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Abstract

DNA sensing through the cGAS-STING pathway plays an important role in cancer 

immunosurveillance. Pharmaceutical activation of STING in the tumor environment is considered 

an attractive approach to induce antitumor immunity, but had limited efficacy in the clinic. Several 

studies have found that STING is epigenetically silenced in many tumors, including colon cancer. 

This suggests that STING silencing in tumor cells contributes to immune escape and may limit 

the application of STING agonists. We previously found that inhibition of the KDM5 family 
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histone demethylases restored STING expression in human breast cancer cells and activated the 

cGAS-STING pathway. In this study, we used MC38 and CT26 syngeneic mouse colorectal cancer 

models to show that loss of STING in tumor cells accelerates tumor growth. KDM5 inhibitors 

activate STING expression in mouse colorectal cancer cells and suppress colon cancer growth in 

immune competent mice in a STING-dependent manner. This study highlights KDM5 inhibitors 

as novel immune modulators in cancer therapies.
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1. Introduction

Immunogenic tumor cells escape immune restriction through various mechanisms [1,2]. 

To combat immune escape, restoration of immunosurveillance, e.g. by targeting immune 

checkpoint molecules, has been used as an effective clinical approach to treat certain types 

of cancer [3]. However, most cancer patients do not benefit from current immunotherapies 

and their mechanisms are still largely unknown [4]. Thus, searching for novel approaches to 

boost anti-tumor immune response is under intense investigation.

Stimulator of interferon genes (STING) is a key signal transductor in the DNA sensing 

pathway and innate immune response [5]. Cyclic GMP-AMP (cGAMP) synthase (cGAS) 

recognizes pathogen- or abnormally released self-DNA and produces cGAMP [6]. cGAMP 

can then be transported from tumor cells into immune cells through gap junctions [7,8] 

to bind to STING and induce its dimerization, translocation, and activation. Activated 

STING recruits TANK-binding kinase 1 (TBK1) and triggers a downstream signal cascade, 

including the activation of the type-I interferon pathway and interferon-stimulated genes 

(ISGs) [9]. Many ISGs are key regulators of the immune response [10]. Thus, STING and its 

pathway play a critical role in innate and adaptive immunity in infection and cancer settings.

The genes in the cGAS-STING pathways are largely ubiquitously expressed, but most 

studies focus on STING’s function in immune cells, e.g. in dendritic cells [11,12]. In 

contrast, the role of STING in tumor cells is understudied. STING was found to be 

silenced in many tumors [13-17], suggesting a tumor suppressor function for STING. 

We reported previously that histone H3K4 demethylases, KDM5B and KDM5C, repress 

immune response via suppression of STING in cancer cells [18]. Depletion of KDM5B 

and KDM5C using CRISPR/Cas9 or inhibition of KDM5 with small molecule inhibitors 

activated STING expression, IFN-β secretion, and ISG induction in cancer cells in vitro 
[18], providing a potential new approach to boost anti-tumor immunity. In this study, we 

showed that STING is a key suppressor of tumor progression in syngeneic colorectal tumor 

models in immune competent mice. Loss of STING in tumor cells significantly accelerated 

tumor growth. In contrast, KDM5 inhibitor treatment suppresses tumor growth in a tumor 

cell intrinsic STING-dependent manner. This study nominates KDM5 inhibitors as novel 

regulators of anti-tumor immunity through STING induction.
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2. Materials and methods

2.1. Cell lines and treatment

Murine MC38 colon cancer cells, B16-F10 melanoma cells, 293T cells were cultured in 

DMEM medium. Murine CT26 colon cancer cells were cultured in RPMI-1640 medium. 

10% FBS and 100 U/mL penicillin plus 100 μg/mL streptomycin were supplemented into all 

cell culture medium. All mediums and cell culture supplements were obtained from Gibco. 

All cells were cultured at 37 °C in a humid atmosphere containing 5% CO2. KDM5 inhibitor 

CPI-455 was purchased from Selleck. To induce STING expression, MC38, and CT26 were 

treated with 25 μM CPI-455 for 10 days.

2.2. Generation of plasmids

Guide sequences were cloned into LentiCRISPRv2 as described previously [19]. The 

control guide sequences are: Ctrl sg1, GACCGGAACGATCTCGCGTA; Ctrl sg2, 

ATTGAGAATTCGTTTCAAGG; STING sg1, CCACAGAGGGTTACCTGGAC; STING 

sg2, TGCGGTTGATCTTACCAGGT; IFRaR1: GATTCGTATGGTGTAACTGA; IRF3: 

GGCTGGACGAGAGCCGAACG. STING was amplified from cDNA and cloned into 

pLX304 (Addgene) by Gateway recombination. An 3xHA tag was added into the N-terminal 

of STING. An N154S was introduced by site-directed mutagenesis to generate mutant 

STING expression plasmid.

2.3. Generation of knockout and overexpression cell lines

CRISPR/Cas9-mediated gene knockout was carried as described previously [19]. Briefly, 

lentivirus was produced by transfecting 293T cells with LentiCRISPRv2 plasmid carrying 

a guide sequence, psPAX2 and pMD2. G (all obtained from Addgene) and Lipofectamine 

2000 (Invitrogen). Lentivirus-containing medium was used to infect cells following with 

selection using puromycin (ThermoFish). Lentivirus-introduced overexpression stable cell 

lines were generated in a similar way except that the selection was performed with 

blasticidin (ThermoFish).

2.4. Western blot

Homogenization of cells was carried out in cell lysis buffer containing PMSF and protease 

inhibitor cocktail (all from Beyotime), then proteins were separated in SDS-PAGE gel 

and electroblotted onto nitrocellulose membranes. After blocking, the membranes were 

incubated with STING antibody (CST, D2P2F, 1:1000) and Vinculin antibody (CST, #4650, 

1:5000) at 4 °C overnight. After washing, the secondary antibody conjugated to HRP was 

incubated at room temperature for 2 h. The protein bands were detected with ELC reagent 

(YEASEN) on Amersham Imager 600 (GE Healthcare Life Sciences).

2.5. Quantitative Reverse Transcription PCR (qRT-PCR)

4 ug of 2′,3′-cGAMP (Sigma) was transfected into cells in 6-well plate using Lipofectamine 

2000 (ThermoFisher) following product’s user guide. Cells were harvested 6 h after 

transfection. Total RNA was isolated using RNeasy mini kit (Qiagen). Reverse transcription 

was conducted using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 
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qPCR was conducted using SYBR Green Master Mix (Bio-Rad). Primer sequences are 

available upon request.

2.6. Colony formation assay

Cells were seeded into 6-well plates at a density of 1000 cells/well and incubated for 10–

14 days until visible clones appeared. Colonies were stained with 0.5% crystal violet and 

ImageJ was used to quantify number of colonies from scanned images.

2.7. Flow cytometry analysis

FACS antibody staining were performed as previously described [20]. Briefly, tumors 

were stripped from subcutaneous transplantation models. For preparation of a single-cell 

suspension, the tumor dissociation kit (Miltenyi Biotec, #130–096–730) in combination with 

the gentleMACS dissociators were used. Cells in single-cell suspension were fixed with 

2% PFA (Santa-Cruz, #sc-281692). After washing with a Flow Cytometry Staining Buffer 

(eBioscience, #00–4222–26), cells were stained with antibodies for cell-surface marker 

for 1 h on ice in the dark. For staining of intracellular proteins, the cells were washed 

and resuspended in the permeabilization buffer (BD, #554723) and stained by antibodies 

in the permeabilization buffer for 1 h on ice in the dark. The cells were then pelleted 

and resuspended in the Flow Cytometry Staining Buffer for flow cytometry analysis. 

Antibodies used for flow cytometry include: V450 Mouse Anti-Mouse CD45.2 (BD 

Horizon, #560697, Clone 104), APC anti-mouse NK1.1 Antibody (BioLegend, #108710, 

clone PK136), FITC anti-human/mouse Granzyme B Antibody (BioLegend, #515403, clone 

GB11), CD8a Monoclonal Antibody (53–6.7) PE-Cyanine7 (eBioscience, #25–0081-82, 

clone 53–6.7), Alexa Fluor® 488 anti-mouse CD8a Antibody (BioLegend, #100726, 

clone 53–6.7), CD4 Monoclonal Antibody (RM4–5)PE (eBioscience, #12–0042-82, clone 

RM4–5), PE/Cyanine7 anti-mouse CD4 Antibody (BioLegend, #100527, clone RM4–5), 

PE/Cyanine7 anti-mouse CD45.2 Antibody (BioLegend, # 109829, Clone 104), PE anti-

mouse CD69 Antibody (BioLegend, # 104507, Clone H1.2F30), FITC anti-mouse CD8a 

Antibody (BioLegend, #100705, Clone 53–6.7), Brilliant Violet 421™ anti-mouse IFN-

γ Antibody (BioLegend, # 505829, Clone XMG1.2), APC/Cyanine7 anti-mouse CD3 

Antibody (BioLegend, # 100221, clone 17A2). The data were acquired on Cytoflex S 

(Beckman Coulter) and analyzed using FlowJo software.

2.8. Murine tumor models

Studies were conducted in compliance with US guidelines for the care and use of laboratory 

animals and were approved by the Institutional Animal Care and Use Committee of Rutgers 

University, Yale University, or Fudan University Shanghai Cancer Center. MC38 (5 ×105), 

CT26 (5 ×105) and B16-F10 (2 ×105) cells were suspended in 100 μL PBS and injected 

subcutaneously into the flank of mice. C57BL/6 or BALB/c mice of 6–8 weeks of age 

were used and purchased from the Jackson laboratory or Chinese Academy of Science 

Shanghai Laboratory Animal Center. The tumor size was measured by caliper. Tumor 

volume was calculated by the modified ellipsoidal formula: V = ½ (Length × Width2). For 

NK and T cell depletion experiment, InVivoMAb anti-mouse NK1.1 (Bio X cell-BE0036), 

InVivoMAb anti-mouse CD8a (Bio X cell-BE0117), and InVivoMAb anti-mouse CD4 (Bio 

X cell-BE0003–3) were mixed. InVivoMAb rat IgG2b isotype control, anti-keyhole limpet 
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hemocyanin (Bio X cell-BE0090) was used as a control. 600 mg total antibodies (control 

or depletion antibodies mix) per animal were injected into mice at day – 2, 1, 4, 7, 10, 

and 12. KDM5 inhibitor CPI-48 was provided by the Early Translational Branch, National 

Center for Advancing Translational Sciences, the US National Institutes of Health. Mice 

were injected daily intraperitoneally with CPI-48 or vehicle from one day after tumor cell 

injection at 100 mg / kg body weight. The injections contained CPI-48 in a solution of PBS 

(30%), DMSO (5%), DMA (5%), PEG400 (20%), and PG (40%) to ensure solubility. The 

vehicle contained the same reagents but without CPI-48.

2.9. Statistical analysis

Statistical analysis of the data was performed using SPSS version 22.0 or GraphPad Prism 

version 9.0.0. The tumor volume at the end points, gene expression, FACS results and 

stained cells were compared using Student’s t-test between two groups or one-way ANOVA 

in all multiple group comparisons. In multiple group comparisons, comparisons were 

conducted among all groups and the Tukey test was applied for multiple testing correction. 

Differences were considered significant when P < 0.05.

2.10. Data availability

The data generated in this study are available upon request from the corresponding author.

3. Results

3.1. Tumor cell intrinsic STING hinders tumor growth in immunocompetent host

Previous studies have shown loss of STING in some colorectal carcinomas. To explore the 

function of the STING pathway in colorectal cancer cells, STING knockout (KO) cell lines 

were generated using CRISPR/Cas9 in MC38, a mouse colon cancer cell line (Fig. 1A). 

Colony formation assays showed that loss of tumor cell intrinsic STING had no impact 

on the proliferation of cancer cells in vitro (Fig. 1B). In contrast, the growth of MC38 

tumors with STING KO was significantly accelerated in immunocompetent C57BL/6 mice, 

compared to control tumors (Fig. 1C). We then depleted CD4 T cells, CD8 T cells, and NK 

cells using antibodies and repeated the tumor growth assay (Fig. 2A and B). We found that 

the difference between control and STING knockout cells disappeared in T and NK cell 

depleted hosts. We conducted similar experiments using another murine colon cancer cell 

line, CT26. Consistent with results from MC38 cells, KO of STING in CT26 cells had no 

effect on in vitro cell growth, while significantly accelerating tumor growth compared to 

control tumors in syngeneic immunocompetent BALB/c mice (Fig. 3A, B, and C). These 

results suggest that tumor cell intrinsic STING is important for immune restriction.

To further substantiate the above conclusion, we examined the effects of STING activation. 

An asparagine-to-serine substitution at amino acid residue 154 (N154S) of STING causes 

its constitutive activation and triggers the interferon pathway without cGAS activation [21]. 

Overexpression of STING (N154S) mutant in B16-F10 cells, a non-immunogenic murine 

melanoma cell line, significantly increased the expression of IFN-β (Fig. 3D and E). There 

was no in vitro growth difference between control and STING (N154S)-overexpressed cells 

(Fig. 3F). However, STING (N154S) overexpression significantly suppressed tumor growth 
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in immunocompetent C57BL/6 mice, compared to control cells (Fig. 3G). This suggests that 

activation of STING in tumor cells alone suppresses tumor growth in immunocompetent 

host.

3.2. The function of cancer-intrinsic STING is independent of IFN-sensing by tumor cells

In tumors, cytosolic dsDNA can be induced by IFN-γ, a common tumor feature, and 

then activates the STING pathway in cancer cells [22]. The activation of STING leads to 

phosphorylation of IRF3 and secretion of type-I interferons, e.g. IFN-β. Both cancer cells 

and immune cells express IFN-α/β receptor (IFNAR). The binding of type-I interferons to 

IFNAR on tumor cells activates transcription of a large group of ISGs [18], which may have 

tumor cell intrinsic effects. Some ISGs are cytokines and chemokines, thus activation of IFN 

pathway in tumor cells can also indirectly regulate immune cells. On the other hand, type-I 

interferons can bind to IFNAR on immune cells and directly regulate their function. To 

determine whether the tumor cell intrinsic STING regulates immune cells indirectly through 

IFNAR on tumor cells, we knockouted IFNAR1 in MC38 cells. IRF3 is downstream of 

STING and upstream of IFNAR in the cGAS/STING/IFN pathway. We also included an 

IRF3 KO line. As expected, STING and IRF3 KO significantly accelerated tumor growth, 

compared to control knockout. In contrast, IFNAR1 KO had no impact on tumor growth 

(Fig. 4A and B). We also measured the induction of a group of genes regulated by STING 

pathway in the presence of cGAMP, a STING ligand. These genes include direct targets 

of IRF3, e.g. IFN-β, and genes downstream of IFNAR1, e.g. IFIT3. We found that STING 

and IRF3 knockouts blocked the induction of both groups of genes and IFNAR1 knockout 

only blocked some of these genes (Fig. 4C). Notably, IFN-β induction was not affected in 

IFNAR1 knockout cells. This result suggests that although the tumor cell intrinsic STING 

pathway suppresses tumor growth, it is independent of IFN-sensing in cancer cells.

3.3. Tumor-derived STING expression affects the activation of tumor infiltrating 
lymphocytes

To investigate the role of tumor cell intrinsic STING on host immune cells, we analyzed 

tumor infiltrating lymphocytes isolated from control or STING knockout MC38 tumors 

using flow cytometry. We found that STING deficiency in MC38 cells had no significant 

impact on the number of tumor infiltrating lymphocytes (CD45 +), NK cells (NK1.1 +) and 

CD8 + T cells (CD8a +) (Fig. 5). However, when we examined the cytotoxic markers, such 

as Granzyme B, CD69, and IFNγ, we found significant decreases of activated NK cells 

in the STING knockout tumors, compared to control tumors (Fig. 6). CD8 + T cells also 

showed significant decrease of cell surface CD69 in the STING knockout tumors (Fig. 6). 

These data suggest that tumor intrinsic STING suppresses tumor growth by promoting the 

activation of cytotoxic NK and CD8 + T cells. Similarly, CD69 was significantly reduced in 

both CD8 + T cells and NK cells isolated from IRF3 knockout tumors but was not affected 

in IFNAR1 knockout tumors (Fig. 7).

3.4. KDM5 inhibitor activates tumor cell intrinsic STING and suppresses tumor growth in 
immunocompetent mice

STING is commonly silenced in colon cancer cells [23]. Our previous study showed that 

the expression of STING was epigenetically suppressed by KDM5 demethylases in breast 
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cancer cell lines [18]. Thus, KDM5 inhibitors are potential immune modulating agents in 

colon cancer. Treatment of mouse colon cancer cell lines, MC38 and CT26, with CPI-455, 

a KDM5 inhibitor, significantly increased STING expression (Fig. 8A). We then performed 

animal experiments with CPI-48, a KDM5 inhibitor amenable for in vivo studies [24]. 

Allografts were generated with MC38 cells in immunocompetent mice. Tumor-carrying 

mice were then treated with CPI-48 or a vehicle control. STING knockout MC38 cells were 

also included as controls. Consistent with previous results, STING knockout in tumor cells 

significantly accelerated tumor growth. CPI-48 treatment suppressed the growth of wild type 

tumors but had no effects on STING KO tumors (Fig. 8B). These results suggest that KDM5 

inhibitors induce STING expression to suppress immune evasion.

4. Discussion

STING is a central player in the cytosolic DNA-sensing pathway that drives activation 

of type-I IFN in the host immune response. Since its role in cancer immunology was 

discovered, pharmaceutical activation of the STING pathway to induce anti-tumor immunity 

has been heavily investigated. For example, intratumoral injection of DMXAA, a direct 

ligand for mouse STING, induced profound regression of established tumors in mice [25]. 

Intratumoral injection of a low-dose of ADU-S100, another STING agonist, activated tumor-

specific CD8 + T cells, induced durable anti-tumor immunity, and enhanced the efficiency of 

immune checkpoint inhibitors [26]. Indeed, more than a dozen STING activation agents 

are at various stages in clinical studies [27]. However, the majority of the antitumor 

effects caused by STING activation are considered to be dependent on IFN-β production 

by antigen-presenting cells (APCs), which promotes CD8 T cell priming against tumor-

associated antigens [28]. The fact that the endogenous STING ligand, cGAMP, can be 

transported from tumor cells into immune cells through cell-cell junctions further highlights 

immune cells as a major contributor of the STING function [7,8].

On the other hand, STING was found to be widely suppressed in human tumor cells 

and cancer cell lines [14,18,23,29-31]. For example, more than 20% of late stage colon 

cancers lost expression of STING [23]. Several studies have shown that suppression of 

the STING pathway in tumor cells contributed to immune evasion [30,32-36]. In addition, 

tumor intrinsic STING and its induced immune response are required for the efficacy 

of 5-Fluorouracil, a chemotherapeutic drug [37], immune checkpoint blockade [22], and 

oncolytic viruses [14]. Mechanistically, the STING pathway is found to be silenced 

by major oncogenic drivers, e.g. HER2 [36], LKB1 [30], and SOX2 [38]. STING can 

be degraded through the ubiquitin-proteasome pathway [35] or by autophagy [38]. The 

recurrent silencing of STING in tumor cells suggests an anti-tumor function of tumor 

intrinsic STING.

The silencing of the STING pathway is predominantly mediated by epigenetic regulators, 

including DNMT1 [23,30,34,39], EZH2 [15], and KDM5 [18]. An earlier study found that 

cGAS and STING were absent in some colon cancer and melanoma cell lines. Treating 

cells with 5-aza, a DNMT inhibitor, rescued the expression of cGAS in some cell lines 

but without significantly inducing STING [23]. Similarly, 5-aza treatment was able to 

reactivate cGAS but not STING in most melanoma cell lines [14]. We previously found that 
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KDM5 family histone demethylases bind to the STING promotor, catalyze the removal of 

H3K4me3 transcriptional active marks, and suppress STING transcription in human cancer 

cell lines [18]. In these cell lines, in vitro KDM5 pan-inhibitor treatment enhanced STING 

expression, promoted IFN-β secretion, and activated ISG [18], providing a new approach to 

boost anti-tumor immunity.

In this study, we found that the silencing of tumor intrinsic STING promotes colorectal 

tumor growth in immunocompetent mice. KDM5 inhibitors activated STING expression 

in mouse colon cancer cell lines and suppressed tumor growth in a tumor intrinsic STING-

dependent manner. Our findings suggest that tumoral STING contributes significantly to 

STING-induced anti-tumor immunity. Thus, an intact STING pathway in tumor cells may 

be important to maximize the efficacy of STING agonists in cancer therapies. When STING 

or other components downstream is epigenetically silenced in tumor cells, especially in 

late-stage tumors, combining epigenetic drugs, e.g. KDM5 inhibitors, to reinstall the STING 

pathway, and STING agonists may achieve better clinical response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Loss of STING accelerates MC38 tumor growth in immunocompetent mice. (A) Western 

blot analysis of STING expression in wild type, control knockout, and two independent 

STING knockout MC38 cell lines. (B) Colony formation (left) and its quantification (right) 

of the controls and STING knockout MC38 cell lines. (C) In vivo tumor growth curves of 

control knockout and two STING knockout MC38 cell lines. N = 5. * ** P < 0.001. NS: not 

significant.
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Fig. 2. 
STING regulates tumor growth in a host immune response-dependent manner. (A) In vivo 
tumor growth curves of control or STING knockout MC38 cells injected into mice receiving 

control IgG or NK and T cell depletion antibodies. N = 10. (B) FACS analyses of NK, CD4, 

and CD8 T cell markers of splenocytes isolated from mice receiving control IgG or NK and 

T cell depletion antibodies. * ** P < 0.001. NS: not significant.
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Fig. 3. 
STING regulates tumor growth in immunocompetent mice. (A) Western blot analysis of 

STING expression in two independent control knockout, and two independent STING 

knockout CT26 cell lines. (B) Colony formation of the controls and STING knockout 

CT26 cell lines. (C) In vivo tumor growth curves of controls and STING knockout CT26 

cell lines. N = 10. (D) Western blot analysis of STING expression in EGFP or STING 

(N154S)-overexpressed B16F10 cell lines. (E) RT-qPCR analysis of IFNβ expression in 

EGFP or STING (N154S)-overexpressed B16F10 cell lines. (F) Colony formation of EGFP 

or STING(N154S) overexpressed B16F10 cells. (G) In vivo tumor growth curves of control 

and STING (N154S)-overexpressed B16F10 cell lines. N = 6. * P < 0.05, * * P < 0.01, * ** 

P < 0.001.
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Fig. 4. 
The tumor suppression function of cancer-intrinsic STING is independent of IFN-sensing 

by tumor cells. (A and B) In vivo tumor growth curves (A) and tumor images at end point 

(B) of control knockout MC38 cells, and MC38 cells with knockout of STING, IRF3, or 

IFNAR1. N = 8 or 10. (C) RT-qPCR analysis of selected genes regulated by STING pathway 

in control, STING, IRF3, or IFNAR1 knockout MC38 cells at the presence or absence of 

cGAMP. * ** P < 0.001. NS: not significant.
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Fig. 5. 
Tumor cell intrinsic STING has no effect on tumor infiltrating immune cells. (A) The gating 

strategy for the FACS analysis. (B) The quantification of FACS analysis of tumor infiltrating 

immune cells (CD45 +), NK cells (NK1.1 +), and cytotoxic T cells (CD8a +) isolated from 

control KO or STING KO tumors. N = 5. NS: not significant.
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Fig. 6. 
Tumor cell intrinsic STING promotes the activation of NK and CD8+ T cells. FACS analysis 

(left) of activation markers, Granzyme b (A), CD69 (B), and IFN-γ (C) of tumor infiltrating 

NK cells and CD8 T cells isolated from control KO or STING KO tumors and their 

quantification (right). N = 5. * * P < 0.01, * ** P < 0.001. NS: not significant.
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Fig. 7. 
The function of cancer-intrinsic STING on activating T and NK cells is independent of IFN-

sensing by tumor cells(A) The gating strategy for the FACS analysis. (B) The quantification 

of FACS analysis of activation markers, CD69 of tumor infiltrating NK cells and CD8 T 

cells isolated from control, IFNaR1, or IRF3 KO tumors. N = 5. * * P < 0.01. NS: not 

significant.
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Fig. 8. 
KDM5 inhibitors activate tumor cell intrinsic STING and suppress tumor growth. (A) 

Western blot showing the induction of STING expression after CPI-455 treatment in MC38, 

and CT26 cells. (B) In vivo tumor growth curves of control or STING knockout MC38 cells 

with or without CPI-48 treatment. N = 10. * ** P < 0.001. NS: not significant.
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