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IFN-γ activates the tumor cell-intrinsic STING pathway through the induction of DNA 
damage and cytosolic dsDNA formation
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ABSTRACT
Stimulator of interferon genes (STING) pathway activation predicts the effectiveness of targeting the PD-1/ 
PD-L1 axis in lung cancer. Active IFN-γ signaling is a common feature in tumors that respond to PD-1/PD- 
L1 blockade. The connection between IFN-γ and STING signaling in cancer cells has not been documen-
ted. We showed that IFN-γ caused DNA damage and the accumulation of cytosolic dsDNA, leading to the 
activation of the cGAS- and IFI16-dependent STING pathway in lung adenocarcinoma cells. IFN-γ-induced 
iNOS expression and nitric oxide production were responsible for DNA damage and STING activation. 
Additional etoposide treatment enhanced IFN-γ-induced IFN-β and CCL5 expression. Tumor-infiltrating 
T cells stimulated with a combination of anti-CD3 and anti-PD-1 antibodies caused STING activation and 
increased IFN-β and CCL5 expression in lung adenocarcinoma. These effects were abrogated by the 
addition of an IFN-γ neutralizing antibody. Our results suggest that the activation of tumor-infiltrating 
T cells could alter the tumor microenvironment via the IFN-γ-mediated activation of STING signaling in 
cancer cells.
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Introduction

Targeting the programmed cell death-1 (PD-1) or pro-
grammed cell death ligand 1 (PD-L1) axis alone or in combi-
nation with chemotherapy has shown remarkable antitumor 
effects and has become the standard of care for advanced non- 
small-cell lung cancer (NSCLC) patients, leading to improved 
survival.1,2 However, a large proportion of NSCLC patients 
derive limited or no benefits from treatment with PD-1/PD- 
L1 inhibitors.3 In recent years, numerous investigations have 
focused on identifying biomarkers for the prediction of patient 
responses to anti-PD-1/PD-L1 therapy.4,5 Della Corte et al. 
reported that the activation of the stimulator of interferon 
genes (STING) pathway predicts the effectiveness of cancer 
responding to immunotherapy. Moreover, STING activation 
is associated with increased levels of intrinsic DNA damage 
and biomarkers of an active immune microenvironment in 
NSCLC.6,7

Cellular DNA is under constant threat from exogenous and 
endogenous damage. DNA damage can be detected as 
a danger-associated molecular pattern using cytosolic and 
endosomal sensors and adaptor molecules, leading to the pro-
duction of type I interferon, proinflammatory cytokines, and 
chemokines.8 Cyclic GMP-AMP synthase (cGAS) is an impor-
tant cytosolic nucleic acid sensor of double-stranded DNA.9,10 

cGAS activation generates cyclic dinucleotide cyclic GMP- 
AMP (cGAMP), which in turn triggers the STING signaling 
pathway and induces IFN-β expression.11 In addition to cGAS, 
interferon-inducible factor-16 (IFI16) can recognize cytosolic 

double-stranded DNA, single-stranded DNA, and damaged 
nuclear DNA.12–14 Activation of the STING pathway in 
human macrophages and keratinocytes requires the coopera-
tion of cGAS and IFI16.15,16

The STING pathway may be involved in the induction of 
the antitumor immune response in the context of DNA 
damage.17–19 DNA-damaging agents are widely used in clinical 
oncology. Exposure to ionizing radiation (IR) and chemother-
apeutic agents causes DNA double-strand breaks (DSBs). 
Etoposide-induced DNA damage can trigger NF- 
κB-dependent transcription by activating the cGAS- 
independent STING pathway.20 Ionizing radiation-induced 
antitumor immunity depends on STING activation and IFN- 
β induction.21 However, the association between cancer immu-
notherapy and the induction of cellular DNA damage in cancer 
cells and the underlying mechanisms have not been fully elu-
cidated. Emerging experimental and clinical evidence suggests 
that the DNA damage and repair landscape is also associated 
with cancer responses to immune-directed therapies.7

Substantial evidence shows that active IFN-γ signaling is 
a common feature in tumors that respond to immune check-
point blockade.22 The loss of IFN-γ pathway genes in tumor 
cells reduces the likelihood of a response to 
immunotherapy.23,24 The precise contributions of IFN-γ to 
immunotherapy, however, remain to be defined. The cellular 
effects of IFN-γ have been described, including the activation 
of cellular immunity and the induction of cell cycle arrest and 
cell death in human cancer cells.25–28 Recent studies using 
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state-of-the-art technology have shown that IFN-γ secreted 
from tumor antigen-stimulated T cells can diffuse extensively 
to alter the tumor microenvironment in a distant area. These 
findings imply that activated tumor-infiltrating CD8+ T cells 
modulate the behavior of remote tumor cells through IFN- 
γ.29,30 IFN-γ alone or in combination with other inflammatory 
cytokines, including IL-1β and TNF-α, induces DNA damage 
in HeLa and cholangiocarcinoma cells.31,32 Whether IFN-γ- 
induced DNA damage triggers STING activation in cancer cells 
has not been documented.

In this study, we show that IFN-γ induced nuclear DNA 
damage and cytosolic dsDNA formation in lung adenocarci-
noma cells via the upregulation of inducible nitric oxide 
synthase (iNOS) expression and nitric oxide (NO) production. 
IFN-γ-induced DNA damage activated the STING pathway. 
The DNA sensors cGAS and IFI16 are involved in STING 
activation induced by IFN-γ. Our results suggest that IFN-γ 
can shape the tumor immune microenvironment and exert 
antitumor effects by activating the STING pathway in cancer 
cells.

Materials and methods

Cell lines and cell culture

Human lung adenocarcinoma A549 (ATCC Cat# CRL-7909), 
HCC827 (KCLB Cat# 70827), H2444 (ATCC Cat# CRL-5945), 
H2030 (ATCC Cat# CRL-5914), and H1975 (ATCC Cat# CRL- 
5908) cell lines were obtained from Cobioer Biosciences 
(Nanjing, China). Short tandem repeat (STR) analyses were 
performed as follows: the analyses of the A549, HCC827, and 
H1975 cell lines were performed in 2017, and the analyses of 
the H2444 and H2030 cell lines were performed in 2019. A549, 
H2444, and H2030 cells harbor mutations in KRAS, and H1975 
and HCC827 cells harbor EGFR mutations. The A549 cells 
were cultured in F12K medium containing 10% fetal bovine 
serum (Gibco, Grand Island, NY, USA), 100 U/ml penicillin 
and 0.1 mg/ml streptomycin (HyClone, Logan, NT, USA). The 
other cell lines were cultured in RPMI 1640 (HyClone) con-
taining 10% fetal bovine serum supplemented with 100 U/ml 
penicillin and 0.1 mg/ml streptomycin. The cells were main-
tained at 37°C in a humidified incubator with 5% CO2. All cell 
lines were confirmed to be Mycoplasma-negative (Biothrive 
Sci. & Tech. Ltd., Shanghai, China), and the cell lines were 
used within 3 months after resuscitation.

Ex vivo culture of patient-derived lung cancer 
explants

Fresh tissues were obtained from patients undergoing pulmon-
ary resection before radiation or chemotherapy at the 
Department of Thoracic Surgery, Tongji Hospital. Ex vivo 
culture was performed as previously described.33 Briefly, the 
tumor tissues were dissected into 1 mm3 cubes and placed on 
a gelatin sponge (Hushida, Jiangxi, China) in RPMI-1640 
media supplemented with 10% heat-inactivated FBS. Then, 
the indicated amounts of IFN-γ or anti-CD3 mAb, anti-PD-1 
Ab, and anti-IFN-γ Ab were added to the cultures. The tissues 
were cultured at 37°C for 48 h and collected for RNA and 

protein extraction. This study was performed following the 
Declaration of Helsinki. The use of human tissue samples was 
approved by the Institutional Ethics Committee of Huazhong 
University of Science and Technology.

Antibodies and reagents

All antibodies and reagents are listed in Table S1.

Activation of T lymphocytes in vitro

Human peripheral blood mononuclear cells (PBMCs) were 
isolated from EDTA-K2 anticoagulated blood using Ficoll- 
Paque medium (GE Healthcare, Uppsala, Sweden) and density 
gradient centrifugation. PBMCs (2 × 106 cells/well, 6-well 
plate) were cultured alone or treated with 1 µg/mL CD3 mAb 
(BD Bioscience, San Jose, CA, USA). Two days later, the super-
natants were collected and cultured with tumor cells. 
Alternatively, CD3 T lymphocytes were isolated from the 
PBMCs using magnetically labeled CD3 MicroBeads 
(Miltenyi Biotec, Bergisch Gladbach, Germany). 
Subsequently, purified CD3 T cells (2 × 106 cells/well, 6-well 
plate) were stimulated with 1 µg/mL CD3 mAb and 1 µg/mL 
CD28 mAb (R&D Systems, Minneapolis, MN, USA). The 
supernatants were collected for the culturing of tumor cells.

Detection of IFN-γ expression by enzyme-linked 
immunosorbent assay (ELISA)

PBMCs or purified T cells were stimulated with or without 
anti-CD3/CD28 mAbs for 24 h ~ 72 h. The supernatants were 
collected using centrifugation. The levels of IFN-γ in the super-
natants were quantified using a commercial ELISA kit 
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions.

Cell viability

Cell viability was measured using a CCK-8 kit (Dojindo 
Molecular Laboratories, Kumamoto, Japan). A549 cells were 
seeded (3,000 cells/100 μL/well) in 96-well plates and cultured 
overnight before being exposed to the indicated treatment. The 
absorbance was measured at 450 nm using a microplate spec-
trophotometer (TECAN, Baldwin Park, CA, USA).

Nitric oxide detection

The quantification of nitric oxide in cells after exposure to IFN- 
γ was performed using a commercial kit obtained from 
Beyotime Biotechnology (Beyotime Biotechnology, Shanghai, 
China) according to the manufacturer’s instructions.

siRNA transfection

The siRNAs targeting JAK1, JAK2, cGAS, IFI16, and STING 
were synthesized by RiboBio (Guangzhou, China). The tar-
geted sequences are shown in Table S2. Transient transfection 
was used to deliver the siRNAs. Briefly, the siRNAs (50 nM) 
and Lipofectamine 3000 (Invitrogen) were gently premixed in 
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medium without serum according to the manufacturer’s guide-
lines. The transfection mixture was added to the culture plate, 
and subsequently, cell suspensions were seeded into the culture 
plates and maintained for 24 ~ 72 h. The efficacy of the target 
gene knockdown was verified by an immunoblot analysis.

RNA isolation and quantitative real-time PCR analysis

Total RNA was extracted using TRIzol reagent (Takara Bio 
Inc., Shiga, Japan). The mRNA was reverse transcribed into 
cDNA using an RT reagent kit (Vazyme, Nanjing, China). The 
target gene mRNA expression was quantified using real-time 
polymerase chain reaction (PCR) with a SYBR Green Master 
Mix Kit (Vazyme) and Applied Biosystems (Vilnius, 
Lithuania). Template-free negative controls were included, 
and all reactions were assayed in triplicate. We used ACTB as 
an internal control and determined the relative expression of 
the target genes according to the 2−ΔΔCt method. The primers 
were obtained from TsingKe Biology Technology (Wuhan, 
China). The sequences of the primers are shown in Table S2.

Histone extraction

The cells were harvested and resuspended in Triton Extraction 
Buffer (TEB: PBS containing 0.5% Triton X-100 and 2 mM 
PMSF) at a cell density of 107 cells/ml. Then, the cells were 
lysed on ice for 10 min with gentle stirring and centrifuged at 
400 g for 10 min at 4°C. The cell pellet was resuspended in 
0.2 N HCl at a density of 4 × 107 cells/mL and incubated at 4°C 
overnight. The samples were centrifuged at 6,500 g for 10 min 
at 4°C. The supernatant was used for immunoblot analysis after 
neutralization with 2 M NaOH.

Western blot analysis

The cells were lysed using RIPA lysis buffer (50 mM Tris pH 
7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 
and 0.1% SDS). The proteins were resolved using SDS–PAGE 
and transferred to Immobilon®-P membranes (Merck 
Millipore, Darmstadt, Germany). The blots were developed 
using an enhanced chemiluminescent detection system 
(Tanon 5200, Shanghai, China).

Immunoprecipitation

Cells were lysed using a Nuclear and Cytoplasmic Protein 
Extraction kit (Beyotime Biotechnology, Shanghai, China). 
The cytoplasmic and nuclear fractions were obtained according 
to the manufacturer’s instructions. The cytoplasmic fractions 
were used for the immunoprecipitation assay. A portion of each 
cytoplasmic fraction was retained as an input control. The 
remaining cytoplasmic fractions were incubated with 2 μg of 
primary antibodies per 500 μg of total protein overnight at 4°C, 
followed by the addition of 50 µL of protein A/G beads (Thermo 
Fisher) and incubation for 1 h at room temperature. The beads 
were washed three times with wash buffer, and the bound 
proteins were eluted by boiling in sample buffer for 10 min.

Immunofluorescence analysis

The cells were seeded on poly-L-lysine-coated coverslips and 
treated with the indicated reagents (IFN-γ) for various times. 
Subsequently, the cells were fixed with 4% paraformaldehyde 
(Servicebio, Wuhan, China) for 15 min at room temperature 
and then permeabilized with 0.3% Triton X-100 (Standard 
Reagent, Hyderabad, India) in phosphate-buffered saline 
(PBS) for 10 min. After fixation and permeabilization, the 
cells were blocked with 1% bovine serum albumin (BSA) and 
0.3% Triton X-100 in PBS for 60 min at room temperature. 
Then, the cells were incubated with primary antibodies at 4°C 
overnight, followed by incubation with fluorescently conju-
gated secondary antibodies. Finally, all cells were stained with 
DAPI (Servicebio, Wuhan, China). The cells were visualized 
under a wide-field fluorescence microscope (Carl Zeiss, Baden- 
Württemberg, Germany). The number of γ-H2AX-positive 
puncta was quantified using ImageJ. We analyzed three ran-
domly selected images from each culture condition.

Immunofluorescence confocal microscopy

The cells were embedded with coverslips and treated with or 
without IFN-γ for 24 h. Subsequently, the cells were fixed with 
4% paraformaldehyde and permeabilized with 0.05% Tween 20 
and 0.005% Triton-X for 10 min. After blocking with 1% BSA, 
the cells were incubated with specific primary antibodies at 4°C 
overnight, washed with PBS, and incubated with fluorescently 
conjugated secondary antibodies. Finally, the nuclei were 
stained with DAPI for 15 min. The stained cells were visualized 
and captured by confocal microscopy (Zeiss LSM 780). The 
colocalized proportion of cGAS and dsDNA in three visual 
fields with more than 50 cells was further analyzed by ImageJ 
software and calculated by Manders’ coefficients.

Detection of cytosolic DNA

Cells (10,000 ~ 20,000 cells/well) were seeded on 12 mm dia-
meter coverslips in 0.5 mL of culture medium. The cells were 
treated with IFN-γ for 24 h, fixed with 4% paraformaldehyde 
for 10 min at room temperature, and washed with PBS. Then, 
the cells were permeabilized using PBS buffer containing 0.05% 
Tween 20 and 0.005% Triton-X for 10 min at room tempera-
ture. The slides were washed three times with PBS, and non-
specific binding was blocked with PBS containing 1% BSA for 
60 min at room temperature. Then, the slides were incubated 
with antibodies against dsDNA (1:800), cGAS (1:400), and γ- 
H2AX (1:200) overnight at 4°C. The slides were incubated with 
diluted secondary antibodies (1:200, 1% BSA) and DAPI. The 
number of cytosolic dsDNA-positive cells was quantified using 
ImageJ. We analyzed three randomly selected images, and the 
number of counted cells is indicated in the related figures.

Comet assay

A comet assay was performed using an OxiSelectTM Comet 
Assay Kit according to the manufacturer’s instructions (cat# 
STA-350, CELL BIOLABS, San Diego, CA). In brief, 75 µL of 
Comet Agarose per well was added to the OxiSelect™ Comet 
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Slide to create a Base Layer. The samples were prepared 
using 75 µL of Comet Agarose per well with 1 × 104 cells/ 
mL. The slides were kept at 4°C in the dark for 15 min, and 
then, the slides were soaked with prechilled lysis buffer 
(~25 mL/slide) for 60 min. The slides were immersed in 
alkaline solution for 30 min at 4°C in the dark and subjected 
to TBE electrophoresis (30 V, 10 mA) for 15 min. The slides 
were washed with prechilled DI H2O three times and 
replaced with cold 70% ethanol for 5 minutes. After the 
slides were completely air dried, 100 µL/well of diluted 
Vista Green DNA Dye was added, and the slides were incu-
bated at room temperature for 15 min. Finally, the slides 
were viewed by epifluorescence microscopy using a FITC 
filter. DNA damage was measured in Olive Tail Moments 
(OTM) using CometScore software (casplab_1.2.3b2, https:// 
casplab.com/download).

Flow cytometry

Cultured cells (5 × 105 cells/sample) were harvested and fixed 
with eBioscience IC Fixation Buffer (eBioscience, Waltham, 
Massachusetts, USA), and subsequently, the cells were permea-
bilized using permeabilization buffer (Invitrogen, USA) and 
stained with antibodies against IFN-β and iNOS at 4°C for 
30 min. A flow cytometric analysis was performed using an 
Attune N x T Acoustic cytometer (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). The data were analyzed using 
FlowJo software v10 (BD Biosciences).

Staining of dead cells

A549 cells were stained with 7-AAD for 30 min at 4°C in the 
dark and subjected to flow cytometric analysis. Unstained cells 
were used as a staining control.

Detection of cGAMP

cGAMP detection was performed as previously described.15 

Briefly, cells (1 ~ 2 x 107/sample) were lysed in cold 80% 
methanol. Cell debris was removed by centrifugation, and the 
samples were subjected to three rounds of butanol: water 
extraction. After the samples were mixed well, nitrogen eva-
poration was performed until the methanol was completely 
volatilized. Then, the sample was completely dissolved in 
400 μl of ammonium acetate solution filtered with a 0.22 μm 
membrane and subjected to LC–MS analysis.

Statistical analysis

The data shown in the bar graphs are presented as the mean ± 
SD unless indicated otherwise. The RT–PCR and ELISA results 
are presented as the mean of triplicate samples, and the error 
bars represent the SD. Unpaired two-sided Student’s t-tests 
were used for comparisons between two groups. Multiple 
t-test analyses with the Holm-Sidak method were used for 
comparisons among multiple groups. GraphPad Prism V.8.0 
(GraphPad Software) was used for the graphing and statistical 
analysis. The differences were considered statistically signifi-
cant at p < .05.

Results

IFN-γ triggers the DNA damage response in human lung 
adenocarcinoma cells

First, to determine whether IFN-γ signaling triggers DNA 
damage, we assessed the expression level of phosphorylated 
histone H2AX (Ser139), which is an early marker of DNA 
damage, in lung cancer cells in response to IFN-γ. Western 
blot analysis showed that A549 and HCC827 cells treated with 
IFN-γ exhibited an increase in H2AX phosphorylation 
(Figure 1a). γ-H2AX foci analysis is a reliable and exquisitely 
sensitive monitor of double-strand break formation and repair. 
IFN-γ treatment led to a significant increase in the number of 
γ-H2AX foci per cell compared to that in mock-treated cells 
(Figure 1b).

ATM and ATR are two essential regulators involved in the 
cellular response to DNA damage.34 As shown in Figure 1c, 
ATM phosphorylation at Ser 1981 was increased in A549 and 
HCC827 cells as early as 6 h after IFN-γ treatment. IFN-γ did 
not affect the phosphorylation of ATR at Thr 1989. Notably, 
radiation treatment increased ATR phosphorylation at Thr 1989 
(Fig. S1A). IFN-γ stimulation also led to a significant increase in 
the phosphorylation of the ATM target protein kinase Chk2 on 
Thr 68, confirming ATM activation by IFN-γ (Figure 1d). In 
addition to A549 and HCC827 cells, IFN-γ could induce ATM 
activation in other lung cancer cells, including H2444, H2030, 
and H1975 cells (Figure 1e). To determine whether ATM phos-
phorylation in response to IFN-γ is dose-dependent, we used 
gradient amounts of IFN-γ to stimulate A549 cells. The lower 
amount of IFN-γ (10 IU/mL) had a limited effect on the 
induction of ATM phosphorylation (Figure 1f).

To assess DNA damage in detail, we performed a comet 
assay in cells receiving IFN-γ or radiation treatment. The 
comet tail moment under neutral conditions reflects DNA 
breaks. As expected, comet tail moments were increased in 
the radiation-treated cells (Fig. S1B). The results of the comet 
assay showed that compared to the untreated cells, comet tail 
moments were significantly increased in the cells treated with 
IFN-γ (Figure 1g). Thus, our results demonstrate that IFN-γϒis 
capable of inducing DNA breaks in tumor cells.

Increased iNOS expression and NO production are 
responsible for the DNA damage induced by IFN-γ

Several studies have proposed that IFN-γ alone or mainly in 
combination with other inflammatory cytokines can increase 
the levels of ROS in cancer cells,32,35 primary hepatocytes,36 

and macrophages.37 ROS can contribute to DNA damage. We 
assessed whether IFN-γ increased the level of ROS in lung 
cancer cells. We found that IFN-γ only increased the ROS 
levels in the A549 cells but not in the HCC827 and H2030 
cells, and in contrast, IFN-γ reduced the ROS levels in HCC827 
and H2030 cells (Fig. S2A). Notably, the baseline ROS levels in 
HCC827 and H2030 cells were much higher than those in A549 
cells. Our data indicate that the IFN-γ-ROS axis may not be 
responsible for the IFN-γ-induced DNA damage in these cells.

Nitric oxide has also been documented to induce DNA 
damage in cancer cells.38–41 Chan et al. reported that IFN-γ 
upregulates inducible nitric oxide synthase (iNOS) expression 
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in macrophages.42 Therefore, we investigated the role of nitric 
oxide in the induction of DNA damage by IFN-γ in lung cancer 
cells. The A549 and HCC827 cells treated with IFN-γ exhibited 
significant increases in iNOS expression at the mRNA 
(Figures 2a) and protein Figures 2(b,c) levels. We also observed 
that compared to the mock-treated cells, the production of 
nitric oxide (NO) was increased in the IFN-γ-treated cells 
(Figures 2d).

To confirm that iNOS induction is mediated by IFN-γ 
signaling, we knocked down JAK1 and JAK2 using siRNA in 
A549 and HCC827 cells, and the resultant cells were stimulated 
with IFN-γ. JAK2 knockdown abolished the IFN-γ-induced 
upregulation of iNOS, while JAK1 knockdown had a similar 
effect but to a lesser extent (Fig. S2B). Our data show the 
involvement of IFN-γ-mediated JAK1/JAK2 signaling in the 
induction of iNOS.

Subsequently, to determine whether IFN-γ-induced NO 
triggers DNA damage, we used the iNOS inhibitor 1400 W. 
The IFN-γ-induced production of NO in cancer cells was 
significantly reduced in the cells cultured with 250 μM and 
500 μM 1400 W (Figure 2e). Moreover, culturing cells with 
IFN-γ in the presence of 1400 W abrogated the IFN-γ- 
mediated phosphorylation of H2AX and ATM (Figure 2f). To 
further confirm whether NO is responsible for IFN-γ-induced 
DNA damage, we used the NO scavenger carboxy-PTIO to 

culture cells in the presence of IFN-γ. The removal of NO 
inhibited the IFN-γ-induced DNA damage (Figure 2g) and 
phosphorylation of H2AX and ATM (Figure 2h). Notably, 
the amount of 1400 W and NO scavenger used at the given 
concentration did not significantly affect the cell viability (Figs. 
S2C and D). Our results demonstrate that the IFN-γ-induced 
upregulation of iNOS expression and NO production is 
responsible for the induction of DNA damage in tumor cells.

IFN-γ-induced DNA damage activates the STING 
pathway

The DNA damage response is tightly connected to inflamma-
tory gene expression. Several studies have shown that the 
cellular DNA damage caused by chemotherapy and radiation 
can activate the STING pathway in cancer cells and result in 
the upregulation of inflammatory gene expression.20,43 Because 
we demonstrated that IFN-γ could induce DNA damage, we 
sought to determine whether the STING pathway is subse-
quently activated. We first evaluated whether the STING path-
way is functional in A549 cells by transfecting the cells with 
herring testes (HT) DNA. As shown in Figures 3(a,b), A549 
cells transfected with HT-DNA exhibited upregulated phos-
phorylation of TBK1, IRF3, and p65 and enhanced transcrip-
tion of the IFN-β coding gene IFNB1, which is the most 

Figure 1. IFN-γ triggers DNA damage in lung adenocarcinoma cells. (a) Representative immunoblots showing phosphorylated H2AX and total H2AX expression in A549 
and HCC827 cells treated with or without IFN-γ (100 IU/mL) for the indicated time intervals. The experiments were repeated at least four times. (b) A549 and HCC827 
cells were treated with or without IFN-γ for 24 h. γ-H2AΧ foci were assessed using fluorescence microscopy (scale bar, 20 μm). DNA was visualized with DAPI. The data 
are expressed as the mean ± SD and are replicates of a representative experiment. Quantification of γ-H2ΑΧ foci per cell in each group was performed in the indicated 
number of cells (n); ***p < .001. (c-e) Whole cell lysates from IFN-γ-treated or untreated cells were subjected to immunoblotting using antibodies against p-ATM, p-ATR, 
p-Chk2, total ATM and ATR, and GAPDH was used as a loading control. (f) Whole-cell lysates from A549 and HCC827 cells treated with IFN-γ at concentrations of 100, 
250, 500, and 1000 IU/mL were subjected to immunoblotting. (g) A549 and HCC827 cells were treated as described in B and subjected to a comet analysis. The olive tail 
moment (OTM) was used as an index of DNA damage. OTM is defined as the fraction of tail DNA multiplied by the distance between the centers of gravity for DNA in the 
head and tail. At least 50 cells per treatment were analyzed. The data are expressed as the mean ± SD and are replicates of a representative experiment. The same 
experiments were repeated at least twice.
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important target gene of the STING pathway. Our data indicate 
that the STING pathway can be activated by exogenous DNA 
in A549 cells.

Then, we investigated the effect of IFN-γ on STING signal-
ing in A549 and HCC827 cells. Western blot analysis showed 
that the levels of phosphorylated TBK1, IRF3, and p65 were 
significantly increased in the IFN-γ–treated A549 and HCC827 
cells compared to those in the untreated cells (Figure 3c). 
Notably, IFN-γ increased STING expression in A549 cells 
and HCC827 cells to a lesser extent. The basal expression 
level of STING in HCC827 cells was higher than that in A549 
cells. IFN-γ-induced STING expression was STAT1-dependent 
(Fig. S3A). The significant increase in the translocation of 
p-IRF3 into the nucleus in the cells upon the IFN-γ treatment 
further confirmed the activation of the STING pathway 
(Figure 3d).

The qRT–PCR and flow cytometry results showed that 
IFN-β expression was increased in the cells treated with 
IFN-γ Figures 3(e,f). In addition to IFN-β, IFN-γ signifi-
cantly enhanced the transcription of interferon-stimulated 
genes, including Adar, CCL5, and IRF1/2/7/9,which have 
been reported to be involved in the STING pathway44 

(Figure 3g). Furthermore, knocking down STING by trans-
fection with siRNA-STING led to a significant reduction in 
the IFN-γ-induced upregulation of IFN-β and CCL5 
expression (Figure 3h), suggesting that STING is required 
for IFN-γ-induced IFN-βand CCL5 expression. STING acti-
vation in certain cell types triggers cell death.45,46 

Interestingly, the downregulation of STING slightly 
increased cell death; however, additional IFN-γ did not 
increase the death of STING-knockdown cells under 24 h 
of culture conditions (Fig. S3B), suggesting that a lack of 
STING might affect the responsiveness of tumor cells to 
IFN-γ-mediated cytotoxic effects.

To determine the association between IFN-γ-induced DNA 
damage and STING activation, cells were treated with IFN-γ in 
the presence of the iNOS inhibitor 1400 W. As shown in Figure 
S3C, 1400 W reduced IFN-γ-induced phosphorylation of IRF3. 
Furthermore, the IFN-γ-induced upregulation of IFN-β 
expression was significantly decreased in the presence of 
1400 W (Figure 3i) or the NO scavenger carboxy-PTIO 
(Figure 3j). Altogether, our data show that IFN-γ-induced 
DNA damage activates the STING pathway in lung cancer 
cells.

Figure 2. IFN-γ-induced iNOS expression and NO production are responsible for DNA damage. (a-c) A549 and HCC827 cells were treated with IFN-γ (100 IU/mL) for the 
indicated time intervals. qRT–PCR was used to measure the mRNA expression of iNOS (a). The relative iNOS expression was normalized to β-actin expression. The data 
represent the mean ± SD of each sample in triplicate. The experiments were repeated at least twice. Representative flow cytometry plots showing intracellular iNOS 
expression (b). The data are expressed as the mean ± SEM of 3 independent experiments (c). (d and e) Cell lysates from mock- or IFN-γ-treated cells (d) in the presence or 
absence of the iNOS inhibitor 1400 W (e) were subjected to NO production measurement using the Griess reagent method. The data represent the mean ± SD of each 
sample in triplicate. (f) Representative immunoblots showing phosphorylated ATM and H2AX expression in A549 and HCC827 cells treated with or without IFN-γ (100 IU/ 
mL) in the presence or absence of 1400 W (500 μM) for 24 h. The experiments were repeated at least twice. (g) A549 cells were treated with or without IFN-ϒ in the 
presence or absence of the NO scavenger carboxy-PTIO (100 nM) for 24 h and subjected to a comet assay. (h) A549 cells were treated as described in G. Cell lysates were 
subjected to immunoblot analyses.
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cGAS is required for IFN-γ-mediated activation of the 
STING pathway

We speculated whether cGAS is required for the IFN-γ- 
induced activation of STING signaling. IFN-γ did not sig-
nificantly affect cGAS expression at the mRNA and protein 
levels in A549 and HCC827 cells (Fig. S4A and Figure 4a). 
Subsequently, we examined the cellular localization of 
cGAS. As shown in Figures 4(b,C), cGAS was mainly 
expressed in the cytoplasm in A549 and HCC827 cells. 

IFN-γ stimulation resulted in cGAS aggregation in the 
cytoplasm. As shown in Figure 4d, the knockdown of 
cGAS using siRNA significantly reduced IFN-γ-mediated 
IRF3 phosphorylation and translocation into the nucleus, 
consequently inhibiting IFN-β and CCL5 expression 
Figures 4(e,f). Similar to STING depletion, cGAS down-
regulation increased cell death. The cells lacking cGAS 
expression were resistant to IFN-γ-mediated cytotoxic 
effects (Fig. S4B). Our results demonstrate that cGAS is 
required for IFN-γ-mediated STING activation.

Figure 3. IFN-γ-induced DNA damage triggers STING activation in lung cancer cells. (a and b) A549 cells were transfected with HT-DNA (1 μg/mL). Immunoblots showing 
STING, p-TBK1, TBK1, p-IRF3, IRF3, p-p65, p65, and GAPDH expression (a). qRT–PCR was used to measure the mRNA expression of IFN-β (b). (c) Whole-cell lysates from 
A549 and HCC827 cells treated with or without IFN-γ (100 IU/mL) were subjected to immunoblotting. (d) A549 and HCC827 cells were treated with IFN-γ for 24 h. The 
expression and translocation of p-IRF3 were assessed using fluorescence microscopy (scale bar, 20 μm). DNA was visualized with DAPI. The number of nuclear p-IRF3- 
positive cells in 3 independent fields containing at least 80 cells in each group. *** p < .001. (e) qRT–PCR was used to measure the mRNA expression of IFN-βand CCL5 in 
A549 and HCC827 cells treated as described in D. (f) A549 and HCC827 cells were treated with IFN-γ for 48 h and 96 h. Representative flow cytometric plots showing IFN- 
β expression. The expression levels of IFN-β were analyzed by the mean fluorescence intensity (MFI). The experiments were repeated at least twice. (g) qRT–PCR was 
used to analyze the expression of STING-related genes in A549 and HCC827 cells treated as described in D. (h) A549 and HCC827 cells transfected with siRNA-Ctrl or 
siRNA-STING were treated with IFN-γ for 24 h. qRT–PCR was used to measure the mRNA expression of IFN-β and CCL5. (i and j) A549 and HCC827 cells were treated with 
IFN-γ in the presence or absence of 1400 W (500 μM) (i) or the NO scavenger carboxy-PTIO (100 nM) (j) for 24 h. IFN-β expression was analyzed by qRT–PCR. The data 
represent the mean ± SD of each sample in triplicate; *** p < .001.
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IFN-γstimulation induces the presence of cytosolic 
dsDNA

Emerging evidence shows that irradiation-induced double- 
strand DNA breaks involving the formation of micronuclei 
ultimately release DNA into the cytoplasm, which can be 
recognized by cGAS.43,47 To determine whether IFN-γ- 
induced DNA damage results in the presence of cytosolic 
dsDNA, we used an anti-dsDNA antibody to detect dsDNA 
in the cytoplasm. In the immunofluorescence analysis, limited 
cytosolic dsDNA was observed in the A549 and HCC827 cells. 
IFN-γ stimulation significantly increased the number of cyto-
solic dsDNA-positive cells (Figure 5a). Interestingly, the addi-
tion of 1400 W reduced the number of cytosolic dsDNA- 
positive cells after IFN-γ treatment (Figure 5b), indicating 
that IFN-γ-induced DNA damage is responsible for the pre-
sence of cytosolic dsDNA.

We used γ-H2AX staining to confirm the presence of 
damaged cytosolic dsDNA. γ-H2AX foci were prominently 
observed in the nucleus in the IFN-γ-treated cells, and approxi-
mately 31.5% of cytosolic dsDNA was γ-H2AX-positive in the 

IFN-γ-treated cells (Figure 5c). Subsequently, we examined 
whether cytosolic dsDNA is associated with cGAS. 
Immunofluorescence confocal microscopic analysis showed 
that a significant fraction of dsDNA colocalized with cGAS in 
the cells treated with IFN-γ (Figure 5d). The immunoprecipi-
tation analysis of the cytoplasmic fraction of cell lysates using 
anti-cGAS antibodies confirmed that cGAS was associated with 
γ-H2AX (Figure 5e). Our results reveal that the presence of 
dsDNA in the cytosol could be the underlying mechanism by 
which IFN-γ induces cGAS activation.

IFI16 is involved in IFN-γ-mediated activation of the 
STING pathway

Several studies have shown that in human monocytes and 
keratinocytes, STING activation by cGAS requires the coop-
eration of IFI16, which shuttles between the nucleus and 
cytosol.15,16,48 IFN-γ upregulated IFI16 expression at the 
mRNA (Figure 6a) and protein levels (Figure 6b). To deter-
mine whether IFI16 plays a role in the IFN-γ-induced 

Figure 4. cGAS is required for IFN-γ-induced STING activation. (a) Immunoblots showing cGAS expression in A549 and HCC827 cells treated with or without IFN-γ (100 
IU/mL). (b) A549 and HCC827 cells were treated with IFN-γ for 12 h. The cellular localization of cGAS was assessed using fluorescence microscopy (scale bar, 20 μm). DNA 
was visualized with DAPI. (c) The number of cells with aggregate(s) larger than 8 μm was quantified by ImageJ. The data are expressed as the mean ± SD and are 
replicates of a representative experiment; *** p < .001. (d and e) A549 and HCC827 cells were transfected with siRNA-Ctrl or siRNA-cGAS for 48 h, and subsequently, the 
cells were treated with IFN-γ (100 IU/mL) for 24 h. The expression and translocation of p-IRF3 were assessed (d). Nuclear pIRF3-positive cells were quantified in 3 
independent fields containing the indicated number of cells in each group. qRT–PCR was used to measure the mRNA expression of IFN-β and CCL5(e). The data 
represent the mean ± SD of each sample in triplicate. The experiments were repeated at least twice; ** p < .01, *** p < .001.
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activation of the STING pathway, we used transient transfec-
tion with small interfering RNA (siRNA) to knock down IFI16. 
We found that IFI16 knockdown significantly reduced IFN-γ- 
induced IRF3 phosphorylation (Figure 6c) and the nuclear 
translocation of IRF3 (Figure 6d). The downregulation of 
IFI16 also significantly decreased IFN-γ-induced IFN-β 
expression (Figure 6e). These data suggest that IFI16 is 
involved in the IFN-γ-induced activation of the STING 
pathway.

To further understand how IFI16 is involved in the IFN-γ- 
mediated activation of STING signaling, we first examined the 
cellular localization of IFI16 at a steady state and in response to 
IFN-γ stimulation in A549 and HCC827 cells. Immunoblotting 
of cytoplasmic and nuclear fractions was carried out to deter-
mine the level and distribution of the IFI16 protein. A549 and 
HCC827 cells exhibited high levels of IFI16 in the nuclear 
fraction and very low to almost undetectable levels of IFI16 

in the cytoplasmic fraction. IFN-γ stimulation increased the 
expression level of IFI16 in the nuclear fraction, and interest-
ingly, cytoplasmic IFI16 was also enhanced (Figure 6f). 
Subsequently, to determine whether the cytoplasmic transloca-
tion of IFI16 in response to IFN-γ stimulation is a critical step 
in activating the STING pathway, we used leptomycin B (LMB) 
to inhibit CRM1-mediated nuclear export49 and examined 
cytosolic IFI16 expression. As shown in Figure 6g, LMB pre-
vented the translocation of IFI16 from the nucleus to the 
cytoplasm in response to IFN-γ. Moreover, LMB significantly 
inhibited IFN-γ-induced IFN-β expression (Figure 6h).

We conducted a cGAS assay, which directly measures cyclic 
GAMP-AMP (cGAMP) production, to determine whether 
IFI16 affects the enzymatic activity of cGAS. IFN-γ stimulation 
significantly increased cGAMP levels. The knockdown of IFI16 
significantly reduced the basal level of cGAMP and IFN-γ- 
mediated cGAMP production (Figure 6i).

Figure 5. IFN-γ treatment results in the accumulation of cytosolic dsDNA. (a and b) A549 and HCC827 cells were treated with IFN-γ (100 IU/mL) for 24 h (a) or in the 
presence or absence of 1400 W (500 μM) (b). Subsequently, the cells were stained with an antibody against dsDNA. Cytosolic dsDNA was assessed using 
immunofluorescence. Nuclear DNA was visualized with DAPI. The data are expressed as the mean ± SD of replicates in a representative experiment. The number of 
cytosolic dsDNA-positive cells in 3 independent fields containing the indicated number of cells. The experiments were repeated twice; *** p < .001. (c and d) A549 cells 
were treated with IFN-γ (100 IU/mL) for 24 h and immunostained with antibodies against cytosolic dsDNA, γ-H2AX (c) or cGAS (d). The bar graphs represent the 
percentage of cytosolic dsDNA-positive cells relative to the total number of cells in 3 randomly selected fields containing at least 50 cells in each group. Cytosolic dsDNA 
was classified as dsDNA+γ-H2AX− and dsDNA+γ-H2AX+ (C). The colocalization of cGAS and dsDNA was analyzed by confocal microscopy. The degree of colocalization of 
cGAS and dsDNA was quantified by Manders’ colocalization coefficients (MCCs); *** p < .001. (e) Cytoplasmic fractions of IFN-γ-or mock-treated A549 cells were 
subjected to immunoprecipitation with an antibody against cGAS. Immunoblots showing γ-H2AX associated with cGAS. The experiments were repeated at least twice.
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Etoposide enhances the IFN-γ-induced upregulation 
of IFN-β and CCL5 expression

Subsequently, we investigated whether the combination of 
etoposide and IFN-γ enhances STING activation. As shown 
in Figure S5A, etoposide had a significant dose-dependent 
cytotoxic effect on A549 cells. We first examined whether 
25 μM etoposide induced DNA damage and STING activation 
in lung adenocarcinoma cells. As expected, etoposide induced 
the upregulation of H2AX and ATM phosphorylation 
Figures 7(a,b), and similar to IFN-γ stimulation, etoposide 
induced cytosolic dsDNA formation (Fig. S5B). As shown in 

Figure 7c, etoposide increased TBK1 and IRF3 phosphoryla-
tion. Consequently, IFN-β and CCL5 expression was upregu-
lated (Figure 7d).

Then, we speculated that the combination of etoposide and 
IFN-γ could further increase the activation of the STING path-
way. As shown in Figure S5C, the combination of etoposide and 
IFN-γ significantly increased cell death after 48 h but not after 
24 h of culture. Etoposide in combination with IFN-γ increased 
TBK1 phosphorylation as early as 8 h of culture compared to the 
cells cultured with IFN-γ alone (Figure 7e). The nuclear translo-
cation of IRF3 was also increased in cells treated with etoposide 
and IFN-γ compared to that in the cells treated with IFN-γ or 

Figure 6. Upregulation and translocation of IFI16 mediated by IFN-γ is required for STING activation. (a) qRT–PCR analysis of IFI16 expression in A549 and HCC827 cells 
treated with IFN-γ (100 IU/mL) for 12 h and (b) immunoblots showing IFI16 expression in A549 and HCC827 cells treated with IFN-γ for the indicated time intervals. (c-e) 
HCC827 cells were transfected with siRNA-Ctrl or siRNA-IFI16 for 48 h, and subsequently, the cells were treated with IFN-γ for 24 h. The p-IRF3-positive cells (c) and 
nuclear IRF3-positive cells (d) were assessed; ***P < .001. qRT–PCR was used to measure the mRNA expression of IFN-βϒ(e). The data represent the mean ± SD of each 
sample in triplicate. The experiments were repeated at least twice. (f) A cytoplasmic nuclear separation kit was used to extract the cytoplasmic and nuclear fractions of 
A549 and HCC827 cells treated with or without IFN-γ (100 IU/mL) for 24 h. Immunoblot analysis of IFI16 expression in the extracted cytoplasmic and nuclear fractions. (g 
and h) Cells were pretreated with LMB (20 nM) or an equal volume of ethanol for 1 h, and subsequently, the cells were treated with IFN-γ (100 IU/mL) or mock treatment 
for 24 h. Cytoplasmic IFI16 expression levels were analyzed by immunoblotting (g), and qRT–PCR was used to assess IFN-β expression (h). The data represent the mean ± 
SD of each sample in triplicate. The experiments were repeated at least two times. (i) A549 cells were transfected with siRNA-Ctrl or siRNA-IFI16 for 48 h, and 
subsequently, the cells were treated with IFN-γ (100 IU/mL) for 8 h. The level of cGAMP was measured by LC–MS. The data represent the mean ± SD of each sample in 
duplicate, *** p < .001.
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etoposide alone (Figure 7f). The combination of etoposide and 
IFN-γ enhanced IFN-β and CCL5 expression compared to that 
in the cells treated with etoposide or IFN-γ alone (Figure 7g).

Activated T cells induce DNA damage and activate the 
STING pathway in tumor cells through the secretion 
of IFN-γ

IFN-γ is a key effector molecule of cellular immunity and is 
secreted by activated T lymphocytes. Therefore, we exam-
ined whether T cell activation induces DNA damage and 
ATM activation in cancer cells and whether this effect is 
IFN-γ-dependent. Peripheral blood mononuclear cells 
(PBMCs) were stimulated with anti-CD3 mAb for 48 h. 
A significant amount of IFN-γ was produced (Figure 8a). 
As shown in Figure 8b, A549 and HCC827 cells cultured 

with supernatants from CD3-activated PBMCs exhibited 
increases in the phosphorylation of H2AX and ATM. The 
addition of an IFN-γ neutralizing antibody to the cultures 
prevented the phosphorylation of H2AX and ATM, indicat-
ing that IFN-γ produced by CD3-activated PBMCs is 
responsible for the induction of DNA damage and ATM 
activation. Notably, the supernatants from the PBMCs sti-
mulated with anti-CD3 mAb for only 24 h with lower levels 
of IFN-γ were also able to induce the phosphorylation of 
H2AX and ATM Figure 8(c,d).

To further confirm that IFN-γ produced by activated T cells 
is responsible for the induction of DNA damage, we isolated 
CD3 T cells from PBMCs and stimulated these cells with anti- 
CD3 and anti-CD28 mAbs. As shown in Figure 8e, IFN-γ was 
secreted by activated T cells. The supernatants from 72 h of 
T cell stimulation cultured with A549 cells resulted in an 

Figure 7. Etoposide enhances IFN-γ-induced IFN and CCL5 expression. (a) Immunoblots showing phosphorylated H2AX and total H2AX expression in A549 cells treated 
with ETO (25 μM). (b) Whole-cell lysates of A549 cells treated with ETO (25 μM) were subjected to an immunoblot analysis of p-ATM, p-ATR, total ATM, and total ATR 
expression. GAPDH was used as a loading control. (c) Immunoblots showing STING pathway-associated molecules expressed in A549 cells treated with ETO (25 μM). (d) 
qRT–PCR analysis of IFN-β and CCL5 expression in A549 cells treated with ETO (25 μM) for 24 h. (e) A549 cells were treated with IFN-γ and ETO alone or IFN-γ in 
combination with ETO for 8 h and 24 h. Whole-cell lysates were subjected to immunoblot analyses of STING, IFI16, p-TBK1, and p-IRF3, and GAPDH was used as a loading 
control. (f) A549 cells were treated as described in E for 8 h. Nuclear IRF3-positive cells were quantified in 3 independent fields containing the indicated number of cells 
in each group. (g) qRT–PCR was used to analyze IFN-β and CCL5 expression. The data represent the mean ± SD of each sample in triplicate.
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Figure 8. T cell activation triggers the STING pathway in tumor cells by the production of IFN-γ. (a and b) PBMCs (1 × 106 cells/mL) were stimulated with anti-CD3 mAb 
(1 μg/mL) in the presence or absence of an anti-IFN-γ antibody (10 μg/mL) for 48 h. Subsequently, the culture supernatants were collected. The secretion of IFN-γ was 
assessed by ELISA (a). The mean ± SD of triplicate cultures is shown; *** p < .001. The collected supernatants were cultured with A549 or HCC827 cells for 24 h. 
Immunoblots showing phosphorylated H2AX and ATM, total H2AX, and GAPDH expression (b). (c and d) PBMCs were treated as described in A for the indicated time 
intervals. The secretion of IFN-γ was assessed by ELISA (c). Supernatants obtained after 24 h of stimulation of PBMCs were cultured with A549 cells. Immunoblots 
showing phosphorylated H2AX and ATM, total H2AX, and GAPDH expression (d). (e and f) CD3+ T cells (1 × 106 cells/mL) isolated from PBMCs were stimulated with anti- 
CD3 mAb (1 μg/mL) and anti-CD28 mAb (1 μg/mL) in the presence or absence of anti-IFN-γ antibody (10 μg/mL) for 24–72 h. ELISA was used to measure IFN-ϒ in the 
culture supernatants (e). The mean ± SD of triplicate cultures is shown. The supernatants collected from 72 h of stimulation of T cells were used to culture A549 cells for 
24 h. Immunoblots showing phosphorylated H2AX and ATM, total H2AX, and GAPDH expression (f). (g and h) Culture supernatants collected after 48 h of stimulation of 
PBMCs (1 x 106 cells/ml) with anti-CD3 mAb (1 μg/mL) in the presence or absence of IFN-γ neutralizing antibody (10 μg/mL) were cultured with A549 and HCC827 cells. 
Whole-cell lysates were subjected to an immunoblot analysis of phosphorylated IRF3 expression (g), and qRT–PCR was used to assess IFN-β expression (h).
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increase in the phosphorylation of H2AX and ATM. The 
neutralization of IFN-γ significantly reduced H2AX and 
ATM phosphorylation (figure 8f).

Subsequently, we investigated whether the activation of 
T cells could directly affect the STING pathway in A549 and 
HCC827 cells. PBMCs were stimulated with anti-CD3 mAb in 
the presence or absence of an IFN-γ neutralizing antibody for 
48 h. The supernatants were cultured with A549 and HCC827 
cells. As shown in Figures 8g and h, the supernatants collected 
from the anti-CD3 mAb-stimulated PBMCs significantly 
increased the phosphorylation of IRF3 and IFN-β expression. 
Interestingly, these effects were abrogated in the presence of an 
IFN-γ neutralizing antibody. Our results demonstrate that 
T cell activation can stimulate the STING pathway in tumor 
cells via the production of IFN-γ.

Tumor-infiltrating T cells stimulated with αCD3 and 
αPD-1 activate STING signaling in human lung 
adenocarcinoma

To further validate our in vitro findings in cell lines, we used 
human-derived lung adenocarcinoma to investigate the influ-
ence of IFN-γ on the STING pathway. As shown in Figures 

S6A and B, additional IFN-γ significantly increased the phos-
phorylation of IRF3 and IFN-β expression in human-derived 
lung adenocarcinoma.

Subsequently, we examined whether the stimulation of 
tumor-infiltrating T cells with an anti-CD3 mAb alone or in 
combination with an anti-PD-1 antibody could directly acti-
vate STING signaling in lung adenocarcinoma. As shown in 
Figure 9a, the stimulation of tumor-infiltrating T cells with 
anti-CD3 and anti-PD-1 antibodies significantly increased 
STAT1 phosphorylation. An additional IFN-γ neutralizing 
antibody abolished STAT1 phosphorylation, indicating that 
tumor-infiltrating T cells were activated and produced IFN-γ, 
subsequently activating IFN-γ signaling. Moreover, the stimu-
lation of tumor-infiltrating T cells with anti-CD3 mAb resulted 
in the increased phosphorylation of H2AX and ATM, indicat-
ing that the activation of tumor-infiltrating T cells induces 
a DNA damage response. Neutralizing IFN-γ prevented the 
activated T cell-mediated phosphorylation of H2AX and ATM 
(Figure 9b). In the same experimental setting, we observed that 
the stimulation of tumor specimens with anti-CD3 and anti- 
PD-1 increased the phosphorylation of IRF3 (Figure 9c) and 
IFN-βand CCL5 expression (Figures 9(d,e) and Fig. S6C). 
These effects were abrogated in the presence of an IFN-γ 

Figure 9. Activation of tumor-infiltrating T cells triggers STING activation in human lung adenocarcinoma. (a-e) Fresh lung tumor tissues were directly cultured with anti- 
CD3 mAb alone or a combination of anti-CD3 mAb (1 μg/mL) and anti-PD-1 antibody (10 μg/mL) in the presence or absence of IFN-γ neutralizing antibody for 48 h. The 
tissue lysates were subjected to an immunoblot analysis to determine phosphorylated STAT1 (a), H2AΧ, ATM (b), and IRF3 (c). RNA was extracted from the tissues and 
used to analyze IFN-β (d) and CCL5 (e) expression. (f) The connection between active IFN-γ signaling and STING activation in lung cancer cells is illustrated.
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neutralizing antibody Figures 9(d,e). These results indicate that 
the activation of tumor-infiltrating T cells could induce IFN-γ- 
dependent STING activation.

Overall, both the IFN-γ and STING pathways are predictive 
biomarkers of tumors that respond to PD-1/PD-L1 blockade- 
based immunotherapy in NSCLC. We showed that IFN-γ pro-
duced by activated T lymphocytes could cause DNA damage, 
leading to STING activation in lung adenocarcinoma cells. Our 
study establishes a connection between activated T cells and the 
STING pathway in cancer cells via IFN-γ (figure 9f).

Discussion

DNA damage and cellular responses to DNA damage are 
important determinants of cancer outcomes following radia-
tion therapy, chemotherapy, and immune-directed 
therapies.7,50 Several studies have shown how radiation therapy 
and chemotherapy induce DNA damage and repair and 
revealed the biological consequences of the cellular response 
to DNA damage.50 The role of IFN-γ, which is the most 
important mediator involved in immune-directed 
therapies,51,52 in the induction of DNA damage in cancer 
cells and the subsequent cellular response to DNA damage 
have not been fully investigated. Hubackova et al. reported 
that IFN-γ could induce TGF-β/Smad signaling-dependent 
DNA damage and senescence in HeLa cells.32 IFN-γ did not 
activate TGF-β/Smad signaling in lung cancer cells (data not 
shown); instead, we showed that IFN-γ upregulated iNOS 
expression and resulted in the production of NO in lung 
adenocarcinoma cells. Inhibiting NO production resulted in 
the abrogation of IFN-γ-induced DNA damage. NO is the 
precursor of the highly reactive nitrogen species peroxynitrite 
(ONOO-), which is a required factor in oxidative DNA 
damage. High levels of iNOS-dependent DNA damage could 
cause DNA double-strand breaks and genomic instability.53

The DNA damage response plays a crucial role in determin-
ing tumor adjuvanticity through the production of adjuvant 
molecules, notably type I interferon and proinflammatory 
cytokines.54 DNA damage can activate innate immune 
responses by activating the cGAS-STING pathway.55,56 cGAS 
can detect endogenous nucleus-derived DNA in cancer cells in 
the form of ruptured micronuclei or cytosolic dsDNA9,10 and is 
activated by DNA in a length-dependent manner.57 

Interestingly, in the nucleus, the reactivity of cGAS against self- 
DNA is inhibited by binding the nucleosome acidic patch.58,59 

Our studies showed that IFN-γ treatment resulted in the accu-
mulation of dsDNA in the cytosol. Moreover, a significant 
fraction of cytosolic dsDNA colocalized with cGAS in the 
IFN-γ-treated cells but not the untreated cells. The knockdown 
of cGAS abrogated the IFN-γ-mediated upregulation of IFN-β 
and CCL5 expression, suggesting that IFN-γ-induced STING 
activation is cGAS-dependent. However, the characteristics of 
IFN-γ-induced cytosolic dsDNA and the precise interaction 
among IFN-γ-induced cytosolic dsDNA, cGAS, and STING 
remain unclear and warrant further investigation.

In addition to cGAS, IFI16 is also involved in STING path-
way activation.16 Almine and colleagues elegantly demon-
strated that in human keratinocytes, both IFI16 and cGAS are 
required for the full activation of the STING pathway in 

response to exogenous DNA and DNA viruses.15 IFI16 is 
required for DNA sensing in macrophages by promoting the 
production and function of cGAMP.16 IFI16 has also been 
reported to interact with STING to promote STING phosphor-
ylation and translocation.15 In our study, we found that IFI16 
was required for IFN-γ-mediated STING activation. Upon 
IFN-γ stimulation, IFI16 translocates from the nucleus to the 
cytosol. We did not observe an association between IFI16 and 
STING or cGAS (data not shown). Although the knockdown of 
IFI16 reduced the enzymatic activity of cGAS, the underlying 
mechanisms remain largely unclear.

Notably, STING activation can often be suppressed by 
genetic mutations or direct epigenetic silencing of STING. 
Kitajima and coworkers reported that STING expression is 
silenced in KRAS-LKB1(KL) mutant lung cancers. LKB1 loss 
results in epigenetic level suppression of STING expression.60 

A recent study reported that inhibitors of MEK and PARP 
induce DNA damage and STING signaling in KRAS mutant 
cells but not A549 cells.61 In our study, we used A549 cells, 
which harbor mutations in KRAS and LKB1. As expected, we 
found that STING expression in A549 cells was much lower 
than that in HCC827 cells. Interestingly, STING expression 
was increased in both the A549 and HCC827 cells in response 
to IFN-γ treatment in a STAT1-dependent manner. Our find-
ings provide a rationale for further developing combination 
therapy to effectively improve cGAS-STING activity in lung 
cancer cells with intrinsically low STING expression.

Using an in vitro assay of lung cancer cell lines and recom-
binant IFN-γ, for the first time, we demonstrated the role of 
IFN-γ in the induction of DNA damage and the cellular 
response to DNA damage in a stepwise manner. More impor-
tantly, we found that the activation of T cells in PBMCs or 
tumors by anti-CD3 mAb could induce DNA damage and 
trigger STING signaling in cancer cells. These effects were 
abolished by IFN-γ neutralization. Activation of the STING 
pathway leads to IFN production and T cell priming and may 
play a promising role in cancer immunotherapy. However, to 
date, precisely how activated STING signaling affects the tumor 
immune microenvironment remains unclear and warrants 
further investigation. Our results suggest that IFN-γ could 
alter the tumor microenvironment and is connected to innate 
immunity via the induction of DNA damage and activation of 
STING signaling in cancer cells. These findings expand our 
understanding of IFN-γ-mediated signaling in cancer cells.
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