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Abstract: Autoimmune diseases arise when the immune system attacks healthy tissues, losing tolerance for self-tissues. Normally, the
immune system recognizes and defends against pathogens like bacteria and viruses. The cGAS-STING pathway, activated by pattern-
recognition receptors (PRRs), plays a key role in autoimmune responses. The cGAS protein senses pathogenic DNA and synthesizes
c¢cGAMP, which induces conformational changes in STING, activating kinases IKK and TBK1 and leading to the expression of
interferon genes or inflammatory mediators. This pathway is crucial in immunotherapy, activating innate immunity, enhancing antigen
presentation, modulating the tumor microenvironment, and integrating into therapeutic strategies. Modulation strategies include small
molecule inhibitors, oligonucleotide therapies, protein and antibody therapies, genetic and epigenetic regulation, cytokine and
metabolite modulation, and nanoscale delivery systems. Post-translational modifications (PTMs) of the cGAS-STING pathway, such
as phosphorylation, acetylation, ubiquitination, methylation, palmitoylation, and glycosylation, fine-tune immune responses by
regulating protein activity, stability, localization, and interactions. These modifications are interconnected and collectively influence
pathway functionality. We summarize the functions of cGAS-STING and its PTMs in immune and non-immune cells across various
diseases, and explore potential clinical applications.
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Introduction

Autoimmune diseases arise from the human immune system’s attack on self-antigens. In most countries, the number of
patients diagnosed with autoimmune diseases has steadily increased from 1985 to 2015. A means increase of 19.1%,
43.1% and 12.5%, 7.9% in the worldwide incidence and prevalence of autoimmune diseases is evidenced by the annual
incidence and prevalence increases, respectively.' In the quest to combat autoimmune diseases, medical researchers have
put forth an array of therapeutic approaches. These encompass strategies aimed at inhibiting B cell functionality and
autoantibody generation,” curbing T cell proliferation and activation,® depleting B cell populations,* modulating B cell
signaling pathways,” and suppressing the production of inflammatory cytokines.> These methods continue to be
considered primary interventions for autoimmune diseases. Moreover, there is a burgeoning interest in the exploration

of gene therapy as a groundbreaking alternative.® In addition, the modulation of gut microbiota has demonstrated
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potential in improving the general well-being of individuals with immune-mediated disorders, offering a promising new
frontier in immunotherapy.’

For many organisms, detecting foreign DNA is a pivotal aspect of immunity. Mammals have evolved an array of
sensing strategies to identify foreign pathogens, with recent focus on DNA recognition-based strategies. In part, this
is mediated by cyclic GMP-AMP synthase (cGAS) and the stimulator of interferon genes (STING).® The host cell’s
cGAS protein senses the pathogen’s DNA and subsequently synthesizes the second messenger cGAMP via this
pathway. The activation of cGAMP induces a series of conformational alterations and spatial rearrangements within
the STING protein structure. STING engages and activates the cytoplasmic kinases IKK and TBK1, which in turn
activate the transcription factors NF-kB and IRF3, respectively. These activated transcription factors, NF-xB and
IRF3, subsequently migrate into the nucleus and collaborate to promote the expression of IFNs and other
cytokines.’

The cGAS-STING pathway plays an important role in host defense against pathogens, as well as sterile inflammatory
diseases, such as autoimmune disease, neurodegenerative disease, metabolic disease, and cancer.'® The ¢cGAS-STING
signaling pathway, given its pivotal roles in both physiological and pathological processes, is subject to intricate
regulatory mechanisms and fine-tuning at various levels to preserve the delicate balance necessary for maintaining
cellular homeostasis.'' With the deepening of research, an increasing number of inhibitors and activators targeting the
cGAS-Sting pathway are being identified by investigators.'>'*> The ability to modulate this pathway to control the onset
and progression of diseases has become feasible, providing a more substantial theoretical foundation for the development
of clinical therapeutics. STING agonists can function as vaccine adjuvants in immunotherapy to enhance anti-tumor and
anti-viral effects, as well as to augment the upregulation of antigen-presenting molecules, thereby bolstering immune
surveillance. They can also be conjugated to specific antibodies to target antigens, serving as precision weapons for the
destruction of pathogens. Research on the cGAS-STING signaling pathway and the role of post-translational modifica-
tions (PTMs) in its regulation is reviewed in this article. As part of this pathway, we also summarize the functions of two
key transcription factors (nuclear factor kappa52 light-chain-enhancer of activated B cells (NF-B) and interferon
regulatory factors (IRFs)).'"* We summarize the functions of cGAS-STING and describe the PTMs of ¢cGAS-STING
signaling in specific immune and non-immune cells under various disease states and discuss how our understanding of
cGAS-STING signaling can be translated into clinical applications.

Pathway of the cGAS-STING

The discovery of the cGAS-STING pathway stands as a pivotal achievement in immunology. In 2008, the research
team led by Glen N. Barber conclusively established that STING operates as the upstream regulator of TBK1/IRF3
within the endoplasmic reticulum. This discovery delineated STING’s vital role in orchestrating the downstream NK-
kB and IRF3 signaling pathways, thus playing a critical antiviral role within the immune system.'® Firstly, various
forms of DNA from viruses, dying tumor cells, or the nucleus and mitochondria are released and enter the cytosol.
Subsequently, cGAS acts as a cytosolic DNA sensor, recognizing abnormal DNA and utilizing ATP and GTP to
produce the second messenger cGAMP, a cyclic dinucleotide.'®'” ¢GAS serves as the primary cytosolic sensor for
detecting and binding to double-stranded DNA (dsDNA), single-stranded DNA, and DNA-RNA hybrid duplexes. Both
dsDNA and DNA-RNA hybrids are capable of activating cGAS, triggering the synthesis of 2’3’-cGAMP. The
recognition of dsDNA by cGAS is length-dependent, with a bias towards longer dsDNA molecules. To achieve
a comparable immune response, short double-stranded DNA (dsDNA) fragments with less than 20 base pairs
necessitate a concentration 50 to 250 times greater than that required for longer dsDNA fragments exceeding 50
base pairs.'® Upon binding to STING on the endoplasmic reticulum, 2°3’-cGAMP induces oligomerization and
activation of STING, resulting in the formation of dimers.'” This dimerization is pivotal for the innate immune
system’s self-activation and serves as a key regulatory step in the subsequent signal transduction pathway.?® The kinase
TBKI1 is activated once STING is activated outside the endoplasmic reticulum, where it is engaged. After TBK1 is
phosphorylated, IRF3 and NF-B are translocated to the nucleus, where type I interferons and pro-inflammatory
cytokines are produced?' (Figure 1).
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Figure | The cGAS-STING-TBKI signaling pathway. DNA derived from dead cells, viruses, tumor cells, bacteria, and self-damaged DNA binds to the cytoplasmic DNA
sensor cGAS. In the presence of ATP and GTP, ¢cGAS produces the second messenger cGAMP, which then binds to STING on the endoplasmic reticulum. Subsequently,
STING undergoes a conformational change and translocates to the Golgi apparatus, where it associates and activates kinases IKK and TPK|, leading to the phosphorylation
of NF-kB and IRF3, respectively. Phosphorylated NF-kB and IRF3 translocate to the nucleus, where they initiate transcription and trigger the immune response.

The Structural and Functional Exploration of cGAS in Immunology

Since its purification and identification in 2012, the exploration of the structure and function of cyclic GMP-AMP
synthase (cGAS) has emerged as a significant area of interest within the realm of immunology. ¢cGAS proteins are
classified within the superfamily of nucleotidyl transferases (NTases) and are primarily responsible for recognizing
exogenous or endogenously released nucleic acids, such as double-stranded DNA (dsDNA).'® The unstructured
N-terminus of cGAS is poorly conserved, and contains 130—150 amino acids, followed by a highly conserved Mab21
domain. Mab21 is part of the nucleotidyl transferase (NTase) superfamily.”? cGAS activates upon sequence-independent
interaction with double-stranded DNA (dsDNA), forming a minimal 2:2 complex with DNA ligands. By binding to ATP
and GTP, cGAS is able to synthesize the cyclic dinucleotide 2’,3"-cyclic GMP-AMP (cGAMP), a cyclic dinucleotide of
both 2’-5" and 3'-5' phosphodiester bonds.*

The Activation and Signaling Mechanisms of STING

STING (also known as MITA, TMEM173, MPYS and ERIS) is an endoplasmic-reticulum-anchored protein character-
ized by its four transmembrane segments, which are succeeded by a cytoplasmic domain responsible for ligand binding
and signal transduction.”**> The cytoplasmic domain of STING prototypically exists as a dimer, and this dimerization is
crucial for its activation. Upon binding to cGAMP, the cytoplasmic domain of STING undergoes a significant con-

formational shift.?® The palmitoylation of human STING at its two cysteine residues, Cys88 and Cys91, is a critical
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modification that plays a key role in its activation and signaling efficiency.>’ Cys88 is positioned within the TM2-TM3
linker of STING, remaining internally buried, while Cys91 is surface-exposed, making it the primary site for palmitoyla-
tion. The proximity of Cys91 to TM3 implies that its palmitoylation could potentially enhance STING activation by
influencing the formation and stability of the tetramer interface.?®

NF-kB in Immune Activation and cGAS-STING Pathway

In the nuclei of activated B lymphocytes, Ranjan Sen identified a protein binding to a specific, conserved DNA sequence
three decades ago.”® As a result of this discovery, they coined the term “Nuclear Factor Binding near the light chain gene
in B cells”, abbreviated as NF-kB. This protein, induced during B cell maturation, plays a crucial role in both B cell
activation and development. It serves as a paradigm of a rapid response factor, remaining latent within the cell until an
inflammatory or other stimulus triggers a cascade of orderly responses immediately upon stimulation. Once the stimulus
is resolved, the pathway returns to latency. Importantly, NF-kB activation is not limited to B cells; cells of the innate
immune system are also activated through NF-kB at sites of injury or infection.”” NF-kB induces the production of pro-
inflammatory cytokines and IFN genes, exerting direct control over the former.*® NF-kB, a transcription factor present in
all cells and tissues,”' operates within the NF-kB signaling system, consisting of two protein families: NF-kBs
(activators) and IkBs (inhibitors)."” The system consists of the NF-kB1 protein, p50, and its precursor, pl05; the NF-
kB2 protein, p52, and its precursor, p100; the transcription factor p65, which is encoded by the RELA gene (also known
as RelA or p65); the transcription factor produced by the RELB gene (RelB); the proto-oncogene c-Rel, encoded by the
REL gene (referred to as cRel or Rel); as well as the Drosophila proteins Dorsal and Dif.** NF-kB activation occurs in
two different modes: the “canonical” and “non-canonical” pathways.”® The primary inducers of canonical NF-«xB
signaling are TNF-qa, interleukin-1p, lipopolysaccharide (LPS), and antigens. These molecules bind to receptors on the
cell surface, initiating NF-kB signaling through the involvement of several adaptor proteins.>* Subsequently, the released
NF-kB dimers translocate from the cytoplasm to the nucleus, where they bind to the promoter regions of target genes to
regulate gene expression. The activation of the non-canonical NF-kB pathway primarily relies on the disruption of the
cIAP-TRAF2-TRAF3 complex, a process that is typically achieved through the degradation of TRAF3. Although certain
inducers may also lead to the degradation of TRAF2 or cIAP4, the degradation of TRAF3 is the key step. The
recruitment of TRAF2 and TRAF3, along with their associated cIAPs, leads to the destruction of the complex, which
appears to be a common mechanism for the activation of the non-canonical NF-kB pathway by various receptors that
induce this pathway.*> Aberrant activation of the noncanonical NF-kB pathway leads to improper survival of self-reactive
B cells, resulting in the production of autoantibodies linked to various inflammatory diseases. Additionally, dysregulation
of noncanonical NF-«kB signaling in endothelial cells can trigger abnormal chemokine secretion and the recruitment of
inflammatory cells, which in turn cause excessive and chronic tissue inflammation.*® The activation of NF-kB plays
a crucial role in the cGAS-STING pathway.

The Activation of IRF3

The production of type I IFNs (TI-IFNs) stands as a crucial facet of human innate immunity against intracellular
infectious agents, particularly viruses. The most abundantly expressed TI-IFNs in infected cells include interferon a
(IFNa) and interferon f (IFNB). These antiviral cytokines trigger pathways that induce the transcription of effector
interferon-stimulated genes (ISGs). These translated specialized proteins significantly impede virus propagation in
infected tissue or prevent it entirely. The mammalian IRF family protein, constituting nine members (IRF1-9),’
comprises structure-related transcription factors. Type I IFNs attach to the broadly distributed IFNAR complex,
a heterodimeric transmembrane receptor, which facilitates their antiviral impact. IFN-y, unique among type II IFNs, is
chiefly released by innate lymphocytes and T cells, and it interacts with the IFNGR complex to elicit a varied immune
response against internal pathogens. The newly discovered type III IFNs include IFN-A1 (IL-29), IFN-A2 (IL-29A), IFN-
A3 (IL-28B), and IFN-A4.*® During a viral invasion, the transcription factor IRF3 plays a critical antiviral role. In a cell’s
resting state, IRF3 resides in the cytoplasm under self-inhibition. However, upon viral invasion, upstream kinases TBK 1
and IKK epsilon phosphorylate multiple serine and threonine residues at the C-terminal of IRF3. This phosphorylation
triggers conformational changes in IRF3. Subsequently, the C-terminal units combine to form dimers that transit from the
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cytoplasm to the nucleus. There, they interact with the co-activating factor CBP (CREB Binding Protein), stimulating the
expression of type I interferon.>”

Regulation of cGAS-STING Pathway at the Post-Transcriptional Level

Protein production begins with mRNA transcription, the first step in a complex process. In order for immune effector
proteins to be expressed, post-transcriptional control mechanisms are especially crucial. Post-transcriptional mechanisms
that regulate immune function include the following: mRNA turnover regulation in immunity, ARE-mediated mRNA
decay, non-ARE-mediated mRNA turnover, ZCCHC11-mediated stabilization of IL-6 mRNA, ZC3H12A-mediated
cleavage of cytokine mRNAs, nonsense-mediated mRNA decay, cross-talk between RNA-binding proteins and
microRNAs, translational control of immunity, translational silencing of ARE-containing transcripts, the IFN-y-
activated inhibitor of translation, HNRNPL-mediated translation modulation, steroid receptor co-activator 3-mediated
inhibition of cytokine translation, translational control of production of lipid mediators, Indoleamine 2,3-dioxygenase/
GCN2-mediated metabolic control of immune responses.*’ Following gene transcription within the nucleus, a series of
essential, evolutionarily preserved modifications are necessary to produce a fully developed mRNA ready for translation
in the cytoplasm. These nuclear modifications encompass the addition of a 7-methylguanosine cap at the 5’ end, the
removal of introns through splicing, and the truncation and addition of a poly(A) tail at the 3* end to create a mature,
polyadenylated mRNA molecule.*' Post-transcriptional regulation orchestrates various biological activities. Some studies
show that the mRNA-binding proteins HuR and AUF1 respectively facilitate Nrf2-mRNA maturation, promote its
nuclear export, and stabilize Nrf2-mRNA, both targeting the 3’-UTR of Nrf2-mRNA.** While post-translational
modification has been established as a regulator of STING, the impact of post-transcriptional regulation on STING
proteins remains largely unexplored. A research team uncovered the RNA-binding protein LUC7L2 as a negative
regulator of DNA virus-triggered innate immune responses. LUC7L2 deficiency in mice led to resistance against lethal
herpes simplex virus 1 (HSV-1) infection, reduced HSV-1 loads in the brain, and elevated STING precursor messenger
RNA due to inhibited splicing and promotion of its decay, resulting in decreased STING protein levels.** The research
discloses a negative feedback loop in the post-transcriptional regulation of STING-dependent innate immune reactions,
providing an insightful model for comprehending the regulation of STING protein via post-transcriptional pathways in
the context of viral and cellular DNA. It has been documented that heterogeneous nuclear ribonucleoprotein A2/B1
(hnRNPA2/B1) recognizes viral DNA, forms homodimers, and is then demethylated at Arginine 226 by the enzyme
arginine demethylase JMJD6. This sequence of events triggers the hnRNPA2/B1 translocation to the cytoplasm, where it
stimulates the TBK1-IRF3 pathway, culminating in the synthesis of interferon-a/p (IFN-o/p). Simultaneously, hnRNPA2/
B1 promotes the addition of N6-methyladenosine (m6A) and the nuclear-to-cytoplasmic transport of cGAS, IFI16, and
STING mRNAs, which further enhances the activation of the cytoplasmic TBK1-IRF3 pathway by these molecules42.**

Post-Translational Modification of cGAS-STING

An increasing body of evidence highlights the pivotal role of post-translational modifications in the cGAS-STING
pathway. The influence of post-transcriptional regulation on cGAS-STING remains an area of interest. The human
genome is estimated to encode approximately 20,000-25,000 protein-coding genes.*> However, the size of the human
proteome surpasses this count significantly, with over 1 million proteins.*® This disparity primarily arises from post-
translational modifications (PTMs), which selectively alter proteins at the mRNA level and intricately regulate and
diversify protein functions by chemically binding small molecular components to specific amino acid residues.*’” PTMs
play a pivotal role in transmitting signals through phosphoric acid, acetyl, and glycosyl groups between proteins. Due to
their reversible nature, these modifications serve as regulatory ‘switches’ in normal cellular processes that tightly control
cell proliferation by governing both static and proliferative states.*® Certain amino acid regions that regulate protein
stability often become sites for post-translational modifications (PTMs). These regions, termed degrons, are modulated
by PTMs acting as signals to either hasten protein degradation (PTM activates degrons) or to prevent degradation,
thereby stabilizing proteins (PTM inactivates degrons). PTMs exert influence across various facets of protein function,
including proteolytic stability. By adding chemical groups-such as phosphorylation, methylation, acetylation, redox-
based modifications, or polypeptides-such as ubiquitination, sumoylation, or ISGylation-they significantly enrich the
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proteome. As a result, PTMs are crucial in functional proteomics as they govern protein function, distribution, and
interactions with both cellular and viral elements. Although many proteins are modified shortly following translation,
PTMs may also take place at various stages, including after protein folding or when proteins are repositioned within the
cell, thereby affecting their biological functions at these precise locations.*’ Viruses heavily rely on the host’s protein
synthesis machinery to facilitate viral progeny production, modulating several cellular pathways crucial for viral
replication. Consequently, viruses have evolved distinct strategies to either counteract or exploit PTMs in cellular factors
and many viral proteins themselves carry PTMs. Notably, PTMs are intricately involved in regulating various stages of
the retrovirus viral cycle.>” Having grasped the fundamental definition of post-translational modification, let us delve into
how different PTMs can regulate proteins.

Phosphorylation
Phosphorylation, an extensive post-translational modification, profoundly influences signal propagation.’’ The signifi-
cance of this process is highlighted by the extensive genomic space allocated to kinases, with more than 500 kinase genes
found in the human genome, making up approximately 1.7% of its total. The phosphosite database catalogues over
250,000 sites of phosphorylation across the proteome. Protein phosphorylation entails the attachment of a phosphate
group to the hydroxyl group of serine and threonine residues, as well as, to a lesser degree, tyrosine residues.’
Phosphorylation most commonly occurs at serine residues, with threonine and tyrosine following in prevalence, showing
a frequency ratio of 11.2 to 2.5 to 1.3. Nonetheless, phosphorylation is not limited to these amino acids. Although less
typical, kinases can also modify the side chains of cysteine, lysine, histidine, arginine, aspartic acid, and glutamic acid.>
The reversible addition of a phosphate group significantly impacts the function of proteins. Orchestrated by protein
kinases, this mechanism entails attaching a phosphate group (PO,4) to the polar group R of various amino acids.
Consequently, this addition transforms the protein from hydrophobic to hydrophilic, facilitating conformational changes
during its interactions with other molecules.>* Specific phosphorylation sites often collaborate with ubiquitylation, and
these sites display a higher level of conservation than the entire set of phosphorylation sites.” In the phosphorylation
process, protein phosphatase plays a crucial role alongside the prominently discussed protein kinase, particularly in
regulating the levels of tyrosine, serine, and threonine phosphorylation within cells. This joint regulation impacts various
physiological processes, including cell growth, tissue differentiation, and intercellular communication.>®

In innate immunity, phosphorylation plays a critical role. Previous research has revealed that STING activates IRF3
through phosphorylation by stimulating the kinase TBK1. The carboxyl terminus of STING is both essential and
adequate for triggering TBK1 activation and initiating IRF3 phosphorylation. Moreover, selective disruption of the
STING-IRF3 interaction abolishes IRF3 phosphorylation without impairing TBK1 activation.’” Further research has
revealed two invariant serine and threonine clusters in STING that are phosphorylated by the kinases IKK and/or TBK1
following activation. Upon phosphorylation, these proteins attach to a positively charged region of interferon regulatory

1.%® Recent

factor 3 (IRF3), leading to the recruitment of IRF3 for its subsequent phosphorylation and activation by TBK
structural insights have delineated the molecular basis for the association of STING with TBK1 and the subsequent
phosphorylation of STING by TBKI. Mutational studies confirm the interactional architecture between TBKI1 and
STING, lending support to a model in which cGAMP-induced assembly of STING and TBK1 into high-order oligomers
precedes TBK 1-mediated phosphorylation of STING.>® Additionally, reports indicate that the epidermal growth factor
receptor (EGFR) is essential for guiding STING to endosomes, where it can phosphorylate specific tyrosine residues
within STING. This localization enables its interaction with its downstream effector, IRF3.%° Studies indicate that native
STING can be phosphorylated by recombinant TBK1 at the Ser365 position of STING. This process illustrates the
importance of sphingolipids and cholesterol within the Golgi membrane for STING activation. The involvement of these
lipids in the innate immune response could pave the way for novel therapeutic approaches to treat inflammatory
conditions induced by cytosolic DNA.®' Recent findings show that meloxicam, a commonly prescribed nonsteroidal anti-
inflammatory medication, can suppress intracellular autoimmunity and the phosphorylation of STING. This discovery not
only underscores the significance of phosphorylation in the cGAS-STING pathway but also suggests that inhibitors of
STING phosphorylation may serve as promising therapeutic agents for autoimmune disorders.**
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Glycation

In protein glycosylation, sugars or glycans attach covalently to specific residues in the target protein. As one of the most
prevalent and intricate post-translational modifications, protein glycosylation not only significantly expands an organ-
ism’s proteome beyond its genomic encoding but also exerts profound effects on protein function, stability, subcellular
localization, and other characteristics.®® Glycation, a non-enzymatic reaction, occurs when sugars react with amino
groups in proteins. Exogenous glycation forms a Schiff base via a reversible covalent bond between a reducing sugar’s
carbonyl group and an amino group, releasing water. Endogenous glycation, a bodily process, typically involves glucose
reacting with amino acids like lysine and arginine.®* Protein glycosylation, a sophisticated and multifaceted process,
relies on approximately 200 glycosyltransferase enzymes. These enzymes govern the selection of proteins for glycosyla-
tion, the specific sites on these proteins where glycans will be added, and the particular structures of these glycans.®
Glycosylation significantly impacts biology and disease, with IgG glycosylation’s heterogeneity making it a health
biomarker. Varied IgG glycosylation affects its function and disease progression, emphasizing its role in pathology.®®
Glycosylation modifications also hold significant importance in innate immunity. STING is subject to N-glycosylation by
DDOST in the endoplasmic reticulum (ER) following DNA viral infection. DDOST plays a critical role in regulating the
STING-dependent synthesis of antiviral type I interferons. Mutations specifically targeting DDOST-dependent
N-glycosylation sites impair STING oligomerization, thereby affecting its immune responses.®” CRISPR-Cas9 genome-
wide screening revealed that sulfated glycosaminoglycan (sGAG) biosynthesis proteins play an essential role in STING
activation.® However, comprehending the nuanced relationship between glycosylation modifications and STING
proteins remains a multifaceted field that demands further in-depth investigation for a comprehensive understanding.

Ubiquitination

Post-translational modification by ubiquitination involves attaching 76 amino acid polypeptides called ubiquitins (Ub) to
proteins. Initially recognized as a mechanism for targeting misfolded or short-lived proteins for proteasomal degradation,
its role has expanded significantly, emerging as a pivotal regulator in protein signaling.®® Ubiquitination is a highly
accurate mechanism that marks target proteins with ubiquitin (Ub) through a cascade involving E1, E2, and E3 enzymes.
This process unfolds in a three-step enzymatic sequence: initial activation of Ub by El in an ATP-dependent reaction,
creating a thiol-ester bond between E1’s active cysteine and Ub’s C-terminus; subsequent transfer of activated Ub to E2’s
cysteinyl group, forming an E2-Ub complex; and ultimate transfer of Ub to the substrate protein by E3, either directly
from E2 or following E3’s prior engagement with Ub’® (Figure 2).

The evolving understanding of ubiquitination’s association with STING proteins has surfaced in recent years’
research endeavors. Research investigators have utilized mass spectrometry-based approaches to demonstrate that the
delivery of Tank-binding kinase 1 (TBK1) to interferon regulatory factors (IRFs), such as IRF3, following binding to
cyclic dinucleotides (CDNSs), is dependent on K63-linked ubiquitination at residue K224 on STING. Inhibition of K224

Figure 2 The conjugation of ubiquitin relies on the sequential actions of El activating enzymes, E2 conjugating enzymes, and E3 ligases. El catalyzes the ATP-dependent
formation of a thioester bond between the C-terminus of ubiquitin and the active cysteine residue of El. Subsequently, ubiquitin is transferred to the active cysteine of E2 via
a thiolate intermediate, and is ultimately transferred from E2 to the target protein through the additional contribution of the E3 ligase.
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ubiquitination selectively abolishes IRF3 activation without affecting NF-kB activation.”' In the case of viral infections,
particularly PCV2, the p38-MAPK pathway is responsible for USP21 phosphorylation, thereby halting K63 ubiquitina-
tion of STING. This process inhibits the phosphorylation and nuclear translocation of IRF3, thus enhancing the
organism’s susceptibility to PCV2.”> Further research has revealed that STING undergoes K63-linked ubiquitination
within myeloid cells, a process that can be elicited by bacterial by-products such as c-di-GMP. Studies indicate that
treating macrophages with c-di-GMP results in elevated levels of ubiquitinated STING, suggesting that c-di-GMP
generated by pathogens may activate K63-linked ubiquitination, thereby maintaining STING stability in the intestinal
environment.”® Ubiquitination is a pivotal activation process in the cGAS-STING pathway of antiviral and antitumor
immunity. Studies have identified Tripartite motif-containing protein 10 (TRIM10) as a key enhancer in the STING
signaling cascade. TRIM10 associates with STING and facilitates K27- and K29-linked polyubiquitination at the K289
and K370 sites of STING.”* Ubiquitination also plays a significant role in the maintenance of STING homeostasis.
Investigators have found that UFLI, the sole E3 ligase for UFMylation known to date, inhibits the interaction between
TRIM29 and STING, thereby reducing ubiquitination at K338/K347/K370 and subsequent proteasomal degradation. This
identifies UFL1 as a key regulator in maintaining STING stability and antiviral functions.”> Recent research has shed
light on STING degradation within lysosomes, with experiments showing ubiquitinated STING on endosomal vesicles
linked to the ESCRT pathway. This ubiquitination is crucial for STING degradation in macrophages. Interfering with
STING’s interaction with ESCRT or ubiquitin could provide a targeted strategy to boost STING’s efficacy in therapy.’®
As research progresses, it is anticipated that the intricate involvement of ubiquitination modifiers in the cGAS-STING-
mediated antiviral and anti-tumor immunity will be delineated with increasing clarity, shedding light on their specific
roles within this vital immune pathway.

SUMOylation

SUMOylation is a dynamic and reversible post-translational modification that regulates and diversifies protein function
by covalently attaching a small ubiquitin-like modifier (SUMO) to target proteins. Viruses rely on hijacking specific
cellular pathways within host cells to survive and reproduce.’’ Investigators have discovered that the innate antiviral
immune response is capable of being significantly suppressed, with such suppression being facilitated by the inter-
molecular interaction between SUMOylation in SARS2-NP and the newly identified SUMO interaction motif.”®
SUMOylation also plays a significant role in the cGAS-STING pathway. Research has shown that TRIM38, an E3
ubiquitin ligase, mediates the SUMOylation of ¢cGAS in both uninfected cells and during the initial phase of viral
infection. This SUMOylation process inhibits the polyubiquitination and subsequent proteasomal degradation of cGAS.
Additionally, TRIM38 enhances the transcription of STING early in viral infection, which aids in STING activation and
stabilizes the protein. However, in the later stages of infection, SENP2 de-SUMOylates cGAS and STING, leading to
their degradation through the proteasomal and chaperone-mediated autophagy pathways.”®

Acetylation

Acetylation of proteins is a primary form of post-translational modification (PTM) in eukaryotes, involving the addition
of an acetyl group from acetyl coenzyme A (Ac-CoA) to specific amino acid residues within a protein chain.®
Acetylation modifications can be categorized into two types: N-terminal acetylation and acetylation of lysine residues
within proteins. N-terminal acetylation involves adding an acetyl group (-COCH3) to the Na-group, the free amino group
at the beginning of a protein chain. This is often referred to as Na-acetylation to distinguish it from acetylation on the Ne-
groups of lysine side chains. Enzymatically, N-terminal acetylation requires the action of N-terminal acetyltransferases
(NATSs), which interact with the acetyl donor (Ac-CoA) and the protein’s N-terminus.®' The acetylation of lysine residues
within proteins, on the other hand, is generally considered to be a reversible and finely regulated process, in contrast to
Nt-acetylation (Figure 3).

Signaling pathways mediated by cGAS-STING also involve acetylation modification. Autoimmune diseases can be
severe if the cGAS is chronically activated by self-DNA. Researchers have discovered that acetylation at the sites Lys
384, Lys 394, or Lys 414 on cGAS can inactivate cGAS. Aspirin has been found to directly enforce the acetylation of
cGAS and effectively inhibit the cGAS-mediated immune response. This finding suggests that acetylation contributes to
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Figure 3 Regulation of reversible lysine acetylation. Lysine acetylation is mediated by lysine acetyltransferases (KATs), transferring acetyl groups from acetyl-CoA to lysine’s
g-amino side chain. Non-enzymatic acetylation by acetyl-CoA also occurs. This modification is reversed by Zn>"-dependent HDACs or NAD"-dependent sirtuins. HDAC
activity yields deacetylated lysine and acetate, while sirtuins produce deacetylated lysine, nicotinamide, and 2'/3’-O-acetyl-ADP-ribose.

the regulation of ¢cGAS activity and provides a potential therapeutic approach for the treatment of DNA-mediated
autoimmune diseases.®”®** In investigating the role of STING-mediated acetylation in endometrial cancer regulation,
researchers have found that HDACS3 (histone deacetylase) can bind to B-estradiol-ERa and promote the deacetylation of
histone 3 lysine 4 at the STING promoter, leading to a decrease in STING expression. Blocking HDAC3 enhances
STING expression, which suppresses tumor formation.** Divergent results were observed in a separate investigation,
wherein investigators examining ischemic stroke pathology found that HDAC3 increases ¢cGAS expression and potenti-
ates the activation of the cGAS-STING pathway through deacetylation of p65 at lysine 122, thereby promoting its
accumulation within the nucleus.®” In the study of the mechanism by which HBV drives viral innate immune evasion,
researchers discovered that HAT1 (Histone acetyltransferase 1) epigenetically modulates the acetylation of H4 K5 and
H4 K12 to upregulate KPNA2 (nuclear transport protein alpha-2). This facilitates the nuclear translocation of cGAS and
inhibits the ¢cGAS-STING pathway and its downstream IFN response, leading to suppression of HBV clearance.®
However, acetylation-related diseases extend well beyond these findings. The aspiration is for future research to offer
a more comprehensive understanding of acetylation’s essence, furnishing a robust theoretical foundation for treating
associated diseases.

Protein Methylation

Over the past two decades, it has become firmly established that methylation constitutes a pivotal post-translational
modification of proteins, with thousands of methylation sites identified across the human proteome.®” It has been
ascertained that methylation of specific proteins can lead to human diseases, such as cancer and neurological disorders,
thereby signifying the biological significance and medical importance of protein methylation.*®*’ Protein arginine
methyltransferases (PRMTs) and protein lysine methyltransferases (PKMTs) primarily facilitate the
S-adenosylmethionine (SAM)-dependent methylation of protein substrates.”® These catalysts mediate a nucleophilic
substitution reaction, resulting in the transfer of a methyl group to the nitrogen of arginine or lysine residues, with the
concomitant release of S-adenosylhomocysteine (SAH). Additionally, other protein methyltransferases that modify
various peptidyl moieties including glutamate, glutamine, and histidine, as well as the N- and C-termini of proteins,
utilize a similar polar mechanism.”'-*

These methylation patterns play crucial roles in various diseases, impacting brain development, neurogenesis,
synaptic plasticity, circadian rhythm, cognitive function, and stress response. Proteins associated with m6A modification
significantly influence neuron-related functions, including adult neurogenesis, memory formation, cerebellar develop-
ment, and axonal regeneration.”® The importance of methylation modification in the cGAS-STING pathway has been
gradually discovered by researchers in recent years. Studies have revealed that PRMTI1, a type of protein arginine
methyltransferase, targets cGAS at the invariant Argl33 site, leading to the inhibition of cGAS dimerization and the
suppression of cGAS/STING signaling pathways within cancer cells. Critically, the suppression of PRMT1 activity
through genetic or pharmacological intervention triggers cGAS/STING-mediated DNA recognition, which may upregu-
late the expression of type I and II interferon response genes. Therefore, the integration of PRMT1 inhibition with anti-
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PD-1 antibody treatment significantly boosts the therapeutic efficacy against tumors in vivo.”* Certain research indicates
that protein arginine methyltransferase 5 (PRMTS) serves as a direct interacting partner with cGAS, facilitating the
symmetrical dimethylation of cGAS at the Argl24 position. Follow-up investigations have revealed that the PRMTS5-
induced methylation of cGAS mitigates the cGAS-driven antiviral immune response by reducing its ability to bind DNA.
Furthermore, the oral delivery of PRMTS inhibitors has been shown to confer significant protection to mice against
Herpes Simplex Virus type 1 (HSV-1) infection and to increase the lifespan of infected animals’> Researchers have found
that methylation of IFI16 (a component of the intracellular DNA-sensing cGAS-STING complex) / IFI204 (its murine
homologue) attenuates dsDNA-induced TBK1-IRF3 activation and production of interferons and chemokines. Variations
in PRMT 5 expression do not alter the expression of cGAS or STING, indicating that PRMT 5 restricts activation but not
the expression of components of the cGAS/STING pathway.”® A recent study found that PRMT9 inhibition promoted
DNA damage and activated cyclic GMP-AMP synthase, which is responsible for type I IFN production.”” The
methylation of the STING protein is increasingly recognized as a critical modulator of the cGAS-STING pathway.

Palmitoylation

Protein palmitoylation is a reversible lipid modification that involves the addition of palmitate, a 16-carbon fatty acid, to
a cysteine residue via a thioester bond.”® Palmitate is converted from fatty acids by fatty acid synthase (FASN). The
process of palmitoylation is mediated by the zinc finger DHHC-containing protein family (encompassing ZDHHCI to
ZDHHCY9 and ZDHHCI11 to ZDHHC24, also referred to as DHHC1 to DHHC23), whereas the reverse reaction,
depalmitoylation, is carried out by Acyl-protein thioesterases (APT1/2), palmitoyl protein thioesterases (PPT1/2), or
members of the alpha/beta hydrolase domain-containing protein family, specifically ABHD17A/B/C.”® Palmitoylation
plays a significant role in various diseases. Some researchers have found that ZDHHCI12-mediated palmitoylation
enhances the degradation of NLRP3 via chaperone-mediated autophagy. Gain-of-function variants of NLRP3 have
been identified in autoinflammatory diseases. By reducing the palmitoylation level of NLRP3 and disrupting chaperone-
mediated autophagic degradation of NLRP3, the NLRP3 inflammasome is hyperactivated.'®® Evidence has shown that
RAB27B, a member of the RAB family of small GTPases, interacts with ZDHHC9, a palmitoyl transferase that modifies
NRAS. RAB27B regulates the c-RAF/MEK/ERK signaling pathway through the modulation of palmitoylation, thereby
influencing the progression of leukemia.'®" Other researchers have found that the antimalarial drug Artemether (ART)
directly targets Protein Kinase C delta (PKC3) to inhibit its palmitoylation by blocking the binding of Zinc Finger
DHHC-Type Palmitoyl transferase 5(ZDHHCS), thereby suppressing downstream neuroinflammatory signaling. This
mechanism provides a promising therapeutic target for fatty liver disease.'**

Indeed, palmitoylation also plays a significant role in the cGAS-STING pathway. Researchers have discovered that
palmitoylation at the C474 residue of cGAS limits its enzymatic activity when double-stranded DNA is present. This
palmitoylation is mainly catalyzed by the enzyme ZDHHCI18, and the presence of double-stranded DNA enhances this
modification process. Specifically, palmitoylation of cGAS diminishes its binding affinity to double-stranded DNA,
which subsequently hampers the dimerization of cGAS. The negative regulation of cGAS palmitoylation by ZDHHC18
may serve as a novel regulatory mechanism for fine-tuning innate immune responses.'®> Additional studies have revealed
that 4-octyl itaconate (4-Ol), a derivative of itaconate, can suppress the activation of the cGAS-STING pathway. This is
achieved through direct alkylation of Cys91 on STING, which in turn inhibits STING palmitoylation and oligomeriza-
tion. This mechanism sheds light on how 4-OI alkylation regulates cGAS-STING function and underscores the interplay
among various post-translational modifications (PTMs).'®* Research has shown that STING palmitoylation within the
Golgi apparatus is essential for STING activation. Administration of the palmitoylation inhibitor 2-bromopalmitate
(2-BP) effectively inhibits STING palmitoylation and consequently eliminates the type I interferon response.'® In recent
years, researchers have discovered that the interaction between STING and VDAC?2 (voltage-dependent anion channel 2)
occurs via the palmitoylation of STING at Cys88/Cys91. Inhibition of STING palmitoyl transferase ZDHHC using
2-bromopalmitate (2-BP) significantly impedes the growth of renal cell carcinoma (RCC) cells, both as a single agent and
in combination with sorafenib. These studies have unveiled the innate immune-independent role of STING in regulating
mitochondrial function and growth in RCC, providing a theoretical basis for targeting the STING/VDAC?2 interaction as
a therapeutic strategy for RCC.'%® An increasing body of evidence indicates that palmitoylation within the cGAS-STING
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pathway is one of the key steps for pathway activation, and inhibiting this palmitoylation can ameliorate the onset and
progression of diseases. This finding provides a theoretical foundation for the prevention and treatment of various
diseases.

Crosstalk of Various PTM

PTM crosstalk refers to the close association and frequent mutual dependence as well as tight coordination among
different PTMs.'%” Most PTM systems are fundamentally composed of two parts: the catalytic mechanisms that perform
the modifications and the substrate proteins that are modified. Interactions among various PTMs may happen through one
or both of these elements. The term “PTM crosstalk” in the context of catalytic mechanisms denotes the reciprocal
modification of enzymes that facilitate distinct PTMs, which in turn governs their enzymatic functions.'®® An additional
mode of interaction involves PTMs that converge on a common set of substrate proteins. When various PTMs act on the
same substrates, they can elicit two principal effects. One is the frequent modification of identical amino acid residues on
the substrate proteins by diverse PTM types at separate temporal intervals. The other situation entails the modification of
different amino acid residues within the same substrate by distinct post-translational modification processes.'*’

The correlation between glycosylation and phosphorylation has garnered attention in recent research. Investigations
have revealed intriguing associations that the impact of glycol-AGEs on cGAMP-induced phosphorylation of TBK1 and
IRF3, pivotal proteins regulating cytokine production. Glycol-AGEs notably curbed the effectiveness of STING/TBK1/
IRF3 signaling triggered by cGAMP through CD36-mediated pathways.''” In resting cells, death-associated protein
kinase 3 (DAPK3) safeguards STING from K48-chain polyubiquitination and the ensuing proteasomal degradation.
Studies have indicated that following cGAMP activation, DAPK3 is crucial for triggering STING’s K63-chain poly-
ubiquitination and the assembly of the STING-TBK1 complex. Comprehensive phosphoproteomic profiling has identi-
fied a specific phosphorylation site on the E3 ligase LMO?7 that is a target of DAPK3, and this site is vital for the LMO7-
STING association as well as for promoting STING’s K63-chain polyubiquitination.''" Further, certain investigators
have found that the asymmetric dimethylation of cGAS at residue R127, catalyzed by protein arginine methyltransferase
1 (PRMT1), enhances the association with the deubiquitinase USP7. This interaction promotes the deubiquitination and
stabilization of cGAS. The stability of cGAS, mediated by PRMT1 and USP7, is pivotal in accelerating the proliferation
of non-small cell lung cancer (NSCLC) cells by activating the AKT pathway. The research underscores a unique pathway
regulating cGAS stability through arginine methylation, implying that the PRMT1-cGAS-USP7 axis may represent
a novel therapeutic target for NSCLC.''?

Immunotherapy Through the cGAS-STING Pathway

A growing body of research on the cGAS-STING pathway has gradually revealed that regulating this pathway can
influence the occurrence and development of various diseases.

Autoimmune Diseases

Researchers have found that rapamycin reduces lupus mononuclear cells by inhibiting mTOR STING the enhancement of
expression, and suppresses the production of interferons alpha. It provides a new idea for the treatment of systemic lupus
erythematosus.''? Researchers have found that TNF-induced interferon is driven by cytosolic mitochondrial DNA
(mtDNA), which depends on the ¢cGAS-STING pathway.''* Therefore, inhibiting the cGAS enzyme activity, which
prevents the production of the second messenger molecule cGAMP, could be a novel strategy for treating inflammatory
arthritis and other TNF-dependent diseases. Inhibitors of cGAMP activation of STING, including compounds such as PF-
06928125, RU521, G150, and S3, may be potential therapies.'"

Neurodegenerative Diseases

Some researchers have also found that cGAS-STING is elevated in AD mice and normalized by NR (the NAD" precursor
nicotinamide riboside) treatment. Simultaneous cell culture experiments using microglia demonstrated that NR reduced
neuroinflammation in microglia by reducing the activation of the cGAS-STING pathway.''® Additionally, certain studies have
revealed that melatonin can downregulate the cGAS/STING/IRF3 pathway in the striatum of 9-week-old R6/2 mice, a process
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that involves the inhibition of caspase-1 activation and the prevention of mitochondrial DNA (mtDNA) release, consequently
mitigating the symptoms of Huntington’s disease in these mice.''” Modulating these pathways may offer therapeutic options for
aging and neurodegenerative diseases.

Viruses Infections

The research demonstrated that the binding of Vif (a nonstructural protein of HIV-1 that enhances viral infectivity) to
SHP-1 (a cellular tyrosine phosphatase) promotes the targeting of SHP-1 to STING. This interaction results in the
suppression of K63-linked ubiquitination of STING at lysine 337, which is mediated by the dephosphorylation of STING
at tyrosine 162. However, the FRK inhibitor D-65495 effectively impedes the phosphorylation of Vif, thus thwarting the
immune evasion tactics of HIV-1 and resistance to infection. These findings provide a molecular basis for the develop-
ment of innovative therapeutic approaches to fight against HIV-1 infections.''® The investigation uncovered that the
deacetylation of B-arrestin2, a versatile signaling adaptor, at Lysl171 enhances the activation of the cGAS-STING
signaling pathway and promotes the secretion of IFN-f. In vitro, viral infection triggers the degradation of B-arrestin2,
thereby facilitating the virus’s immune evasion strategies. However, carvedilol, a B-blocker primarily prescribed for heart
failure, was found to preserve B-arrestin2 expression, thereby sustaining the antiviral immune response. These findings

suggest that carvedilol could be repurposed as a potential antiviral therapeutic candidate.'"”

Cancer

Research indicates that glucose serves as a cofactor for the methyltransferase NSUN2, interacting with its residues 1-28
to promote oligomerization and activation, crucial for maintaining global m5C RNA methylation. This includes the
methylation of TREX2, which inhibits cytosolic dSDNA accumulation and cGAS/STING pathway activation, linked to
cancer development and resistance to anti-PD-L1 therapy. The TAT-N28 peptide, by blocking glucose-NSUN2 binding,
hampers NSUN2 function and TREX2 expression, inhibiting oncogenesis without disrupting normal glucose metabolism,
offering a novel cancer therapy strategy.'>® Other researchers have found that both cGAS and STING in dendritic cells
(DCs) also play important roles in the anti-tumor activity of live Lactobacillus thamnosus GG (LGG) and its combination

12! Manganese (Mn) is essential for the host’s defense mechanisms against cytosolic double-stranded DNA, for

therapy.
the innate immune system’s detection of tumors, and for bolstering the adaptive immune response through the activation
of the cGAS-STING pathway. Mn2+ ions facilitate the maturation of dendritic cells and macrophages, as well as the
presentation of tumor-specific antigens, augment the differentiation of CD8+ T cells, stimulate natural killer (NK) cell
activation, and boost the population of memory CD8+ T cells.'** We summarize the therapeutic drugs and targets for
selected diseases associated with the cGAS-STING pathway (Table 1).

In immunotherapy, the cGAS-STING pathway plays a pivotal role. Investigators developed an antibody-drug conjugate
(ADC) by linking STING agonists to antibodies targeting tumor antigen EGFR. In mouse models, the STING ADC showed
tolerability and strong anti-tumor effects. Combining it with anti-PD-L1 therapy further improved outcomes. The ADC
selectively activates T cells, NK cells, and NKT cells in the tumor environment and promotes M2 to M1 macrophage

polarization in tumors and draining lymph nodes for anti-tumor responses.'?’ Accounts in scientific publications also illustrate

Table 1 Summary of Therapies for Diseases Associated With the cGAS-STING Pathway

Disease Drug Targeted References

Psoriasis C-176 STING [123]
Pt-CDs STING [124]

Ulcerative colitis | RU.521 The cyclic GMP-AMP synthase-stimulator | [125]
Ganciclovir [126]

Parkinson C-176 STING [127]

Lung cancer Rocaglamide Mitochondrial DNA [128]
(RocA) (mtDNA)

Notes: C-176: the STING inhibitor. Pt-CDs: Platinum-doped positively charged carbon dots. RU.521: An inhibitor
of the cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathway.
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the synergistic approach of pairing STING agonists with anti-PD-1/PD-L1 immunotherapeutic regimens. The integration of
the cGAMP/antigenic peptide-based nanosatellite vaccine SatVax with anti-PD-L1 treatment within xenograft experiments led
to a surge in E7-specific CD8+ cytotoxic T cells (CTLs) and a reduction in the proportion of CD8+ Tim-3+ and CD8+ PD-1+
T cells. This effective combination therapy yielded substantial tumor suppression.'*® Additional studies indicate that imperfect
homing and the transient nature of CAR (chimeric antigen receptor) T cells significantly impede their anti-tumor effects in an
orthotopic model of advanced breast cancer. Conversely, the use of STING agonists like DMXAA or cGAMP markedly
improves the migration and durability of Th/Tc 17 CAR T cells, thereby enhancing their therapeutic potential against solid
tumors.'*' In the midst of the COVID-19 pandemic, investigators developed a pan-Sarbecovirus subgenus vaccine, which
employed the RBD from the SARS-CoV-2 wild-type strain fused to human IgG Fc as the vaccine immunogen, with the
STING agonist CF501 serving as the adjuvant. The CF501/RBD-Fc¢ vaccine elicits a robust, long-lasting, and comprehensive

neutralizing antibody (nAb) and T cell response, along with conferring protective immunity.'**

Concurrently, a separate group
of researchers created an adjuvant featuring a stimulator of interferon genes (STING) agonist embedded within a microparticle
(MP) matrix, enabling scalable production for long-lasting defense against influenza virus infections. The monomeric cGAMP
Ace-DEX MP adjuvant elicited a sustained and strong immune response lasting up to a year, and in contrast to recent studies
utilizing various particle formulations, it realized over a 10-fold reduction in the required cGAMP dosage.'** Additionally,
activators of the cGAS-STING pathway can also increase the expression of antigen-presenting molecules such as Tap 1, Tap 2,

and MHC-I, which are upregulated by IFN, potentially enhancing tumor immune surveillance.'**

Conclusions and Future Directions

The cGAS-STING pathway recognizes pathogen DNA and synthesizes the second messenger cGAMP, which subsequently
activates downstream signaling pathways via the STING protein, thereby regulating the expression of interferons and
inflammatory mediators. Post-translational modifications (PTMs) of the cGAS-STING pathway, such as phosphorylation,
acetylation, ubiquitination, SUMOylation, methylation, glycosylation, and palmitoylation, finely tune the immune response
by modulating protein activity, stability, localization, and interactions. Phosphorylation of serine and threonine residues on
the STING protein facilitates pathway activation. STING protein on the endoplasmic reticulum undergoes N-glycosylation
via DDOST, promoting its oligomerization. Moreover, the end products of glycosylation, advanced glycation end products
(AGEs), can inhibit the phosphorylation of IRF3 by TBK 1. Ubiquitination sites on the STING protein include K338, K347,
K370, K63, K27, and K29, and ubiquitination at these sites is conducive to the activation of the cGAS-STING pathway.
TRIM38 can inhibit the polyubiquitination of cGAS through SUMOylation. Acetylation sites on cGAS include Lys384,
Lys394, and Lys414, and acetylation at these sites inhibits cGAS function. Methylation at the Argl33 site of cGAS inhibits
its dimerization, while methylation at the Argl24 site inhibits cGAS binding to DNA. Palmitoylation of Cys88 and Cys91 on
the STING protein promotes activation of the cGAS-STING pathway. In contrast, palmitoylation at the C747 site on cGAS
inhibits its dimerization. 4-OI can inhibit palmitoylation of STING through alkylation (Figure 4). The cGAS-STING
pathway plays a key role in the development and progression of various diseases, including autoimmune diseases,
neurodegenerative diseases, viral infections, and cancer. Activation of this pathway can enhance immune responses, but over-
activation may lead to chronic inflammation and autoimmune diseases. Therefore, modulating the activity of the cGAS-
STING pathway is significant for the treatment of these diseases. Studies have shown that the activity of the cGAS-STING
pathway can be effectively regulated by small molecule inhibitors, antibody therapies, and genetic regulation, providing new
ideas for clinical treatment. By further investigating the roles of PTMs and their crosstalk within the cGAS-STING pathway,
we can gain a comprehensive understanding of how these modifications regulate the activity, stability, intracellular
localization, and interactions of key proteins in the pathway, thereby finely tuning the immune response. Researchers can
further investigate this pathway in the following directions:

Clinical Applications of Targeted Therapies
Small Molecule Inhibitors and Activators

Develop more specific and efficient inhibitors and activators of the cGAS-STING pathway for the treatment of
autoimmune diseases, viral infections, and cancer. For example, investigate how inhibiting cGAS enzyme activity can
reduce inflammatory responses, or how activating STING can enhance antitumor immune responses.

Drug Design, Development and Therapy 2025:19 heeps: 1733



Chen et al

C747
—|

cGAS

ZDHHC

lalkyla(ion

e

Lys384

S

Q
—(STING eyt c&}
©)
4
=
v % '96 /Nucleus ;‘;9
= ~
Ag133. CGAS  Argts ?4/ 6’9 OA lSUMOyIaﬁon
./ \ %E) § SUMoO
®§ X 2 (oGS

\\

cGAS  Lyssos acetylation
G 2 (GGAS)
A i b) K27
acetylation H4 K5/K12 m) STING kas STING kes

Figure 4 The roles of post-translational modifications in the cGAS-STING pathway, as well as the specific sites of these modifications.

Antibody Therapies
Develop monoclonal antibodies targeting key proteins in the cGAS-STING pathway for precision treatment. For
example, develop STING agonist antibodies to enhance antitumor immune responses.

In-Depth Studies of Post-Translational Modifications

Regulatory Mechanisms of PTMs

Further investigate the specific mechanisms of PTMs in the cGAS-STING pathway, such as phosphorylation, acetylation,
ubiquitination, methylation, and glycosylation, and how these modifications affect the activity of the pathway. For
example, study how PRMT1-mediated methylation of cGAS affects its DNA-binding ability.

Combined Strategies for Immunotherapy

Combined Immunotherapy

Investigate the combined application of cGAS-STING pathway agonists with other immunotherapeutic strategies to
improve treatment outcomes. For example, study the synergistic effects of combining STING agonists with PD-1

inhibitors in tumor treatment.

Vaccine Development
Develop vaccines based on the cGAS-STING pathway for the prevention and treatment of viral infections and cancer.
For example, explore the potential of using cGAS-STING pathway agonists as vaccine adjuvants.
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Cell-Specific Regulatory Mechanisms

Cell Type-Specificity

Investigate the specific regulatory mechanisms of the cGAS-STING pathway in different cell types, such as macro-
phages, dendritic cells, and T cells, and how these mechanisms affect immune responses. For example, study how
activation of the cGAS-STING pathway in macrophages affects the secretion of inflammatory factors.

Tissue-Specificity

Investigate the specific regulatory mechanisms of the cGAS-STING pathway in different tissues, such as the liver, brain,
and tumor tissues, and how these mechanisms affect disease development and progression. For example, study how
activation of the cGAS-STING pathway in the tumor microenvironment affects tumor immune evasion.

Crosstalk With Other Signaling Pathways
Crosstalk With Other Pathways
Investigate the crosstalk mechanisms between the cGAS-STING pathway and other signaling pathways, such as PI3K-
AKT, MAPK, and NF-kB, and how these mechanisms affect immune responses. For example, study how the crosstalk
between the cGAS-STING pathway and the PI3K-AKT pathway affects cell survival and proliferation.

By delving into these research directions, it is expected that further insights into the complex regulatory mechanisms
of the cGAS-STING pathway in immune responses will be gained, providing a theoretical basis for the development of
new therapeutic strategies.
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