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ABSTRACT

The cGAS-STING pathway plays an important role in pathogen-induced activation of the innate
immune response. The 29-kDa amino-terminal fibronectin fragment (29-kDa FN-f) found
predominantly in the synovial fluid of osteoarthritis (OA) patients increases the expression of
catabolic factors via the toll-like receptor-2 (TLR-2) signaling pathway. In this study, we
investigated whether 29-kDa FN-f induces inflammatory responses via the cyclic GMP-AMP
synthase (cGAS)/stimulator of interferon gene (STING) pathway in human primary
chondrocytes. The levels of cGAS and STING were elevated in OA cartilage compared with
normal cartilage. Long-term treatment of chondrocytes with 29-kDa FN-f activated the
cGAS/STING pathway together with the increased level of gamma-H2AX, a marker of DNA
breaks. In addition, the expression of pro-inflammatory cytokines, including granulocyte-
macrophage colony-stimulating factor (GM-CSF/CSF-2), granulocyte colony-stimulating factor
(G-CSF/CSF-3), and type I interferon (IFN-a), was increased more than 100-fold in 29-kDa FN-
f-treated chondrocytes. However, knockdown of cGAS and STING suppressed 29-kDa FN-f-
induced expression of GM-CSF, G-CSF, and IFN-a together with the decreased activation of
TANK-binding kinase 1 (TBKI), interferon regulatory factor 3 (IRF3), and inhibitor protein
kBa (IxBa). Furthermore, NOD2 or TLR-2 knockdown suppressed the expression of GM-CSF,
G-CSF, and IFN-a as well as decreased the activation of the cGAS/STING pathway in 29-kDa
FN-f-treated chondrocytes. These data demonstrate that the cGAS/STING/TBK1/IRF3 pathway

plays a critical role in 29-kDa FN-f-induced expression of pro-inflammatory cytokines.
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INTRODUCTION

Osteoarthritis (OA) is a joint disease prevalent among the elderly and is caused by abnormal
mechanical stress as well as altered biochemical factors associated with aging. OA patients
exhibit joint pain, stiffness, and disability, accompanied by loss of articular cartilage and
synovial inflammation (1, 2). Chondrocytes, the only cells embedded in cartilage tissues,
regulate the synthesis of catabolic factors, such as pro-inflammatory cytokines and matrix-
degrading enzymes, and anabolic factors leading to formation of extracellular matrix (ECM)
components (3). Degradation products of ECM components, including fibronectin (FN)
fragments (FN-fs), have been reported to induce matrix-degrading enzymes, including matrix
metalloproteinases (MMPs) (4, 5). Previously, we demonstrated that 29-kDa FN-f-mediated
cartilage catabolism signals through MyD88-dependent toll-like receptor (TLR)-2 pathway,
suggesting that the modulation of TLR-2 signaling activated by damage-associated molecular
patterns (DAMP), including 29-kDa FN-f, may be used as a therapeutic strategy for the
regulation of cartilage damage in OA (6). In addition to increased catabolic signaling, 29-kDa
FN-f was also found to decrease the expression of xylosyltransferase-1, which is a rate-
limiting enzyme in matrix anabolic response, in chondrocytes via TLR-2 (7).

TLRs recognize bacterial products such as pathogen-associated molecular patterns (PAMPs)
and molecules released upon tissue injury such as DAMP, and therefore, TLRs have been
implicated in innate immunity, an immediate host defense system against infections, as well
as in autoimmune and inflammatory diseases (8, 9). Recently, DNA damage response, the
activation of the host immune system by damaged DNA resulting from genomic instability
has attracted considerable interest. Cyclic guanosine monophosphate (GMP)-adenosine
monophosphate (AMP) synthase (cGAS) plays a pivotal role in eliciting effective immunity

against microbial pathogens (10). It also acts as a DNA sensor in cytoplasm to detect DNA



nuclear and mitochondrial DNA, and pathogen infections (11). This activity, in turn, triggers
innate immune responses via production of the second messenger cyclic GMP-AMP
(cGAMP), which binds and activates the adaptor protein, the stimulator of interferon gene
(STING) on the endoplasmic reticulum membranes (12, 13). Because TLRs are reported to
induce type I interferons (IFNs) via activation of nuclear factor kappa B (NF-«B) and
interferon regulatory factors (IRFs), it is plausible that TLRs mediate the upstream signaling
in ¢cGAS-STING pathway (14). Previous reports show that OA articular cartilage shows
increased oxidative DNA damage compared with non-OA, and mitochondrial DNA damage
accumulates in OA chondrocytes indicating the role of DNA damage response in the
pathogenesis of OA (15, 16).

In the present study, we investigated whether 29-kDa FN-f induces the release of DNA to
activate the cGAS-STING signaling pathway, and whether the expression of pro-
inflammatory cytokines by 29-kDa FN-f may be affected by the cross-regulation between the

cGAS-STING and TLR-2 signaling pathways in articular chondrocytes.

RESULTS

The cGAS/STING pathway is significantly activated by 29-kDa FN-f

We investigated whether the cGAS/STING signaling pathway was activated in OA cartilage.
The levels of cGAS and STING mRNA were significantly higher in OA than in normal
cartilage (Fig. 1A), indicating that increased activation of the cGAS/STING pathway may be
associated with OA pathogenesis. Next, to elucidate the role of cGAS/STING pathway in 29-
kDa FN-f-induced catabolic response, the levels of cGAS and STING expression were

measured in 29-kDa FN-f-treated chondrocytes using western blot analysis. Following



treatment with 29-kDa FN-f for 24 h, the expression of cGAS and STING, and an inducer of
senescence, etoposide, was strongly elevated, and a pro-inflammatory cytokine IL-1p also
increased it (Fig. 1B). On the other hand, a strong band of yH2AX, an indicator of
cytoplasmic chromatin fragments, was detected only after incubation with etoposide (Fig.
IB). On the other hand, prolonged treatment with 29-kDa FN-f for 5 days increased the
expression of YH2AX as well as cGAS and STING (Fig. 1C). The expression of yYH2AX was
attenuated on day 7. Fluorescence microscopy revealed small cytoplasmic chromatin
fragments stained with DAPI and YH2AX in 29-kDa FN-f-treated cells, together with nuclei
stained with only 4°,6’-diamidino-2-phenylindole (DAPI) (Fig. 1D). These data demonstrated
that 29-kDa FN-f induced DNA damage and induced cytoplasmic DNA fragmentation

leading to the activation of cGAS-STING pathway.

29-kDa FN-f-induced expression of pro-inflammatory cytokines is mediated via
c¢GAS/STING/TBK1/IRF3 and NF-kB signaling pathways
Stimulation of TLRs induces pro-inflammatory cytokines and type I IFN expression via
activation of the transcription factors IRF3 and NF-kB, which overlaps with the cGAS-
STING pathway (14, 17). We thus investigated whether 29-kDa FN-f affects pro-
inflammatory cytokine expression induced by cGAS-STING. The expression of type I IFN
and pro-inflammatory cytokines, including GM-CSF and G-CSF, was significantly increased
by 29-kDa FN-f (Fig. 2).

We investigated the activation of IRF3 and NF-kB in primary human chondrocytes by 29-
kDa FN-f. Incubation of chondrocytes with 29-kDa FN-f for 6 h led to a significant increase
in the phosphorylation of IkBa, TBKI1, and IRF3 (Fig. 3A). Silencing of cGAS or STING

significantly suppressed phosphorylation of IkBa, TBKI1, and IRF3. Furthermore, the



knockdown of cGAS or STING inhibited 29-kDa FN-f-induced expression of pro-
inflammatory cytokines, including GM-CSF and G-CSF, and IFN-a (Fig. 3B). These results
demonstrate that 29-kDa FN-f modulated the expression of pro-inflammatory cytokines and

type I IFN via activation of cGAS/STING/TBKI1/IRF3 pathway.

TLR-2 and NOD2 signaling pathway regulates the activation of the ¢cGAS-STING
pathway in the presence of 29-kDa FN-f

The 29-kDa FN-f induces expression of catabolic factors via the TLR-2 or NOD2 signaling
pathways (6). We investigated whether 29-kDa FN-f-induced activation of TLR-2 or NOD2
signaling pathways influences the activation of cGAS/STING pathways. Silencing of TLR-2
or NOD2 suppressed the 29-kDa FN-f-induced activation of the cGAS/STING signaling
pathway, and decreased the expression of cGAS and STING as well as the phosphorylation of
TBKI1 and IRF3 (Fig. 4A). Down-regulation of cGAS, STING and phosphorylated forms of
TBK1 and IRF3 by si-TLR-2 and si-NOD2 was observed even in untreated chondrocytes. In
addition, up-regulation of GM-CSF, G-CSF, and IFN-a by 29-kDa FN-f was significantly
suppressed by the knockdown of TLR-2 or NOD2 (Fig. 4B). These results demonstrate that
29-kDa FN-f may affect the cGAS/STING signaling pathway via TLR-2 or NOD2 and

subsequently up-regulate the pro-inflammatory cytokines.

DISCUSSION
In this study, we investigated the role of the cGAS/STING signaling pathway in 29-kDa FN-f-
induced synthesis of pro-inflammatory cytokines in chondrocytes. An increased level of the

cGAS/STING pathway was found in the OA cartilage. The 29-kDa FN-f-induced expression of



pro-inflammatory cytokines mediated via cGAS/STING/TBKI1/IRF3 signaling was affected by
TLR-2 or NOD2, suggesting that the cGAS/STING pathway may play a role in cartilage
damage induced by DAMP.

Innate immunity has evolved as the first-line defense system against microbial invasion and
has been conserved across a wide variety of living organisms. Innate immune responses are
initiated by the recognition of conserved pathogen structures as well as molecules derived from
host tissue damage, and are mediated via diverse pattern recognition receptors (PRRs) (18).
PRRs consist of various cell surface receptors as well as receptors within the cellular
compartments. They include TLRs, nucleotide binding and oligomerization, leucine-rich
proteins (NLRs), retinoic acid-like receptors (RLRs), absent in melanoma 2 (AIM2)-like
receptors (ALRs), and cytosolic DNA receptors (19, 20). In addition to the expression of PRRs,
such as TLRs and NOD, in chondrocytes, numerous reports suggest that their expression
aggravates degradation of the cartilage matrix (6, 21-24). Thus, PRR signaling may represent a
vicious cycle in OA pathogenesis via generation of self-perpetuating catabolic signals induced
by matrix degradation products.

The cGAS is a nucleotidyltransferase identified as a cytosolic DNA sensor linking the
production of interferons and STING signaling via generation of cGAMP (25). In addition to its
role in sensing cytosolic DNA, the cGAS—STING pathway plays a role in chronic inflammatory
diseases including obesity, autoimmune disease and cancer (9, 10). For example, the cGAS
pathway plays a pivotal role in Aicardi-Gourtiéres syndrome, an autoimmune disease
characterized by elevated expression of genes induced by type I interferon (26), in which
patients carry mutations in genes such as TREXI and the cytosolic receptor MDAS. Mice
lacking both DNase II and IFN-IR exhibit chronic polyarthritis similar to human rheumatoid

arthritis (RA) induced by excessive tumor necrosis factor (TNF)-a production as a result of the



accumulation of undigested DNA either from phagocytosed erythroid precursor cells and
apoptotic cells or from damaged DNA in the nucleus (27, 28). Loss of STING abrogates self-
DNA-mediated cytokine production in Dnase2a—/— embryos and polyarthritis, suggesting an
essential role of STING in aberrant DNA-induced inflammatory diseases (29). In our result, the
up-regulation of cGAS-STING pathway was observed in human OA cartilage, indicating the
activation of cytoplasmic DNA damage response in OA chondrocytes. This pathway was
activated in vitro by IL-1 and FN-fs, two well-known mediators in catabolic signaling of the
cartilage. It is plausible that DNA damage response occurs in OA chondrocytes due to increased
rates of apoptosis and mitochondrial damage, which lead to the release of cytoplasmic DNA (30,
31). The cGAS/STING pathway activates two downstream pathways, such that pro-
inflammatory cytokines are produced via NF-kB and type I IFN through IRF3 (11, 12, 18). In
line with previous studies showing that cGAS-STING pathway stimulates pro-inflammatory
genes, we showed that FN-f upregulates G-CSF, GM-CSF and INF, the typical intermediates in
this pathway.

GM-CSF and G-CSF are hematopoietic growth factors induced by cytokines including
interleukin-1 and TNF in fibroblasts and chondrocytes (32-35). Although CSFs play a more
important role in inflammatory arthritis than OA, GM-CSF has been reported to function as a
key mediator in OA and related pain. Furthermore, GM-CSF modulates inflammation via
induction of the chemokine (c-c motif) ligand 17 (CCL17) (36, 37). Depletion and neutralization
of GM-CSF in mice demonstrated that GM-CSF induces cartilage degradation, synovitis, and
pain in rodent models of collagenase-induced OA and inflammatory arthritis (38-40). The
expression of IFNs was significantly increased in the synovial tissues of patients with RA, and
blockade of type 1 IFN using anti IFN antibody induced a significant decrease in the

development of arthritis (41). Elevated type I IFN persistently up-regulated the expression of



inflammation-related genes via activation of the autocrine loop (42). On the other hand, studies
using collagen-induced arthritis models showed that an injection of IFN-expressing fibroblasts
into joints reduced the severity of arthritis (43). Although a previous report showed that IFN-a
treatment resulted in an increase in both IL-1Ra and soluble TNF receptor (STNFR) production
in OA synovial fluid and tissues, its role in the regulation of chondrocyte function has yet to be
elucidated (44). Our results suggest that the cross-regulation between type I IFNs and pro-
inflammatory cytokines induced by the DNA damage response may contribute to the
pathogenesis of cartilage degeneration in OA.

We also found that the activation of cGAS-STING pathway and up-regulation of GM-CSF,
G-CSF, and IFN-a by 29-kDa FN-f was mediated via TLR-2 and NOD2 signaling pathways in
chondrocytes. This finding may be attributed to the elimination of TLR-2 and NOD2 receptor
signaling in response to FN-fs, because of the TLR-independent cGAS-STING signaling
response to intracellular DNA (45). However, it is also possible that the cross-regulation
between PRRs and cGAS/STING pathways plays a key role since much of the signaling
mechanism overlaps TBK1 and IRF3.

Taken together, our results demonstrate that 29-kDa FN-f significantly activates the
cGAS/STING pathway, together with increase in YH2AX, an indicator of cytoplasmic chromatin
fragmentation in human chondrocytes. The 29-kDa FN-f-induced increase in pro-inflammatory
cytokines may be affected by both cGAS/STING and TLR-2 signaling pathways. The
cGAS/STING pathway represents a novel therapeutic target against damage response due to

cartilage degradation that may aggravate cartilage degeneration.

MATERIALS AND METHODS



Materials, western blot analysis, transfection with siRNA and overexpression vectors, qRT-

PCR, and statistical analyses are described in the Supplementary Materials.

Cartilage collection, primary chondrocyte culture, and cartilage explant culture

Normal cartilages were obtained from the femoral head of patients sustaining femoral neck
fractures without a known history of OA or RA. The OA cartilage samples were obtained
from the knee joints of OA patients at the time of total knee replacement surgery. Patient
diagnoses were determined using the criteria developed by the American College of
Rheumatology. The collection and use of human tissue samples was reviewed and approved
by the Institutional Review Board of Hallym University Sacred Heart Hospital, Anyang,
South Korea (approval number 2018-05-040). All patients provided written informed consent
for the use of their discarded cartilage samples. Primary human chondrocytes were isolated
from articular cartilage and cultured as described previously (6). Briefly, the articular
cartilage dissected from a relatively lesion-free area was incubated with a protease (8 pg/mL)
derived from Streptomyces griseus for 1 h and with collagenase (4 pg/mL) obtained from
Clostridium histolyticum and hyaluronidase (0.2 pg/mL) from bovine testes for 2 h. Isolated
primary chondrocytes were cultured in Dulbecco’s modified Eagle’s medium (DMEM)

containing 10% fetal bovine serum (FBS).

Immunofluorescence microscopy

For detection of YH2AX in chondrocytes, cells were seeded on glass coverslips and incubated
with 29-kDa FN-f for 5 days. The cells were washed with PBS, fixed with 4%
paraformaldehyde at room temperature for 10 min, and incubated with a primary antibody

against YH2AX (1:200 dilution) and Alexa Fluor 588-conjugated secondary antibody
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(Invitrogen). Nuclei were stained for 30 min with DAPI (1 pg/mL Roche Applied Science,

Basel, Switzerland).
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FIGURE LEGENDS

Figure 1. The cGAS/STING signaling pathway is activated by 29-kDa FN-f in primary
chondrocytes. (A) The expression of cGAS and STING was increased in osteoarthritis (OA)
compared to normal cartilage. The relative expression of cGAS and STING in human normal
and OA cartilage was measured using SYBR Green-based real-time polymerase chain reaction
(qPCR). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous
control. ***P < 0.001 and ****P < (0.0001 vs. normal cartilage. Data are presented as the mean
+ standard deviation (SD) based on duplicate experiments using cartilages derived from
different donors (normal cartilage, n = 6 and OA cartilage, n = 8). (B) and (C) The expression of
YH2AX, cGAS, and STING in 29-kDa FN-f-, IL-1B-, and etoposide (ET)-treated chondrocytes.
Chondrocytes were treated with 29-kDa FN-f (300 nM), IL-1B (1 ng/mL), and etoposide (200
uM) for (B) 24 h and (C) 3, 5, and 7 days. Cell lysates were subjected to western blot analysis.
(D) Activation of YH2AX by 29-kDa FN-f. After treatment of primary chondrocytes with 29-
kDa FN-f for 5 days, the cellular level of YH2AX was determined using fluorescence

microscopy. Nuclei were stained with DAPI.

Figure 2. Expression of pro-inflammatory cytokines is significantly increased by 29-kDa
FN-f. Chondrocytes were treated with 29-kDa FN-f (300 nM) for 6, 24, 48, and 72 h. The
mRNA levels of GM-CSF (CSF-2) and G-CSF (CSF-3) and type I interferon (IFN-a) were
measured using qRT-PCR analysis. GAPDH was used as an endogenous control. Data are
presented as the mean =+ standard deviation (SD) of duplicate data obtained from three different

donors. *P < 0.05 and **P < 0.01 vs. untreated control.
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Figure 3. 29-kDa FN-f induces pro-inflammatory cytokine expressions via the
c¢GAS/STING/IRF3 signaling pathways. (A) Blockade of cGAS or STING inhibited 29-kDa
FN-f-induced activation of TBK1 and IRF3. Chondrocytes were transfected with si-cGAS or si-
STING and incubated with 29-kDa FN-f for 24 h. Levels of phosphorylated TBK1, IRF3 and
IkBa were measured by western blot analysis. Western blot data are representative of three
independent experiments from different donors. B-actin served as a loading control. (B) The 29-
kDa FN-f-stimulated expression of GM-CSF, G-CSF, and IFN-o was decreased by silencing
cGAS or STING. Chondrocytes were transfected with si-cGAS or si-STING and incubated with
29-kDa FN-f for 6 h. The expression of CSFs and IFN-a was measured using qRT-PCR analysis.
GAPDH was used as an endogenous control. Data are presented as the mean + standard
deviation (SD) of duplicate data obtained from four different donors. *P < 0.05, **P < 0.01,

***%P < (0.001 vs. si-control-transfected cells.

Figure 4. 29-kDa FN-f-activated TLR-2 and NOD2 signaling pathway modulates the
c¢GAS/STING signaling pathway. (A) The cGAS/STING pathway was modulated by TLR-2
and NOD2 activated by 29-kDa FN-f. Chondrocytes were transfected with si-TLR-2 or si-
NOD?2 and incubated with 29-kDa FN-f for 24 h. The levels of phosphorylated TBK1 and IRF3
were measured using western blot analysis. The protein levels were measured by western blot
analysis. Western blot data are representative of three independent experiments using different
donors. B-actin served as a loading control. (B) GM-CSF (CSF-2), G-CSF (CSF-3), and IFN-a
expressions were regulated by 29-kDa FN-f-modulated TLR-2 and NOD2. Chondrocytes were
transfected with si-TLR-2 or si-NOD2 and incubated with 29-kDa FN-f for 6 h. Expression of
GM-CSF, G-CSF, and IFN-a was measured by using qRT-PCR analysis. GAPDH was used as

an endogenous control. Data are expressed as the mean + standard deviation (SD) of duplicate
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data derived from three different donors. *P < 0.05 and **P < 0.01 vs. si-control-transfected

cells. ns, not significant.
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Materials

Etoposide, 29-kDa FN-f from human plasma and an antibody against -actin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against YH2AX, cGAS, IKK,
TBK1/phospho-TBK1, IRF3/phospho-IRF3, and nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor alpha (IkBa)/phospho-IkBa (Ser32) were obtained from
Cell Signaling Technology (Danvers, MA, USA). An antibody against STING was purchased
from LifeSpan BioScience (Seattle, WA, USA). Horseradish peroxidase (HRP)-conjugated
secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
IL-1B was purchased from R&D Systems (Minneapolis, MN, USA). Small interfering RNAs
(siRNAs) against cGAS, STING, TLR-2, and NOD2 were purchased from Bioneer (Daejeon,
South Korea). Primers for cytokines were obtained from Cosmo Genetech Co. (Seoul, South

Korea).

Western blot analysis

Cells were harvested and were lysed with radioimmunoprecipitation assay (RIPA) lysis
buffer. After determination of protein concentration, equal amount of proteins were resolved
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrotransferred to a polyvinylidene difluoride membrane. The membrane was blocked with
5% (w/v) nonfat milk in TBST (Tris buffered saline and 0.1% Tween 20), sequentially
incubated with primary (1: 1000 dilution) and secondary antibodies (1: 5000 dilution), and

then developed using an enhanced chemiluminescence kit (Santa Cruz Biotechnology).

Transfection with siRNA and overexpression vectors
Human chondrocytes were transfected with siRNA at a concentration of 50 nM using

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s



instructions. The siRNA sequences are shown as follows: control (sense, 5-CCU-ACG-
CCA-CCA-AUU-UCG-U-3'; antisense, 5'-ACG-AAA-UUG-GUG-GCG-UAG-G-3"), NOD2
(sense, 5-UAU-UGU-UAU-CGC-GCA-AAU-ACA-GAG-C-3’; antisense, 5'-GCU-CUG-
UAU-UUG-CGC-GAU-AAC-AAU-A-3"), TLR-2 (sense, 5-GGC-UUC-UCU-GUC-UUG-
UGA-C-3’; antisense, 5'-GUC-ACA-AGA-CAG-AGA-AGC-C-3'), cGAS (sense, 5'- CCU-
UGU-ACC-CAA-GCA-UGC-A-3'; antisense, 5'-UGC-AUG-CUU-GGG-UAC-AAG-G-3'),
and STING (sense, 5'-UCU-UGC-GUA-AUC-AUG-ACU-A-3’; antisense, 5'- UAG-UCA-

UGA-UUA-CGC-AAG-A -3).

Quantitative real-time reverse transcription polymerase chain reaction (QRT-PCR)

Normal cartilage from the femoral heads of patients (n=6, 72 + 22.1) with femoral neck
fractures and OA cartilage from the knee joints of OA patients (n=8, 74.6 + 5.2) were frozen
at -80°C and were grinded to a fine powder in liquid nitrogen. Total RNA was isolated from
cultured chondrocytes or from powdered cartilage tissue using TRIzol reagent and reverse
transcribed using Moloney murine leukemia virus reverse transcriptase (Promega, Madison,
WI, USA). qRT-PCR were performed in master mix containing SYBR Green PCR master
mix, forward and reverse primer, and an equal amount of cDNA. Ct values were normalized
to GAPDH and expressed as fold change to the untreated control. The primer sequences are
shown as follows; GM-CSF forward, 5’-GGG-CAG-CCT-CAC-CAA-GCT-3’; GM-CSG
reverse, 5’-CTT-GTA-GTG-GCT-GGC-CAT-CA-3’; G-CSF forward, 5’-AGA-GCC-CCA-
TGA-AGC-TGA-TG-3’; G-CSF reverse, 5’-GCT-TCC-TGC-ACT-GTC-CAG-AGT-3’; IFN-
o forward, 5’- AGG-CTG-TGG-GTT-TGA-GGC-AGA-TCA-3’; IFN-a reverse, 5’-TGT-
GGG-TTT-GAG-GCA-GAT-CA-3’; c-GAS forward, 5’-CGG-GCG-GTT-TTG-GAG-AA-3’;
c-GAS reverse, 5’-GCC-GCC-GTG-GAG-ATA-TCA-3’; STING forward, 5’-GCT-TTA-

GCC-GGG-AGG-ATA-GG-3’; STING reverse, 5’-CCT-CAA-GTG-TCC-GGC-AGA-A -3°.



Statistical analysis

Data are expressed as the mean + standard deviation (SD). Statistical analyses were
performed using Mann—Whitney U test or two-way analysis of variance. A value of P < 0.05

was considered statistically significant.



