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Since the discovery of Stimulator of Interferon Genes (STING) as a key element in recognizing cytosolic DNA and initiating interferon (IFN) production, substantial research has been conducted to comprehend the precise molecular process of its activation for the treatment of tumor and immune-related diseases. However, new research has enhanced our understanding of STING biology and shown additional major functions of STING that go beyond its capacity to stimulate (Interferon-Stimulated Genes)(ISGs). This mini-review article highlights important details of the established STING biology, including TBK1-IRF3 activation, the NF-κB and MAPK pathway, endoplasmic reticulum (ER) stress and autophagy, and lysosome-induced degradation. We also provide an overview of the independent functions of cGAS and STING, unresolved questions that need to be addressed, and directions for future research.
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INTRODUCTION
Cancer is commonly described as a chronic condition that does not heal. The concept was first suggested by Rudolph Virchow and highlights the parallels between the progression of cancer and inflammation (Byun and Gardner, 2013). In the typical physiological response to injury, various mechanisms are in place to ensure the prompt resolution of wound-healing processes. However, the growing body of data indicates that chronic inflammation plays a substantial role in the formation of malignancies (Morrison, 2012).
The identification and protection against external genetic material are essential and fundamental functions of biological systems. The STING pathway is a crucial mediator of inflammation, connecting the recognition of cytosolic DNA to the synthesis of type I interferons and pro-inflammatory cytokines. Effective control of this system is essential for sustaining immunological homeostasis and avoiding pathological inflammation (Wang et al., 2023). Type I interferons are a recent addition in vertebrates, whereas cGAS-STING and related systems are ancient and can be observed in primitive eukaryotes and even prokaryotes (Ou et al., 2021). The interaction of cGAS with chromosomal DNA in the nucleus raises significant questions regarding its level of activation, its control, and its ability to distinguish between chromatin and infection-related DNA indicating the finely tuned regulation of this route. Understanding these pathways is crucial for developing therapeutics aimed at cGAS-associated autoimmune disorders and cancer.
OVERVIEW OF THE CGAS-STING SIGNALING PATHWAY
A sequence-independent interaction with double-stranded DNA (dsDNA) mediates the activation of cGAS. The DNA ligands bind to cGAS in a 2:2 complex, inducing structural changes that allow cGAS to catalyze the conversion of ATP and GTP into 2′,3′-cyclic GMP-AMP (cGAMP) (Blest and Chauveau, 2023). Significantly, DNA with a greater length exhibits a higher capacity to activate cGAS and promote the formation of liquid-like droplets (Wang et al., 2024). The droplets act as a concentrated environment for cGAS and dsDNA, which improves the efficiency of cGAMP synthesis. Afterwards, STING activation at the endoplasmic reticulum (ER) is stimulated by the second messenger, cGAMP (Ou et al., 2021). This results in the creation of tetramers by a process known as higher-orderoligomerization. The recruitment of TANK binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3) has been proposed as a consequence of palmitoylation of STING at the Golgi (King et al., 2017). TBK1 phosphorylates the C-terminal regions of STING in order to recruit IRF3 for activation. Upon activation, IRF3 translocates to the nucleus and performs its function in transcribing ISG and type 1 IFNs (Lin et al., 2023). In addition, STING concurrently activates IκB kinase (IKK), facilitating the start of nuclear factor kappa b (NF-κB)-driven inflammatory gene expression (Chen and Xu, 2023). STING is transported to endo-lysosomes for destruction upon activation.
MECHANISMS OF CANCER-RELATED CGAS-STING ACTIVATION
Unlike normal cells, cancer cells usually contain a large amount of cytosolic double-stranded DNA (Talbot et al., 2024). DNA can be derived from a variety of sources, including exogenous, mitochondrial, and genetic sources. The precise effects of mislocated cytosolic double-stranded DNA (dsDNA) on cancer are not yet fully understood. Research suggests that, depending on the specific conditions and stage of tumor growth, it may have both tumor-inhibiting and tumor-promoting effects (Wang et al., 2024). In the early phases of transformation, cytosolic DNA is likely to initiate immune surveillance as well as intrinsic senescence of cancer cells. Nevertheless, the lack of crucial regulators of the cell cycle and immunological checkpoints may enable cytosolic dsDNA to initiate persistent inflammatory signals associated with cell survival and the metastasis of cancer.
Recent research suggests that chromosomal instability (CIN) has a significant role in the occurrence of cytosolic double-stranded DNA (dsDNA) (Targa and Rancati, 2018). Cancer cells that have unstable genomes are prone to experiencing errors in the distribution of chromosomes during the process of cell division known as mitosis (Targa and Rancati, 2018). One consequence of these segregation issues is the formation of micronuclei, which act as a repository of genetic material originating from the nucleus. The activation of cGAS-STING in cancer cells is triggered by cytosolic DNA that is produced by similar processes in response to high genomic stressors induced by radiation, cisplatin, and intrinsic DNA damage.
THE LIPID PHASE SEPARATION OF CGAS
Although bound to cGAS, not all DNAs have the ability to activate cGAS. This is particularly true for the vast majority of short DNA segments. Recent research suggests that the bonding of cGAS molecules by short DNAs is not very strong. Active cGAS-DNA complexes are fully activated and stabilized by forming oligomeric structures or condensates. DNA greatly enhances this process after it reaches a certain length threshold, allowing two or more cGAS molecules to attach to the same DNA. Regarding cGAS, it was observed that its activation resulted in the creation of condensates driven by liquid-liquid phase separation (Serpico et al., 2023). Proteins and nucleic acids are highly concentrated within the condensate, while they are found in low quantities elsewhere. Oligomers and condensates play crucial roles in establishing substrate selectivity and enabling a prompt response to infections within the framework of cGAS and STING. This is due to their preference for the existence of long and easily accessible DNA (Luecke et al., 2017; Andreeva et al., 2017), unhindered by nucleosomes, hence facilitating the creation of substantial assemblies.
The activation of cGAS, which depends on the length of DNA, can be elucidated by the recent revelation that cGAS dimers assemble into bigger structures known as oligomers (Luecke et al., 2017). These oligomers possess distinct physicochemical characteristics that resemble liquid droplets and potentially have a significant impact on the regulation of cGAS activation. The structural investigation of cGAS bound to 39-bp DNA provided the initial insight into the formation of oligomeric assemblies by cGAS. The studies demonstrated that two cGAS dimers can form a ladder-like structure (Andreeva et al., 2017), mimicking steps along the two DNA arms (Figure 1). This phase change from liquid to solid depends on the amounts of DNA and cGAS present, which suggests that cGAS must be activated above a particular minimum DNA content threshold. In this configuration, the neighboring cGAS dimers can enhance each other’s presence along the DNA through multivalent interactions. It has been proposed that this could be a way to stabilize cGAS by encouraging cooperative effects, leading to higher levels of cGAS in the nearby region. Subsequently, it was proven in cellular experiments that the catalytic domain and the N-terminal domain of cGAS form multiple contacts, leading to the formation of condensed structures with liquid-like properties (Wang et al., 2022).
[image: Figure 1]FIGURE 1 | Liquid phase separation in cGAS activation. Effective cGAS involves the attachment of DNA that exceeds specific length and quantity thresholds, enabling cGAS to undergo active conformational alterations, dimerization, oligomerization, and ultimately phase separation. The phase separation of DNA-induced cGAS is significantly influenced by the quantity of cGAS and the cellular DNA contents. Allosteric or cooperative stimulation specifically induces CGAS clustering and liquid phase separation. The assembly of cGAS dimers occurs through the interaction of cGAS with non-agonistic short DNA; whereas nucleosomes can associate with cGAS, they do not activate it; the exact mechanism of binding between cGAS and chromatin remains unclear. Prolonged DNA facilitates cluster oligomerization and various DNA arrangement techniques, resulting in a ladder-like structure. The cGAS dimers are organized along the DNA, whereby the DNA engages with the charged plaques situated on the N-terminus of cGAS and the DNA network. The DNA-bending proteins alter the DNA, leading to a more active and durable dimer configuration, which promotes the development of substantial liquid-liquid phase separation condenses. In these condensates, cGAS is significantly concentrated and sustained for its catalytic functions.
THE MULTI-FACET ROLES OF STING
The identification and defense systems within cells against foreign genetic material are an ancient and fundamental characteristic of living systems. The innate immune system serves as the initial line of defense in mammals, interaction with cGAMP activates STING, which then translocates to the Golgi and activates TANK-binding kinase 1 (TBK1) (Fang et al., 2021). Localization takes place in the nucleus as well as at the cell membrane. The interaction between cGAS and chromosomal DNA in the nucleus gives rise to significant issues regarding its level of activation, regulation, and its capacity to distinguish between chromatin and infection-related DNA. It has been demonstrated that oligomeric structures are produced with both the activation of STING and cGAS. In the following sections, we provide a concise overview of four distinct roles of STING (Figure 2): activation of IRF3, activation of NF-κB and MAPK, regulation of autophagy, and induction of lysosomal cell death (LCD) through STING-mediated lysosomal trafficking.
[image: Figure 2]FIGURE 2 | Molecular Mechanisms of the cGAS-STING pathways. cGAS can detect DNA from many cytoplasmic origins and facilitate the synthesis of cGAMP, which then attaches to and triggers the adaptor STING in the endoplasmic reticulum, or ER membrane. cGAS can detect pathogenic microbes, defective mitochondria, and micronuclei as DNA resources. cGAMP can activate STING in neighboring cells by utilizing cGAMP transporters or gap junctions present on the plasma membrane. Upon exiting the endoplasmic reticulum, STING oligomers penetrate the endoplasmic reticulum-Golgi intermediate compartment (ERGIC). a The STING oligomer engages with the enzyme known as TANK binding kinase 1 (TBK1). Active TBK1 phosphorylates Ser366 in the C-terminal tail (CTT) of STING, thus improving its attachment of interferon regulatory factor 3 (IRF3). b Activation of TBK1 can also influence the activation of NF-κB. In conjunction with IRF3, NF-κB translocates to the nucleus and stimulates an increase in type I interferon and various other pro-inflammatory genes. c In the ERGIC, STING can facilitate the onset of autophagy, which has been shown to be an inherent function of cGAS-STING in relation to TBK1 activation. Mechanically, ERGIC containing STING acts as the outer membrane origin for autophagosome biogenesis, while cGAMP facilitates the formation of the central autophagosome molecule LC3. It is crucial to acknowledge that STING-induced autophagy is unrelated to its CTT or TBK1 action, and the precise mechanism remains unidentified. d STING can be transported to the lysosome through late endosomes, resulting in the buildup of STING that causes lysosomal membrane permeabilization. This kind of cell death, characterized by rupture, is termed lysosomal-dependent cell death and incites a subsequent robust inflammatory response.
THE ACTIVATION OF IRF3 PATHWAY BY STING
STING is activated through the binding of cGAMP, which triggers signal transduction (Blest and Chauveau, 2023). This pathway is mostly recognized for its capacity to trigger phosphorylation of IRF3, leading to the synthesis of several antiviral genes. TKB1 phosphorylates itself, STING, and subsequently the interferon regulatory factor 3 (IRF3) transcription factor (King et al., 2017). The activation of IRF3, which has been intensively investigated, is in fact the most recent evolutionary advancement in the downstream signaling of STING. In addition, STING carries out other functions that are more ancient in terms of evolution and can be differentiated from IRF3 activation based on their processes and roles.
THE ACTIVATION OF NF-ΚB AND MAPK PATHWAYS BY STING
Activation of the STING pathway in both humans and mice leads to in activation of the NF-κB and MAPK (Zhou et al., 2023) signaling pathways. The mammalian STING protein utilizes an atypical signaling pathway to stimulate the activation of transcription factors, including MAPK and NF-κB. STING employs an alternative method, instead of forming TRAF-dependent signalosomes to attract TAK and IKK complexes. The mechanisms behind the activation of STING-dependent NF-κB and MAPK are not yet fully comprehended, and there are opposing hypotheses proposed. Research has shown that TBK1 plays a role in the activation of NF-κB (Yum et al., 2021). Nevertheless, there is compelling evidence indicating that the C-terminal tail (CTT) of STING is unnecessary for this particular activity, hence eliminating the role of TBK1 as well (Dorta-Estremera et al., 2019). Studies have demonstrated that STING can induce NF-κB activation in the process of DNA damage signaling (Zhang et al., 2023), independent of cGAS. It is possible that STING-dependent NF-κB activation is regulated by a signal originating from the ligand-binding domain of oligomerized STING. Notably, ray-finned fish have developed a C-terminal extension of the STING CTT, which functions to recruit TRAF6. This supplementary module leads to significantly enhanced NF-κB activation relative to mammalian STING variants. Ultimately, it has been noted that STING can induce NF-κB activation downstream of DNA damage signaling, independent of cGAS. This response was demonstrated to form an atypical STING signaling complex, leading to TRAF6-dependent NF-κB activation. The mechanism by which STING activates the MAPK pathway remains to be clarified (Lin et al., 2024).
THE ACTIVATION OF ER STRESS RESPONSE AND AUTOPHAGY BY STING
Following departure from the endoplasmic reticulum (ER), STING triggers autophagy from the ER-Golgi intermediate compartment (ERGIC) (Zhang et al., 2021). This phenomenon can be discerned by examining the process of lipidation of LC3 (Gui et al., 2019), also referred to as microtubule-associated proteins 1A/1B light chain 3B, and the subsequent formation of autophagosomes. Autophagy, which functions independently of its CTT and does not require TBK1 and IRF3 activation, is one important outcome of STING-dependent signaling. Concurrently, the inhibition of IKK activity does not impede autophagy. The autophagy process initiates with the activation of the ULK1 complex, which then phosphorylates components of the PI3KC3 complex I, leading to their activation. The complex then triggers the local synthesis of phosphatidylinositol 3-phosphate (PtdIns3P) molecules, leading to the formation of the phagophore. The residues serve as binding sites for PtdIns3P effector proteins, which then recruit and activate the ubiquitin-like conjugation machinery that is responsible for the formation and functionalization of autophagic membranes. Within the framework of STING, the ULK1 and PI3KC3 complexes, which are components of the standard autophagy initiation mechanism, do not contribute to STING-dependent autophagy. Nevertheless, the downstream components, including the PtdIns3P effector protein WIPI2 and ATG5 (Yamazaki et al., 2021), are common to both pathways. Autophagy has been found in STING from the sea anemone, despite the absence of the CTT. These findings indicate that autophagy may be a fundamental and primordial role of STING. Additionally, by enabling cancer cells to thrive and survive in harsh conditions, the activation of the ER stress response and autophagy pathways can promote the growth of advanced malignancies. Endoplasmic reticulum (ER) stress response has been shown to be a mechanism by which cancer cells use their latent and immune-evading capacities to spread. The disturbance of ER homeostasis has the potential to contribute to the advancement of metastasis.
The tumor microenvironment can exploit these metabolic pathways to facilitate immune suppression, in addition to the fundamental importance of ER stress in fostering malignancy inside tumor cells. The tumor microenvironment was proposed to impede the effective uptake of nutrients, such as glucose, by T cells within the tumor. As a consequence, the occurrence of endoplasmic reticulum (ER) stress leads to the subsequent activation of the IRE1α–XBP1 unfolded protein response (UPR) pathway. Continual activation of the unfolded protein response (UPR) induces a reprogramming of T cells (Wu et al., 2019), resulting in the acquisition of a dysfunctional state marked by diminished antitumor functions.
TRANSPORT OF STING TO THE LYSOSOME AND INITIATION OF CELL DEATH
STING activation can trigger cell death through several mechanisms. Thus, apart from its capacity to stimulate antiviral genes via IRF3, STING also incites the synthesis of several substances that facilitate the pathways leading to programmed cell death, such as necroptosis and apoptosis. Activation of STING in some cellular types can also initiate lysosome-induced cell death (LCD), which is a specific type of cell death observed in human myeloid cells. The relocation of STING to the lysosome was found to be essential for its proper functioning. STING is carried to the lysosomes, triggering the lysosomal membrane to become permeable and leading to the release of lysosomal hydrolases, ultimately culminating in the death of the cell. However, the STING-induced LCD and subsequent extensive inflammation act as the final mechanism that prevents the proliferation of microorganisms. Nevertheless, it is critical to investigate conditions where autophagy and LCD may be distinguished in order to test this theory. STING’s activity duration is mostly controlled by the lysosomal system, rather than by proteasomal degradation or autophagy. The process of lysosomal degradation of STING leads to the termination of its signaling. Imaging studies demonstrate that STING translocates to the lysosome following its departure from the Golgi via the late endosome pathway (Gentili et al., 2023). Nevertheless, the specific elements that govern this transit process remain unidentified. STING translocation to the lysosome during ER export occurs independent of the phosphorylation of TBK1 (Hancock-Cerutti et al., 2022). It is hypothesized that there are two conserved regions in the LBDα3 that govern the transport of STING to the lysosome. Nevertheless, additional research is required to figure out the precise mechanism involved.
THE CGAS-STING ROLE IN THE RESPONSE TO RADIOTHERAPY AND CHEMOTHERAPY
The vital function of the cGAS-STING pathway in stimulating both innate and adaptive immune responses highlights the therapeutic significance of DNA-damaging therapies. Emerging evidence indicates that medical treatments such as radiation, PARP inhibitors (PARPi), and etoposide, promote the production of cytosolic DNA and trigger the activation of STING-dependent IFN, hence boosting the body’s immune response against tumors. For example, radiation therapy has been linked to the inhibition of tumor growth via the cGAS-STING pathway. Furthermore, research has shown that blocking PARP triggers the cGAS-STING signaling pathway in both cancerous cells and immune cells, resulting in increased eradication of tumors, intensified proinflammatory signaling, and higher infiltration of immune cells. It is crucial to recognize that different types of DNA damage triggers might initiate various pathways to activate STING signaling. Contrary to the effects of PARP inhibition and radiation, the presence of cytosolic DNA resulting from etoposide can trigger the release of IFNs via the STING pathway, without requiring cGAS. These findings collectively provide evidence that cancers with inherent deficits in DNA repair mechanisms are vulnerable to exposure of DNA in the cytoplasm. Subsequently, this contact can activate an immunological reaction through the cGAS-STING-IRF3 pathway. The association between DNA damage and cGAS-STING activation offers an interesting opportunity to employ integrated strategies in order to target these pathways and bolster the immune system’s capacity to eradicate cancers.
Nevertheless, even in the therapeutic setting, persistent activation of the cGAS-STING pathway could lead to resistance (Raghava Kurup et al., 2022). Prolonged radiation exposure triggers the activation of interferon (IFN) through the action of STING. This, in turn, causes the recruitment of myeloid-derived suppressor cells to MC38 adenocarcinoma cells, ultimately leading to the creation of an immunosuppressive environment (Hines et al., 2023).
APPLICATIONS AND CHALLENGES OF STING AGONISTS
The development of pharmacological agents that activate STING has been prompted by the impact of the cGAS-STING signaling pathway on altering anticancer effects. Based on the discovery that human STING is stimulated by 2′3′-cGAMP, which results in robust downstream IFN signaling, the majority of chemicals that activate STING are synthetic derivatives of 2′3′-cGAMP. These analogues have undergone chemical modifications to increase their effectiveness in fighting tumors by making them resistant to hydrolysis. Pharmacologically stimulating STING has been shown to restrict tumor growth and enhance immunogenicity in different mouse models of cancer. When cGAMP is injected directly into a tumor in mice models of colorectal cancer and melanoma with an active immune system (Ge et al., 2023), it triggers the STING pathway, which causes dendritic cells (DCs) to produce interferon (IFN) (Yu et al., 2022). Subsequently, these dendritic cells present tumor-specific antigens on major histocompatibility complexes, thereby stimulating CD8+ T lymphocytes to eliminate the tumor (Li et al., 2020). In some cancer types, such as B-cell malignancies, STING can be utilized as a possible therapeutic target. This is because apoptosis induction by STING agonists has been shown to promote the activation of antitumor T lymphocytes by releasing tumor antigens.
Pharmacologic intervention in immunotherapy has made significant progress by targeting STING, resulting in the development of human STING agonists for clinical trials. Since distinct forms of the human STING gene respond differently to 3′–5′ phosphodiester-linked cGAMP, precise design of these analogues is essential to attaining therapeutic efficacy. STING agonists (ADU-S100 and MK-1454) are currently being injected directly into solid human tumors and lymphomas in two phase I clinical trials. The escalation in dosage was well endured, and there was indication of infiltration by CD8+ immune cells at the tumor sites that were injected, even in patients who had previously had checkpoint inhibitors. However, preliminary results indicate that the treatment alone had a limited clinical response and did not demonstrate significant success. Therefore, the combination of STING agonists with immune checkpoint inhibitors is a viable approach for activating both the innate and adaptive immune systems to combat cancer. This method has the ability to surmount resistance, enhance efficacy, and target non-immunogenic malignancies. Several preclinical research and clinical trials have validated this proof of concept. In murine models, the combination of STING agonists with immune checkpoint inhibitors (anti-PD-1 or anti-CTLA-4 treatments) has demonstrated enhanced tumor remission and prolonged survival relative to monotherapy (de Oliveira et al., 2019). Numerous clinical trials, such as MK-1454 combined with Pembrolizumab and ADU-S100 combined with Spartalizumab, are evaluating STING agonists with immune checkpoint inhibitors to augment immune responses in refractory malignancies. Preliminary findings indicate potential in stimulating both innate and adaptive immunity, especially in “cold” cancers (Cohen et al., 2022; Meric-Bernstam et al., 2023).
CONCLUDING REMARKS
Recent research has uncovered additional functional functions of cGAS-STING in cancer, in addition to its well-established involvement in antiviral immunity. Tumors have the ability to regulate a diverse array of molecular processes in order to either enhance or inhibit malignancy by manipulating the cGAS-STING pathway. STING expression levels may be precisely regulated as a potential approach. In a recent study, it was shown that the activation of apoptotic programs in macrophages and T lymphocytes was directly influenced by the intensity of STING signaling, which supported this concept. This implies that the activation of specific downstream effector programs could result from the regulation of STING’s activity. In order to comprehend the precise molecular factors and circumstances that determine whether the cGAS-STING cascade promotes or inhibits metastasis, further research is required.
Therefore, the meticulous screening of patients based on genomic and phenotypic indicators of chromosomal instability (CIN) should provide valuable information regarding which patients could potentially benefit from the inhibition or activation of the STING pathway.
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