5 or TBK1 were knocked out using CRISPR technique in STING-
expressing HEK293T cells. The cells were then infected with GFP-HSV-1 with or without
cGAMP stimulation. FACS were performed to quantify relative viral GFP intensity in each
cell line.

To investigate whether cGAMP enhances the clearance of endogenous DNA, we used
arabinofuranosyl cytidine (Ara-C) and aphidicolin, two compounds that cause DNA damage
by interfering with DNA synthesis. Both Arc-C and aphidicolin treatments led to the
appearance of DNA in the cytosol which was detected by an antibody against dsSDNA
(Extended Data Fig. 2.9¢c and 2.9d). Importantly, cGAMP treatment led to the disappearance
of cytosolic DNA and this effect of cGAMP was blocked by Golgicide A (Extended Data Fig.
2.9c and 2.9d). These results suggest that nuclear DNA damage causes the release of DNA into
the cytosol, which is cleared by cGAS-induced autophagy and subsequent degradation in the

lysosome. Recent studies also indicate that micronuclei formed by chromosome mis-
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segregation during mitosis can trigger the activation of cGAS-STING pathway by the leakage

of nuclear DNA(Bakhoum et al., 2018; Harding et al., 2017; Mackenzie et al., 2017; Yang et
al., 2017). We used Etoposide or Cisplatin to induce micronuclei formation in Hela cells and
found that they recruited cGAS (Extended Data Fig. 2.9¢) and also stimulated GFP-LC3 puncta
formation (Fig. 2.7b). Moreover, the GFP-LC3 vesicles triggered by Etoposide or combined
with cGAMP, targeted micronuclei in cytoplasm, potentially for its clearance (Fig. 2.7¢ and

Extended Data Fig. 2.9¢).
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Extended Data Figure 2.9. cGAMP enhances the clearance of cytosolically damaged DNA
and micronuclei. a, cGAMP binding by STING enhances the clearance of cytosolic DNA.
CY3-ISD was delivered into HeLa-GFP-LC3 cells stably expressing WT or mutant
(R238A/Y240A) STING. Live cell imaging was carried out with still frames shown at the
indicated time. Fluorescence intensity was quantified using Image J from three different areas
each of which contains three cells. b, DNA-induced autophagy facilitates clearance of
cytosolic DNA. HelLa cells stably expressing GFP-LC3 and STING-Flag were treated with
Brefeldin A1 (BFA, 2 uM) for 60 min. CY3-ISD was delivered into cells that were
permeabilized by PFO. GFP-LC3 and Cy3-ISD fluorescence were monitored by live cell
imaging. Still frames at the indicated time are shown, and fluorescence intensity was calculated
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from three different areas each of which contains three cells. cGAMP enhances degradation of
cytosolic DNA generated by DNA damage drug. c¢&d, cGAMP facilitates clearance of
cytosolic DNA generated by Ara-C or aphidicolin. ¢, MEF cells were treated with Ara-C for
12 hr and then stimulated with cGAMP in the presence or absence of Golgicide A (GCA) for
another 12 hr. Cytosolic DNA was immunostained with a dsSDNA-specific antibody. Intensity
of cytosolic DNA staining was quantified using Image J by deducting nucleus staining.
Calculations were based on five cells from three different areas. d, MEF cells were treated with
aphidicolin (10 pg/ml) for 12 hr and then stimulated with cGAMP in the presence or absence
of Golgicide A (10 uM). After another 12 hr, cells were immunostained with an antibody
specific for dsSDNA. Intensity calculations of cytosolic DNA staining were done using Image
J by deducting nucleus staining. Quantifications were based on five cells from three different
areas. e, Micronuclei are targeted by cGAS and autophagosome. Hela cells expressing GFP-
LC3 and STING-flag were treated with Etoposide as described above to generate micronuclei.
The immunofluorescence staining was carried out using antibodies for double strand DNA,
gamma-H2AX and cGAS.

Our previous works suggest that 1-340 STING did not activate TBK1 and IRF3 but was still
capable of inducing autophagy activity. To understand the pattern of cellular activity
downstream of STING signaling after cGAMP stimulation, we further performed RNA
sequencing in HEK293T cells expressing different STING mutants such as full length wild
type STING, full length S366A STING, wild type 1-340 STING and 1-340 STING R238A.
Many interferon-stimulated genes (ISGs) and TNF-related genes were upregulated in
HEK293T cells expressing full length wild type STING after transfection with plasmids
expressing cGAS (Extended Data Fig. 2.10a). In the cells expressing S366A STING,
upregulation of ISGs were abolished while the expression of TNF related genes was elevated,
consistent with our previous study that S366A is only important for IRF3 phosphorylation
through TBK1 activation but not necessary for IKKf activation (Extended Data Fig. 2.10a and
2.10b). The upregulation of ISGs and TNF-related genes was abolished in 1-340 STING-

expressing cells and almost all the previously noted gene expression was unchanged in the 1-
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340 STING R238A cells (Extended Data Fig. 2.10a and 2.10b). It suggests that this truncated

form of STING can be used as a specific system to study other functions of STING that are
uncoupled from interferon and other inflammatory responses. Next, we tested whether
cGAMP-induced autophagy is important for host defense against virus infection. HEK293T
cells expressing full-length STING were treated with or without cGAMP, followed by
infection with HSV 1. Quantitative PCR (qPCR) measurement of the viral genome equivalents
(VGE) revealed that cGAMP treatment significantly decreased virus titer (Fig. 2.7d).
Importantly, cells expressing STING (1-340), but not a STING mutant defective in cGAMP
binding (R238A/Y240A), also had reduced HSV1 titer in response to cGAMP treatment (Fig.
2.7d), indicating that the autophagy-inducing function of truncated STING (1-340) is
potentially important for cytosolic clearance of the virus. Similarly, HIV1-GFP and HSV1-
GFP viral titers were significantly lower in cGAMP-stimulated HEK293T cells expressing
full-length STING or STING (1-340), but not the STING (1-340, R238A/Y240A) mutant
(Extended Data Fig. 2.11a and 2.11b). Hela cells expressing STING (1-340) showed a constant
slower HSV1 growth curve compared with the STING (1-340, R238A/Y240A) mutant after
cGAMP stimulation (Extended Data Fig. 2.11c¢). To further evaluate the role of autophagy in
antiviral defense, we employed the Legionella protein RavZ, an enzyme that irreversibly
cleaves LC3 from phosphatidylethanolamine on the membrane (Choy et al., 2012).
Transfection with 3 pg of WT RavZ expression plasmid in HEK293T-STING cells removed
LC3 conjugation (Extended Data Fig. 2.11d) and largely obliterated the inhibitory effect of
cGAMP on HSV1 replication (Fig. 2.7¢); the residual inhibitory effect of cGAMP may be due

to induction of interferons or other antiviral downstream events. In contrast, a catalytically
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inactive mutant of RavZ (C258A) did not interfere with the inhibition of HSV1 replication by

cGAMP (Fig. 2.7f and Extended Data Fig. 2.11d). Consistently, knocking out of ATGS5 but
not TBK1 significantly rescued cGAMP-stimulated anti-HSV1 repression as measured by
GFP-HSV1 fluorescence intensity and viral genome equivalents (VGE) (Fig. 2.7f and
Extended Data Fig. 2.11e). Taken together, these results suggest that cGAMP-induced

autophagy plays a crucial role in antiviral defense.
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Extended Data Figure 2.10. 1-340 STING is incapable of inducing interferon and
inflammatory gene expression. a, HEK293T cells expressing different STING mutants were
transfected with plasmids expressing wild type or mutant cGAS. Cells were collected for RNA
sequencing as described in METHOD. b, Similar to (a), except that cells were collected for
RT-qPCR using primers for ISGs, TNFa and GADD34 and GADDA45.
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Extended Data Figure 2.11. cGAMP induces anti-viral defense through autophagy. a,
c¢GAMP-induced STING 1-340 activation enhances HIV-1 clearance. 293T cells reconstituted
with WT or mutant STING were stimulated with cGAMP and then infected with the
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pseudotyped HIV1-GFP virus for 24 hr at MOI = 1. GFP+ cells were analyzed by FACS. The
results are representative of two independent experiments. b, cGAMP-induced STING 1-340
activation enhances HSV-1 clearance. 293T cells reconstituted with WT or mutant STING
were stimulated with cGAMP and then infected with the HSV1-GFP virus for 18 hr. GFP+
cells were analyzed by FACS. The results are representative of two independent experiments.
¢, cCGAMP-induced STING 1-340 activation enhances HSV-1 clearance. HEK293T cells
stabling expressing 1-340 STING wild type or R238A mutant were stimulated with cGAMP
as described before and infected with HSV-1 virus at MOI = 5. At indicated time points, the
cells were harvested and virus genome DNA was purified for g-PCR quantification using HSV-
1 targeting primer as described before. d, RavZ catalyzes LC3 deconjugation. 293T-STING
stable cells were transfected with the RavZ expression plasmids (WT or C258A mutant) for 36
hr and then stimulated with cGAMP for indicated time. Cell lysates were analyzed by
immunoblotting with the indicated antibodies. e, ATG5 knockout partially reverses the
cGAMP stimulated anti-HSV1 repression. BECN1, ATGS or TBK1 were knocked out using
CRISPR technique in STING-expressing HEK293T cells. The cells were then infected with
HSVI1AICP34.5 with or without cGAMP stimulation. qPCR using HSV-1 primer were
performed to quantify relative virus titers in each cell line.
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CHAPTER THREE

CONCLUSION

A unique and important feature of the cGAS-STING pathway of cytosolic DNA sensing is the
robust activation of autophagy in addition to induction of interferons and inflammatory
cytokines. Both activities depend on the production of cGAMP and its binding to STING as
well as STING membrane trafficking. Interestingly, cGAMP-induced LC3 lipidation is
independent of TBK1 and the C-terminal signaling domain of STING, which is required for
type-I interferon induction (Liu et al., 2015a; Tanaka and Chen, 2012). Conversely, activation
of TBK1 and IRF3 is intact in ATGS5 deficient cells that are defective in LC3 lipidation and
autophagosome formation. Thus, the autophagy- and interferon-inducing activities of STING
can be uncoupled. We propose that after cGAMP binding to STING, STING binds to ARFGEF
proteins to initiate ARF GTPases activities which then translocates to ERGIC through COP-I
and COP-II vesicles. ERGIC serves as the membrane source for WIPI2 recruitment and LC3
lipidation, leading to formation of autophagosomes that target cytosolic DNA and DNA viruses
for degradation by the lysosome. A fraction of STING traffics from ERGIC through the Golgi
network and post-Golgi vesicles including late endosomes, whereby STING activates TBK 1
and IRF3, leading to type-I interferon induction. STING on the autophagosomes or endosomes
continue to traffic to the lysosome where STING is degraded in a VPS34 and RAB7 dependent

manner (Fig. 2.8).

Unlike the canonical autophagy pathway involving amino acid deprivation, LC3 lipidation

induced by cGAMP occurred normally in the absence of mTOR inhibition from the cytosol.
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As STING is an ER membrane protein that traffics to ERGIC, which provides the membrane

source for LC3 lipidation, it may bypass signal from the cytosol including ULK1 complex
activation that is normally required to for autophagosome initiation through mTOR inhibition
or AMPK activation. Using an in vitro reconstitution assay, we found that membranes from
cGAMP-stimulated ATGS5-/- cells can be conjugated with LC3 by cytosolic extracts from
ATGS5+/+ cells. Imaging and biochemical experiments suggest that ERGIC likely serves as a
membrane source of LC3 lipidation. Similarly, ERGIC has been proposed to function as the
membrane source for LC3 lipidation in the canonical autophagy pathway induced by starvation
(Ge etal., 2013; Ge et al., 2014). However, biochemical reconstitution experiments revealed a
marked difference between autophagy induced by cGAMP and that induced by starvation. In
the case of cGAMP-induced autophagy, the activity of the membrane fraction is regulated and
the cytosolic activity is constitutive. The opposite is true for starvation-induced autophagy.
Consistently, we found that, unlike Torinl or Rapamycin treatment, cGAMP did not induce
mTOR inhibition. It is still not clear why ERGIC from cGAMP-stimulated cells gains the
ability to conjugate with LC3 and what is the direct autophagy machinery targeted by activated
STING. Interestingly, we found that WIPI2 was essential for cGAMP-induced LC3 lipidation
and was possibly recruited to the STING-activated ERGIC membrane. We next tested whether
the VPS34/BECN1 complex is essential in this scenario since WIPI2 is a PI3P sensor, and the
VPS34 complex functions as a PI3P kinase which recruits the WIPI family for LC3
conjugation. However, genetic knockout of VPS34 or BECNI1 did not impair LC3 conversion
in either conventional autophagy induction using Torinl or after cGAMP stimulation. It is

possible that other sources of PI3P generated by other kinases exists, which may still weakly
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support LC3 lipidation and autophagosome initiation (Devereaux et al., 2013). Surprisingly,

but consistent with other recent studies (Devereaux et al., 2013; He et al., 2015; Jaber et al.,
2012), we did not see the suppression of but rather the occasional additional accumulation of
lipid in these KO cells, which indicates that VPS34/BECNI function is important in not only
autophagy initiation but also maturation of the autophagosome. Indeed, cells deficient in
VPS34 cannot generate mature GFP-LC3 vesicles despite recruitment of GFP-LC3 to peri-

nuclear regions.

Brefeldin A and Golgicide A strongly inhibit STING trafficking and all of its downstream
functions, suggesting that GBF1 and ARF GTPases are important for STING trafficking.
Indeed, RNAi of ARF1 or GBF1 markedly inhibits interferon induction. However, cell lines
completely depleted of either ARF1 or GBF1 do not exhibit an obvious defect of STING
trafficking or signaling. This may be due to compensatory expression of other ARFs or
ARFGEFs in stable cells that are permanently depleted of ARF1 or GBF1. Indeed, in GBF1-
/- but not wild-type cells, knockdown of ARFGEF1 and ARFGEF?2 led to a strong inhibition
of IRF3 phosphorylation and LC3 conversion. It is also interesting to note that ARFI is
activated in cells stimulated with cGAMP and that cGAMP induces the association of STING
with GBF1, which activates ARF1. In this regard, it is possible that cGAMP-bound STING
activates ARF GTPases through ARFGEF to potentialize ERGIC, leading to enhanced LC3

lipidation and autophagosome formation.

After STING activates autophagy and the interferon pathway, STING itself is degraded,

providing a mechanism for termination of the signaling cascade. Surprisingly, STING
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degradation is not impaired in cells lacking ATGS5, ATG9, WIPI2, BECNI or ULKI,

suggesting that autophagy is not essential for STING degradation. However, STING
degradation is inhibited by Bafilomycin A or Chloroquine, suggesting that STING is degraded
in the lysosome through an alternative membrane traffic route. Since STING traffics from ER
to Golgi, it is plausible that STING buds out from Golgi into endosomes, which subsequently
form multivesicular bodies that then fuse with lysosome where STING is degraded. In support
of this model, time-lapse imaging of STING shows that STING traffics not only to COP-I
vesicles (marked by B-COP), ERGIC (ERGIC-53) and autophagosomes (LC3-II) (Fig. 2.3a
and Supplementary Video 1, 2, 3) but also to cis-Golgi (marked by GM130), trans-Golgi
(TGN38), Golgi-derived endosomes (GGA3), late endosomes (CD63) and lysosomes
(LAMP1) (Extended Data Fig. 2.7a and 7b). RAB7A has been reported to play an important
role in the maturation of both autophagosomes and endosomes and their subsequent fusion
with lysosomes. (Gutierrez et al., 2004; Jager et al., 2004). Consistent with an important role
of RAB7A in STING degradation, we found that depletion of RAB7A significantly inhibited
STING degradation and enhanced phosphorylation of TBK 1 and IRF3. Unlike other autophagy
genes including ATGS, ATG9, WIPI2, ULK1 or BECNI1, VPS34 is important for STING
degradation (Fig. 2.4f) which is consistent with its multiple roles in both autophagosome
maturation and multivesicular bodies (MVB) formation (Funderburk et al., 2010). VPS34
functions separately by forming different complexes with either ATG14 in autophagy or

UVRAG in the MVB pathway (Itakura and Mizushima, 2009).

Remarkably, the sea anemone, which predates humans by more than 500 million years,

possesses a STING homologue (nvSTING) lacking the C-terminal TBK1 activation domain
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(Kranzusch et al., 2015) but still capable of stimulating LC3 conversion in response to cGAMP.

Thus, autophagy induction is an ancient and highly conserved function of the cGAS-STING
pathway that predates the emergence of the type-I interferon pathway in vertebrates. We found
that cGAMP-induced autophagy is important for the clearance of cytoplasmic DNA and
viruses, including HSV-1 and HIV-1. It is tempting to speculate that this clearance of DNA
and microbes in the cytoplasm by autophagy may be the primordial function of the cGAS-
STING pathway prior to emergence of the interferon pathway in vertebrates. It remains to be
determined how DNA and viruses are targeted to the LC3-containing autophagosome.
Intriguingly, recent studies have shown that autophagy is important for cytoplasmic antigen
presentation through MHC-II (Crotzer and Blum, 2009; Lee and Iwasaki, 2008; Lee et al.,
2007; Schmid and Munz, 2007). Moreover, ERGIC plays a critical role in cross-presentation
of antigens through MHC-I (Cebrian et al., 2011; Joffre et al., 2012). Thus, the cGAS-STING
pathway not only directly eliminates cytoplasmic invaders through autophagy and by
producing antiviral effects such as IFNs, but also activates adaptive immune responses by
enhancing antigen presentation and expression of costimulatory molecules. Such a unique
mechanism of action of cGAMP, namely induction of vesicle trafficking, autophagy and innate
immunity, may explain why the cGAS-STING pathway is particularly important for immune
defense against microbial pathogens and malignant cells (Chen et al., 2016b; Deng et al., 2014;

Wang et al., 2017; Woo et al., 2014).
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Figure 2.8. Model of STING membrane trafficking and autophagy induction. A model of
DNA-induced autophagy through the cGAS-STING pathway. Step 1: DNA from pathogens or
damaged cells activates cGAS to synthesize cGAMP. cGAMP binds to STING and triggers
STING translocation from ER to ERGIC and Golgi in a process that depends on SARI,
SEC24C and ARFs. Step 2: ERGIC containing cGAMP-bound STING serves as a membrane
source for LC3 recruitment and lipidation dependent on WIPI2. LC3 positive membranes
target DNA and pathogens to autophagosomes which are subsequently fused with lysosome.
Step 3: cGAMP-bound STING can further translocate through trans-Golgi network (TGN) and
endosomes to lysosomes for degradation through the multivesicular body (MVB) pathway.
Both MVB pathway and autophagosome maturation requires VPS34 kinase but in different
complexes. The vesicles all fuse with lysosomes which requires RAB7 GTPase. Step 4:
cGAMP-bound STING activates TBK1 and IRF3 to induce type-I interferons.



CHAPTER FOUR

METHODS

Reagents and general methods.

2°3’-cGAMP was synthesized as previously described (Zhang et al., 2013). Poly(I:C), herring
testis (HT) DNA, Ara-C and Aphidicolin were from Sigma-Aldrich. ISD and CY3-ISD were
prepared from equimolar amounts of sense and antisense DNA oligonucleotide (sense: 5-
TACAGATCTACTAGTGATCTATG-3; anti-sense: 5S-ACTGATCTGTACATGATCTACA-
3). The oligonucleotides, synthesized at Sigma-Aldrich, were heated at 95°C for 5 min and
cooled to room temperature. Brefeldin A, Golgicide A, BX-795, TPCA-1, MG132 and Velcade
were purchased from Selleckchem; Bafilomycin Al and Chloroquine were from Invivogen;
siRNA oligos were purchased from Sigma and transfected into cells using Lipofectamine

RNAIMAX (Thermo Fisher Scientific). The sense strand sequences are shown in Table S1.

The procedures for IRF3 dimerization assay, SDS-PAGE, Western blotting,
immunoprecipitation have been described previously (Seth et al., 2005). Different proteins
were immunoblotted with their antibodies on the same membrane but if unsuccessful, we used
the exact same amount of samples loaded in a different gel for immunoblotting. 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 MgCl2, 0.1mM DTT, 85 mM Sucrose, 0.2%
BSA, ImM ATP). The concentration of cGAMP used in stimulating BJ cells was 0.2 uM or

0.5 uM unless indicated otherwise. ISD, HT-DNA and Poly(I:C) were transfected into cells
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using lipofectamine 2000 (Thermo Fisher) at a concentration of 2 pg/ml. CY3-ISD (1 pg/ml)

was delivered into cells by permeabilization with perfringolysin O (PFO; 0.1 pg/ml). All
inhibitors were used to treat cells for 1 hour before DNA transfection or cGAMP stimulation
at the following concentrations: Brefeldin A: 2 uM; Bafilomycin Al: 0.2 uM; Chloroquine:

20 uM; MG132: 10 uM; Velcade: 2 uM; Golgicide A: 10 uM.

Antibodies.

The rabbit polyclonal antibodies against human STING were generated and purified as
described previously (Tanaka and Chen, 2012). Rabbit antibodies against mouse STING, p-
IRF3(Ser396), p-TBK1(Ser172), p-IKKB(Ser177), ATGS, ATGY, Beclinl, calreticulin and
GAPDH were from Cell Signaling. Mouse antibody against STING was purchased from R&D
Systems; rabbit antibodies against human IRF3, TGN38 and ARF1 and mouse antibody against
CD63 were from Santa Cruz Biotechnology; rabbit antibody against LC3 was from Novus
Biologicals; mouse antibodies against P62 and GGA3 were from BD Transduction
Laboratories; mouse antibody against ERGIC-53 was from Axxora; mouse antibody against
Flag tag, rabbit antibodies against ERGIC53, B-tubulin and anti-Flag (M2)-conjugated agarose
were from Sigma; HA antibody and anti-HA—conjugated agarose were from Covance; rabbit
antibodies against GBF1, LAMP2, Giantin were from Abcam; rabbit antibody against B-COP
was from Thermo Fisher; rabbit antibodies against ARFGEF1 and ARFGEF2 were from

Bethyl Laboratories.

Expression constructs, viruses, cells, and transfection.
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For transient expression in mammalian cells, human cDNAs encoding N-terminal tagged
cGAS and C-terminal tagged STING were cloned into pcDNA3. For stable expression in
mammalian cells, human cDNAs encoding C-terminal Flag-tagged STING and its mutants
were cloned into pTY-EF1A-IRES lentiviral vector (Liu et al., 2015a), which was modified
from PTY-shRNA-EF1la-puroR-2a-Flag provided by Dr Yi Zhang (Harvard Medical School).
These lentiviruses were packaged in HEK293T cells and transduced into target cells as
described previously (Tanaka and Chen, 2012). STING mutants were constructed using the
QuikChange Site-Directed Mutagenesis Kit. Plasmids for mammalian expression of WT and
C258A RavZ were kindly provided by Dr. Craig Roy (Yale). Plasmids and HT-DNA were

transfected into cells using lipofectamine 2000 (Life Technologies).

All cells were cultured at 37°C in an atmosphere of 5% (v/v) CO2. HEK293T and HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
cosmic calf serum (Hyclone), penicillin (100 U/ml), and streptomycin (100 pg/ml). MEF,
1929, and BJ-hTERT cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine
serum (FBS, Atlanta) and antibiotics. THP1 cells were cultured in RPMI 1640 supplemented
with 10% FBS, 2 mM B-mercaptoethanol, and antibiotics. Hela cells stably expressing GFP-
LC3 were provided by Dr. Beth Levine (UT Southwestern). To induce autophagy by
starvation, cells were washed with PBS three times, and cultured in Earles Balanced Salt

Solution (EBSS).

Sendai virus (Cantell strain, Charles River Laboratories) was used at a final concentration of

50 hemagglutinating units/ml. HSV1 WT strain was propagated and titered by plaque assays
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on Vero Cells and used at the indicated multiplicity of infection (MOI) in BJ cells. The HSV

AICP34.5 strain was used at the indicated MOI in BJ and HEK293T cells. Plasmids for HIV-
GFP and VSV-G had been described previously (Gao et al., 2013a). Basically, HIV-GFP
lentiviral plasmid was co-transfected with the VSV-g plasmid into HEK293T cells for
packaging the virus. Supernatants containing the viruses were harvested, filtered and
concentrated by PEG8000 precipitation. The titers of HIV-GFP virus were measured using
HEK293T cells by flow cytometry analysis of GFP+ cells 24 hours after infection in the

presence of 10 g/mL polybrene.

Generation of knockout cells by CRISPR/Cas9.

Single-guide RNA (sgRNA) was designed to target human cGAS, STING, TBK1, ARFI,
GBF1, ATGS, ATGY, ULKI1, BECNI and SEC24C genomic loci (Table S2). The sgRNA
sequence driven by a U6 promoter was cloned into a lentiCRISPR vector that also expresses
Cas9 as previously described (Shalem et al., 2014). The lentiviral plasmid DNA was then
packaged into a lentivirus for infection in HEK293T cells or BJ cells. Infected cells were
selected in puromycin (2 pg/ml) for 2 weeks before single colonies were selected and tested

by immunoblotting, TA cloning and DNA sequencing.

Generation of primary mouse embryonic fibroblasts (MEFs) and bone marrow derived

macrophages (BMDM).

cGas-/- mice were generated as described previously (Li et al., 2013b). Sting gt/gt mice were

from the Jackson laboratory (Sauer et al., 2011). These strains were maintained on C57BL/6J
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background. MEFs were generated from E13.5 embryos of WT and mutant mice under the
normal culture conditions (Yang et al., 2017). BMDMSs were generated as described previously
(Li et al., 2013b). All mice were bred and maintained under specific pathogen-free conditions
in the animal care facility of University of Texas Southwestern Medical Center at Dallas
according to experimental protocols approved by the Institutional Animal Care and Use

Committee.

Immunostaining, confocal microscopy, and live cell imaging.

For immunostaining, cells were fixed with 4% paraformaldehyde, permeabilized with Triton
X100 (0.2%), and stained with a primary antibody followed by a fluorescent secondary
antibody. Nuclei were labeled by staining with DAPI in the mounting medium (Vectashield).
Images of cells were collected with a Zeiss LSM710 META laser scanning confocal
microscope and processed using Zeiss LSM image browser. In some experiments, images were
collected with a Nikon A1R confocal microscope and processed using ImageJ. For live cell
imaging, cells were grown on a four-chambered cover glass (Lab-Tek II, 155382) at a density
of 40,000 cells per chamber (~50% confluency) in 5% CO2 and 20% O2 at 37 °C, and videos
were recorded using a Nikon A1R confocal laser microscope system and further processed and

analyzed using Imagel.

Flow cytometry.
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After HIV-GFP infection, cells were washed in FACS buffer (PBS, 1% BSA), fixed with 2%

paraformaldehyde, and analyzed on BD FACSCALIBUR (BD Biosciences). Data analysis was

performed using FlowJo software.

Electron microscopy.

BJ cells were grown on glass bottom plates before stimulation with cGAMP or switched to
starvation medium for the indicated time. Samples were fixed, sectioned, stained and coated
by UTSW Electron Microscopy core facility. The images were visualized using FEI Tecnai™

transmission electron microscopes (TEMs).

RT-qPCR and HSV1 genome qPCR.

Reverse transcription quantitative PCR (RT-qPCR) reactions were carried out by using the
iScript cDNA synthesis kit and iQ SYBR Green Supermix (Bio-Rad). gPCR was performed
on an Applied Biosystems Vii7 using the primers shown in Table S1. HSVI-infected cells
were washed and lysed in a buffer containing 1% SDS, 50mM Tris-CL (pH 7.5), and 10mM
EDTA, and the cell extract was incubated with proteinase K (2 mg/mL) at 37 °C for 30 min.
DNA was extracted via phenol/chloroform extraction and ethanol precipitation. Viral DNA
was quantified by qPCR using three different pair of primers corresponding to distinct regions

of HSV1 genome (Table S3).

In vitro LC3 lipidation assay.

In vitro LC3 assay was modified from published methods (Ge et al., 2013). Cytoplasmic extract

(S100) was prepared from WT or ATG5-/- HEK293T cells growing in normal or EBSS
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starvation media for 2 hours. After washing with PBS, cells were lysed by passing through a
25 G needle in a 3x cell pellet volume of hypotonic buffer (20 mM HEPES-KOH, pH 7.2, 10
mM KCl, 3 mM MgCl2) plus cocktail protease inhibitors and phosphatase inhibitors (Roche).
The cell lysate was centrifuged at 100,000xg for 2 hours to collect the S100 supernatant. For
P25 membrane preparation, ATG5-/- HEK293T cells were either untreated or transfected with
a cGAS expression plasmid for 12 hours. Then, cells were washed with PBS and homogenized
by douncing 20 times in a buffer (20 mM HEPES-KOH, 400 mM sucrose, 0.5 mM EDTA).
The homogenate was centrifuged at 1000 x g for 5 minutes to remove cell debris and nuclei.
The supernatant (S1) was further centrifuged at 5,000 x g for 10 minutes to precipitate
mitochondria and other heavy organelles (P5). The supernatant (S5) was further centrifuged at
25,000 x g for 30 minutes to pellet membranes (P25). For each reaction, S100 (2 mg/ml final
concentration), ATP regeneration system (40 mM creatine phosphate, 0.2 mg/ml creatine
phosphokinase, and 1 mM ATP), GTP (0.15 mM), P25 or different membrane fractions (0.2
mg/ml) were incubated in a final volume of 30 pl. The mixture was incubated at 30°C for

indicated time followed by SDS-PAGE and immunoblotting.

Membrane fractionation.

(A) Differential centrifugation of membranes. Cells (five 15-cm dishes) were cultured to
confluence, harvested and homogenized by passing through a 25 G needle ten times in a 5x
cell pellet volume of hypotonic buffer. Homogenates were subjected to sequential
centrifugation at 1,000xg (10 minutes), 5,000xg (10 minutes), 25,000xg (20 minutes) and

100,000%g (30 minutes) to collect the P1, PS5, P25, P100 membranes, respectively. Membrane
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fractions containing equal amounts of proteins were used for LC3 lipidation assay as described

above.

(B) Sucrose gradient ultracentrifugation. P25 membrane, which contained the highest LC3
lipidation activity, was used to purify ERGIC and Golgi containing fractions using Golgi
isolation kit (Sigma). The P25 membranes were suspended in 0.75 ml 1.25 M sucrose buffer
and overlaid with 0.5 ml 1.1 M and 0.5 ml 0.25 M sucrose buffer and centrifuged at 120,000xg
for 3 hours. Two fractions, one at the interface between 0.25 M and 1.1 M sucrose (P25 L
fraction) and the pellet on the bottom (P25 P fraction), were used to test LC3 lipidation

activity.

(C) OptiPrep gradient ultracentrifugation. The P25 L fraction was suspended in 1 ml 19%
OptiPrep for a step gradient containing 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% OptiPrep each.
Each density of OptiPrep was prepared by diluting 50% OptiPrep (20 mM Tricine-KOH, pH
7.4, 42 mM sucrose and 1 mM EDTA) with a buffer containing 20 mM Tricine-KOH, pH 7.4,
250 mM sucrose and 1 mM EDTA. The OptiPrep gradient was formed by centrifuging using
SW60 Swinging bucket Ti Rotor at 150,000xg for 3 hour and ten fractions were collected from
the top to bottom. Fractions were diluted with hypotonic buffer and membranes were collected
by centrifugation at 100,000xg for 1 hour. The activity of each fraction was tested as described

before (Ge et al., 2013).

¢GAMP detection by mass spectrometry.



85

293T cells were transfected with expression plasmids encoding cGAS, DncV or nvcGAS.
Small molecules were extracted from cells as described previously (Gao et al., 2015). Briefly,
cells were lysed in 80% methanol and 2% acetic acid solution, and added to it were internal
standard and an equal volume of 2% acetic acid. Insoluble fractions were pelleted by
centrifugation, and were extracted two more times in 2% acetic acid. After combining all three
extracts, cyclic dinucleotides were enriched by solid phase extraction on a Hypersep NH2
column (Thermo), washed with 2% acetic acid and with 80% methanol, and eluted in 20%
ammonium hydroxide in methanol. After drying by vacuum centrifugation, samples were
reconstituted in water and analyzed by a Dionex U3000 HPLC coupled with TSQ Quantiva
Triple Quandruple mass spectrometer. Data was collected by product ion scan that targets m/z

of 675, and analyzed with XCalibur (Thermo).

RNA-sequencing process and data analysis

The total RNA from cells after stimulation was extracted with RNeasy Mini Kit from Qiagen
(Cat No.: 74104). Samples were then run on the Agilent 2100 Bioanalyzer to determine level
of degradation thus ensuring only high quality RNA was used (RIN Score 8 or higher). The
samples were sent to UT Southwestern Next Generation Sequencing Core for subsequent
preparation and sequencing. The Qubit fluorometer was used to determine the concentration
prior to cDNA library preparation. 4 ug of total DNase treated RNA was then prepared with
the TruSeq Stranded Total RNA LT Sample Prep Kit from Illumina. Poly-A RNA was purified
and fragmented before strand-specific cDNA synthesis. cDNA was then a-tailed and indexed

adapters were ligated. After adapter ligation, samples were PCR amplified and purified with
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Ampure XP beads, then validated again on the Agilent 2100 Bioanalyzer. Samples were

quantified by Qubit before being normalized and pooled, then run on the Illumina HiSeq 2500
using SBS v3 reagents. The sequencing data was processed using RNA-Seq CLC-Bio analysis
for mRNA expression values, represented by Reads Per Kilobase per Million mapped reads

values (RPKM).

Data availability.

The authors declare that all relevant data supporting the findings of this study are available
within the paper and its supplementary information files. Additional information including raw

data is available from the corresponding author upon reasonable request.

Table 1: Primers for qPCR.

Genes Forward Primers Reverse Primers

IFN-B CATTACCTGAAGGCCAAGGA CAATTGTCCAGTCCCAGAGG

CXCL10 GTGGCATTCAAGGAGTACCTC TGATGGCCTTCGATTCTGGATT

TNFa TGCTTGTTCCTCAGCCTCTT GGTTTGCTACAACATGGGCT

ISG15 CGCAGATCACCCAGAAGATCG | TTCGTCGCATTTGTCCACCA
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RSAD2 CAGCGTCAACTATCACTTCACT | AACTCTACTTTGCAGAACCTCAC
SARIA TTGATCTTGGTGGGCACGAG GGATTCCACGAGGCGAGAAT
ARF1 CGTGGAAACCGTGGAGTACA CGCTCTCTGTCATTGCTGTC
SEC24C TGATGGTTGTGTCTGATGTGG TGTCTCTGTTTCCCTTGTGTC
GAPDH ACAGTCAGCCGCATCTTCTT ACGACCAAATCCGTTGACTC
HSV1(1) CATCACCGACCCGGAGAGGGAC | GGGCCAGGCGCTTGTTGGTGTA
HSVI1(2) TACAACCTGACCATCGCTTG GCCCCCAGAGACTTGTTGTA
HSV1(3) CATCACCGACCCGGAGAGGGAC | GGGCCAGGCGCTTGTTGGTGTA
GAPDH ATGACATCAAGAAGGTGGTG CATACCAGGAAATGAGCTTG
Table 2: sgRNA sequences for CRISPR knock out.
Genes sgRNA sequence 1 sgRNA sequence 2
STING GGATGTTCAGTGCCTGCGAG | AATATGACCATGCCAGCCCA
cGAS CGATGGATCCCACCGAGTCT | AGGCTTCCGCACGGAATGCC
TBK1 CATAAGCTTCCTTCGTCCAG | GAAGAACCTTCTAATGCCTA
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ATGS TGATATAGCGTGAAACAAGT | TTCCATGAGTTTCCGATTGA
ATG9 AGGATATTCGAGAGAAGAAG | AGGTTTTCAATATGGTGCCA
BECNI CCTGGACCGTGTCACCATCC | TCCTGGTTTCGCCTGGGCTG
ULK1 GCACTCACCGTGCAGGTAGT | GACCTGGCCGACTACCTGCA
SEC24C GTGTCACGAACAGCCTTCAC | GTGCCCGTAAGCTATCAATG
VPS34 GAAACCGTTGTTCCTCCTAC | GGAACAACGGTTTCGCTCTT
TRAPCC9 GAGTCCTCTACATCCGCTAC | ACCCACCCGAGAACAACGAG
WIPI2 TTTTGCAGGTCCCTAGCTGT | TCGTCAGCCTTAAAGCACCA
GBF1 CCATCGGGCATTTCGTTTGA | CCATCAAACGAAATGCCCGA
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Table 3: siRNA sequences for knock-down experiments.

Genes

siRNA sequence 1

siRNA sequence 2

Control

AAUUCUCCGAACGUGUCACGU

STING GCCCGGAUUCGAACUUACAAU GUCCAGGACUUGACAUCUUAA
SARIA CGUGAGAUAUUUGGGCUUUAU GAAUCCAAAGUUGAGCUUAAU
SEC24C ACUUAUGUUAUCGAGUCAAUG UUGAUGUAAAGCGACUAAUAU
ARF1 CCAUUCCCACCAUAGGCUU CACCAUAGGCUUCAACGUGGA
ARF3 CAAGAGCCUGAUUGGGAAGAA
ARF4 CCAUCAGUGAAAUGACAGAUA
ARFS UGCAUGUUCUCUCUGUUGUUG
ARF6 AGCUGCACCGCAUUAUCAAUG
ATG7 CUUGACAUUUGCAGAUCUAAA CACCAGUUCAGAGCUAAAUAA

WIPI2

GCUGUCAAUCAACAACGACAA

CCCUAGCUGUUGGUAGUAAGU
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CHAPTER FIVE

APPENDIX

Supplementary Video 1. Live cell imaging of cGAMP-induced GFP-LC3 puncta

formation

Hela cells stably expressing STING-Flag and GFP-LC3 were stimulated with cGAMP (1 uM;
cells were transiently permeabilized with PFO at 0.1 pug/ml). As a control, cells were also
growing in EBSS starvation medium in the presence of Bafilomycin Al (BafAl, 0.2 uM).
Recording started at 20 minutes after adding cGAMP or changing to the starvation medium,

and lasted 160 minutes with 2 minute intervals.

Supplementary Video 2. Live cell imaging of cGAMP-stimulated STING translocation to

autophagosome

HeLa cells stably expressing STING-GFP and RFP-LC3 were stimulated with cGAMP (1 uM)
in the presence or absence of Brefeldin A (BFA, 5 uM) or Bafilomycin Al (BafAl, 0.2 uM).
Recording started at 1 hour after adding cGAMP, and lasted 5 hours and 30 minutes with 2

minute intervals.

Supplementary Video 3. Live cell imaging of DNA-stimulated STING translocation to

autophagosome

HeLa cells stably expressing STING-GFP and RFP-LC3 were transfected with HT-DNA (2

ng/ml) in the presence or absence of Brefeldin A (BFA, 5 uM) or bafilomycin Al (BafAl, 0.2
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uM). Recording started at 1 hour after DNA transfection and lasted about 11 hours with 4

minute intervals.

Supplementary Video 4. 3D imaging of STING translocation to ERGIC and LC3 positive

autophagosome

HelLa cells stably expressing STING-Flag and GFP-LC3 were stimulated with cGAMP (1 uM)
for 2 hours, then cells were immunostained with antibodies against Flag and ERGICS53,
respectively. 3D fluorescence micrograph shows that, after cGAMP stimulation, STING (red)

co-localizes with ERGIC (cyan) and GFP-LC3 (green) in the peri-nuclear region.

Supplementary Video 5. Live cell imaging of cytosolic DNA clearance by DNA-induced

autophagy

Cy3-ISD (0.5 pg/ml or 2 pg/ml) was delivered into HeLa cells stably expressing STING-Flag
and GFP-LC3 that were transiently permeabilized with PFO (0.1 pg/ml) for 3 hours. After
medium was replaced with fresh DMEM (10% FBS), cells were recorded by live cell imaging
for another 3 hours. Video was tracked to detect CY3-ISD translocation to GFP-LC3 puncta.
Recording started at 20 minutes after adding CY3-ISD and lasted about 6 hours in total with 4

minute intervals.

Supplementary Video 6. Live cell imaging of cytosolic DNA clearance by ¢cGAMP-

induced autophagy
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Cy3-ISD was delivered together with different amounts of cGAMP (as indicated in movie)

into HeLa cells stably expressing STING-Flag and GFP-LC3 that were transiently
permeabilized with PFO (0.1 pg/ml) for 1.5 hours. Medium was replaced with fresh DMEM
(10% FBS) and cells were recorded by live cell imaging for another 5 hours. Video was tracked
to detect CY3-ISD translocation to GFP-LC3 puncta. Recording started at 20 minutes after

adding CY3-ISD and lasted about 7 hours with 4 minute intervals.
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