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A B S T R A C T   

The cytosolic DNA-sensing cGAS-STING pathway has been proved to be involved in tumor progression and in-
fluence the effect of cancer immunotherapy. However, little attentions have been paid to the role of cGAS-STING 
pathway on cancer stemness. Herein, we found that the cGAS-STING pathway was activated in different tumor 
cells. cGAS- or STING-knockout impaired the capability of tumor formation in vivo and tumorsphere formation in 
vitro. In addition, loss of cGAS-STING cascade promoted tumor apoptosis, but inhibited tumor growth and 
metastasis. We further demonstrated that cGAS-STING pathway potentiated tumor formation by sustaining 
cancer stemness. Moreover, analysis of RNA-seq showed that cGAS-STING pathway maintained cancer stemness 
probably by activating STAT3. Our findings highlight the role of intrinsic activation of cGAS-STING pathway in 
tumorigenesis, and reveal a new mechanism of its regulation of tumor progression via sustaining cancer stemness 
through STAT3 activation.   

Introduction 

Despite great advances in cancer prevention and treatment in recent 
years, cancer still ranks as a leading cause of death and imposes a heavy 
health burden worldwide [1]. Currently, accumulating evidences sug-
gest that a comprehensive and profound understanding of tumor biology 
offers a golden key [2–4]. As well-known, genome instability is a typical 
hallmark of cancer, which can cause spontaneous DNA damage. The 
development of genome instability renders tumors with selective pro-
liferative advantages and the ability of angiogenesis, thereby expedites 
tumor growth and invasion [5,6]. However, how does genome insta-
bility promote tumor progression? 

It has been revealed that the cGMP-AMP synthase (cGAS)-stimulator 
of interferon genes (STING) pathway, which primarily discovered as an 
important DNA-sensing machinery in innate immunity, involved in 
tumor progression and therapeutic responses [7–9]. Generally, the 
cGAS-STING pathway exerts tumor-suppressive roles. Cytosolic 
double-stranded DNAs (dsDNAs) derived from multiple sources of DNA 
damage, including chemoradiation, reactive oxygen species (ROS), and 
hyperactivation of oncogene signalings, can be sensed by cGAS and 
further activate STING to trigger TBK1 (TANK-binding kinase-1)-IRF3 

(interferon regulatory factor-3) axis and canonical NF-κB (nuclear fac-
tor kappa B) signaling to upregulate the expression of type 1 interferon 
(IFN), which in turn delay cancer progression [10]. Some agonists of 
GAS-STING pathway have been developed and used in pre-clinical 
research [11]. Fu et al. reported that combining STING agonist with 
PD-1 blockade induced regression of tumor [12]. Radiotherapy or 
chemotherapy, which elicits cGAS-STING-IFN axis, was also reported to 
augment the effect of immunotherapy [13]. 

However, growing evidences proved that cGAS-STING cascade did 
not always play a positive role. Tumor cells always harbor chromosome 
instability, which lead to production of micronuclei. The envelopes 
around micronuclei are prone to rupture during mitosis, which lead to 
the exposure of DNA fragments [14]. These dsDNAs induce continuous 
activation of the cGAS-STING pathway to form a chronic inflammatory 
environment to promote tumor metastasis [15]. Beyond this, in the early 
stage of DNA damage after radiotherapy, cGAS could competitively bind 
to PARP1 to prevent the formation of PARP1-Timeless repair complex, 
aggravating chromosomal instability and tumor progression [16]. Thus, 
the roles of cGAS-STING pathway in cancer are dichotomous. On the one 
hand, it leads to production of type 1 IFN to inhibit tumor growth [10]. 
On the other hand, it suppresses DNA repair and upregulates expression 
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of the ligands of immunosuppressive molecule CCR2, further shaping an 
immunosuppressive microenvironment, and promoting immune evasion 
and metastasis [16,17]. 

Hitherto, researches on cGAS-STING pathway in cancer mainly 
focused on tumor immunity and immunotherapy, which seemed not 
enough to elucidate their multiple functions in cancer progression. As 
we know, cancer stem cells (CSCs), which endow tumors with the 
capability for self-renew and the potential to seed new tumor, are closely 
related to tumor progression, metastasis, resistance to therapy, and 
relapse [18,19]. Patients with high CSCs burden are prone to undergo 
relapse and distant metastasis after conventional therapy [20,21]. Be-
sides, it has been revealed that CSCs possess more efficient DNA repair, 
which contributes to their resistant to chemoradiation in advanced tu-
mors [22–24]. This may mean that DNA damage response (DDR) is 
somehow involved in cancer stemness. Interestingly, damaged DNA 
fragments are main triggers of cGAS-STING pathway activation in can-
cer cells. Hence, there is reason to wonder whether the cGAS-STING 
pathway is associated with cancer stemness. 

Herein, we investigated the role of cGAS-STING pathway in tumor-
igenesis and found that the cGAS-STING pathway potentiates tumor 
progression via sustaining cancer stemness through STAT3 activation. 
Our findings highlight the role of intrinsic activation of cGAS-STING 
pathway in tumorigenesis, and reveal a new mechanism of its regula-
tion of tumor progression. 

Materials and methods 

Cancer cell lines and cell culture 

Human breast cancer cell line MCF-7 (ATCC® HTB-22), cervical 
carcinoma cell line HeLa (ATCC® CRM-CCL-2), pancreatic cancer cell 
line PANC-1 (ATCC® CRL-1469) and human kidney epithelial cell line 
HEK 293T (ATCC® CRL-3216) were derived from ATCC (American Type 
Culture Collection). The cells were cultured as follow: MCF-7 was 
cultured in EMEM (Gibco) supplemented with 10% fetal bovine serum 
(FBS) (Gibco) and 0.01 mg/ml insulin (Gibco). HeLa was cultured in 
RPMI 1640 (Gibco) with 10% FBS. PANC-1 and 293T were cultured in 
DMEM (High Glucose) (Gibco) supplemented with 10% FBS. Antibiotics 
(1% penicillin-streptomycin solution, Gibco) was routinely added to the 
media. All the cell lines were incubated in a 5% CO2 humidified incu-
bator at 37 ◦C. All the cell lines were identified by STR (short tandem 
repeat) and free of mycoplasma. 

Subcutaneous xenograft mouse model 

For tumor formation assay, human cancer cells (5 × 106 cells) were 
subcutaneously implanted into the left groin of 6-week-old male BALB/c 
nude mice. Tumor diameter was measured and recorded every 2–4 days, 
and tumor volume was calculated by the formula [(length × width2)/2]. 
Five mice were used per group, and tumor growth was continuously 
monitored for more than a month. Mice were sacrificed when tumor 
diameter reached 1500 mm. 

For tumor initiation assay, cells suspension of HeLa cells was diluted 
into 3 gradients (5 × 105, 5 × 104 and 5 × 103 cells, respectively). Mice 
were randomly divided into control and knockout groups, and tumor 
cell inoculation was carried out as described above. Tumor volume was 
measured by digital caliper. Animals were executed when the diameter 
of control tumors arrived at 1500 mm. All animal studies complied with 
the ARRIVE guidelines and obtained an ethic number (No. 2020AW101) 
from the Institutional Animal Care and Use Committee (IACUC) of 
Shanghai General Hospital. 

Mouse metastasis model 

In brief, cells were digested by trypsin and washed twice using PBS. 
Next, cells were resuspended in PBS at a concentration of 5 × 107 cells/ 

ml. 5 × 106 cells in 100 μl cell suspensions were injected into mouse 
through tail vein. Mice were monitored for two to three months and 
sacrificed at the end of the study. The lungs were collected and weighed. 
Animal studies complied with ARRIVE guidelines and obtained an ethic 
number (No. 2020AW101) from the Institutional Animal Care and Use 
Committee (IACUC) of Shanghai General Hospital. 

Soft agar colony formation assay 

Soft agar was composed of upper- and lower-layer culture systems. 
The upper layer was a 1:1 mixture of 0.6% agar and 2 × medium (2 ×
DMEM/RPMI 1640 with 20% FBS), which contains 5000–8000 cells. 
The lower layer was made by mixing 1% agar and 2 × medium in equal 
proportions. Then, the lower layer in a 6-well plate was first spread at 
volume of 1.5 ml/well. After agar solidification, the upper layer was 
spread evenly on it. 30 min later, the upper layer was covered with 1 ml 
of medium. The medium was changed every two days and the number of 
clones was observed after 14 days. 

Tumorsphere formation assay 

Tumor cells were diluted into a single cell suspension and seeded in 
triplicate in an ultra-low attachment 96-well plate at a concentration of 
less than 1000 cells/well. The cells were cultured in DMEM/1640 me-
dium containing 0.4% BSA, 20 ng/ml human recombinant EGF and 10 
ng/ml human recombinant bFGF (Peprotech). After 10–14 days, mul-
tiple images of different fields of view were taken. The tumorsphere 
number and size were compared and drawn as a histogram. 

EdU cell proliferation assay 

Cells were firstly cultivated in suspension over 48 h. Then, EdU so-
lution (Cell-Light EdU Apollo567 in vitro, RiboBio) was added into cul-
ture medium with the ratio of 1:1000. After 2 h culture, cells were fixed 
using 4% paraformaldehyde for 15 min and neutralize with 2 mg/ml 
Glycine for 5 min at room temperature. Permeabilizing was performed 
in 0.5% Triton-X100, followed by EdU staining (10 min, room temper-
ature). Then, cells were washed in PBS and detected by Accuri C6 Flow 
cytometer (BD Biosciences). For monolayer cultured cells, they needed 
to be further stained with Hoechst 33258, and imaged by the fluores-
cence microscope (Leica). 

Apoptosis assay 

The apoptosis assay was conducted by BD Pharmingen™ PE Annexin 
V Apoptosis Detection Kit I (BD Biosciences) according to manufac-
turer’s instruction. Briefly, cancer cells were cultivated in suspension for 
24 h. Then, they were washed with pre-chilled PBS for 3 times and 
centrifuged at 300 g for 5 min. Cell pellets were suspended in 100 μl 
binding buffer, followed by Annexin V and 7-AAD staining in dark at 
room temperature for 15 min. After that, cells were analyzed by flow 
cytometer. 

Analysis of cancer stem cell markers by flow cytometry 

Cells were cultured in media containing EGF and bFGF in ultra-low 
attachment 6-well plate. After 5 days, suspension cells were collected, 
washed and counted. 

For cell surface markers detection, 1 × 106 cells were taken out and 
washed with FACS buffer (1 × PBS, 2% FBS, 0.1% NaN3), and resus-
pended in 100 μl FACS buffer. PE Mouse anti-Human CD24 (BD Bio-
sciences), PE-Cy™7 Mouse anti-Human CD44 (BD Biosciences) were 
added to the cell suspensions, and incubated for 15 min in dark at room 
temperature. Cells were washed by FACS buffer again and detected by 
the Accuri C6 Flow cytometer. 

ALDH enzyme activities were also detected by flow cytometry. 
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Following the manufacturer’s instructions of ALDEFLUOR™ kit 
(STEMCELL Technologies), cells were collected and resuspended in 
ALDEFLUOR assay buffer. Then, cells were evenly divided into two 
tubes which contained ALDEFLOUR reagent or ALDEFLOUR plus DEAB 
(ALDH enzyme inhibitor). After incubation in 37 ◦C water baths for 40 
min, cells were analyzed by the Accuri C6 Flow cytometer. 

All the results of flow cytometry were further analyzed by FlowJo 
V10 software. 

RNA sequencing 

RNA-seq of cancer cells was performed by Majorbio Bio-pharm 
Technology (Shanghai, China). In short, total RNA was extracted from 
cancer cells using TRIzol® Reagent according the manufacturer’s in-
structions (Invitrogen), and genomic DNA was removed using DNase I 
(Takara). Then RNA quality was determined by 2100 Bioanalyser 
(Agilent) and quantified using NanoDrop ND-2000 (Thermo). Only high- 
quality RNA sample (OD260/280 = 1.8–2.2, OD260/230≥ 2.0, RIN ≥
6.5, 28S:18S ≥ 1.0, > 1 μg) was used to construct the sequencing library. 
Libraries were size selected for cDNA target fragments of 300 bp on 2% 
Low Range Ultra Agarose followed by PCR amplified using Phusion DNA 
polymerase (NEB) for 15 PCR cycles. Paired-end RNA-seq sequencing 
library was sequenced with the Illumina HiSeq xten/NovaSeq 6000 
sequencer (2 × 150 bp read length). DEGs (differential expression genes) 
between two different samples was analyzed by DESeq2 (version 
1.12.4). Moreover, functional-enrichment analysis including GO and 
GSEA were performed at Bonferroni-corrected P-value ≤ 0.05. 

Statistics 

Statistical analysis was performed using software GraphPad Prism 8. 
All data were represented as means ± SEM. Unpaired student’s t-test 
was used for comparisons between control and knockout group in all of 
the experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 were regarded 
as significant differences, while n.s means no significant. 

Details for other experimental procedures were shown in Supple-
mentary Materials and Methods. 

Results 

cGAS-STING pathway potentiates tumorigenesis 

Because of chromosomal instability (CIN), tumors tend to induce the 
formation of micronuclei. The damaged DNAs in micronuclei are 
prominent triggers of cGAS [10]. We first investigated whether there 
was activation of the cGAS-STING pathway in tumor cells by performing 
immunofluorescence assay on tumor tissues and tumor cell lines. In 
normal tissues, micronucleus could hardly be observed, but it was 
obvious in tumor tissues. Meanwhile, the micronucleus was positive 
with DNA damage marker γH2AX staining, accompanied by the accu-
mulation of cGAS protein (Fig. 1A). Similarly, we also observed the 
formation of micronuclei in three different cell lines without any stim-
ulation, accompanied by the co-localization of γH2AX and cGAS protein. 
Although γH2AX positive also presented in the nucleus of PANC-1 cells, 
the nuclear envelope is generally stable and cannot be penetrated by 
cGAS. Therefore, there was no significant overlaps between the immu-
nostaining of γH2AX and cGAS in the nucleus (Fig. 1B). 

Then we explored the role of cGAS-STING pathway in tumor in vivo. 
We first generated cGAS- or STING-knockout cell lines (Figs. 1C and 
Supplementary S1A), and subsequently inoculated these cancer cells 
into the groin of nude mice to compare their tumorigenesis capability. 
We were surprised to find that tumor initiation time was significantly 
delayed, and the capability of tumorigenesis was dramatically reduced 
or even lost in cGAS- or STING-depleted group (Figs. 1D, E and Sup-
plementary S1B, C). In addition, we analyzed the mRNA expression of 
cGAS and STING in different tumor and their adjacent normal tissues 

[25–32]. We found that cGAS expression in a variety of tumor tissues 
(including breast cancer and pancreatic cancer) was higher than that of 
normal tissues (Figs. 1F, Supplementary S2A–D, and Supplementary 
Table S2). Similarly, compared to normal tissue, the expression of STING 
was obviously upregulated in multiple cancers as well (Figs. 1F, Sup-
plementary S2E–G, and Supplementary Table S3). Collectively, these 
data indicated the essential role of cGAS-STING pathway in tumor 
formation. 

Loss of cGAS-STING cascade impairs cancer cell stemness 

Given that cancer stem cells have a strong potential to promote 
tumorigenesis. We wondered whether the capability of cGAS-STING 
pathway in tumorigenesis was associated with cancer stemness or not. 
So, we conducted a series of experiments to figure out it. We first diluted 
cancer cells to 5 × 105, 5 × 104, 5 × 103 in 100 μl cell suspensions, 
respectively, and inoculated these cells into the groin of nude mice. In 
the regular cancer cells, the rate of tumor formation was 100% when 5 
× 105 cells were inoculated, 40% for 5 × 104 cells, and 0 for 5 × 103 

cells, whereas the rate was 0 at all these cell concentrations in cGAS- or 
STING-depleted cells (Fig. 2A). Then, we performed soft-agar colony 
formation assay and sphere formation assay. We found that loss of cGAS 
or STING significantly suppressed colony formation ability of different 
tumor cells in soft-agar (Figs. 2B and Supplementary S1D). Under low 
adhesion culture conditions, cGAS-STING pathway deficiency dramati-
cally impaired the sphere formation ability of tumor. Compared to 
control, there was an obviously reduction in the number and size of 
tumorspheres in cGAS- or STING-depleted cells (Fig. 2C–E). Moreover, 
the expression of self-renew related transcription factors, such as Nanog, 
Sox2 and Oct4, were decreased when cGAS or STING was knocked-out 
(Fig. 2F). Collectively, these results revealed that cGAS-STING 
pathway possibly sustains the stemness of tumor cells. 

To further validate the role of cGAS-STING pathway in regulating 
cancer stemness, we analyzed expression of CD24, CD44 and ALDH, 
which are widely accepted biomarkers of stemness for most solid tu-
mors. After cGAS or STING was depleted, the proportion of CD24+

populations in HeLa cells reduced about 70% (Fig. 3A, B), while the 
proportion of CD44+ populations reduced about 20% (Fig. 3C, D). In 
breast cancer, the cell population with high expression of CD44 and low 
expression of CD24 is generally considered to be cancer stem cells [33, 
34]. The flow cytometry assays were performed and revealed that loss of 
cGAS-STING cascade led to a significant reduction in the proportion of 
cancer stem cell populations in MCF-7 cells. Compared to that of regular 
cancer cells, the proportion of CD44+/CD24− /low population dropped by 
half in cGAS-depleted cells, while the CD44+/CD24− /low cell population 
nearly disappeared in STING-depleted cells (Fig. 3E, F). 

However, we found that there was no obvious alteration in the ratio 
of CD44+ and CD24+ cells between control and knockout group in 
pancreatic cancer (Supplementary Fig. S3A, B). These results indicated 
that the effects of cGAS-STING pathway deficiency on cancer stem cell 
markers varied from tumor to tumor. Accumulating evidences have 
shown that pancreatic cancer stem cell is a subpopulation characterized 
with ALDH+ [35–37]. Hence, we detected the ratio of ALDH+ cells in 
pancreatic cancer and found that loss of cGAS-STING pathway impaired 
ALDH expression. Compared to the control, the proportion of ALDH+

population in cGAS- or STING-depleted pancreatic cancer cells was 
reduced by more than 80% (Fig. 3G, H). But we did not detect ALDH+

population in HeLa and MCF-7 cells (Supplementary Fig. S3C, D). 
Together, these results suggested that cGAS-STING cascade was required 
for the maintenance of cancer stemness. 

cGAS-STING pathway deficiency impedes growth and metastasis of cancer 

We further explored the effect of cGAS-STING pathway deficiency on 
tumor survival by Annexin V assays. For HeLa and MCF-7 cells, loss of 
cGAS-STING cascade nearly doubled the probability of cell apoptosis 
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Fig. 1. Activation of cGAS-STING pathway potentiates tumorigenesis. (A) Representative images of immunofluorescence staining of γH2AX and cGAS in pancreatic 
tumor tissues and matched normal tissue. Scale bar: 50 μm. (B) Representative images of immunofluorescence staining of γH2AX and cGAS in different tumor cell 
lines. Scale bar: 50 μm. (C) Knockout effect of cGAS or STING in HeLa, MCF-7 and PANC-1 cells. (D, E) Tumor growth curve of the tumor-bearing mice injected with 
negative control (NC), cGAS-/- and STING-/- HeLa or MCF-7 cells. 5 mice were used for each group. (F) The mRNA expression of cGAS and STING in pancreatic tumor 
tissues (GSE16515, GSE15471), breast tumor tissue (GSE3744) were compared with those of normal tissues. Data were represented as mean ± SEM. *P < 0.05, **P 
< 0.01, ***P < 0.001. 
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Fig. 2. cGAS-STING pathway deficiency impedes tumor initiation and tumorsphere formation. (A) Serial dilution of NC and knockout group of HeLa cells was used to 
test tumor initiation among different groups. n = 5 for each group. (B) Quantitation of soft agar colony numbers of NC and knockout group from different tumors. 
(C–E) Tumorsphere formation assay of NC and knockout groups from HeLa cells (C), MCF-7 cells (D) and PANC-1 cells (E). The number and size of tumor spheres was 
determined by microscopy. Scale bar: 50 μm in upper panel, 100 μm in lower panel. (F) The expression of Nanog, Sox2, Oct4 in NC, cGAS-/- and SSTING-/- HeLa cells 
were detected by Western blot. The quantification of the band intensity of Western blot was provided in the Supplementary Table S5. Data were represented as mean 
± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 3. cGAS-STING pathway deficiency impairs the expression of cancer stem cell markers. (A–D) The ratio of CD24+ and CD44+ populations in NC, cGAS- or 
STING-knockout HeLa cells detected by FACS. Scatter spots of CD24+ or CD44+ cells showed in left panels (A, C) while quantification of results showed in right 
panels (B, D). (E, F) Representative scatter spots of FACS detecting the CD44+/CD24− population in NC, cGAS- or STING-knockout MCF-7 cells (E), and the results 
were quantified and showed at right (F). (G, H) Representative results and quantification of ALDH+ cells in NC, cGAS- or STING-depleted PANC-1 cells detected by 
ALDEFLOUR™ assay. Data were represented as mean ± SEM. *P < 0.05, **P < 0.01. 
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compared to those with regular cancer cells (Fig. 4A–D). Similar results 
were also obtained in PANC-1 cells (Fig. 4E, F). These results revealed 
that cGAS- or STING-depleted cancer cells were prone to apoptosis 
under suspension condition. 

Moreover, loss of cGAS or STING impaired viability and proliferation 
of cancer cells. The percentage of cells with EdU incorporation declined 
in cGAS- or STING-depleted group, no matter they were cultured in 
suspension (Fig. 4G and I) or monolayer (Figs. 4H and J, Supplementary 
S4A, B). 

We then determined the influences of cGAS- or STING-depletion on 
tumor metastasis in vivo. Cancer cells were injected into the nude mice 
through a tail vein. Two to three months later, lung tissues were 
collected and taken for H&E staining to distinguish tumor tissue from 
normal one, and the survival curve of nude mice was accordingly drawn. 
Compared with those of the regular tumor cells, mice injected with 
cGAS- or STING-depleted cells rarely undergone lung metastasis 
(Figs. 5A, B and Supplementary S4C), and had a longer survival 
(Fig. 5C). The same results were also obtained in vitro, that is the tumor 
migration and invasion ability reduced after cGAS or STING was 
depleted (Fig. 5D, E). 

Corresponding to above phenomenon, cGAS- or STING-depletion 
caused upregulation of E-cadherin expression and downregulation of 
N-cadherin expression, indicating that cGAS-STING pathway might 
potentiate cancer metastasis via mediating EMT transition (Fig. 5F, G). 
Besides, cGAS-STING pathway deficiency could increase drug sensitivity 
of tumor to a certain extent (Supplementary Fig. S4D). Together, these 
findings suggested that cGAS-STING cascade contributed to sustaining 
tumor survival, promoting tumor growth and distant metastases. 

Recovery of cGAS-STING pathway reinvigorates cancer stemness 

We hereinabove have addressed that cGAS-STING pathway defi-
ciency impaired cancer stemness, thereby delaying tumor progression. 
So, we wondered whether restoration of cGAS or STING expression 
could rescue tumor stemness or not. Accordingly, the overexpression 
plasmids were transferred into the cGAS- or STING-knockout cancer 
cells, and the recovery effects were confirmed by Western blot (Sup-
plementary Fig. S5A, B). It was found that the cells with recovery 
expression of cGAS or STING had similar colony-formation capability to 
that with the control group in soft-agar (Figs. 6A and Supplementary 
S5C). Similar results were also observed under suspension conditions, 
which the ability of tumorsphere formation in the recovery group was 
nearly equal to that of the control group (Figs. 6B and Supplementary 
S5D). 

We then investigated whether the expression of cancer stem cell 
markers was also reinvigorated after the cGAS-STING pathway was 
restored. As shown, recovering of cGAS-STING pathway reversed the 
decrease of ratio of CD44+ and CD24+ cells caused by cGAS- or STING- 
depletion (Fig. 6C, D). Moreover, the anti-apoptotic ability of tumor cells 
was also accordingly rescued when cGAS or STING expression was 
recovered, which was evidenced by the results of Annexin V assay 
(Fig. 6E). Meanwhile, the proliferation ability of tumor cells in suspen-
sion culture was also restored (Fig. 6F). In conclusion, the recovery of 
the cGAS-STING pathway could rescue the stemness of tumor cells, 
which further demonstrated the crucial role of cGAS-STING cascade in 
cancer stemness maintenance. 

cGAS-STING pathway sustains cancer stemness through STAT3 activation 

We further explored the molecular mechanisms by which the cGAS- 
STING pathway sustained cancer stemness. Thereupon, we performed 
RNA-seq on regular, cGAS- or STING-knockout HeLa cells, and carried 
out the differential gene expression analysis. DEseq2 analysis showed 
that, comparing to that of regular cancer cells, around 1300 genes were 
significantly altered in cGAS-knockout cells, while about 500 genes were 
significantly altered in STING-knockout cells (p < 0.05) (Figs. 7A and 

Supplementary S5E). 
Furthermore, Gene Set Enrichment Analysis (GSEA) showed that 

genes related to JAK/STAT3 pathway were significantly enriched in NC 
vs STING-/- group, and their expression was downregulated in STING- 
knockout cells. This result indicated that cGAS-STING pathway regu-
lated the activity of STAT3 (Fig. 7B and Supplementary Table S4). Many 
studies showed the importance of the JAK/STAT3 pathway, especially 
the activation of STAT3, which was closely related to tumorigenesis and 
cancer progression [38,39]. Thus, we detected phosphorylation of 
STAT3 by Western blot, and found that loss of cGAS or STING caused the 
reduction of STAT3 activity (Fig. 7C). Conversely, overexpression of 
cGAS or STING rescued the inhibition on STAT3 (Fig. 7D). 

We further investigated the influence of cGAS- or STING-knockout 
on other functional pathway via Gene Ontology (GO) enrichment 
analysis. GO analysis of the differentially expressed genes showed that 
most of them clustered at pathway influencing cell development, growth 
and migration, which consisted with the phenomenon observed in vivo 
and in vitro (Fig. 7E, F). Together, these evidences suggested that the 
cGAS-STING cascade induced STAT3 activation to sustain the stem-like 
properties of cancer cells. 

Discussion 

Hereinabove, we provided solid evidences that activation of cGAS- 
STING pathway potentiated tumor progression via sustaining cancer 
stemness. First, cGAS-STING was proved to be activated in different 
tumor cells. cGAS- or STING-knockout prevented tumorigenesis. Loss of 
cGAS-STING cascade obstructed tumor metastasis, and extended the 
survival time of mice. Meanwhile, cGAS-STING pathway deficiency 
promoted tumor apoptosis, and impeded tumor growth. Mechanisti-
cally, we found that cGAS-STING pathway potentiated tumorigenesis via 
sustaining cancer stemness, and the STAT3 protein might be a bridge 
between cGAS-STING pathway and cancer stemness (Fig. 7G). 

Actually, the cytosolic DNA-sensing cGAS-STING pathway plays an 
important but dichotomous role in tumor therapy. Damaged DNAs 
stimulated cGAS-STING cascade, and further mediated the secretion of 
pro-inflammatory factors and induced cancer cells to enter a state of 
senescence [40]. Cellular senescence restricted tumor growth [41], yet, 
chronic SASP-related inflammation enabled immune suppression and 
metastasis [10]. Autophagy maintained cell homeostasis by removing 
damaged organelles, misfolded proteins, and oxygen radicals [42,43]. 
cGAS-STING pathway-derived autophagy potentiated the death of cells 
undergoing replicative crisis, protecting from neoplastic transformation 
[44]. However, on the other hand, augment of autophagy supported 
cancers to survival from stressful threats and fueled metastasis, which in 
turn promoted tumor progression [45]. While STING agonist has been 
proved to elevate the sensitivity of cancers to anti-PD1 therapy, it 
upregulated the expression of PD-L1 and indoleamine 2,3-dioxygenase 
(IDO) at the same time, which instead contributed to immune escape 
[12,46]. Thus, cGAS-STING pathway activation might be a 
double-edged sword. Multiple treatments, such as radiotherapy, 
chemotherapy and agonists, which triggers cGAS-STING cascade to cure 
tumors, should be used with more cautions. 

Activation of cGAS-STING pathway elicited by external stimulations 
had attracted much attention, but its basal activation in tumors was 
neglected. It was known that ongoing chromosome mis-segregation 
(also known as CIN) was a prominent feature of tumor, and cytosolic 
DNAs produced by CIN were major triggers of cGAS-STING cascade 
[47]. The dsDNAs that were not cleared in time stimulated cGAS-STING 
pathway to continuously produce inflammatory factors to shape an in-
flammatory microenvironment. In turn, chronic inflammation further 
aggravated CIN, forming a positive feedback mechanism to potentiate 
tumor growth and metastasis [48,49]. Our study showed that the acti-
vation of cGAS-STING pathway without external stimulations potenti-
ated tumorigenesis and distant metastasis. In line with our observations, 
a previous study has indicated that STING-knockout attenuated growth 
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Fig. 4. cGAS-STING pathway prevents tumor apoptosis while promotes tumor proliferation. (A, B) Represent results and quantification of apoptotic cells of NC, 
cGAS- or STING-knockout HeLa cells. (C, D) Representative scatter spots and quantification of apoptotic cells of NC and knockout MCF-7. (E, F) Representative scatter 
spots determining apoptotic cells in NC, cGAS- or STING-depleted PANC-1 cells (E), and the quantification of results showed at right (F). (G–J) Left panels: Flow 
cytometry analysis of EdU staining positive cells in NC and knockout groups after cultured in suspension for 48 h (G, I). Right panels: Quantitative result of per-
centage of EdU staining cells in NC, cGAS- or STING-depleted cancer cells cultured in monolayer for 48 h (H, J). Data were represented as mean ± SEM. *P < 0.05, 
**P < 0.01. 
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Fig. 5. cGAS-STING pathway promotes tumor metastasis. (A) H&E staining of lung tissues from the tumor-bearing mice. The mice were injected with NC, cGAS- and 
STING-knockout HeLa cells through the tail vein. n = 5 for each group. (B) Weight of lung tissues and mice from NC and knockout group. n = 5 for each group. (C) 
Survival rate of mice injected with NC, cGAS- or STING-depleted HeLa cells. n = 5 for each group. (D, E) Transwell assay of NC and knockout groups of HeLa cells (D) 
and PANC-1 cells (E). The bottom panels are quantitative results of migration and invasion. (F, G) Western blot analysis of the expression of N-cadherin and E- 
cadherin in the indicated HeLa (F) and PANC-1 cells (G). The quantification of the band intensity of Western blot was provided in the Supplementary Table S5. Data 
were represented as mean ± SEM. *P < 0.05, **P < 0.01. n.s, no significant difference. 
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Fig. 6. Rescued cGAS or STING expression recovers cancer stemness. (A) Quantification of soft agar colony numbers of Control, cGAS-/- with empty vector, STING-/- 

with empty vector, cGAS- and STING-rescued HeLa cells. (B) Quantification of sphere numbers and tumorsphere size of the indicated HeLa cells. (C-D) Representative 
results of FACS detecting CD24+ or CD44+ cells in the indicated HeLa cells. (E) Representative scatter spots of apoptotic cells of the indicated HeLa cells. (F) 
Representative results of EdU staining positive cells in the indicated HeLa cells after cultured in suspension for 48 h. Data were represented as mean ± SEM. *P <
0.05, **P < 0.01. 
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Fig. 7. cGAS-STING pathway regulates cancer stemness via improving STAT3 activity. (A) Venn diagram depicts the number of genes whose expression changes 
significantly in cGAS- or STING-knockout cells compared to the NC (P < 0.05). (B) GSEA analysis of JAK/STAT3 signaling in NC vs cGAS-/- or STING-/- group. (C) 
Western blot analysis of STAT3 expression and STAT3 phosphorylation in NC, cGAS-/- and STING-/- cells from different cancer cells. (D) Western blot analysis of 
STAT3 expression and STAT3 phosphorylation in control, cGAS-/- with empty vector, STING-/- with empty vector, cGAS- and STING-rescued HeLa cells. (E, F) GO 
analysis of significantly changed genes in NC vs cGAS-/- group or NC vs STING-/- group. (G) Schematic diagram of cGAS-STING pathway sustaining cancer stemness by 
activation of STAT3 activity. Data were represented as mean ± SEM. *P < 0.05, **P < 0.01 from unpaired Student’s t-test. 
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of Lewis lung carcinoma [50]. Although STING-knockdown did not 
exhibit inhibitory effects on tumor growth in some models, we specu-
lated that it may be due to the possibility of shRNA off-target [51,52]. 
Beyond that, we noticed that DMXAA, a STING agonist, restricted tumor 
growth, which was contrast to our results [53]. Indeed, DMXAA failed to 
delay tumor progression in clinical trial, because that DMXAA-STING 
interaction was mouse-specific [54]. However, the role of cGAS-STING 
pathway in tumor is still obscure, and the specific mechanism of 
cGAS-STING pathway regulating tumor development remains to be 
further explored. 

Herein, we proposed that cGAS-STING pathway potentiated tumor-
igenesis by sustaining cancer stemness. Stemness is often used as a 
literature term to refer to the molecular program that maintains the state 
of stem cells [55]. The inherent activation of cGAS-STING cascade has 
been proved to preserve the stemness of CD8+ T cells, thereby promoting 
T cell therapy [56]. We found that cGAS- or STING-knockout impaired 
tumor initiation and tumorsphere formation, while recovery of cGAS or 
STING expression in the knockout cells rescued this inhibitory effect. 
Loss of cGAS-STING pathway decreased CSC markers expression. 
Conversely, recovering cGAS-STING signaling retrieved expression of 
these marker. Collectively, our findings identified that activation of 
cGAS-STING signalings preserved cancer stemness. 

Moreover, we examined gene expression in cGAS- and STING- 
knockout cells by next-generation sequencing, and found that the 
expression of JAK-STAT3 pathway-associated genes were down- 
regulated in cGAS- or STING-depleted cells, indicating the inhibitor 
role of cGAS-STING pathway deficiency on STAT3 activity. The alter-
ations in STAT3 phosphorylation confirmed this result. It has been re-
ported that STAT3 mediated self-renew of pluripotent stem cells and 
promoted tumorigenesis, and targeting STAT3 restrained tumor survival 
and invasion [57,58]. Thus, we proposed that STAT3 might be an 
effector protein of cGAS-STING pathway to maintain cancer stemness. 
Of course, there is no doubt that certain limitations remain in our study, 
and more research is highly needed. 

In short, our study demonstrated that cell-intrinsic activation of 
cGAS-STING pathway potentiated tumor progression via preserving 
cancer stemness. The regulation of cGAS-STING pathway on cancer 
stemness might be achieved by increasing STAT3 activity. Previous 
studies have shown that activation of cGAS-STING pathway induced 
type I IFNs and inflammatory factors, and then promoted immune 
infiltration, and delayed tumor progression [8]. Moreover, prophylactic 
use of STING agonists increases tumor sensitivity to anti-PD-1 therapy 
[12]. However, others reported that the activation of cGAS-STING 
pathway provided opportunities for tumor immune evasion and 
distant metastasis [10], impairing long time benefits for patients. 
Therefore, the strategy of activating cGAS-STING pathway to treat tu-
mors needs to be carefully selected, and the potential risks need to be 
strictly evaluated in clinical research. 

Conclusion 

In conclusion, we have found that intrinsic activation of cGAS-STING 
pathway potentiates tumor progression by preserving cancer stemness. 
Our results provide a new insight for the study of cGAS-STING pathway 
in cancer. 
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