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Abstract

Stimulator of interferon genes (STING) plays a pivotal role in
type | interferon-mediated innate immune response to the
cytoplasmic detection of aberrant DNA. STING is a mem-
brane protein localized in endoplasmic reticulum (ER),
which upon stimulation translocates to Golgi apparatus
and activates downstream signaling cascades. However,
the mechanism regulating STING activity and significance
of its intracellular traffic are not completely understood.
Here we identify a novel region of human STING comprising
thirteen residues within its C-terminal tail (CTT) for down-
stream nuclear factor kappa-light-chain-enhancer of acti-
vated B cell (NF-kB) activation. We also discover that STING
CTT fragment can activate downstream signaling regard-
less of its ER localization. In addition, we reveal that ligand-

binding domain (LBD) in the middle of STING binds and
confers autoinhibition to its CTT for both NF-kB- and inter-
feron regulatory factor 3-activation. Furthermore, STING
LBD can inhibit the interferon-stimulating activity of STING
CTT in trans and demonstrate a dominant negative effect
on endogenous STING for interferon induction. We thus un-
cover an important autoinhibitory mechanism modulating

STING activity. © 2022 The Author(s).
y
Published by S. Karger AG, Basel

Introduction

Viralinfection elicits a potent innate immune response
in host cells as an evolutionarily conserved defense mech-
anism [1, 2]. Once in cells, viral nucleic acids can be taken
as a foreign or danger signal and detected by pattern rec-
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ognition receptors such as cyclic GMP-AMP synthase
(cGAS) and RIG-I-like receptors [3-5]. cGAS senses the
cytoplasmic presence of foreign or mislocalized self DNA
and catalyzes the synthesis of dinucleotide 2'-5', 3'-5' cy-
clic GMP-AMP (2'3’-cGAMP), which binds to and causes
stimulator of interferon genes (STING) activation [6-8].
The adaptor STING (also known as MITA, ERIS, MPYS,
and TMEM173) then activates downstream signaling
cascades, culminating in nuclear factor kappa-light-
chain-enhancer of activated B cell (NF-«kB) and interfer-
on regulatory factor 3 (IRF3) activation and their trans-
location into nucleus to turn on type I interferon (IFN-I)
expression [9-11]. IFN-I executes its well-known antivi-
ral function by inducing an antiviral cellular state as well
as a variety of immunomodulatory effects in an autocrine
Or paracrine manner.

Human STING contains three major segments, i.e.,
four N-terminal transmembrane helices for its endoplas-
mic reticulum (ER) localization, a middle ligand-binding
domain (LBD) for binding to cGAMP and a C-terminal
tail (CTT) [12]. Binding to cGAMP triggers STING trans-
location from ER to Golgi apparatus though the ER-Gol-
gi intermediate compartment (ERGIC) [13]. Only on ar-
riving at the Golgi compartment can STING activate
downstream signaling cascades for IFN-I induction, sug-
gesting a very elegant mechanism regulating STING acti-
vation. Posttranslational modifications have been pro-
posed to regulate STING activity [14-16]. A recent report
showed that Golgi apparatus-synthesized sulfated glycos-
aminoglycans mediate STING activity [17]. Despite these
studies, how the IFN-Inducing activity of STING is regu-
lated precisely remains to be dissected. In addition to
IFN-Iinduction, STING can also stimulate autophagy via
ER-Golgi intermediate compartment and LC3 lipidation,
which might be a primordial and conserved antiviral
function and presumably predates its IFN-Inducing ac-
tivity in evolution [18].

STING activates the downstream TBK1-IRF3 axis for
IEN-I production though its CTT fragment. STING CTT
contains a conserved pLxIS motif shared by a few adap-
tor proteins involved in innate immune signaling, which
can signal through engineered myddosomes in a TLR
signal-dependent manner [19-23]. pLxIS motif provides
a docking site for IRF3, which is phosphorylated and
thereby activated by TBK1. TBK1 is recruited to STING
by a specific TBK1-binding motif in STING CTT, and a
conserved PLPLRT/SD motif within STING CTT binds
directly to the dimer interface of TBK1 [19]. Recent
structural studies revealed that in the absence of infec-
tion, STING forms a butterfly-shaped dimer on ER and
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its LBD adopts an inactive conformation. Binding to
cGAMP triggers a 180° rotation of LBD relative to the
transmembrane domain (TM), followed by a conforma-
tional change leading to STING oligomerization and ac-
tivation [12]. During the process, how STING CTT be-
comes active is not known, since it was invisible in the
cryo-EM maps of apo STING. In contrast to the elabo-
rated studies on the activation of TBK1-IRF3 axis by
STING, much less is known on how NF-xB axis is acti-
vated, which is required for sufficient IFN-I induction
and as important as the TBK1-IRF3 axis. Several reports
showed the NF-«kB-stimulating activity of STING [24-
27]. A recent study revealed a unique CTT module of
zebrafish STING, which results in pronounced NF-«xB
activation and is conserved in ray-finned fish [28]. This
module is actually a CTT extension and constitutes a
TRAF6-binding site, providing the mechanistic basis for
its robust NF-kB-stimulating activity. However, this ze-
bra fish CTT extension is completely absent from human
STING, raising an intriguing question on how human
STING activates NF-kB axis to accomplish IFN-I induc-
tion together with TBK1-IRF3.

In this report, we sought to determine how specific re-
gion or elements of STING CTT are assigned to activate
downstream signaling and reveal regulatory mechanisms
involved. We found that STING CTT can activate not
only IRF3 as previously reported but also NF-«B, and
then identified a previously unknown region of STING
CTT (aa-345-357) that can activate NF-xB axis. Subse-
quently, we revealed that STING CTT fragment can sig-
nal from mitochondria to stimulate IFN-I expression.
Furthermore, we unexpectedly uncovered that STING
LBD can bind to its CTT and modulate CTT signaling
through an autoinhibitory mechanism.

Materials and Methods

Plasmids

Human complementary DNA was prepared from total RNA of
HEK293 cells, and STING ¢cDNA was subcloned into pcDNA3-
FLAG expression vector. Primers used for the amplification can be
found in online supplementary Table S1 (for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/000521734). pcDNA3-
FLAG-SUMO-MAVS (aa-501-540) was described previously
[29]. All mutations and deletions were constructed with the Fast-
mutagenesis Kit (Transgene Biotech) or overlapping PCR strategy,
and primers are shown in online supplementary Table S2. All con-
structs were confirmed by DNA sequencing.

Cell Culture and Transfection
HEK293T cells, HEK293 cells, Vero cells, and TBK1-deficient
HEK293T cells were cultured in DMEM medium (Hyclone) sup-
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plemented with 10% FBS (ExCell Bio), 100 U/mL penicillin, and
100 pg/mL streptomycin (Gibco) [30, 31]. All cells were cultured
at 37°C in a humidified incubator with 5% CO,. HEK293 or
HEK293T cells were seeded in 12-well plates at a density of 1 x 10°
cells per well and 5 h later, plasmids were transfected into cells us-
ing Lipofectamine 3000 (Thermo Fisher-Invitrogen). Cells were
harvested for RT-qPCR assay, luciferase reporter assay, or Western
blot analysis 24 h after transfection. Firefly luciferase assay and
qPCR were performed after infection with HSV-1-GFP for 12 h.
For overexpression of various STING, 500 ng of plasmids express-
ing STING or cGAS were transfected into cells as indicated, while
for low expression of STING and cGAS, 50 ng of plasmids were
used.

Antibodies

Commercial antibodies included rabbit anti-FLAG (Santa
Cruz), rabbit anti-HA (Santa Cruz), mouse anti-tubulin (Sigma),
mouse anti-HA (Cell Signaling Technology), rabbit anti-cGAS
(Cell Signaling Technology), and mouse anti-STING (Protein-
tech). Mouse anti-tubulin antibody was used for loading controls,
and all mentioned antibodies were used at a dilution of 1:5,000 in
5% bovine serum albumin (BSA).

Quantitative PCR

Total RNA was extracted using TRIzol® reagent (Tiangen)
from HEK293T cells, and cDNA was synthesized with HiScript®
III RT SuperMix (Vazyme). Quantitative RT-PCR (qPCR) reac-
tions and analysis were performed using Roche Lightcycler 96.
ChamQ Universal SYBR qPCR Master Mix (Vazyme) was used for
SYBR Green-based RT-qPCR according to the manufacturer’s
protocol. As internal controls, GAPDH expression was measured
for HEK293T cells. Induction fold was determined by the AACq
method and qPCR primers used to amplify specific genes are
shown in online supplementary Table S1.

Immunoprecipitations

HEK293T cells were transfected with expression vectors as in-
dicated. Forty-eight hours post transfection, cells were washed
with cold PBS buffer and resuspended with lysis buffer (HEPES 20
mM [pH 7.5], NaCl 150 mM, Triton X-100 0.5%, TCEP 1 mM, and
PMSF 1 mM). Cellularlysatewasincubated with Anti-DYKDDDDK
affinity beads (Smart Lifesciences) at 4°C for 4 h. The anti-
DYKDDDDK affinity beads were then collected and washed three
times with lysis buffer. IP products were then subjected to SDS-
PAGE and immunoblotting.

Western Blotting

Cells were lysed with RIPA-150 buffer (Tris-HCI 50 mMm, pH
7.4,NaCl 150 mM, Triton X-100 1%, SDS 0.1%, sodium deoxycho-
late 1%, NP-40 1%, and EDTA 0.5 mM) supplemented with prote-
ase inhibitor cocktail (Roche). Protein concentrations were deter-
mined by Bradford reagent (Bio-Rad). Cell lysates were mixed with
SDS-PAGE sample buffer and boiled for 5 min prior to SDS-
PAGE. Proteins in gel were transferred onto PVDF membranes
(Millipore). After gel transfer and milk blocking, the membranes
were incubated with primary antibody at room temperature for 1
h or 4°C overnight. After three washes with TBST (1x TBS, 0.02%
Tween), the membranes were incubated with secondary antibod-
ies for 1 h at room temperature. After three washes with TBST,
signals on the membrane were visualized by ECL (Share-Bio) and
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scanned by MiniChemi™ (Sagecreation), and the blots were ana-
lyzed by Sage Capture Software.

Viral Infection

Recombinant virus VSV-DM51-GFP and HSV-1-GFP was
amplified in HEK293T cells and Vero cells, respectively, and used
with a multiplicity of infection (MOI) of 1. For VSV-DM51-GFP
or HSV-1-GFP infection, the cells were seeded in 12-well plates at
a density of 1 x 10° cells per well. Virus was diluted at a certain ra-
tio in serum free medium and then incubated with cells for 1 h in
CO; incubator, followed by addition of equal volume of fresh cul-
ture medium containing 10% FBS. Cells infected with VSV-DM51-
GFP were harvested 8 h post infection for following analysis, and
cells with HSV-1-GFP infection were harvested after 12 h for fol-
lowing analysis. VSV-DM51-GFP was described in our previous
publication [30-32].

Fluorescence Microscopy
Using Olympus IX71 inverted fluorescence microscope, im-
ages were taken 8 h after VSV infection or 12 h post HSV infection.

Luciferase Reporter Assay

HEK293T cells were seeded in 12-well plates at a density of 1 x
10° cells per well and 5 h later transfected with 20 ng of reporter
gene (IFN-I-luciferase, ISRE-luciferase or NF-«B-luciferase), 20
ng of pCMV-LacZ as internal control, and indicated expression
vectors by Lipo 3000 (Thermo Fisher-Invitrogen). Twenty-four
hours post transfection, cells were stimulated with or without vi-
rus. Cells were then harvested and lysed in Passive Lysis Buffer
(Promega). Firefly luciferase activities were measured with a lumi-
nometer using the Luciferase Reporter Kit (Promega) and LacZ
activities were measured by o-nitrophenyl-b-D-galactopyranoside
(ONPQG) assay in buffer (Na,HPO,/NaH,PO, 200 mM, pH 7.3,
MgCl, 2 mM, b-mercaptoethanol 100 mM, and ONPG 1.33 mg/
mL) following a protocol provided by Sigma Technical Bulletin
(GALA-1KT). Fold induction of firefly luciferase was normalized
to LacZ activity. Data were shown as fold induction over empty
vector-transfected controls.

Viral Plaque Assay

Plaque assay was performed as previously described [29]. In
brief, HEK293T cells in 6-well plates were infected with VSV-
DM51-GFP or HSV-1-GFP for 1 h. The infected cells were overlaid
with 1% soft agar dissolved in DMEM and incubated for 48 h.
Plates were stained with 0.1% crystal violet in DMEM to display
plaques, which were then quantitated.

Statistics and Reproducibility

All data are shown as mean values + SD based on data from
three independent experiments. Statistics significance between
two groups was determined by two-tailed Student’s ¢ test, and a p
value of less than 0.05 was recognized as a statistically significance.

Data Availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.
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Results

STING CTT Induces IFNB Expression

STING contains three functional domains, including
the N-terminal TM, cGAMP-binding LBD and CTT sig-
naling domain (Fig. 1a). According to structural studies,
binding to cGAMP triggers a 180° rotation and follow-
ing activation of STING LBD. A point mutation G158A
could promote the rotation and cause STING activation,
thereby bypassing the requirement of cGAMP binding.
Utilizing this constitutively active mutant and deletion
assays, we set out to determine specific signaling regions
of STING for IFNB induction. Together with IFNB-lu-
ciferase reporter, STING was transiently expressed in
HEK293T cells. As expected, wild type STING activated
IFNB-luciferase reporter moderately, while STING-
(G158A) induced a more robust expression of IFNB-lu-
ciferase reporter (Fig. 1b). Meanwhile, quantitative PCR

Fig. 1. STING CTT can activate both IRF3 and NF-«B. a Diagram
depicting domain architectures of various forms of human STING.
TM is shown in gray; LBD in blue, and CTT in yellow. STING-
(ACTT) and STING-(ALBD) are deletion mutants with CTT and
LBD deleted, respectively. G158A is a point mutation substituting
G atresidue 158 with A. b Together with IFNB-luciferase reporter,
various pcDNA3-flag-STING as indicated were transfected into
HEK293T cells, respectively, for 24 h. Luciferase activities were
then measured. Protein expression levels are shown in online sup-
plementary Figure 1a. c-e Various STING forms were transfected
into HEK293T cells for 24 h. The cells were then harvested and
RNA was extracted. IFNB (c), ISG54 (d) and IL-6 (e) inductions
were measured, respectively, by qPCR. f Low levels of STING and
cGAS were transiently expressed in HEK293T cells for 24 h. The
cells were then infected with HSV-1-GFP for 12 h, which were then
harvested and total RNA was extracted. IFNB inductions were
measured by qPCR. ISG54 and IL-6 inductions are shown in online
supplementary Figure 1b. And protein expression levels are shown
in online supplementary Figure lc. g Various forms of STING
were transfected into HEK293T cells for 24 h. The cells were then
infected with VSV-DM51-GFP. After 8 h, fluorescent images were
taken to visualize GFP-positive cells, indicating VSV-DM51-GFP
proliferation (left). Scale bar, 10 pm. VSV-DM51-GFP titers were
quantitated by plaque assay (right). h HEK293T cells expressing
various STING forms were infected with HSV-1-GFP. After 12 h,
fluorescent images were taken to visualize GFP-positive cells, in-
dicating HSV-1-GFP proliferation (left). Scale bar, 10 pm. HSV-1-
GFP titers were quantitated by plaque assay (right). STING in this
study stands for human STING (hSTING) unless otherwise speci-
fied. Data information: All data are presented as the mean values
based on three independent experiments, and error bars indicate
SD. p values were determined by unpaired two-tailed Student’s ¢
test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. NS in-
dicates no statistically significant difference.
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(qPCR) analysis also showed that STING-(G158A)
stimulated IFNB expression markedly (Fig. 1c). Consis-
tently, STING-(G158A) induced both ISG54 and inter-
leukin IL-6 expression, suggesting two STING down-
stream signaling axes, IRF3 and NF-«B, were activated
(Fig. 1d, e). Interestingly, a C-terminal truncation,
STING-(ACTT), cannot stimulate either ISG54 or IL-6
expression, while an LBD deletion, STING-(ALBD), can
induce ISG54 and IL-6 expression. To validate these re-
sultsin asignal-dependent manner, we expressed STING
together with cGAS at very low levels in HEK293T cells
to avoid spontaneous activation. Upon HSV-1-GFP
stimulation, IFNB were induced significantly in cells ex-
pressing either wild type STING or STING-(G158A)
mutant but not in cells expressing STING mutants with
CTT deletion (Fig. 1f). These data revealed that CTT
harbors essential regions that are essential and sufficient
for STING downstream IRF3 and NF-xB activation, in-
dicative of full antiviral activity of STING-(ALBD). In-
deed, HEK293T cells expressing STING-(ALBD) are re-
sistant to both vesicular stomatitis virus (VSV-DM51-
GFP) and herpesvirus herpes simplex virus-1
(HSV-1-GFP) proliferation (Fig. 1g, h).

STING CTT Fragment Artificially Localized to

Mitochondria Can Activate IRF3 and NF-xB

Signaling

Structural studies revealed that binding to cGAMP is
sufficient to trigger a conformational change of recom-
binant STING and its following activation. However, in
cells, STING needs to traffic from ER to the Golgi to ac-
tivate downstream signaling following cGAMP binding.
One explanation is that only in Golgi can STING recruit
downstream signaling molecules. To test the hypothesis,
we fused STING CTT fragment to the TM of MAVS, a
mitochondrial protein, so that STING CTT fragment
will be targeted to mitochondria. A SUMO moiety is ap-
pended to this chimeric STING, namely STING(aa-
341-379)-mTM, to facilitate detection by Western blot-
ting (Fig. 2a). As shown in Figure 2b, STING(aa-341-
379)-mTM can readily stimulate IFNB expression in
HEK293T cells, while STING(aa-151-340)-mTM can-
not induce IFNB expression, which lacks STING signal-
ing CTT domain. In consistence, STING(aa-341-379)-
mTM can induce ISG54 and IL-6 expression, indicating
the full activation of STING downstream signaling path-
ways (Fig. 2¢, d). Remarkably, expression of STING(aa-
341-379)-mTM renders HEK293T cells resistant to
VSV-DM51-GFP and HSV-1-GFP infection, suggesting
the STING CTT can execute full antiviral function from
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mitochondria (Fig. 2e, ). In addition, we made another
mitochondria-anchored STING mutant containing its
LBD and CTT,i.e., STING(aa-151-379)-mTM (Fig. 2g),
A G158A point mutation in this chimeric STING stimu-
lates IFNB expression pronouncedly, which is reminis-
cent of ER-localized STING (Fig. 2h). As a result,
STING(aa-151-379/G158A)-mTM renders HEK293T
cells much more resistant to virus infection than
STING(aa-151-379)-mTM (Fig. 2i, j). Taken together,
these data indicated that STING CTT can signal to

Fig. 2. STING CTT fragment can activate both IRF3 and NF-kB
from mitochondria. a Diagram illustrating protein expression
constructs. STING(aa-151-340)-mTM is a chimeric form of
STING LBD (aa-151-340) fused with MAVS TM (aa-501-540).
G158A is a point mutation replacing G with A. STING(aa-341-
379)-mTM is a fusion form of STING CTT (aa-341-379) and
MAVS TM (aa-501-540). STING LBD is shown in blue, STING
CTT in yellow, and MAVS TM in purple. b-d Various STING
forms were transfected into HEK293T cells for 24 h. The cells were
then harvested and IFNB (b), ISG54 (c), and IL-6 (d) inductions
were measured, respectively, by qPCR. Protein expression levels
are shown in online supplementary Figure 2a. e Various forms of
STING were transfected into HEK293T cells for 24 h, followed by
infection with VSV-DM51-GFP. Fluorescent images were taken 8
h after VSV-DM51-GFP infection to visualize GFP-positive cells
(left), and VSV-DM51-GFP proliferation was quantified (right).
Scale bar, 10 um. f HEK293T cells were transfected with constructs
as indicated, followed by HSV-1-GFP infection. Fluorescent im-
ages were taken 12 h after HSV-1-GFP infection to examine HSV-
1-GFP proliferation (left). Scale bar, 10 pm. HSV-1-GFP titers
were quantitated by plaque assay (right). g A diagram illustrating
various forms of STING. STING(aa-151-379)-mTM is the chime-
ric form of STING(aa-151-379) and MAVS TM (aa-501-540).
G158A is a point mutation replacing G with A. h Expression vec-
tors as indicated were transfected into HEK293T cells, and both
endogenous IFNB and IFNB-luciferase inductions were measured
24 h after transfection. Protein expression levels are shown in on-
line supplementary Figure 2b. i Various expression constructs
were transfected into HEK293T cells. Twenty-four hours after
transfection, HEK293T cells were infected with VSV-DM51-GFP.
Fluorescent images were taken 8 h after VSV-DM51-GFP infec-
tion to visualize GFP-positive cells, indicating VSV-DM51-GFP
proliferation (left). Scale bar, 10 pm. VSV-DM51-GFP titers were
quantitated by plaque assay (right). j After transfection with vari-
ous expression constructs, HEK293T cells were infected with
HSV-1-GFP for 12 h. Fluorescent images were taken to visualize
GFP-positive cells, indicating HSV-1-GFP proliferation (left).
Scale bar, 10 um. HSV-1-GFP titers were quantitated by plaque as-
say (right). Data information: All data are presented as the mean
values based on three independent experiments, and error bars
indicate SD. p values were determined by unpaired two-tailed Stu-
dent’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
NS indicates no statistically significant difference.
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downstream molecules to induce IFNB expression from
mitochondria. In the other word, Golgi compartment is
not the only site for STING to recruit downstream sig-
naling molecules. Therefore, we deduce that the traffic
of STING from ER to Golgi upon cGAMP-binding in
cells might implicate important events other than re-
cruiting downstream signaling molecules.

Identification of a STING Region (aa-345-357) as a

Specific NF-kB-Stimulating Region

We then investigated how STING CTT might acti-
vate both IRF3 and NF-«B signaling. STING CTT con-
tains less than 40 residues, in which a PLPLRT/SD motif
was found to mediate TBK1 recruitment and following
IRF3 phosphorylation. We hypothesized that TBK1,
which shares high homology to IKK, might be also in-
volved in NF-xB activation. Therefore, we tried to deter-
mine if STING can activate NF-xB in TBKI-deficient
cells. In TBK1 KO HEK293T cells, overexpressed STING
cannot induce ISG54 expression, suggesting that IRF3
axis cannot be activated as expected. On the contrary,
IL-6 can be induced readily by STING in TBK1 KO cells,
indicating TBK1 might not be involved in NF-«B activa-
tion and the region for NF-kB activation might be dif-
terent from PLPLRT/SD motif or TBK1-binding motif
(online suppl. Fig. 3a). These results were also validated
in a stimulation-dependent manner when cGAS and
STING were expressed at very low levels to prevent
spontaneous activation (Fig. 3a). We then went on to
determine the region of STING CTT specifically for NF-
kB activation. A pLxIS motif in STING CTT was report-
ed to mediate IRF3 docking and following activation
(Fig. 3b). A mutation in pLxIS motif disrupted the activ-
ity of STING(CTT/I365A/S366A)-mTM to stimulate
ISG54 expression (Fig. 3¢). Unexpectedly, STING(CTT/
[365A/S366A)-mTM can still induce IL-6 expression,
suggesting STING CTT harbors a region for NF-«B ac-
tivation that is independent of the pLxIS motif. We then
made some deletions to map the region specific for IRF3
and NF-kB activation, respectively. STING(aa-358-
379)-mTM can stimulate ISG54 expression but not IL-6
expression, indicating STING region aa-358-379 is spe-
cific for IRF3 but not NF-«kB activation (Fig. 3¢). In con-
trast, STING(aa-341-357)-mTM induces IL-6 expres-
sion as robust as STING(aa-341-379)-mTM, indicating
STING aa-341-357 covers the region for NF-«B activa-
tion (online suppl. Fig. 3d, e). STING(aa-341-357)-
mTM cannot induces ISG54 expression, suggesting this
region is only for NF-kB but not IRF3 activation. More-
over, we determined that region aa-345-357 is sufficient
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for NF-«B activation (Fig. 3d, e). When fused with a pep-
tide from VAMP-2 for targeting ER localization, this re-
gion (STING-aa-345-357) can activate NF-kB- but not
IRF3-signaling (Fig. 4a). Furthermore, in the context of
cGAS-cGAMP-dependent activation, we found that
STING region aa-345-357 is indeed required for NF-xB
but not IRF3 activation (Fig. 4b). By examining the se-
quence alignment of STING from seven different spe-
cies, we found that the NF-kB-activating region of hST-
ING is highly conserved in mammals, including human,
monkey, dog, pig and mouse, while it is not conserved
in chicken or zebra fish (Fig. 4c). A recent report showed
that zebra fish STING-CTT can recruit TRAF6 and ac-
tivate NF-kB. As expected, zebra fish STING (zSTING)
can activate NF-xB in HEK293T cells and zSTING with
CTT deletion (Aaa-381-398) can no longer activate NF-
kB (Fig. 4d). Additionally, we made a chimeric STING,
namely, zSTING(ACTT)-hSTING(aa-345-357), in
which zSTING CTT was replaced by the NF-xB-
activating region of hSTING. This chimeric STING
could not activate either IRF3 or NF-«B signaling, sug-
gesting that the region leading zZSTING CTT might con-
fer inhibition on the hSTING CTT (Fig. 4d).

Fig. 3. STING region aa-341-357 can activate NF-kB specifically.
a STING- and cGAS-expressing vectors together with IFNB-lucif-
erase reporter construct (left), ISRE-luciferase reporter construct
(middle), or NF-xB-luciferase reporter construct (right) were
transfected into wild-type HEK293T or TBKI knockout HEK293T
for 24 h, respectively. Firefly luciferase inductions were measured
after infection with HSV-1-GFP for 12 h. Protein expression levels
are shown in online supplementary Figure 3b. b A diagram illus-
trating various deletions or mutants based STING(aa-341-379)-
mTM as described in Figure 2a. STING(CTT/I365A/S366A)-
mTM harbors double mutations (with I to A at position 365 and S
to A at position 366). ¢ Various STING(aa 341-379)-mTM dele-
tions and mutants were transfected into HEK293T cells. Twenty-
four hours post transfection, the cells were collected and IFNB,
ISG54, and IL-6 were measured, respectively, by qPCR. Protein
expression levels are shown in online supplementary Figure 3c.
d A diagram illustrating various STING (aa-341-379)-mTM dele-
tions. @ STING(aa 341-379)-mTM deletions as indicated were
transfected into HEK293T cells. Twenty-four hours post transfec-
tion, the cells were collected and IFNB, ISG54, and IL-6 inductions
were measured, respectively, by qPCR. Protein levels were ana-
lyzed by Western blot in online supplementary Figure 3g. Data
information: All data are presented as the mean values based on
three independent experiments, and error bars indicate SD. p val-
ues were determined by unpaired two-tailed Student’s f test. *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. NS indicates no
statistically significant difference.
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An Autoinhibitory Mechanism Regulates STING CTT

Activity

As demonstrated in Figure 1b, a point mutation
STING(G158A) resulted in dramatically elevated induc-
tion of IFNB, circumventing cGAMP-binding in STING
activation. Strikingly, the same single mutation also led
to activation of mitochondria-localized STING, i.e.,
STING(aa-151-379/G158A)-mTM, which does not re-
spond to cGAS-cGAMP signaling (Fig. 5a). Mechanisti-
cally, the G158A mutation triggered a 180° rotation of
LBD in contrast to wild type STING, leading to an overall
active conformation of STING. However, how CTT, the
signaling domain gets activated as a result of the confor-
mational change of LBD is unknown. We speculate that
there are two possible mechanisms. One possibility is that
CTT switches from an inactive to active conformation as
LBD rotates. The abovementioned data showed that
STING-(ALBD) can activate both IRF3 and NF-kB re-
gardless of the presence of LBD (Fig. 1d, e), which argues
against that the active conformation of STING CTT de-
pends on its LBD. The other possibility is that CTT can
form an active conformation by itself and is released from
an autoinhibition by LBD during the activation process.
In supporting of the latter scenario, STING CTT frag-
ment showed strong association with its LBD in our co-
immunoprecipitation assay (Fig. 5b). Taken together, we
conclude that LBD might modulate CTT activity in an
autoinhibitory manner through direct interaction.

Our abovementioned data suggested that STING
LBD might bind to and inhibit its CTT in an intramo-
lecular manner, we then went on to test whether STING
LBD can inhibit its CTT signaling in trans. Both LBD
and CTT fragments were expressed transiently in
HEK293T cells. As expected, STING-(ALBD) alone
stimulates IFNB expression readily. In contrast, coex-
pression of STING-(ACTT) can abolish the IFN-induc-
ing activity of STING-(ALBD), suggesting that STING
LBD can indeed inhibit CTT signaling in trans (Fig. 5¢).
Additionally, mitochondrion-localized STING(aa-151-
340)-mTM can disrupt IFNB induction by STING(aa-
341-379)-mTM, confirming the inhibitory effect of
STING LBD on CTT activity (Fig. 5c; online suppl. Fig.
4d). These data also suggested that STING LBD can in-
hibit CTT activity independently of the ER localization.
Furthermore, we tested whether STING LBD can inhib-
it endogenous STING in HEK293 cells, which express
both endogenous cGAS and STING in contrast to
HEK293T cells (online suppl. Fig. 4c). We transiently
expressed STING LBD fragment in HEK293 cells with
or without virus infection. Indeed, STING-(ACTT) dis-
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rupted IFNB induction in HEK293 cells in response to
HSV-1-GFP stimulation, suggesting that STING LBD
fragment might interfere with endogenous STING acti-
vation in cGAS pathway (Fig. 5d). Expression of STING-
(ACTT) showed no detectable effect on IFNB induction
in HEK293 cells in response to VSV-DM51-GFP infec-
tion, indicating that STING LBD fragment might not
interact with RIG-I-MAVS pathway. Altogether, these
data suggested that STING LBD fragment could play a
dominant negative role in regulating endogenous
STING upon upstream stimulation.

Discussion

In this study, we identify that a region in STING CTT
(aa-345-357) serves as a platform specifically for NF-xB
activation, which might be the last piece of information
for the linear arrangement of functional domains of hu-
man STING. We find that STING CTT can activate both
IRF3 and NF-«kB to induce IFN-I expression even if en-
forced to be localized to mitochondria, suggesting that
STING signaling domain could recruit downstream sig-

Fig. 4. Human STING region aa-345-357 can activate NF-kB
when fused with a targeting peptide but not when fused with a ze-
bra fish STING fragment. a Various STING CTT deletions fused
with a peptide from VAMP-2 were transiently expressed in
HEK293T cells for 24 h. The cells were then harvested and IFNB
(left), ISG54 (middle), and IL-6 (right) inductions were measured,
respectively, by qPCR. Protein expression levels are shown in on-
line supplementary Figure 4a. b Various STING forms were tran-
siently expressed in HEK293T cells at low level for 24 h, followed
by infection with HSV-1-GFP for 12 h. The cells were then har-
vested and IFNB (left), ISG54 (middle), and IL-6 (right) inductions
were measured, respectively, by qPCR. STING-m(aa-388-400)
was generated with a replacement of hSTING region aa-345-357
with MAVS region aa-388-400. ¢ Sequence alignment of STING
CTT from different species. The NF-kB-activating region aa-388-
400 of hSTING, as well as pLxIS motif and TBMs, was highlighted.
The numbers indicated residues of hSTING. d Various STING
forms were transfected into HEK293T cells for 24 h. The cells were
then harvested and IFNB (left), ISG54 (middle), and IL-6 (right)
inductions were measured, respectively, by qPCR. Protein expres-
sion levels are shown in online supplementary Figure 4b.
zSTING(ACTT aa-381-398) is a deletion of zebra fish STING.
2STING(ACTT)-hSTING(aa-345-357) is a chimeric form of zebra
fish STING(Aaa-381-398) fused with human STING(aa-345-357).
Data information: All data are presented as the mean values based
on three independent experiments, and error bars indicate SD.
p values were determined by unpaired two-tailed Student’s t test.
*p <0.05,**p <0.01, ***p < 0.001, and ****p < 0.0001. NS indicates
no statistically significant difference. TBM, TBK1-binding motif.
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naling molecules from organelles other than ER or Gol-
gi. Lastly, we uncover STING LBD can bind to CTT and
provides autoinhibition for the signaling domain, which
can be unlocked by cGAMP binding.

Transcriptional factors IRF3 and NF-«B are two es-
sential axes of IFN-I induction in innate immune re-
sponse. In contrast to the elegant mechanisms underly-
ing TBK1 and IRF3 activation, little is known on NF-xB
activation by STING. A recent report suggests that
TBK1 mediates NF-kB activation by STING based on
the data that a L373A mutation disrupts IL-6 induction
[33]. In contrast, our data showed that the TBK1-bind-
ing region (aa-371-376) of STING is dispensable for
NF-xB activation, suggesting TBK1 is not required for
NF-xB activation. In fact, we identified a novel region
aa-345-357 for specific NF-kB activation by STING.
This NF-kB-activating region is independent of IRF3
activation. Both regions are within STING CT'T, consti-
tuting the linear layout of STING signaling domains. In
human STING, the NF-kB-activating region sits right
in front of IRF3-activating region, in stark contrast to
the recently identified NF-kB-activating region from
zebra fish, which is a CTT extension [28]. Interestingly,
the NF-kB-activating region of hSTING is not con-
served in zebra fish STING. Substitution of zebra
tish STING CTT with the NF-kB-activating region of
hSTING does not confer signaling activity on zSTING,
suggesting a divergent regulatory mechanism underly-
ing STING activation evolutionarily. The remaining
question is how this NF-«kB-activating region of
hSTING might engage IKK and possibly TRAF family
members for NF-kB activation as MAVS does, which is
worth further investigation.

One of the puzzling mechanisms underlying STING
activation is its traffic from ER to Golgi upon cGAMP-
binding. One explanation is that STING might only be
able to recruit downstream signaling molecules from
Golgi. To test this possibility, we engineered a chimeric
STING, in which human STING signaling domain is
fused with MAVS TM so that it is localized to mitochon-
dria rather than ER or Golgi. Strikingly, the chimeric
STING can stimulate downstream signaling and induce
IFNB production robustly, indicating that STING does
not have to be on ER or Golgi to recruit downstream
signaling molecules. Another possibility is that STING
can gain full polymerization and activation following
traffic to Golgi, and in this case, factors promoting full
activation of STING warrant further study. As a matter
of fact, a recent report showed that Golgi apparatus-syn-
thesized sulfated glycosaminoglycans mediated STING
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activation. In this regard, more thorough mechanistic
study might be expected.

STING-associated vasculopathy with onset in infan-
cy is associated with STING mutations, which lead to its
spontaneous activation and accidental induction of
IFN-I [34-37]. Mechanistically, these mutations may
trigger a conformational change of STING LBD, mim-
icking the consequence resulting from cGAMP binding.
However, the mechanism underlying the activation of
STING signaling domain CTT following the conforma-
tional change of LBD is unknown. A previous report
showed that CTT inhibits LBD aggregation and STING
activity [38]. In contrast, our data showed that STING
CTT alone can induce downstream IRF3 and NF-kB ac-
tivation. We further found that LBD binds to CTT and
provide a sophisticated autoinhibitory mechanism reg-
ulating STING activity in the absence of upstream sig-
nal. Upon infection, cGAMP binds to STING, which
triggers the conformational change of LBD and releases
the CTT for downstream signaling. The autoinhibitory
mechanism regulating STING activity resembles the in-
tramolecular autoinhibition modulating MAVS activity
in RIG-I pathway.

Fig. 5. STING LBD fragment can inhibit CTT signaling activity in
an intramolecular and intermolecular manner. a Low amount of
plasmids expressing STING and c¢GAS were transfected into
HEK293T cells. The cells were infected with HSV-1-GFP 24 h after
transfection. Twelve hours post infection, the cells were harvested
and IFNB induction was measured by qPCR. b Plasmids express-
ing FLAG- or HA-tagged STING-(ACTT) and STING-(ALBD)
were transfected into HEK293T cells. After 48 h, cells were har-
vested and immunoprecipitations were performed, followed by
immunoblotting. ¢ Various expression constructs were transfected
into HEK293T cells and IFNB (left), ISG54 (middle) and IL-6 in-
duction (right) were measured, respectively, by qPCR. STING-
(ACTT)and STING-(ALBD) are described in Figure 1a. STING(aa-
151-340)-mTM and STING(aa-341-379)-mTM are described in
Figure 2a. Protein expression levels are shown in online supple-
mentary Figure 4d. d Various constructs as indicated were trans-
fected into HEK293 cells. Twenty-four hours after transfection, the
cells were infected with VSV-DM51-GFP or HSV-1-GFP. Eight
hours post infection with VSV-DM51-GFP and 12 h post infection
with HSV-1-GFP, RNA was extracted and IFNB, ISG54, and IL-6
induction were measured by qPCR, respectively. Protein expres-
sion levels are shown in online supplementary Figure 4e. Data in-
formation: All data are presented as the mean values based on three
independent experiments, and error bars indicate SD. p values
were determined by unpaired two-tailed Student’s ¢ test. *p < 0.05,
*¥p < 0.01, ***p < 0.001, and ****p < 0.0001. NS indicates no sta-
tistically significant difference.
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