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Dissociation between the expression of 
cGAS/STING and a senescence-associated 
signature in colon cancer
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Abstract
Objective: The effect of the cGAS/STING pathway on antitumor immunity and its connection to senescence in vivo 
necessitates further investigation.
Introduction: Cellular senescence and its secretory phenotype (the SASP) are implicated in modulating the immune 
microenvironment of cancer possibly through the cGAS/STING pathway.
Methods: Gene expression data from paired colon cancer and adjacent non-malignant mucosa (98 patients, n = 196 samples; 
65 patients, n = 130 samples) were analyzed for cGAS/STING and a senescence signature. Immunohistochemistry assessed 
cGAS/STING protein expression in 124 colorectal samples.
Results: Approximately one-quarter of patients displayed senescence profiles in both gene sets, yet without significantly 
correlating with cGAS/STING expression. Notably, cGAS expression was higher than STING in tumor tissue compared 
to non-malignant colonic mucosa. Protein analysis showed 83% positive cGAS expression and 39% positive STING 
expression, with discrepancies in expression patterns. Additionally, 15% of samples lacked both markers, while 35% 
exhibited positive staining for both. No significant correlations were found between cGAS/STING status and tumor 
stage, patient age, lymphovascular invasion, or lymph node involvement.
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Conclusions: Our findings demonstrate significant senescence marker expression in colorectal cancer samples but with 
no correlation with cGAS/STING.
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Introduction

Cellular senescence is a unique cell fate character-
ized by a stable growth arrest.1,2 Senescent cells 
exhibit distinctive phenotypes including cellular 
hypertrophy, reduced nucleocytoplasmic ratio,3,4 
mitochondrial dysfunction,5 increased oxidative 
burden,6 and macromolecular damage.7,8 Senescent 
cells release a spectrum of factors into the microen-
vironment as a result of widespread gene expression 
changes in interferon-related, insulin growth factor-
related, MAP kinase-related, and oxidative stress 
pathways.9–11 Senescence represents a cardinal hall-
mark of cancer through its two arms: Oncogene-
Induced Senescence (OIS) triggered in response to 
aberrant oncogenic signals,12 and Therapy Induced 
Senescence (TIS) elicited in response to cancer 
treatments.13 Senescence is initially tumor suppres-
sive,14 however, it can later contribute to prolifera-
tive recovery, stemness, and aggressive tumor cell 
behavior.13,15 Senescent cells can also promote a 
pro-tumorigenic microenvironment through the 
secretion of certain members of the Senescence-
Associated Secretory Phenotype (SASP) fostering 
chronic inflammation, remodeling of the extracel-
lular matrix, and immunoevasion.16

The SASP contains various immunoactive mole-
cules that can influence tumor-infiltrating immune 
cells. For example, senescent liver stellate cells are 
able to shift macrophage polarization towards anti-
tumor M1 state,17 while senescent thyrocytes trigger 
immunosuppressive M2 macrophage polarization.18 
Furthermore, single-cell transcriptomic analysis 
revealed that complement released from non-senes-
cent tumor cells stimulates M1 differentiation and 
antigen presentation,19 while senescent tumor cells 
secrete CCL20 to favor immunosuppressive M2 
polarization in pancreatic cancer.20 Furthermore, 
CCL2, a frequent SASP component, can trigger infil-
tration of natural killer (NK) cells into the tumor mass 
resulting in enhanced tumor cell elimination and, 
interestingly, elimination of senescent cells.21,22 While 

some SASP components like IL-6 and IL-8 have been 
implicated in creating immunogenic milieu,23 chronic 
inflammation driven by the SASP may foster tumor 
growth and metastasis by promoting angiogenesis 
and tissue remodeling.11 Additionally, certain SASP 
factors can induce the expression of immune check-
point molecules such as PD-L1 on tumor cells,24 
thereby enabling them to evade T-cell-mediated kill-
ing.25 Further complexity of SASP’s role in driving 
antitumor immunity is underscored by its ability to 
modulate the activity of regulatory T cells (Tregs) 
which can suppress effective antitumor responses.26,27 
Moreover, it was shown that senescent cells can uti-
lize the HLA-E, a non-classical MHC molecule, to 
inhibit immune responses from NK and CD8+ T 
cells, thereby evading immunosurveillance.28 
Collectively, senescence seems to contribute unfa-
vorably to tumor immunosurveillance, but this role 
requires further exploration.

The cyclic GMP-AMP synthase (cGAS) and 
Stimulator of Interferon Genes (STING) pathway 
is a crucial regulator of innate immune responses 
and plays a critical role in detecting cytoplasmic 
DNA (particularly from pathogens and damaged or 
stressed cells).29 Activation of cGAS/STING leads 
to the production of type I interferons (IFNs) and 
other proinflammatory cytokines that orchestrate 
innate and adaptive immune responses.30 The 
cGAS/STING pathway is activated in senescent 
cells and contributes to the establishment of the 
SASP.31–33 Deletion of cGAS can significantly 
abrogate the SASP and facilitate escape from 
senescence.31,34 Subsequently, cGAS/STING path-
way contributes to the SASP-mediated immu-
nomodulation of the tumor microenvironment,35 
and thus might facilitate the ability of senescent 
tumor cells to evade immunosurveillance.36 
However, the connection between the cGAS/
STING pathway and development of senescence in 
vivo remains an unexplored area, especially that 
senescence is a major component of tumor biology 
in cancer patients.37
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We utilized colon cancer as a model to examine 
the expression of cGAS/STING relative to senes-
cence gene signatures. cGAS, but not STING, gene 
expression is increased in colon cancer tissue rela-
tive to its paired non-malignant mucosa with no 
correlation with senescence and is widely expressed 
at the protein level compared to STING. This work 
invites a more rigorous examination of the role that 
cGAS/STING plays in regulating senescence.

Materials and methods

Tissue samples

Formalin-fixed, paraffin-embedded (FFPE) tissue 
blocks of colon cancer were used to construct nine 
tissue microarray (TMA) slides each supposed to 
consist of 25 samples at the pathology department 
at King Abdullah University Hospital (KAUH) as 
previously described.38,39 This study represents a 
retrospective analysis that included an independ-
ent, original sample of colon cancer patients diag-
nosed between the period 2004–2018 at KAUH. 
Three co-authors (M.B, E.F.A, A.M) confirmed the 
diagnosis and marked the slides for TMA construc-
tion. The staining of cGAS and STING was per-
formed on nine TMA slides of colon cancer, each 
slide contained 25 cores, however, the final 
included data for analysis was 135 samples for 
cGAS and 133 cores for STING, the remaining 
cores were either missing, folded or did not show 
tumor regions.

Immunohistochemistry (IHC)

IHC was conducted based on established protocols 
with modifications tailored to this study.40,41 
Multiple 4-µm-thick sections were prepared from 
the TMA colon cancer blocks using a microtome 
(RM2235 rotary microtome, Leica Biosystems, 
Wetzlar, Germany). Sections were floated in a 
water bath at approximately 45°C and subsequently 
mounted on clean positively charged glass slides 
(Xtra Clipped Corner Slides, Leica Biosystems, 
Wetzlar, Germany). Slides were dried at 65°C for 
30 min, then immersed in fresh xylene twice for 
5 min each followed by graded ethanol rehydration 
series (100%, 95%, and 70% ethanol; 3 min each) 
and a brief rinse in deionized water. For antigen 
retrieval, slides were placed in jars containing 
sodium citrate buffer (pH 6.0) for cGAS or Tris–
EDTA buffer (pH 9.0) for STING and heated in a 

water bath at 95°C for 20 min. After cooling at 
room temperature for 20 min, slides were rinsed 
twice with phosphate-buffered saline (PBS) con-
taining 0.2% Tween 20 (CAS 9005-64-5, Sigma 
Al-drich, St. Louis, USA). Endogenous peroxidase 
activity was suppressed by treating slides with 3% 
hydrogen peroxide in PBS. After additional PBS 
rinse, sections were incubated with 5% bovine 
serum albumin (BSA) (Atlas Medical, Germany) 
for 1 h at room temperature to block non-specific 
binding.

The primary antibodies, anti-cGAS antibody 
(1:400, Cat. No. NBP1-86761, Novus biologicals, 
USA) and anti-STING antibody (1:400, ab227705, 
Abcam, Cambridge, United Kingdom) were 
applied to the slides and incubated for 2 h at room 
temperature. Following incubation, sections were 
rinsed in PBS and treated with a super enhancer 
reagent (Super Sensitive™ Polymer-HRP IHC 
Detection, QD440-XAKE, BioGenex, USA) for 
25 min at room temperature for Poly-HRP signal. 
After another PBS wash, slides were further incu-
bated with HRP-Polymer anti-Mouse/Rabbit rea-
gent (Super Sensitive™ Polymer-HRP IHC 
Detection, QD440-XAKE, BioGenex, USA) for 
30 min at room temperature. Immunostaining was 
visualized using 3, 3′-diaminobenzidine tetrahy-
drochloride (DAB) for 8 min. Counterstaining was 
performed using Mayer’s hematoxylin solution, 
followed by 30 sec treatment with lithium carbon-
ate solution. The slides were then dehydrated 
through a graded ethanol series (70%, 95%, and 
100% ethanol; 3 min each), cleared in fresh xylene, 
and mounted with dibutyl phthalate in xylene 
(DPX) mounting media (#BCBX0183, Sigma, 
Germany).

cGAS and STING protein expression scoring

The diagnosis of colorectal adenocarcinoma was 
established at The Pathology Department at 
KAUH. Two independent pathologists (co-authors: 
MA and OAAK) conducted the pathological evalu-
ation of the colon cancer samples and the immuno-
histochemical scoring of cGAS and STING protein 
expressions using a light microscope (Labo 
America, USA). In some cases, the tissue core did 
not show tumor regions, these cases were either 
excluded from the scores or were counted as nor-
mal if the tissue was agreed upon that represents 
normal mucosa. The IHC score for cGAS, and 
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STING were performed as previously described in 
the literature.42,43 For both markers, immunostain-
ing was assessed for cytoplasmic staining. First, 
the intensity of the cytoplasmic staining was scaled 
as follows: 0 (none), 1+ (weak), 2+ (moderate), 
or 3+ (strong) staining. Then, the extent of tumor 
cells showing cytoplasmic staining was given the 
following score (0: lack of staining, 1: <10%, 2: 
10%–50%, and 3: >50% of tumor cells stained). 
The final score was calculated by multiplying the 
intensity score and the extent score, yielding a total 
score between 0 and 9. A final score of 3 or more 
was considered a positive expression.

Gene expression analysis

Two datasets of gene expression were obtained as 
normalized and processed RNA-seq data from the 
GEO database.44 The first dataset (GSE44076: 
https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE44076) includes gene expression 
profiles from 98 patients newly diagnosed with 
microsatellite stable colorectal adenocarcinoma 
who had not undergone neoadjuvant chemother-
apy, with both tumor and adjacent normal mucosa 
samples available.45 The second dataset 
(GSE20842: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE20842) comprises pre-
treatment biopsy from 65 patients with locally 
advanced rectal cancer46

Gene set enrichment analysis (GSEA)

Raw gene expression data were processed by 
mapping the probe IDs to gene symbols using the 
platform annotation file associated with the 
microarray data (GPL13667 for GSE44076 and 
GPL4133 for GSE20842). Mappings were veri-
fied and missing gene symbols were excluded. 
Data processing and mapping were performed 
using Python (pandas library).47,48 Next, the phe-
notype file (.cls) was generated to specify the 
sample classifications (e.g. High vs Low senes-
cence groups).49 GSEA was conducted using the 
“gseapy” Python package.50 Firstly, processed 
gene expression data and the (.cls) phenotype file 
were used as inputs. Several gene set collections 
obtained from the Molecular Signatures Database 
(MSigDB) were used to cover general pathways 
and interferon related-genes.47,51 The sets used 
were: (1) “c2.all.v2024.1.Hs.symbols” which 

contains 5,504 genes; (2) “HALLMARK_
I N T E R F E R O N _ A L P H A _ R E S P O N S E .
v2024.1.Hs” that contain 97 genes associated 
with interferon-alpha signaling and its down-
stream effects in human; (3) “HALLMARK_
I N T E R F E R O N _ G A M M A _ R E S P O N S E .
v2024.1.Hs” which has 200 genes that represent 
the key pathways and processes activated by 
interferon-gamma signaling, including antigen 
processing and presentation, antiviral responses, 
and modulation of immune cell activity. GSEA 
was run using the signal-to-noise ratio as the 
ranking metric, with 1000 permutations of the 
phenotype labels. False Discovery Rate (FDR) 
was used to correct for multiple comparisons, 
and pathways with FDR q-values below 0.25 
were considered significant.47,52

Statistical analysis

Gene expression and IHC analyses were conducted 
using SPSS version 25 and R studio. Differences 
between tumor and matched normal samples in 
each dataset were calculated to determine relative 
gene expression increases or decreases. Pearson 
chi-square (χ2) or Fisher’s exact (non-parametric 
test) was used to examine associations between 
cGAS and/or STING protein expression and clin-
icopathologic variables. We conducted the Shapiro-
Wilk test to examine the normality of the gene 
expression datasets and found that they were nor-
mally distributed so performed Pearson Correlation 
Coefficient. All p values reported are two-tailed, 
statistical significance set at p ⩽ 0.05.

Results

cGAS, but not STING, is highly expressed in 
colon cancer tissue relative to matched normal 
mucosa

First, we sought to examine cGAS and STING gene 
expression levels using two publicly available gene 
expression datasets of colon cancer and its corre-
sponding adjacent non-malignant mucosa obtained 
from the same patient (paired samples). The first set 
consisted of samples from 98 patients (n = 196; 
GSE44076) and the other had 65 patients (n = 130; 
GSE20842).45,46 Less than half of the paired sam-
ples (45%, n = 44/98) within the first set (GSE4
4076) exhibited increased levels of cGAS/STING 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44076
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44076
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20842
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20842
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(↑cGAS/↑STING) gene expression in tumor tissue 
compared to its paired non-malignant mucosa 
(Figure 1(a)). However, this percentage was lower 
within the second set (GSE20842), whereas only 
15% (n = 10/65) exhibited a similar expression pro-
file (Figure 1(b)). On the other hand, 15% (n = 15/98) 
of the samples of the GSE44076 set showed reduced 
expression of both cGAS/STING (↓cGAS/↓STING), 
whilst 26% (n = 17/65) of GSE20842 paired sam-
ples exhibited ↓cGAS/↓STING in tumor tissue 
relative to its matched non-malignant mucosa. 
Interestingly, the percentage of increased cGAS 
expression accompanied by decreased STING gene 
expression (↑cGAS/↓STING) was found in 28% 
(n = 27/98) of GSE44076 samples (Figure 1(a)), 
and more than half of GSE20842 samples 51% 
(33/65) had a similar profile among the GSE20842 
set (Figure 1(b)). The opposite profile of 
↓cGAS/↑STING was found in just 12% (12/98) 
and 8% (5/65) of the samples within GSE44076 
and GSE20842, respectively.

cGAS/STING gene expression is not connected 
to a senescence gene expression signature in 
colon cancer tissue samples

In order to investigate the association between of 
cGAS/STING gene expression change between 
tumor and matched non-malignant mucosa and 
senescence, we utilized a recently published senes-
cence gene expression signature that relied on a set 

of seven genes (IGFBP3, IGFBP7, BHLHE40, 
TTYH3, TIMP1, TAGLN, and PLOD3).49 IGFBP3 
and IGFBP7 are both part of the insulin-like growth 
factor binding protein family and are typically 
involved in binding insulin-like growth factors in 
plasma, extending their half-lives and modulating 
their interaction with target cell surface receptors. 
Both proteins have been strongly identified as 
markers of senescence and aging (and are compo-
nents of the SASP).53–55 BHLHE40 (also known as 
differentiated embryo chondrocyte 1, DEC1) is a 
transcription factor belonging to the basic helix-
loop-helix family that plays a role in regulating cir-
cadian rhythm, immune function, and cellular 
differentiation and has also been strongly associ-
ated with senescence.56 TIMP1, an inhibitor of 
matrix metalloproteinases (MMPs), and TAGLN, 
an actin-binding protein primarily involved in the 
regulation of the cytoskeleton and smooth muscle 
cell differentiation, both have been linked to senes-
cence.57,58 Both TTYH3 and PLOD3 have been 
identified by Lv et al. as senescence markers.49

In our analysis, for a sample to be considered as 
possessing “high” senescence gene expression pro-
file, all the seven genes should exhibit an increase in 
their gene expression level in tumor tissue compared 
to its matched adjacent non-malignant mucosa. 
Alternatively, any decrease in any of the seven genes 
was considered a breach of the signature and the 
sample was identified to have “low” senescence 
gene expression profile.49 It is noteworthy that this 

Figure 1.  Pie chart graph showing the status of cGAS/STING as defined by the delta between colon tumor tissue and its paired 
normal mucosa in two gene expression datasets. (a) One had 98 patients (196 samples; GSE44076)45 and the other (b) had 
65 patients (130 sample; GSE20842).46

Positive change indicates expression was higher in tumor relative to normal and negative change is vice versa.
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senescence profiling was designed using multiple 
datasets of colon cancer samples and was demon-
strated to be of prognostic value and high reliability 
for senescence identification in human cancer tis-
sue.46 Our analysis of the senescence scoring (posi-
tive difference tumor to non-malignant tissue for all 
seven genes) revealed that 25% (n = 24/98, 
GSE44076) and 28% (n = 18/65. GSE20842) of 
colon cancer samples exhibited a “high” senescence 
expression profile (Figure 2), a percentage close to 
previously reported levels of senescence in human 
cancers.41,59,60

Unexpectedly, increased cGAS gene expression 
was found in 71% (17/24) of the GSE44076 samples 
with “high” senescence profile, which was similar to 
its expression levels in samples of “low” senescence 
activity (73%, 54/74) (Figure 2(a and b)). On the 
other hand, STING expression was found to be 

higher in tumor tissue in 67% (16/24) of the same 
samples of “high” senescence profile, while 54% 
(40/74) of the samples of “low” senescence profile 
had increased STING gene expression (Figure 2(a 
and b)). Among the GSE20842 gene set, cGAS 
expression in tumor tissue was higher in 56% (10/18) 
and 70% (33/47) of the sample of “high” and “low” 
senescence profiles, respectively. As for STING, 
there was higher gene expression in tumor tissue in 
28% (5/18) of sample exhibiting a “high” senescence 
profile and 21% (10/47) of the “low” senescence 
profile (Figure 2(c and d)). In addition, we performed 
a Pearson correlation analysis between cGAS, 
STING, and the seven-gene senescence signature in 
both datasets and found no significant correlation 
between cGAS or STING and any of the examined 
genes (Figure 3(a and b)). Moreover, case-by-case 
assessment of cGAS/STING expression and the 

Figure 2.  Heatmap and distribution of cGAS/STING and interferon-stimulated gene (ISG) expression in colon cancer relative 
to senescence signature in two patient cohorts. High senescence was determined by increased expression of all IGFBP3, IGFBP7, 
BHLHE40, TTYH3, TIMP1, TAGLN, and PLOD3 in cancer relative to the paired non-malignant mucosa. (a) Heatmap of gene 
expression from GSE44076 (n = 98 patients), with 24 patients categorized as high-senescence. (b) Percentage distribution of cGAS 
and STING positivity (higher in tumor) in high- and low-senescence groups within GSE44076. (c) Heatmap of gene expression 
from GSE20842 (n = 65 patients), identifying 18 patients as high-senescence. (d) Percentage distribution of cGAS and STING 
positivity (higher in tumor) in high- and low-senescence groups within GSE20842. cGAS and STING expression levels showed no 
significant correlation with the senescence profile. Similarly, ISGs (MX1, ISG15, RSAD2, IFIT1) exhibited variable expression patterns, 
confirming a lack of association between the senescence signature and cGAS/STING or interferon signaling pathways.
Source: Heatmap was created using ClustVis.61
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seven-gene senescence signature did not reveal any 
significant association between cGAS or STING and 
senescence status (Supplemental Figure 1).

In addition to cGAS/STING, we included four 
interferon-stimulated genes (ISGs), namely, MX1, 
ISG15, RSAD2, and IFIT1, to explore their associ-
ation with senescence profiles in colon cancer tis-
sue samples (Figure 2). These genes were selected 
due to their known role in immune signaling and 
potential interplay with the cGAS/STING path-
way.62 Heatmap analysis revealed distinct expres-
sion patterns of these ISGs across samples with 
“high” and “low” senescence profiles (Figure 2). 
Specifically, MX1, ISG15, RSAD2, and IFIT1 
exhibited heterogeneous expression patterns, 
which were not significantly linked to the seven-
gene senescence signature, confirming the lack of 
association between senescence and cGAS/STING 
pathway.

Moreover, we performed Gene Set Enrichment 
Analysis (GSEA) for several cGAS/STING con-
nected pathways and whether any association with 
the senescence signature can be established. In 
both the GSE44076 and GSE20842 datasets, the 
interferon-related pathways exhibited a consistent 
pattern of negative enrichment across both data-
sets, albeit with variable statistical significance 

(Supplemental Table 1). The interferon-α response 
pathway had an NES of −0.86 (FDR q-val = 0.58) 
and an NES of −1.69 with a marginally significant 
FDR q-val of 0.04, in GSE44076 and GSE20842, 
respectively. While within the interferon-γ response 
pathway, GSE44076 showed an NES of −0.66 
(FDR q-val = 0.77) and in GSE20842, it displayed 
an NES of −1.34 (FDR q-val = 0.17). Other path-
ways were also investigated with only the Beta-
Oxidation of Fatty Acids in Mitochondria Reactome 
(which does not have a direct connection to cGAS/
STING) demonstrating significant positive enrich-
ment with the senescence signature (Supplemental 
Table 1).

cGAS is widely expressed in colon cancer

We then validated the protein expression of cGAS/
STING in an independent cohort of colon cancer 
samples. The analysis of cGAS staining revealed 
that 84% (114/135) of samples had positive staining 
while 16% (21/135) had negative staining (Table 
1). Figure 4 shows representative fields of cGAS/
STING staining. STING positivity was found in 
36% (48/133) while the remaining 64% (85/133) 
exhibited negative staining. This suggests that 
cGAS is widely expressed in colon cancer samples. 

Figure 3.  Pearson correlation coefficients between cGAS, STING, and the seven-gene senescence signature across two datasets.
No significant correlations were observed between cGAS or STING and any senescence-related genes, indicating a lack of association with se-
nescence status. The color gradient represents correlation strength, with darker blue indicating stronger positive correlations and red indicating 
stronger negative correlations.
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Most of the negative cGAS cases were among stage 
III samples (n = 15) compared to stage II (n = 4) and 
stage I (n = 2), however, this difference was of no 
statistical significance (p=0.157). There was no sig-
nificant difference in the number of positive cGAS 
samples among the two age groups. Interestingly, 
the number of positive cGAS cores was the highest 
among the cases negative for lymph node involve-
ment (LN) (n = 61) and with no lymphovascular 
invasion (LVI) (n = 70), however, with no statistical 

significance (LN, p = 0.101; LVI, p = 0.056). Using 
the tumor differentiation classification, cGAS was 
found to be positive in 5 of the 6 poorly-differenti-
ated cases, similarly most of the moderately-differ-
entiated cases were also positive (n = 72) with only 
13 were negative. All cases with well-differentiated 
tumor were positive for cGAS (n = 5).

STING protein expression was negative in 49 
cases of stage III samples relative to 22 were posi-
tive, also 31 were negative in stage II with 20 were 

Table 1.  The correlation between cGAS or STING protein expression levels with the clinicopathological features of the 135 
(cGAS) and 133 (STING) colon cancer samples.

Clinicopathological 
feature

cGAS+ cGAS− p STING+ STING− p

n = 114 (84%) 21 (16%) 48 (36%) 85 (64%)  
Stage 0.157 0.266
  I 11 2 6 5
  II 46 4 20 31
  III 57 15 22 49
Age 0.816 0.857
  ⩽63 58 10 24 44
  >63 56 11 24 41
LN 0.101 0.367
  Negative 61 7 27 40
  Positive 53 14 21 45
LVI 0.056 0.275
  Negative 70 8 31 46
  Positive 44 13 17 39
Differentiation 0.546 0.820
  Well 5 0 2 3
  Well to moderate 18 7 7 18
  Moderate 72 13 29 58
  Poor 5 1 2 2

Cases were defined either as positive or negative based on percentage of positive cells and DAB intensity as detailed within the Methods section. p 
values were calculated using Pearson’s Chi-square or Fisher’s exact non-parametric tests.
LN: lymph node status; LVI: lymphovascular invasion; n: number.

Figure 4.  Representative immunohistochemical staining images for cGAS and STING in colonic cancer showing an adenocarcinoma 
with positive staining in both markers (a), an adenocarcinoma showing positive cGAS staining with negative STING (b), an 
adenocarcinoma showing positive STING staining with negative cGAS (c) and an adenocarcinoma with negative staining for both 
markers.
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positive, 6 cases were negative with 5 were posi-
tive among stage I cores, however, this was not of 
statistical significance (p = 0.266) (Table 1). Similar 
number of positive STING was observed among 
the two age groups of 24 cases while 44 and 41 
were negative for ⩽63 and >63 years old, respec-
tively. Positive STING staining was observed in 21 
and 17 cases that were also positive for LN and 
LVI, respectively, while 27 and 31 cases of without 
LN and LVI, respectively, were positive for STING. 
Numbers of negative STING cases with negative 
LN and negative LVI were 40 and 46, respectively. 
However, no statistically significant value was 
observed with neither LN (p = 0.367) nor LVI 
(p = 0.275). Finally, there was equal number of 
cases of positive/negative STING among poorly 
differentiated cases, while 58, 18, and 3 were nega-
tive for STING among moderate, well to moderate 
and well differentiated cores but without statisti-
cally significant value (p = 0.820).

Further analysis of the combined cGAS/STING 
protein expression in 124 samples showed that 35% 
(43/124) of the samples were simultaneously posi-
tive for both markers, while 15% (19/124) of the 
samples had negative DAB staining for both 

proteins. Moreover, 48% (60/124) of the samples 
had positive cGAS accompanied by negative 
STING while only 2% (2/124) were vice versa 
(STING+/cGAS-). Furthermore, analysis of cGAS/
STING status with tumor stage, patients’ age, 
lymph node involvement, lymphovascualr invasion 
and tumor differentiation did not show any statisti-
cally significant value as shown in Table 2. These 
findings of high number of positive cGAS protein 
expression relative to STING are consistent with 
the previous findings observed in gene expression 
analysis. Figure 4 shows the different staining pat-
terns of cGAS/STING in colon cancer tissues.

Discussion

cGAS/STING pathway is a key regulator of the 
immune response against pathogens and DNA 
fragments from diseased/cancer cells.33 Recent 
preclinical evidence has also demonstrated a strong 
role for cGAS/STING in regulating senescence 
and the SASP-mediated immune response against 
senescent tumor cells.35,63,64 Unfortunately, the 
connection between cGAS/STING and senescence 
has not been examined in clinical cancer samples. 

Table 2.  The association of the cGAS/STING protein expression with the clinicopathological features of the 124 colon cancer 
samples. 

Clinicopathological 
feature

cGAS+/STING+ cGAS−/STING− cGAS+/STING- cGAS−/STING+ p

n = 43 19 60 2 NA
Stage 0.274
  I 6 2 3 0
  II 17 4 26 0
  III 20 13 31 2
Age 0.683
  ⩽63 23 10 30 0
  >63 20 9 30 2
LN 0.268
  0 24 7 32 0
  1 19 12 28 2
LVI 0.098
  0 29 8 34 0
  1 14 11 26 2
Differentiation 0.321
  Well 2 0 3 0
  Well to moderate 6 6 11 1
  Moderate 25 12 41 1
  Poor 2 1 1 0

Samples were defined either as positive or negative based on percentage of positive cells and DAB intensity as detailed within the Methods section. 
p values were calculated using Pearson’s Chi-square or Fisher’s exact non-parametric tests.
LN: lymph node status; LVI: lymphovascular invasion; n: number.
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This is largely due to a scarcity of studies that 
investigated the development of senescence in vivo 
and the lack of universal biomarkers to identify 
clinical senescence.60 In this work, we aimed to 
profile the gene expression of cGAS/STING in 
correlation with a previously validated senescence-
associated transcriptomic signature in colon cancer 
tissue using an approach that compares between 
malignant and non-malignant components of colon 
tumors. We then validated cGAS/STING expres-
sion in an independent cohort of colon cancer 
samples.

We found that cGAS exhibited increased gene 
expression in colon cancer samples relative to their 
matched adjacent non-malignant mucosa in two 
publicly available gene datasets. Interestingly, 
around one-quarter of the samples with high cGAS 
expression exhibited positive (or “high”) senescence 
profile. Among these samples, increased expression 
of cGAS was found in more than half of the exam-
ined samples (71% in GSE44076 and 56% in 
GSE20842) while STING was higher in 67% (GSE 
44076) and 28% (GSE20842) of the non-malignant 
colonic mucosa samples. Our analyses also did not 
show any significant association between cGAS, 
STING, and the seven-gene senescence signature 
across datasets or on a case-by-case basis. Moreover, 
no significant enrichment for cGAS/STING related 
pathways, namely ISGs or interferon response genes 
(α and γ reactomes) have been identified. 
Collectively, this suggests a dissociation between 
the gene expression of cGAS/STING and senes-
cence which, indeed, goes against the emerging pre-
clinical literature that strongly argues for a 
connection between cGAS/STING and senescence.

This can be due to notable differences in senes-
cence-associated signatures between in vitro and in 
vivo settings. For example, established markers of 
in vitro senescence, such as the cell cycle regula-
tors, p21Cip1 and p16INK4a, can be dissociated from 
transcriptomic profiles of senescence in vivo.65 
This applies to other hallmarks of senescence 
including H3K9Me3 or p53.59,66 Subsequently, this 
could explain why a stronger connection between 
cGAS/STING and senescence could not be estab-
lished in colon cancer. Of course, this certainly 
does not rule out a role for cGAS/STING in regu-
lating senescence in colon cancer but invites for a 
more rigorous understanding of in vivo senes-
cence.37 For this work, we relied on using a previ-
ously validated senescence gene expression 

signature in colon cancer specifically to minimize 
the variability in senescence development that 
could arise from cancer background differences.

Using IHC, we further confirmed that cGAS 
protein is highly expressed in colon cancer in 114 
of 135 stained samples while STING had lower 
frequency of positive staining in 48 of /133. 
Combined analysis showed that 43 of 124 samples 
were positive for both markers, while 19 of 124 
were negative for IHC staining. Finaly, no statisti-
cally significant association was found between 
cGAS/STING status with various clinicopatholog-
ical features such as tumor stage, patients’ age, 
lymph node involvement, lymphovascular inva-
sion and tumor differentiation. These findings were 
not entirely consistent with previous observations. 
For example, Xia et al. investigated cGAS/STING 
status in colon cancer using RNA chromogenic in 
situ hybridization (CISH) (n = 80) and IHC (n = 40) 
and found that 62.5% (n = 50/80) using CISH and 
45% (n = 18/40) using IHC were positive for both 
markers while only 9% (n = 7/80) using CISH and 
5% (n = 2/40) using IHC of samples were negative 
for the two markers.42 These findings were similar 
to ours, in that, we found that 35% of the samples 
were cGAS+/STING+ and 15% of samples were 
cGAS-/STING-. Nevertheless, Xia et al. reported 
higher frequency of cGAS-/STING+ cases com-
pared to cGAS+/STING- using both assays,42 
which is inconsistent with our findings of only 2% 
of our cohort were cGAS-/STING+ while 48% 
were the opposite (cGAS+/STING-). Although 
both studies used the same scoring methods for 
IHC, defining the cut-off point for IHC positivity 
was different (we used score > 4 while Xia et al., 
used ⩾3) which could justify the slight variability 
in the results. Similar incompatible observations 
with this study were also reported by Kunac et al. 
showing low cGAS protein expression in 27/41 
(66%) low STING protein expression in 13/41 
(32%) of the samples.67 Furthermore, a recent 
study explored cGAS/STING in a cohort of 243 
colorectal cancer samples and found that 76% and 
71% of the samples were negative for cGAS and 
STING, respectively.43 In our study, cGAS protein 
expression was negative in 16% of the samples 
while STING was not expressed in 64% consistent 
with Nakajima et al. findings.43

The interaction between cGAS/STING path-
way and immune regulation was also investi-
gated previously. For example, STING protein 
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expression in both tumor endothelial cells and 
immune cells correlates positively with the infil-
tration of intratumoral CD8+ T cell and was 
associated with favorable prognosis in two sets 
of 173 breast and 160 colorectal cancer patients.68 
Similarly, increased CD8+T and CD4+T cells 
infiltration was associated with increased STING 
expression, however, cGAS expression was pos-
itively associated with only CD8+ T cells, but 
not CD4+ T cells.43 These studies suggest that 
increased expression of cGAS and /or STING is 
associated with improved clinical outcomes, as 
evidenced by greater immune cell infiltration 
and favorable prognosis.43,68 However, contrast-
ing reports indicate that the cGAS-STING path-
way can also activate NF-κB, which may support 
tumor progression and metastasis by creating an 
immunosuppressive microenvironment.69 NF-κB 
is a key regulator of the SASP as a proteomics 
analysis of senescent chromatin revealed that the 
NF-κB influence the expression of more senes-
cence genes than RB and p53 combined.70

Our study has several limitations. First, we 
used TMA which limits the detection of intra-
tumoral heterogeneity due to the presence of non-
tumor tissue and tissue folding issue during 
processing despite its utility in analyzing protein 
expression and genomic aberrations in relatively 
large number of samples simultaneously.38,71,72 
Furthermore, a formal sample size calculation 
was not conducted, which could impact the gener-
alizability of our findings. Another limitation was 
the inability to obtain normal adjacent tissue sam-
ples correlated with the tumor samples due to the 
fact that some of these samples were more than 
15 years old. Lastly, we have not investigated the 
expression of protein markers of senescence in 
our independent colon cancer samples primarily 
due to the lack of a reliable and previously vali-
dated senescence-related protein signature.

Conclusions

The expression cGAS/STING is not commensu-
rate with a senescence-associated signature in 
colon cancer samples in vivo. cGAS expression 
is higher than STING in malignant components 
of colon cancer tissue when compared to their 
non-malignant mucosal counterparts. Positivity 
of both cGAS and STING protein expression is 
observed in only one-third of colon cancer 
samples.
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