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Abstract

Cellular senescence is a cell fate triggered by diverse endogenous and exogenous stresses, including DNA damage, telomere dysfunction,
and metabolic dysregulation. It is characterized by irreversible cell cycle arrest and a hypersecretory state known as the
senescence-associated secretory phenotype (SASP). As a hallmark of ageing, senescence contributes to various physiological processes and
is closely associated with the pathogenesis of age-related diseases. Specifically, senescent cells secrete SASP factors, which promote chronic
inflammation, and propagate senescence to neighboring normal cells. DNA damage, a crucial inducer of cellular senescence and
inflammation, often leads to the accumulation of cytosolic DNA. The cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING)
pathway has emerged as a critical mechanism for detecting such intracellular DNA, and its excessive activation is strongly associated with
senescence and age-related chronic inflammation (inflammaging). Accumulating evidence indicates that multiple factors can trigger
CGAS-STING signaling, thereby stimulating inflammatory responses and accelerating cellular senescence. In this review, we summarize
recent advances in understanding how cGAS-STING signaling orchestrates cellular senescence and inflammaging. We outline the key
hallmarks and triggers of cellular senescence, with particular emphasis on the role of cGAS in age-related inflammatory diseases. Finally, we
discuss that targeting the cGAS-STING pathway may pave new ways for therapeutic strategies to mitigate cellular senescence-associated
diseases.
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1. Introduction

Organisms experience a progressive decline in the function of multiple organs and an increased susceptibility to various diseases
throughout their lifespan. This functional deterioration is referred to as aging, a common, complex, and natural biological process.
Aging is increasingly characterized by systemic chronic inflammation, coupled with cellular senescence, inflammaging!'.
Inflammaging refers to a state of mild, sterile, chronic damage driven by elevated levels of pro-inflammatory mediators!?. In parallel,
cellular senescence is characterized by cell cycle arrest accompanied by distinct molecular alterations in damaged or aged cells>4.
Currently, senescence, described as a relatively quiescent, non-proliferative, and irreversible cellular state, is recognized as a core
hallmark of aging!*l. Senescent cells generally increase with the aging process, which is closely linked to the decline of physiological
functions and the pathogenesis of age-associated disorders.

As a hallmark of aging, cellular senescence, its progression and accumulation significantly contributes to organ damage, tumor
suppression and inflammatory diseases. Multiple factors have been identified as triggers for cellular senescence, including DNA
damage, telomere shortening, oncogene activation, oxidative stress, and chromatin rearrangement*°l, Among these, DNA damage
serves as a pivotal driver of cellular senescence and inflammation, plays a critical role in age-related diseases. It is well established
that DNA damage induces the expression of type I interferon and inflammatory factors. Recent mechanistic insights further reveal the
connection between DNA damage and either senescence or inflammation is mediated by cytoplasmic DNA sensing pathways!”-8l.

DNA sensing pathways constitute a critical host defense mechanism responsible for detecting aberrant nucleic acids and initiating
type I interferon and inflammatory responses®'°l. Cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP)
synthase (cGAS), serves as a core intracellular DNA sensor for detecting foreign and aberrant self-DNA, thereby triggering powerful
innate immune responses. Upon activation after binding to DNA, cGAS sythethesizes the second messenger cyclic GMP-AMP (cGAMP),
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which activates the adaptor protein stimulator of interferon genes (STING). STING further triggers a signaling cascade, leading to the
production of immune and inflammatory mediators, including type I and III interferons!®!5'2l, Given its capacity to sense cytoplasmic
DNA arising from genomic instability or mitochondrial damage, the cGAS-STING pathway is closely related to cellular senescence. The
activated cGAS-STING pathway in senescent cells can also induce the senescence-associated secretory phenotype (SASP), leading to
chronic inflammation and subsequent cellular senescencel’ '3l In this review, we primarily reviewed the regulatory mechanisms of
CcGAS-STING in cellular senescence and inflammaging. We further emphasize its potential as a therapeutic target for age-related
human diseases, providing a comprehensive summary of cGAS-STING inhibitors currently under investigation for conditions,
including neurodegenerative and cardiovascular diseases.

2. Characteristics of Cellular Senescence

Cellular senescence is a nondividing state caused by various stress stimuli and certain physiological processes, exhibiting distinct
phenotypes and hallmarks. The hallmarks of cellular senescence encompass irreversible cell cycle arrest, the SASP, metabolic
disorders, and macromolecular damagel®-!*13l, Although these characteristics are often interconnected, no single marker is sufficient
to definitively identify the specific state of cellular senescence. Therefore, a combinatorial approach utilizing multiple assays and
markers is essential to accurately characterize specific senescence phenotypes (Figure 1).
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Figure 1. The characteristics of cellular senescence. Senescent cells exhibit four interdependent characteristics: irreversible cell cycle arrest, the SASP, macromolecular

damage, and metabolic dysregulation. ARF: alternate reading frame; RB: retinoblastoma; SASP: senescence-associated secretory phenotype.

2.1 Irreversible cell cycle arrest

Senescence-associated cell cycle arrest is defined as a durable and irreversible withdrawal from the cell cycle, typically triggered by
harmful stimuli or aberrant proliferation. While cyclin-dependent kinases (CDKs) phosphorylation participates in cell cycle
progression, cell cycle arrest is accompanied by the upregulation of CDK inhibitors. CDKN2A (p16'Nk4a, hereafter p16) and CDKN1A
(p21¢*1, hereafter p21) are two cyclin dependent kinase inhibitors, that typically accumulate in senescent cells and function as
components of the tumor suppression pathways regulated by p53 and retinoblastoma (Rb). The upregulation of p21 and p16 is
sufficient to establish and maintain senescence-associated growth arrest, therefore, they serve as reliable markers for identifying
senescent cells!'*l.

2.2 Senescence-associated secretory phenotype

During cellular senescence, cells secrete a variety of factors, mainly categorized into pro-inflammatory cytokines (e.g., interleukins),
chemokines (e.g., CXCL chemokines), growth factors (e.g., VEGF, TGF-f), proteases (such as matrix metalloproteinases and
plasminogen activators), receptors, and other mediators. This characteristic is termed the SASPI“l. The SASP can exacerbate cellular
senescence through autocrine and paracrine pathways. Senescent cells can secrete SASP cytokines, and cytokine signaling in turn
induces the expression of cell cycle inhibitors, including p16, thereby reinforcing cell cycle arrest and senescence in an autocrine
manner. Simultaneously, secreted SASP factors can also trigger neighboring normal cells senescence in a paracrine manner, which is
termed the bystander effectl’l. Thus, the SASP accounts for certain harmful and pro-aging effects of senescent cells. However,
senescence inducers, cell types, or the duration of stimuli (acute or chronic) can endow SASP components with distinct biological
activities, such as wound healing and regeneration, tumor development, and inflammaging!.
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2.3 Macromolecular damage

Senescence can be induced by diverse stressors, including radiation, chemotherapeutic agents, oxidative stress, and telomerase
dysfunction. These stimuli lead to abnormal accumulation of damaged macromolecules, such as DNA damage, protein damage, and
lipid damagel'l. During cellular senescence, DNA damage occurs alongside telomere shortening and cell cycle arrest. Additionally,
senescent cells also exhibit significant damage to proteins and lipids. Protein damage is primarily induced by reactive oxygen species
(ROS), which oxidize methionine and cysteine residues, thereby altering protein folding and function!!”. ROS can induce lipid damage
and promote lipid deposition during cellular senescencel’l. Among these various forms of macromolecular damage, DNA damage is
recognized as a defining phenotype of cellular senescence.

2.4 Metabolic alterations

Metabolic alterations during cellular senescence manifest as disruptions in molecular and protein homeostasis, accompanied by
mitochondrial or lysosomal dysfunction. Senescent cells exhibit significant perturbations in mitochondrial function, dynamics, and
morphology. Specifically, mitochondrial dysfunction in these cells includes defects in electron transfer chain (ETC) activity, complex I
assembly, mitochondrial dynamics (fission and fusion), and impairment of the tricarboxylic acid (TCA) cyclel'$:'°l. For instance, ETC
inhibtion induces senescence in an IL-13-dependent manner!'l. Additionally, in senescent cells, metabolic changes also include the
accumulation of senescence-associated -galactosidase (SA-f-gal), a marker of increased lysosomal mass!'*l. Dysregulation of
lysosomal function results in increased production of ROS in mitochondria, which in turn further compromises lysosomal integrity.
This vicious cycle between lysosomes and mitochondria remarkably exacerbates the senescence phenotypel?’.,

3. Mechanisms Involved in Cellular Senescence

Cellular senescence is driven by a series of interdependent mechanisms, including DNA damage, stress signaling, organelle
dysfunction, and chromatin rearrangement (Figure 2).
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Figure 2. Triggers of cellular senescence. (A) Endogenous or exogenous stress-induced damage causes DSBs and activates the DDR, leading to the phosphorylation of
histone H2AX (y-H2AX) and the recruitment of 53BP1. The recruitment of y-H2AX and 53BP1 at DSB sites activates the kinases ATM and ATR. ATM and ATR undergo
phosphorylation and subsequently activate CHK2 and CHK1, respectively, further activating p53 and its effector molecules to induce cell cycle arrest and cellular senescence;
(B) Telomere dysfunction caused by shortened or damaged telomere promote DDR activation, leading to the upregulation of p21 and p16. This ultimately results in cell cycle
arrest and cellular senescence; (C) Excessive activation of oncogenes induces cellular senescence and phenotypic changes. Activation of the RAS/MAPK pathway, which
includes effector molecules such as RAS, RAF, MEK, and ERK, induces DNA damage and activate DDR. Subsequent activation of p53 or formation of SAHF further induces cell
cycle arrest, triggering OIS. DSBs: DNA double-strand breaks; DDR: DNA damage response; 53BP1: p53-binding protein 1; ATM: ataxia-telangiectasia mutated;
ATR: ataxia-telangiectasia and RAD3-related; CHK2: checkpoint kinase 2; SAHF: senescence-associated heterochromatin foci; OIS: oncogene-induced senescence;

MAPK: MAP-kinase; RAS: rat sarcoma; RAF: rapidly accelerated fibrosarcoma; MEK: mitogen-activated protein kinase; ERK: extracellular signal-regulated kinase.

3.1 DNA damage-induced senescence

DNA damage, a hallmark of genomic instability, can result in nuclear DNA breaks and activate the DNA damage response (DDR)
pathway, thereby promoting cellular senescence. In senescent cells, the DDR halts cell cycle progression, preventing the inheritance
of aberrant genetic information by offspring. Key DDR proteins and chromatin modifiers accumulate at sites of DNA damage, these
include phosphorylated histone H2AX (y-H2AX), p53-binding protein 1 (53BP1), and the kinases ataxia-telangiectasia mutated (ATM)
and ataxia-telangiectasia and RAD3-related (ATR)l. Upon activation, ATM and ATR phosphorylate various substrates, notably the
tumor suppressor protein p53. This activation coordinates the expression of genes essential for cell cycle arrest, such as p16 and
p2121,
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In addition, DNA damage can cause telomere shortening in senescent cells. Telomeres are cap-like structures located at the ends of
linear chromosomes, composed of repetitive DNA sequences (such as TTAGGG in mammals) and the protective shelterin protein
complexes. These structures prevent chromosome ends from being recognized and suppressing the activation of DDR??23], Telomeric
damage can induce single-stranded DNA breaks, internal DNA loop structures, and the dissociation of shelterin protein complexes,
ultimately leading to cellular senescencel?!l. Moreover, DNA replication causes telomeres to gradually shorten. Consequently,
telomere dysfunction triggers replicative senescence when telomeres reach a critical length[?°l. At this threshold, telomeres fail to
recruit sufficient shelterin protein complexes and are misrecognized as exposed DNA ends. This exposure thereby activates the DDR
pathway and upregulates the expression of senescence-related proteins such as p21 and p16, initiating cellular senescencel?%-?7.,

Compared with nuclear DNA, mitochondrial DNA (mtDNA) is more susceptible to damage, and such damage tends to persist for a
longer period!?!l. Mitochondrial ROS oxidizes mtDNA to form oxidized mtDNA (Ox-mtDNA). Ox-mtDNA can release from mitochondria
through mitochondrial permeability transition pores (mPTP) and voltage-dependent anion channels (VDAC)-dependent channels,
subsequently triggering NLRP3 inflammasome activation?’l. Furthermore, improper modifications of mtDNA also contribute to
senescence. Recent studies indicate that dysregulated m6A modifcation of mtDNA inappropriately alters mtDNA copy number and
transcription levels, impairs oxidative phosphorylation (OXPHOS), increases oxidative stress, and shortens the lifespan of Candida
albicans®l,

3.2 Mitochondrial dysfunction and cellular senescence

The accumulation of dysfunctional mitochondria is a key contributor to the elevated oxidative stress observed in senescent cells.
Consequently, these cells exhibit significant alterations in mitochondrial mass, membrane potential, and overall morphology®'l.
During cellular senescence, a process called minority mitochondrial outer membrane permeabilization (miMOMP) occurs in a subset
of mitochondria. Inhibiting MOMP can suppress the expression of inflammatory factors and prolong the lifespan of aged micel3?.
Autophagy serves as a critical clearance pathway for organelles, specifically damaged mitochondria via mitophagy**l. Mitophagy can
maintain muscle function during aging by preventing the senescence of satellite cells®l. Impaired mitophagy may result in the
accumulation of dysfunctional mitochondria and trigger senescence in fibroblasts!'®l. Moreover, senescent cells exhibit reduced
mitophagy levels, which leads to defects in the mitochondrial network and contributes to metabolic dysfunction during aging®'l.

3.3 Chromatin reorganization

Cellular senescence is related to large-scale chromatin rearrangement, with the most prominent changes being the loss of
heterochromatin. In normal cells, heterochromatin is enriched with repressive histone modifications, such as dimethylated and
trimethylated histone H3 Lys9 (H3K9me2 and H3K9me3) or Polycomb-mediated H3K27me3[*°l. These modificatons, along with high
levels of DNA methylation, maintain genomic stability by mediating the transcriptional repression of retrotransposons, such as long
interspersed element (LINE-1) and endogenous retroviruses (ERVs). However, in senescent cells, the erosion of heterochromatin leads
to the derepression of retrotransposons and the reverse transcription of complementary deoxyribonucleic acid (cDNA), and its
translocation into the cytoplasm, ultimately triggering cellular senescencel®,

Notably, the loss of heterochromatin results in the loss of gene silencing and drives the senescence process. In Saccharomyces
cerevisiae, heterochromatin loss is associated with interrupted transcriptional gene silencing and replicative senescencel*°l. Similar
observations of heterochromatin loss were documented in Cockayne syndrome. Deficiency in Cockayne syndrome group B reduces
the level of the SETDB1, the methyltransferase required for catalyzing H3K9me3 modification, which induces cellular senescencel*7.
Increasing evidence suggests that aging is associated with disruption of heterochromatin homeostasis rather than a simple reduction
or increase in heterochromatin content. For instance, KDM4B, a H3K9me3 demethylase, epigenetically coordinates (3-catenin/
Smad1-mediated transcription in normal mesenchymal stromal cells (MSCs) by removing the repressive histone mark H3K9me3.
Ablation of KDM4B induces senescence-associated heterochromatin foci (SAHF) formation, thereby impairing MSC self-renewal and
promoting MSC exhaustion through elevated H3K9 hypermethylation[*8l. SAHF does not represent preservation of the
heterochromatin state of young, proliferative cells. Instead, it reflects aberrant chromatin remodeling and excessive heterochromatin
compaction that reinforce the senescence program through stable repression of proliferation- and self-renewal-associated genes. In
MSCs, KDM4B functions as an H3K9me3 demethylase that maintains chromatin plasticity and supports lineage-specific transcription.
Therefore, the global heterochromatin erosion and abnormal heterochromatin accumulation can contribute to aging, albeit through
distinct mechanisms. The key determinant is the maintenance of chromatin homeostasis rather than the absolute abundance of
heterochromatin.

3.4 Oncogene activation-induced senescence

In normal cells, the hyperactivation of oncogenes induces DNA replication stress, which triggers the DDR pathway, leading to cell
cycle arrest and oncogene-induced senescence (OIS). Recent studies have demonstrated that over 50 oncogenes and tumor
suppressor genes can induce senescence, including Ras and its downstream effectors Raf and MEK, p53, MYC, and loss of PTEN.
Numerous evidence indicates that chromatin reorganization plays a pivotal role in OIS, notably through the formation of
senescence-associated heterochromatin foci (SAHF). The upregulation of p16 results in the activation of pRB and the formation of
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SAHF, which epigenetically silence pro-proliferation genes!*’l. Furthermore, oncogenic signaling significantly affects telomere
structure and function by inducing telomere replication stress, telomere dysfunction, and promoting cellular senescence in human
cancer precursor lesions!*"l,

4. The cGAS-STING Pathway in Cellular Senescence

The presence of nuclear DNA damage or the leakage of chromatin fragments into the cytoplasm is a well-established driver of
senescence, mainly manifesting as DNA double-strand breaks (DSBs) or cytosolic chromatin fragments (CCFs). Under physiological
conditions, genomic DNA is compartmentalized within the nucleus and mitochondria. However, in response to stress signals or
infections, nuclear or mitochondrial DNA can leak into the cytoplasm, where it is sensed by specific DNA sensors, initiating
downstream signalling cascades. cGAS, a pattern recognition receptor (PRR) of the innate immune system, specifically recognizes
dsDNA. In addition to sensing microbial DNA during infection, cGAS is also activated by endogenous DNA, including aberrant genomic
nucleic acid products, extranuclear chromatin, and mtDNA released into the cytosoll®*!-42, In resting cells, cGAS normally exists in an
inactive form. Upon binding to DNA, it undergoes conformational changes to become active, catalyzing the synthesis of the second
messenger cGAMP from adenosine triphosphate (ATP) and guanosine triphosphate (GTP). This cGAMP is subsequently detected by the
cyclic-dinucleotide sensor STING, a dimeric transmembrane protein located on the endoplasmic reticulum (ER). The binding of
cGAMP activates STING, which then translocates to the Golgi apparatus. At the Golgi, STING recruits and activates TANK-binding
kinase 1 (TBK1) which phosphorylates interferon regulatory factor 3 (IRF3), thereby initiating the type I interferon response. In
addition to type I interferon signaling, STING can also activate nuclear factor kappa B (NF-KB) signaling, triggering inflammatory gene
expression!®12],

Recent studies have highlighted the critical role of the cGAS-STING axis in regulating autoimmunity, inflammatory disease,
anti-tumor immunity, and cellular senescence. Activation of this pathway promotes cellular senescence including the induction of
cell cycle arrest, increased SASP secretion, and exacerbating mitochondrial dysfunction and DNA damagel'-*3l, As aforementioned, the
release of genomic DNA, CCFs, mtDNA into the cytoplasm promotes cellular senescence by triggering cGAS activation. The following
section systematically elucidates the mechanisms by which these events engage the cGAS-STING signaling pathway to induce
senescence (Figure 3).
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Figure 3. Regulatory mechanisms of the cGAS-STING pathway in cellular senescence. In senescent cell, cGAS senses exogenous DNA (such as bacteria or viruses) and
cytosolic self-DNA (DNA damage causing genomic disorder or mitochondrial dysfunction). Upon binding DNA, cGAS synthesizes the second messenger cGAMP. This
molecule binds to and activates STING, which is located on the ER membrane, triggering STING translocation to the Golgi apparatus. At the Golgi apparatus, STING recruits
and activates TBK1 which in turn phosphorylates IRF3, initiating type I interferon responses. Additionally, STING recruits the IKK kinase and activates NF-kB signaling,
triggering the inflammatory responsel”. In the non-canonical STING pathway, ATM, PARP1, p53, and the E3 ubiquitin ligase TRAF6 mediate STING activation. TRAF6 catalyzes
the formation of K63-linked ubiquitin chains on STING, thereby activating both the NF-kB pathway and the STING-dependent gene expression programt““. Moreover, upon
cGAMP binding, STING at the ER binds to and directly activates the ER-resident kinase PERK. This triggers either the PERK-eukaryotic initiation factor 2a (eIF2a) signaling axis
or the IRF3 and NF-kB pathways!?l. cGAMP: 2,3’ cyclic GMP-AMP; ER: endoplasmic reticulum; PARP1: poly(ADP-ribose) polymerase 1; PERK: PKR-like ER kinase; NF-kB: nuclear
factor kappa B; cGAS: cyclic GMP-AMP synthase; STING: stimulator of interferon genes; TBK1: TANK-binding kinase 1; IRF3: interferon regulatory factor 3;
ATM: ataxia-telangiectasia mutated; CCFs: cytosolic chromatin fragments; mtDNA: mitochondrial DNA; ROS: reactive oxygen species; SASP: senescence-associated secretory

phenotype.


https://doi.org/10.70401/acrt.2026.0026

Ageing Cancer Res Treat. 2026;3:202615 | https://doi.org/10.70401/acrt.2026.0026 Page 6 of 14

4.1 DNA damage triggers cGAS-STING activation to drive senescence

Genomic instability is a significant cause of age-related diseases and cancer, severely impacting human health and lifespan. DDR
primarily functions to maintain genomic integrity and determine cell fate. A crucial activator of DDR is DSBs. Homologous
recombination (HR) repair of DNA is one of the DSB repair pathways and is closely associated with the alleviation of aging in both
mice and humans. In a recent study published in Science, Mao’s group reported that cGAS from the naked mole-rat (NMR) promotes
DNA repair, thereby stabilizing the genome and potentially extending lifespan. The authors identified that four amino acids within the
C-terminal domain of NMR cGAS can facilitate HR repair by mediating the FANCI-dependent recruitment of RAD50. Additionally, NMR
cGAS not only significantly reduces cellular senescence but also enhances climbing performance in aged Drosophila. Notably,
engineering these four specific amino acid residues of NMR cGAS into human or Drosophila, cGAS eliminates the inhibition of HR
repair, resulting in prolonged lifespan of Drosophila or human cells!*l, Moreover, DNA damage can also induce nuclear envelope
rupture, potentially leading to the localization of cGAS in micronuclei. Under normal conditions, the nuclear envelope is typically
maintained and repaired by the endosomal sorting complexes required for transport (ESCRT-III) machinery!*’-*8l, Recent studies have
shown that DSBs during the cell cycle can lead to the formation of micronuclei during mitosis. Prior to the activation of inflammatory
signals, micronuclei serve as a reservoir for cGAS. As mitosis progresses, the relocation of cGAS to micronuclei initiates interferon
signaling!*’l. In mouse stromal cells, Hippo signalling co-activators YAP and TAZ maintain nuclear envelope integrity by
transcriptional regulation of lamin B1 and ACTR2. The deletion of YAP/TAZ triggers cGAS activation on genomic DNA, thereby
promoting SASP production and driving cellular senescencel>’l

Increasing evidence indicates that CCFs activate the cGAS-STING pathway to produce SASP, leading to senescence in primary IMR90
and BJ fibroblasts, without significantly inducing type I IFN expression!'’l. The failure of interferon induction may be due to the
activation of p38 MAP-kinase (MAPK) by senescent human fibroblasts, which can inhibit STING mediated interferon inductionl>'l.
However, other studies in MEFs demonstrate that CCFs can induce the production of type I IFN via mediating cGAS-STING signaling
during senescencel’l. This discrepancy is likely due to differences in STING activation and function. Generally, upon binding to DNA,
cGAS synthesizes the second messenger cGAMP, which binds to and activates STING. Activated STING proteins oligomerize and
recruit their downstream effector TBK1 via a conserved PXxXPLRT/SD motif (where x denotes any amino acid) located in the C-terminal
tail (CTT) of STING, thereby promoting trans phosphorylation of TBK1. Phosphorylated TBK1 then phosphorylates the STING CTT at
Ser358 and Ser366. This CTT phosphorylation creates a docking site for IRF3, which is subsequently phosphorylated by TBK1.
Phosphorylated IRF3 undergoes oligomerization and translocates to the nucleus, where it drives the transcription of type I
interferons and interferon-stimulated genes!'?°%. Therefore, the IFN signaling activated by cGAS-STING depends on STING CTT
function. However, some studies have found that cGAS-STING-dependent NF-KB activation is independent of STING CTT functionl>*54],
and may instead be governed by a signal from within the C-terminal ligand-binding domain (LBD) of oligomerized STING. In addition,
NF-KB activation depends on TBK1 and IKKEPSl Consistent with these findings, MEFs deficient in cGAS exhibit immortality, as cGAS
deficiency can abrogate the SASPIYl. Overall, these findings suggest that cGAS acts as a key regulator of lifespan by modulating the
DNA damage response pathways and chromosomal instability. However, the precise role of nuclear cGAS remains to be fully
elucidated.

4.2 Mitochondria dysfunction drives cGAS-STING activation in senescence

Mitochondria are unique organelles with their own genome, the integrity of which is essential for mitochondrial function.
Mitochondrial damage or oxidative stress can lead to the release of mtDNA into the cytoplasml7l. It is well-established that the
accumulation of mtDNA in the cytosol triggers cGAS-STING, acting as a key driver for cellular senescence. Aberrant activation of the
cGAS-STING pathway by mtDNA is implicated in various senescence-related diseases, including neurodegenerative diseases, kidney
inflammation, and cardiovascular diseasesl>®°%, During cellular senescence, the activity of the ribonucleotide reductase (RNR)
significantly declines. This enzyme is responsible for converting ribonucleotide triphosphates (rNTPs) into deoxyribonucleotide
triphosphates (ANTPs). This enzymatic deficiency leads to a nucleotide imbalance and increased ribonucleotide incorporation into
mtDNA by DNA polymerase. Such genomic instability in mitochondria further activates cGAS-STING pathway to initiate downstream
expression of pro-inflammatory cytokines®”.. However, in prostate cancer, senescent cells release mtDNA into both the cytosolic and
extracellular spaces through VDACs, which further triggers the cGAS-STING-NF-KB pathway and enhances the immunosuppressive
function of myeloid-derived suppressor cells (MDSCs), contributing to tumor progression!®’l. In addition, during apoptosis, the
activation of pro-apoptotic proteins BAX and BAK induce mitochondrial outer membrane permeabilization, which leads to the
exposure of mtDNA to cGASI®2, Furthermore, under conditions of oxidative stress, mtDNA escapes into cytosol through mitochondrial
pores formed by VDAC oligomerization, subsequently triggering an IFN-I response and systemic inflammation!®!l. Iron overload
induces mitochondrial dysfunction, causing mtDNA release from damaged mitochondria into the cytoplasm. This cytosolic mtDNA
activates the cGAS-STING pathway, promoting SASP and cellular senescencel*?.

Additionally, defects in mitophagy can induce senescence. Preclinical and clinical studies have demonstrated that impaired
mitophagy contributes to the pathogenesis of various age-related diseases!*?. Recent insights indicate that mitophagy dysfunction
results in the accumulation of damaged mitochondria. This, in turn, activates the cGAS-STING pathway, leading to the production of
pro-inflammatory cytokines and exacerbating neuroinflammation!’l. For instance, the primary cause of Parkinson’s disease is
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frequently due to the functional loss or mutation of PINK1 or Parkin, which are typically required for clearing damaged mitochondria
via mitophagy. The human T-cell leukemia virus type 1 (HTLV-1) Tax regulatory protein is recruited to damaged mitochondria
through interaction with the IKK regulatory subunit NEMO. This interaction induces PINK1-Parkin-dependent mitophagy, thereby
alleviating the activation of cGAS-STING pathway and inhibiting type I interferon productionl®*¢3],

Moreover, mitochondrial dysfunction in senescent cells is accompanied by reduced levels of nicotinamide adenine dinucleotide
(NAD+) and ATPI°®¢7l, In models of doxorubicin-induced cardiotoxicity, it has been found that doxorubicin activated the cGAS-STING
pathway and its downstream transcription factor, IRF3, which directly induced CD38 expression. In cardiac endothelial cells, the
cGAS-STING-CD38 axis enhances intracellular NAD glycohydrolase (NADase) activity, resulting in reduced NAD levels and subsequent
mitochondrial dysfunctionl®®l. NAD+ supplementation has been shown to inhibit the cGAS-STING/NF-KB signaling pathway, reduce
oxidative stress and mitochondrial damage in microglia, and ultimately alleviate proinflammation responses induced by chronic
sleep restriction(®”. In summary, these findings underscore that the leakage of mtDNA is a critical cytosolic DNA source that can be
sensed by cGAS, linking mitochondrial homeostasis with the onset of cellular senescence.

4.3 Heterochromatin loss triggers cGAS-STING activation in senescence

During cellular senescence, chromatin undergoes rearrangement and degeneration'’’.. In aging cells, heterochromatin loss leads to
the derepression of retrotransposons and activates the cGAS-STING pathway. For example, SIRT7 deficiency reduces H3K9me3 levels
at LINE-1 loci, leading to increased chromatin accessibility and LINE-1 activation in human MSCs. This triggers the phosphorylation of
TBK1 and IRF3, as well as the activation of NF-KB signaling, resulting in interferon production, SASP, and premature aging(’!l.
Additionally, the activity of ERVs plays a regulatory role in senescence. The loss of H3K9me3 and DNA methylation increases the
expression of ERV ¢cDNA, which further enhances cGAS-STING activity, inflammation, and senescence in human fibroblasts and
neurons!’?l. CRISPR-mediated activation of ERVs in proliferating cells is sufficient to induce various senescence hallmarks, including
increased SA-[-gal activity, impaired clonal expansion, p16 upregulation, lamin B1 downregulation, increased levels of
phosphorylated TBK1, IRF3, and NF-KB, and enhanced SASP!I"?l,

However, in certain contexts, cellular senescence is associated with elevated levels of heterochromatin. OIS results in the appearance
of irregular heterochromatin clusters known as SAHFs within the nuclei of senescent cells!’*l. During OIS, DNA methyltransferase 1
(DNMT1)-mediated DNA methylation induces SAHFs formation by promoting HMGA?2 expression. Additionally, in senescent mouse
MSCs lacking KDM4B, H3K9me3 levels increase concomitantly with SAHF formation and the repression of stem cell signature genes[**l.
However, it is currently unclear whether SAHF can activate cGAS-STING signaling.

4.4 Non-canonical STING signaling in cellular senescence

Typically, STING activation triggers IRF3 and NF-KB signaling, contributing to IFN production and inflammation, respectively.
However, emerging evidence has found that cGAS-STING pathway can also trigger cellular senescence independent of the classical
STING-TBK1-IRF3 axis or the STING-NF-KB axis. For instance, in etoposide-treated keratinocytes, DNA damage repair proteins,
including ATM, poly-ADP ribose polymerase 1 (PARP1), and the DNA-binding protein IFI16, activate non-canonical STING signaling and
assemble an alternative STING signaling complex that includes p53 and the E3 ubiquitin ligase TRAF6.TRAF6 further catalyzes the
formation of K63-linked ubiquitin chains on STING proteins, thereby activating the transcription factor NF-KB and inducing
STING-dependent gene expression programs!*‘l. Under such conditions, STING activation inhibits cap-dependent mRNA translation
via the PKR-like ER kinase (PERK)-eukaryotic initiation factor 2alpha (elF2a) signalling axis. Upon binding to cGAMP, STING interacts
with the kinase domain of PERK, triggering its activation. Notably, the STING-PERK cascade precedes TBK1 activation. Unlike classical
STING signaling, the PERK-elF2a pathway relies on PERK-mediated elF2a phosphorylation to selectively modulate the translational
program!®l, Similarly, activation of the non-canonical STING-PERK pathway boosts the expression of the scaffold protein
bromodomain protein 4 (BRD4), which facilitates the formation of super-enhancers in the proximal promoter regions of
pro-inflammatory cytokines[’°l. Additionally, recent studies have indicated that in premature aging or senescent fibroblasts, STING
does not follow the canonical pathway despite the accumulation of cytoplasmic DNA. In these contexts, canonical features of the
cGAS-STING pathway, such as increased cGAMP production and STING phosphorylation, are absent. Instead, STING exhibits a
non-conventional behavior by localizing to the ER, nuclear membrane, and chromatin to activate the SASP and interferon
responsel’®l. Apparently, STING deficiency or mutation can suppress cellular senescence. In STING-KO mice and STINGST (loss-of-
function mutation) mice, the senescence of retinal endothelial cells, inflammation, and capillary degeneration are all suppressed!’’l.
Moreover, in ataxia-telangiectasia skin fibroblasts, hypoxic stimulation induces the expression of interferon-stimulated genes, with
undetected expression of the interferon genes themselves[’®l. This suggests that a non-canonical STING-mediated pathway is
activated, which may respond to cytosolic DNA emitted from extranuclear micronuclei detected in these cells.

5. Therapeutic Potential of cGAS-STING Inhibition in Age-Related Diseases

Multiple intervention strategies have been developed to address the overactivation of the cGAS-STING pathway in age-related
diseases, including small-molecule inhibitors that target the cGAS and STING proteins. cGAS inhibitors or STING inhibitors can
effectively alleviate various age-related diseases, such as neurodegenerative and cardiovascular disorders. This section briefly
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outlines the properties of small-molecule inhibitors targeting the cGAS-STING pathway and their potential applications in

neurodegenerative and cardiovascular diseases (Table 1).

Table 1. cGAS-STING pathway inhibitors in neurodegenerative and cardiovascular diseases.

Diseases Target Inhibitor(s) Mode of Action Model Reference
Neurodegenerative cGAS RU.521 Inhibit cGAS activity and interferon In macrophages [79]
expression
Suramin Displace the bound DNA from cGAS and  In THP1 cells [80]
downregulate IFNB production
PF-06928215 Bind to the nucleotide binding site of In vitro screening [81]
CGAS and inhibit cGAS activity by
preventing cGAMP binding
TDI6570, also known as G097  Occupy the ATP- and GTP-binding active  In primary mouse microglia  [82,89]
site and reduce cGAMP accumulation
Quinacrine A DNA intercalator and preventing cGAS  In L929 cells. [90]
from binding to DNA
STING C-176 and C-178 Compound covalently targets the THP-1 cells, BMDMs and [92]
transmembrane cysteine residue 91, and  Trex1”- mice
blocking STING activation induced
palmitoylation
Nitro-fatty acids (NO2-FAs) Inhibit STING palmitoylation and decrease In THP-1 cells, BMDMs and  [96]
type I IFN production HEK293T cells
Astin C Bind to STING and reduces the binding In Trex1”- BMDM cells and in [97]
affinity of cGAMP to STING. Trex1”~ mouse
Tetrahydroisoquinolone Stabilize the open, inactive conformation  In THP-1 cells [98]
analogs of STING
H-151 Covalent inhibitors of STING In fibroblasts [93,94]
Cardiovascular CcGAS  Antimalarial drugs (Quinacrine, Disrupt cGAS/DNA binding complex In THP1 cells [91]
aging 9-amino-6-chloro-2- interface by interacting with DNA binding
methxyacridine, sites Aand B
Hydroxychloroquine,
Chloroquine, Primaquine,
Quinine)
RU.521 Inhibit cGAS activity In human aortic endothelial  [85]
cells
Suramin Replace dsDAN in cGAS to prevent cGAS  In vivo experiments [87,88]
activation and I-IFN transcription
PF-06928215 Inhibit cGAS activity In vitro screening [86]
STING H-151 Covalent inhibitors of STING In BMDMs [95]
C-176 Compound covalently targets the In diabetic cardiomyopathy  [102]

transmembrane cysteine residue 91, and
blocking STING activation induced

palmitoylation

mice model and H9C2 cells
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CGAS: cyclic GMP-AMP synthase; cGAMP: cyclic GMP-AMP; ATP: adenosine triphosphate; GTP: guanosine triphosphate; BMDMs: bone marrow-derived macrophages;
STING: stimulator of interferon genes.

5.1 cGAS inhibitor

In recent years, numerous cGAS inhibitors have been developed. Most are synthetic compounds, although some natural products also
exhibit cGAS-inhibitory activity. Currently, the primary mechanism of cGAS inhibitors is to inhibit the active site of cGAS or to disrupt
cGAS-dsDNA interactions, either by directly binding to the enzyme or to dsDNA"%%2, In addition, some cGAS inhibitors suppress cGAS
activity by blocking its dimerization or interfering with post-translational modifications of the N-terminal dsDNA-binding
domain!®3841,

In the field of cGAS inhibitors, small-molecule compounds such as RU.521, RU.365, and PF-06928215 have established comprehensive
preclinical research systems. RU.521 and RU.365 primarily inhibit cGAS catalytic activity and suppress interferon expression in
BMDMs or human aortic endothelial cells’*#, Another cGAS competitive inhibitor, PF-06928215, was first identified by Pfizer in 2017
using a novel fluorescence polarization assay. It primarily binds to the nucleotide-binding site of cGAS and inhibits its activity,
thereby suppressing cGAMP binding. PF-06928215 is also employed as a preventive strategy against neurodegenerative and
cardiovascular diseases!®!:#%l. Unlike other reported cGAS inhibitors that bind to the ATP/GTP-binding site, suramin inhibits cGAS
activation by displacing DNA bound to cGAS, thereby downregulating IFNJ production[®*87-88, TDI-6570, one of the most potent
inhibitors of mouse cGAS, binds to the ATP- and GTP-binding active site and reduces cGAMP accumulation. It exhibits good brain
permeability and has been used to evaluate the effects of cGAS inhibition in a mouse model of neurodegenerative diseasel®2:5%1, In
addition to some synthetic compound cGAS inhibitors, some natural products also inhibit cGAS activity. The antimalarial drug
quinacrine, a DNA intercalator, can prevent the binding of cGAS to DNAM-211,

5.2 STING inhibitor

Compared with cGAS inhibitors, STING inhibitors have broader therapeutic potential. STING antagonists or inhibitors can block STING
activation by targeting either the ligand-binding domain of the STING protein or its post-translational modifications. For example,
nitrofuran derivatives (such as C-178 and C-176 ), indole ureas (such as compound H-151), and nitro-fatty acids (NO,-FAs) can inhibit
STING palmitoylation by mediating nitroalkylation of the Cys88 and Cys91 residues, thereby suppressing STING activity and reducing
type I interferon production!’??°l, In addition, some STING inhibitors targeting the ligand-binding domain. The cyclopeptide natural
product Astin C can bind to STING and reduce the binding affinity of cGAMP to STINGI’7l. Tetrahydroisoquinoline derivatives also
stabilize the open, inactive conformation of STING and bind to the cGAMP-binding sitel’!l. However, to date, no cGAS or STING
inhibitors have entered clinical trials to evaluate their effects on neurodegenerative or cardiovascular diseases. Their safety and
efficacy remain to be established.

5.3 Combination and senolytic approaches

More and more research has found that eliminating senescent cells is largely beneficial for anti-aging and appears to have no
long-term negative effects. Given the anti-aging effects of cGAS-STING inhibitors, combining them with senescence-clearing drugs
(senolytics) represents a more effective anti-aging strategy. Senolytics not only eliminate senescent cells but also suppress cGAS
activation, whereas cGAS-STING inhibitors mitigate inflammatory responses, thereby producing a synergistic effect. Moreover,
cGAS-STING inhibitors can be combined with other compounds, such as NAD*, which reduces mtDNA leakage and subsequent cGAS
activation, while cGAS-STING inhibitors further block the production of inflammatory factors. Such a comprehensive approach may
exert therapeutic effects in Alzheimer’s diseasel”*!%l. In addition, combining cGAS-STING inhibitors with SIRT activators may enhance
DNA repair and reduce oxidative stress, offering potential therapeutic benefits for metabolic disorders such as diabetes[!*!l. The
combination of cGAS-STING inhibitors and senolytic agents simultaneously targets both inflammation reduction and enhancement of
DNA repair through a dual mechanism. Although current research remains largely preclinical, this combined approach still
establishes a solid foundation for future aging interventions.

6. Conclusions and Perspectives

In this review, we have summarized recent advances in delineating the hallmarks and triggers of cellular senescence, with a specific
focus on the mechanisms by which cGAS-STING signaling drives this process. Elucidating the key regulators of the cGAS-STING
pathway activation has significantly improved our understanding of the pathogenesis of inflammaging and aging-related diseases,
and has identified new avenues for potential therapeutic intervention. Despite the substantial evidence demonstrating the pivotal
role of cGAS-STING signaling in cellular senescence and inflammaging, several critical questions remain unclear.

First, the diversity of upstream activators and downstream effectors of the cGAS-STING pathway in senescence requires further
characterization. It is unclear how many distinct stimuli can trigger the cGAS-STING pathway across different tissue contexts and
whether the resulting SASP exhibits a unique composition or highly context-dependent heterogeneity. Does the cGAS-STING pathway
induce type I interferon or primarily SASP factors? Previous research has shown that OIS in human fibroblasts fails to induce IFN gene
expression, whereas radiation-induced DNA damage can trigger IFN expression!®!3l. These discrepancies are primarily due to
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differences in the duration of senescence, the type of stress-induced senescence model, the biological context, and cell-type
specificity. Additionally, the functional implications of the sub-cellular localization of cGAS and STING during senescence need further
investigation. Specifically, does nuclear cGAS exert distinct roles compared to its cytoplasmic counterpart?

Second, given that cellular senescence intersects with multiple biological processes, including tumorigenesis, age-related diseases,
and inflammation, it is crucial to dissect whether inflammation is a primary driver of senescence or a consequential output of
senescent phenotype.

Third, significant challenges remain regarding therapeutic strategies. Key questions include how to specifically eliminate senescent
cells to prolong lifespan, and how to effectively inhibit SASP production to alleviate age-related inflammatory diseases. At present,
small molecule senolytic drugs, which selectively clear senescent cells, primarily function by targeting senescent cell anti-apoptotic
pathways (SCAPs), modulating lysosomal activity and mass in senescent cells, or enhancing immune cell-mediated clearance of
senescent cells. However, the efficacy and safety of senolytic drugs in both disease models or human clinic trials require further
validation. An alternative strategy involves the use of senomorphic agents, such as SASP inhibitors. These inhibitors can directly or
indirectly alleviate the SASP by inhibiting key signaling pathways, including NF-KB pathway, JAK-STAT pathway, mTOR pathway,
which are crucial for SASP induction and maintenance. A limitation of this approach is the necessity for continuous treatment to
maintain SASP suppression. The chronic administration can increase the risk of side effects and off-target effects by suppressing
cytokines secretion in non-senescent cells, such as immune cells. Furthermore, in certain contexts, the complete elimination of all
senescent cells or the comprehensive inhibition of SASP factors may be harmful. In addition, senescence-targeted therapies often face
challenges such as low drug efficacy and unfavorable pharmacokinetics, which hinder their clinical translation. This raises a critical
question: is there a specific scavenger capable of eliminating senescent cells with minimal off-target effects and optimal drug
penetration? Whether targeting the cGAS-STING pathway holds such potential remains to be further explored.

Finally, the development of selective and potent modulators targeting the cGAS-STING pathway holds considerable promise for
therapeutic interventions. In this review, we have summarized emerging small molecule-based strategies to therapeutically target
cGAS-STING signalling in neurodegenerative and cardiovascular diseases. However, the potential challenges associated with such
interventions, such as side effects, off-target effects, biomarker limitations, and the heterogeneity of senescent cells, necessitate
careful consideration. Additionally, cellular senescence acts as a double-edged sword in cancer biology, exerting both
tumor-suppressive effects and pro-tumorigenic influences. In the early stages of tumorigenesis, cellular senescence serves as a
barrier to malignant transformation by permanently arresting damaged or precancerous cells, thereby inhibiting cancer progression.
However, in established tumors, sustained SASP factors secretion and metabolic reprogramming in senescent cells foster a
pro-inflammatory and immunosuppressive tumor microenvironment. This milieu promotes tumor progression, therapy resistance,
and metastasis. Consequently, the potential risks associated with senescent cell clearance, including the possibility of
immunosuppression and impaired anti-tumor immunity, require rigorous evaluation.

In conclusion, addressing these unresolved questions will not only broaden our understanding of the intricate interplay between
inflammation and senescence but also accelerate the development of next-generation therapeutics for age-related pathologies and
disease.
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