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cGAS and cancer therapy: a double-edged sword
Jia-min Du1, Mei-jia Qian1, Tao Yuan1, Rui-han Chen2, Qiao-jun He1,3, Bo Yang1, Qi Ling2 and Hong Zhu1,3

Cyclic guanosine monophosphate-adenosine monophosphate adenosine synthetase (cGAS) is a DNA sensor that detects and binds
to cytosolic DNA to generate cyclic GMP-AMP (cGAMP). As a second messenger, cGAMP mainly activates the adapter protein STING,
which induces the production of type I interferons (IFNs) and inflammatory cytokines. Mounting evidence shows that cGAS is
extensively involved in the innate immune response, senescence, and tumor immunity, thereby exhibiting a tumor-suppressive
function, most of which is mediated by the STING pathway. In contrast, cGAS can also act as an oncogenic factor, mostly by
increasing genomic instability through inhibitory effects on DNA repair, suggesting its utility as an antitumor target. This article
reviews the roles and the underlying mechanisms of cGAS in cancer, particularly focusing on its dual roles in carcinogenesis and
tumor progression, which are probably attributable to its classical and nonclassical functions, as well as approaches targeting cGAS
for cancer therapy.
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INTRODUCTION
Cyclic GMP-AMP synthase belongs to the nucleotidyltransferase
superfamily responsible for transferring the phosphate group on
nucleoside triphosphates to other nucleic acids or proteins to
generate nucleoside monophosphates [1]. The presence of foreign
DNA in mammalian cells induces the production of cyclic GMP-AMP,
which triggers downstream pathways to cause immune responses.
Chen et al. discovered cGAS in fractionated cytosolic extracts [2]. As a
cytoplasmic DNA receptor, cGAS plays a key role in the immune
response by linking DNA and cGAMP. A large number of studies have
suggested the important mechanisms of cGAS in innate immunity
and virus defense. Furthermore, given the autoimmune and
inflammatory diseases triggered by cGAS, the development of cGAS
inhibitors for treatment has attracted much attention [3].
Cancer is a disease with high mortality and morbidity worldwide.

The complicated and largely unknown mechanisms of cancer make
therapy challenging [4]. Cumulative evidence has revealed that cGAS
is involved in carcinogenesis and the development of cancer; for
example, cGAS performs functions including sensing free DNA and
the micronuclei of tumor cells to induce inflammation, antitumor
immunity, regulation of DNA repair, and tumor metastasis [5–7]. The
dual role played by cGAS in cancer deserves more attention and will
affect strategies and approaches for cancer therapy. In this review,
we will focus on the dual role of cGAS in tumor suppression and
promotion and summarize the recent advances in cGAS-targeting
agents as cancer therapy.

OVERVIEW OF THE HUMAN CGAS PROTEIN: FROM STRUCTURE
TO FUNCTION
Functional domains and structures of the human cGAS protein
Human cGAS (hcGAS), also named Mab-21 domain-containing
protein 1 (MB21D1), is a 60 kDa protein comprising an
unstructured and non-conserved amino terminus with 160
amino acids and a highly conserved Mab21 domain at the
carboxyl terminus with 522 amino acids [8]. In the Mab21
domain, the three hydrophobic amino acids (E225, D227, and
D319) coordinate with divalent ions (mainly Mg2+) to form an
active site of cGAS, which can influence the catalytic generation
of cGAMP from ATP and GTP [9, 10]. The opposite molecular
surface platform of the active site has a zinc-finger protrusion
formed by highly conserved histidine and cysteine residues
(H390, C396, C397, and C404) with Zn2+, contributing to the
specific recognition of B-type dsDNA [11]. In addition, Lys187
and Leu195, as key amino acids in the protein spine, make
hcGAS more sensitive to long DNA fragments than murine
cGAS. This allows hcGAS to distinguish some of the DNA
fragments produced by the normal metabolism of the cell and
avoid overactivation of the autoimmune response. Key sub-
stitutions on the binding surface will determine the preference
of cGAS for different lengths of DNA [12]. As such, the two ionic
binding sites of Zn2+ and Mg2+ are critical for cGAS to
recognize and bind DNA and to exert catalytic activity in a
DNA sequence-independent manner (Fig. 1).
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Insights into the classical and nonclassical functions of human
cGAS
Substantial studies have enriched the understanding of the
functions of cGAS, which can be divided into two parts: one is
its classic biological function [2], and the other is its newly
discovered nonclassical biological function in the nucleus [5].
The classical biological function of cGAS serves as an

indispensable bridge between the recognition of extrinsic
pathogen dsDNA and immune defense. The cGAS dimer
associates with two molecules of dsDNA, triggering liquid–liquid
phase separation to form a ladder shape structure [13, 14]. This
allows cGAS to be allosterically activated, opening the catalytic
pocket to catalyze the cyclization of ATP and GTP to form cGAMP
[2]. cGAMP was the first circular dinucleotide found in multicellular
animals and acts as an endogenous second messenger to trigger
downstream cascade signals [15]. In addition to exogenous
pathogen DNA, autologous DNA damage and nuclease inactiva-
tion mutations also lead to the enrichment of cytoplasmic DNA
[16]. The improper and excessive activation of cGAS caused by
such self-DNA molecules is reported to result in the development
of autoimmune diseases and autoinflammatory reactions [17]. In
summary, cGAS acts as an external or self-dsDNA recognizer to
stimulate immune cascades through the production of cGAMP.
The most dominant and typical downstream target of cGAS is

the STING signaling pathway [2, 15]. STING is an endoplasmic
reticulum localization adapter that contains an N-terminal
transmembrane helix and a large C-terminal cytoplasmic domain
[18]. cGAMP binds to the small pocket of dimeric STING, changes
the conformation of STING, and promotes the transport of STING
from the endoplasmic reticulum to the Golgi apparatus [19].
During this process, the Cys89 and Cys91 residues in the exposed
C-terminus of STING are palmitoylated, recruiting TANK-binding
kinase 1 (TBK1) to activate its autophosphorylation. Activated
TBK1 can phosphorylate STING in turn and enhance the
interaction between STING and interferon regulatory factor 3
(IRF3), thereby further promoting the phosphorylation of IRF3 by
TBK1. Phosphorylated IRF3 dimerizes and enters the nucleus,
where it induces the transcription of type I interferons (IFNs) and
other cytokines [20]. IκB kinase (IKK) can be activated simulta-
neously via STING and phosphorylates Ser32 and Ser36 of the NF-
κB inhibitory protein IκBα, resulting in its polyubiquitination and
degradation, after which NF-κB enters the nucleus [21, 22]. The
cGAS-STING-IKK signaling pathway induces classic NF-κB functions
in the nucleus together with IRF3, initiates the transcription of

immune-stimulatory genes, and participates in other vital activities
through nonclassical NF-κB pathways [23] (Fig. 2).
In addition to the role of cGAS in catalyzing cGAMP synthesis,

researchers found that in the case of DNA damage caused by
hydrogen peroxide treatment, phosphorylation at Tyr215 of cGAS
is downregulated, which promotes its nuclear translocation. In the
nucleus, the interaction between cGAS and polyadenylate dipho-
sphate ribosyltransferase-1 (PARP1) further prevents the formation
of PARP1-Timeless complexes and inhibits homologous recombi-
nation repair in a cGAMP-independent manner [5]. In addition,
when nuclear cGAS binds to chromatin, it encounters and
interacts with a group of replication fork components, including
replication factor C1 and proliferation cell nuclear antigen, and
ultimately slows replication forks as a “roadblock”. Chen et al.
showed that cGAS deficiency in U2OS and BJ cell lines causes
replication stress and increases genomic instability, making the
cell lines more sensitive to IR and chemotherapy [24, 25].

Posttranslational modification: critical for the regulation of human
cGAS
Due to the critical and diverse functions of cGAS, pathogens and
host cells have developed a variety of ways to regulate the
enzymatic activity, subcellular localization, and protein stability of
cGAS. Posttranslational modification is one of the strategies used
to achieve tight and dynamic control. For example, Akt, one of the
most vital and versatile protein kinases in eukaryotes, can
phosphorylate hcGAS at Ser305 to inhibit its activity [26, 27].
The tyrosine kinase BLK phosphorylates Tyr215 to maintain
cytosolic localization of cGAS. Conversely, dephosphorylation of
this site facilitates cGAS shuttling into the nucleus, where it can
function [5]. TTLL4-mediated monoglutamylation of cGAS will
prevent its synthase activity, while TTLL6-mediated polyglutamy-
lation of cGAS will hinder its DNA binding ability. In contrast, CCP5
hydrolyzes the monoglutamylation of cGAS, and CCP6 removes
the polyglutamylation of cGAS, which together lead to the
activation of cGAS. Therefore, glutamylation and deglutamylation
of cGAS tightly regulate the immune response to DNA virus
infection [28, 29]. To inactivate cGAS early in viral infection while
maintaining its proper protein levels in the cytoplasm to initiate
innate immune signal, some cGAS proteins are SUMOylated at
Lys217 by TRIM 38, which weakens cGAS activation. TRIM 38 also
catalyzes the SUMOylation of STING to inhibit it [30]. RNF185, the
first discovered E3 ubiquitin ligase of cGAS, specifically catalyzes
K27-linked polyubiquitination to enhance cGAS enzymatic activity

Fig. 1 The human cGAS protein structure. The human cGAS primary sequence contains 522 amino acids, with a non-conserved N terminus
and a conserved Mab21 domain in the C terminus. The protein spine (K187 and L195 in yellow), catalytic sites (E225, D227, and D319 in green)
and zinc ribbon (H390, C396, C397, and C404 in red) contribute to the function of cGAS. The structure of human cGAS is from the Protein Data
Bank, https://www.rcsb.org/3d-view/6CTA
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and increase the yield of cGAMP [31]. In addition to the several
posttranslational modifications mentioned above, the acetylation
of lysines 384, 398, and 414 can also keep cGAS in an inactive
state. As such, aspirin, which has high acetylation activity, is used
to inhibit cGAS and achieve the purpose of reducing inflammatory
factors and treating autoimmune diseases [32] (Fig. 2). Different
types of posttranslational modifications of cGAS have been
continuously discovered and studied in-depth, and the upstream
pathways related to their respective modifications have also been
exposed, providing various strategies for disease treatment that
interfere with posttranslational modifications of cGAS.

THE MULTIFACETED ROLES OF HUMAN CGAS IN CANCER
Chromosome instability and DNA damage easily lead to the
occurrence and malignant progression of tumors [33]. These
processes easily cause the generation of micronuclei and
enrichment in the cytoplasm. When the micronucleus ruptures,
it activates cGAS and causes a series of downstream reactions,
such as the immune response [34]. With the increased use of
tumor immunotherapy, the relationship between cGAS and cancer
has attracted more attention. The function of cGAS is being
continuously explored, and its role in tumor inhibition and
promotion has become controversial.

Tumor-suppressive roles of cGAS
cGAS facilitates anticancer immune signaling. The main function
of cGAS in immune responses is to promote the upregulation of
type I interferons through the downstream cascade in a STING-
dependent manner. The three main functions of type I IFN are to
restrict the spread of infectious agents, regulate the innate
immune response, and activate the adaptive immune system [35].

Some cancer cells die naturally or are phagocytized by antigen-
presenting cells (dendritic cells and macrophages). Tumor-derived
DNA escapes from phagocytic vesicles, accumulates in the
cytoplasm of dendritic cells, and activates the cGAS-STING
signaling pathway, producing large amounts of type I IFN and
inflammatory cytokines (tumor necrosis factor-α and interleukin-6)
[36]. Type I IFN can stimulate the proliferation and activation of NK
cells, negatively regulate cancer cell proliferation and induce
apoptosis through the upregulation of p53 [7, 37]. Type I IFN
stimulates the maturation of DCs and the expression of class I
major histocompatibility complex (MHC I) and costimulatory
molecules. Then, mature DCs migrate to lymph nodes to activate
tumor-targeting CD8+ T cells through MHC I [38]. CD8+ T cells
are activated and expanded and are then trafficked to kill tumor
cells. In turn, dying cancer cells release more antigens that are
further captured by DCs to form a positive feedback loop [39]. In
this way, DCs and type I IFN connect the innate immune response
with the adaptive immune response. Moreover, cGAMP produced
by cancer cells is taken up by relevant cells through paracrine
signaling, enhancing the activation of STING and its downstream
pathways (Fig. 3).
Seng-Ryong Woo et al. implanted B16 melanoma cells

subcutaneously. One day later and 7 days later, tumor-
infiltrating CD45+ cells and CD11c+ cells, respectively, showed
more pIRF3 expression and nuclear localization. RT–PCR showed
significant induction of IFN-β transcripts in CD45+ cells from WT
mice but not in CD45+ cells from STING-deficient mice [40].
Immune checkpoint blockade through inhibition of negative
regulators of T cells, such as PD-1 and PD-L1, has emerged as a
successful therapy for cancers, the effectiveness of which depends
on intrinsic antitumor immunity. A large number of studies have
shown that the efficacy of immunotherapy is highly dependent on

Fig. 2 The cGAS-STING signaling pathway. As a DNA sensor, cGAS recognizes foreign, and self-dsDNA to form a 2:2 complex and converts
ATP and GTP into cGAMP. cGAMP stimulates STING and promotes the transport of STING from the ER to the Golgi. Then, STING initiates a
series of downstream kinase cascade reactions to activate IRF3 and NF-κB. In the nucleus, these reactions stimulate the transcriptional
expression of SASP-related molecules, type I interferon, cytokines, etc. The function of cGAS is regulated by a variety of posttranslational
modifications: AKT and BLK phosphorylate cGAS; TTLL4/TTLL6 and CCP5/CCP6 regulate glutamylation of cGAS; and RNF185 and TRIM 38
mediate ubiquitination and SUMOylation
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the abundance of antigen expression, tumor immunogenicity, and
tumor immune infiltration [41]. Defects in the cGAS-STING
signaling pathway will reduce tumor immunogenicity, resulting
in a decreased response to and decreased efficacy of immune
checkpoint blockers. A recent study using the highly aggressive
B16F10 melanoma model to investigate the role of cGAS in
antitumor immunity found that there was no significant difference
in B16 tumor growth among mice of different genotypes without
treatment. However, in response to anti-PD-L1 antibody treat-
ment, WT tumor volumes in mice were reduced sixfold, but
cGAS−/− or STINGgt/gt [42] tumors were not. Furthermore, reduced
cGAS and STING expression is associated with poor survival of
patients with invasive breast ductal carcinoma [43].

cGAS promotes senescence of cancer cells. Cellular senescence is
an irreversible state induced by a variety of internal or external
factors (such as telomere shortening, DNA damage, and onco-
genic signals) and is a natural barrier to tumorigenesis [44].
Senescent cells show characteristics of flattening, enlargement,
nuclear protrusion, and cell cycle arrest [45]. In response to the
abovementioned stress-inducing cytosolic DNA aggregation,
growth-arrested cells alert cGAS, which in turn activates STING-
mediated induction of senescence-associated pathways in an NF-
κB-dependent manner [46]. Deletion of cGAS in different mouse or
human cells abrogates the expression of senescence-associated
inflammatory genes in response to DNA-damaging agents,
including etoposide and ionizing irradiation. Subsequent studies
have further revealed that mouse embryonic fibroblasts (MEFs)
from cGAS knockout mice have significantly reduced signs of
senescence compared with MEFs from WT mice, and they
undergo faster spontaneous immortalization [47]. Furthermore, a
cGAS-/- mouse B16F10 melanoma model constructed with CRISPR
also showed the same results [48]. The above results prove that
cGAS is involved in normal and cancer cell senescence.
Senescence is characterized by stable cell cycle arrest and
complex proinflammatory secretions, including cytokines, chemo-
kines, and proteases, also known as the senescence-associated
secretory phenotype (SASP). cGAS triggers the SASP by activating
the downstream STING pathway based on cytosolic chromatin

fragments (CCFs) in the cancer cell cytoplasm [49]. As the key
components of the SASP, IL-6 and IL-8 can strengthen the growth
stagnation of senescent cells, recruit immune cells to change the
tissue microenvironment, and cause the clearance of senescent
cells. Normal senescent liver cells and tumor cells attract NK cells
and neutrophils to kill tumor cells via the SASP [50] (Fig. 3).
Another study found that conditioned medium (CM) from WT
MEFs exposed to oxidative stress promoted a senescence
response in both WT MEFs and cGAS KO MEFs. In contrast, CM
from cGAS KO MEFs cultured under the same conditions failed to
arrest MEFs [47]. Senescent cells regulate their own behavior via
autocrine SASP-related mechanisms and mediate the senescence
of surrounding cells via paracrine SASP-related mechanisms [48].
In addition, type I IFN can induce DNA damage and elevate the
p53 level, which is a form of p53-p21WAF1 classical signaling that
synergistically promotes cGAS-dependent senescence. Restoring
IFN signaling in IFN-deficient melanoma cells can induce
senescence and inhibit the progression of melanoma [51, 52].
Hence, cGAS can prevent carcinogenesis and tumor progression
through downstream signals to promote cellular senescence and
timely cell clearance.

cGAS induces autophagy to exert antitumor effects. Autophagy is a
highly conserved intracellular degradation process for eliminating
damaged organelles and invading pathogens. Autophagy will
present tumor antigens to promote the T-cell response, and the
removal of such cytotoxic elements reduces the likelihood of
tumor formation. STING, which is a downstream protein of cGAS,
harbors LC-3 interacting regions (LIRs) that enable the STING-
containing reticulum–Golgi intermediate compartment (ERGIC) to
serve as a membrane source for LC3 lipidation, which is a key step
in autophagosome biogenesis [53]. The expression of STING
markedly increased the levels of LC3 and p62 puncta in both HeLa
and wild-type MEF cells [54]. For instance, autophagy has an
antitumor function in HCC, and mice deficient in autophagy genes
develop spontaneous liver tumors. In the model of HCC induced
by diethylnitrosamine, STING-deficient mice bearing HCC show
decreased phospho-STAT1, autophagy, and cleaved caspase3 in
the liver [55]. Beclin-1, an important autophagy regulator, interacts

Fig. 3 The antitumor functions of cGAS-STING. ① Tumor-derived cGAMP and DNA can activate APCs, which triggers the cGAS-STING
pathway and promotes activation of immune cells that function against tumors. ② Upregulation of SASP molecule expression enhances
senescence and changes the tissue immune microenvironment to eliminate tumors. ③ Increased levels of LC3 and p62 puncta improve
autophagy in tumors through activation of the cGAS-STING pathway. ④ DNA damage and chromosome instability in tumor cells activate the
cGAS–STING pathway, and IRF3 induces apoptosis in a manner dependent on the proapoptotic proteins Bax and MOMP.
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with cGAS in a manner dependent on the DNA binding site of
cGAS. Beclin-1 inhibits the NTase activity of cGAS, reduces the
synthesis of cGAMP, and produces a negative regulatory effect.
Interestingly, the cGAS-Beclin-1 combination competitively dis-
sociates the negative autophagy factor Rubicon from the Beclin-1
complex, thereby enhancing PI3KC3 kinase activity and increasing
autophagy [56] (Fig. 3). However, due to the paradoxical role of
autophagy in tumor progression, cGAS may also promote tumor
progression by causing tumor cells to adapt to stressful
environments.

cGAS activation contributes to apoptotic cell death in cancer.
Studies have found that cGAS also acts as a tumor suppressor in
other ways. It has recently been reported that cGAS can induce
apoptosis in long-term mitotic arrest cells and play a tumor-
inhibiting role [57, 58]. The nuclear membrane is destroyed during
mitosis, and chromosomal DNA is exposed to the cytoplasm to
form a spindle structure. The presence of a large number of
nucleosomes can competitively inhibit the ability of DNA to
activate cGAS and prevent the inflammatory response [34].
However, if mitosis is blocked for a long time, phosphorylated
IRF3 can slowly accumulate through weak cGAS signals. Because
transcription is turned off during mitosis, IRF3 induces apoptosis
independently of transcription by directly activating the proa-
poptotic protein Bax and inhibiting the antiapoptotic protein XIAP
[59]. Furthermore, MOMP is a crucial step in apoptosis mediated
by the Bax protein family, and Bcl-xL and Mcl1 are the major
inhibitors of Bax during mitosis. Mitotic stress before apoptosis
contributes to cGAS activation. cGAS operates upstream of Bcl-xL
but independently of Mcl1 and promotes apoptosis by indirectly
regulating MOMP. Based on these findings, HeLa cells were
injected subcutaneously into NSG mice, and Taxol delayed the
growth of wild-type tumors and showed larger areas of apoptosis,
but these patterns were not seen in cGAS-depleted tumors. In
addition, researchers found that taxane-treated non-small-cell
lung cancer patients who had high levels of cGAS displayed
prolonged survival compared to patients with low cGAS levels [57]
(Fig. 3).
Disruption of the cGAS-STING pathway may promote cancer

development. At present, inhibition of the cGAS-STING pathway
has been observed in lung adenocarcinoma, colorectal carcinoma,
melanoma, liver cancer, and gastric cancer and in cancer cells
lacking telomerase [48, 60–64].

Tumor-promoting roles of human cGAS
cGAS promotes tumor progression in a STING-dependent manner.
As mentioned above, cGAS-STING mediates tumor immunity for
immune surveillance and clearance, but the presence of chronic
inflammation also participates in the occurrence and metastasis of
malignant tumors [65]. 7,12‐Dimethylbenz(a)anthracene (DMBA),
as a carcinogen, induces the production of inflammatory cytokines
and skin inflammation and further promotes the occurrence of
skin tumors in mice [66]. STING knockout mice are resistant to
DMBA-induced skin cancer, though wild-type mice are not. In
addition, the induced type I interferon also promotes STAT3
activity, which mediates the mobilization of myeloid-derived
suppressor cells (MDSCs) and regulatory T cells (Tregs) and
reduces the chemotaxis of NK cells, T cells, and macrophages,
which is harmful to the formation of the tumor immune
microenvironment [67]. In human squamous cell carcinomas or
MC38 colon tumors, cGAS-STING signaling eliminates tumor
immunogenicity by recruiting regulatory T cells or mobilizing
myeloid suppressor cells [68]. Similar to the above immunosup-
pressive mechanism, cGAS-STING activates indoleamine 2,3-
dioxygenase (IDO) for immune regulation in Lewis lung cancer
(LLC). It promotes the immune tolerance of cancer cells and
ultimately promotes the proliferation of LLC cells [69]. In addition,
studies have found that protocadherin seven can promote the

formation of gap junctions between carcinoma and astrocytes in
the brain. Cancer cells transfer cGAMP to astrocytes via these
channels to activate the STING pathway to support tumor growth
and brain metastasis [6]. Abnormal nonclassical NF-κB activity in
the cGAS-STING-IKK pathway is related to a variety of malig-
nancies and can promote epithelial-mesenchymal transition (EMT)
in prostate cancer and upregulate TERT in glioblastoma to
promote proliferation, etc [70]. In contrast to the acute cGAS-
induced SASP, the cGAS-STING signaling pathway is continuously
activated at a low intensity, resulting in a large accumulation of IL-
6 and other SASP molecules, which will induce the invasiveness of
epithelial cells, transformation, and metastasis and promote tumor
angiogenesis together with vascular endothelial growth factor
[71, 72] (Fig. 4). Self-DNA sensing has emerged as a key
contributing response in the pathogenesis of cancer and
autoimmune diseases. Activation of cGAS by self-DNA triggers
autoimmune diseases, which in turn form a continuous chronic
inflammatory environment and induce the occurrence of cancer,
and this notion can be inferred based on the classic functions of
cGAS-STING. However, the positive or negative correlation
between autoimmune diseases and cancer is still unconfirmed.
For example, Crohn’s disease comes with a higher risk of several
gastrointestinal cancers and extraintestinal malignancies, while
multiple sclerosis appears to reduce the risk of gastrointestinal
cancers [73, 74]. Therefore, further experimental research is
needed to determine whether cGAS plays a certain role.
The tumor-promoting effect of cGAS is basically related to its

classic STING-dependent functions. Tumor immunity, inflamma-
tion, tumor senescence, autophagy, and apoptosis are all ways in
which cGAS participates in tumor suppression. On the other hand,
these processes have also been implicated in cGAS promotion of
tumor progression. The main reason is the dual role of down-
stream response factors in the cGAS-STING signaling pathway. The
duality is significantly showcased in three contexts: the spatial
activation of cGAS in host cells and the indirect activation of
surrounding cells; the acute and chronic cGAS response; and
different tumor microenvironments and tumor types. The
dichotomous effect makes it more difficult to recognize the role
of cGAS in the classical pathways involved in tumors.

cGAS drives tumorigenesis through STING-independent functions.
Improper repair after double-stranded DNA breaks (DSBs) can
easily lead to chromosomal translocation or deletions and
eventually lead to pathological effects related to genomic
instability, including tumorigenesis and accelerated senescence
[75]. It has been shown that cGAS, as a DNA repair inhibitor, can
be recruited to DNA damage sites. It interacts with PARP1 to
prevent PARP1-timeless complex formation and inhibits homo-
logous recombination (HR) DNA repair, which seriously affects
genome stability. Further animal experiments have demonstrated
that overexpression of cGAS makes PC-9 cells more sensitive to
DNA damage and increases their proliferation rate [5]. In addition,
studies have been performed to explain the cGAS HR inhibitory
function from another perspective [76]. The RAD51 recombinase
forms protein filaments at one of the “3” single-strand broken DNA
tails, termed RAD51-ssDNA filaments. The filaments will target a
homologous duplex and exchange ssDNA with the latter to form a
displacement loop (D-loop). Finally, DNA intermediate repair is
accomplished by DNA synthesis and resolution [77]. The
researchers found that nuclear cGAS compresses the template
dsDNA to a higher-order state to prevent RAD51-mediated ssDNA
exchange and ultimately achieves inhibition of HR repair,
accelerating genomic instability and micronucleus generation
[78]. This process is related to the DNA binding and oligomeriza-
tion of cGAS, rather than its enzymatic function, so that it can be
regarded as a nonclassical function of cGAS [79]. This notion
suggests that cGAS promotes the development of tumors
independent of STING functions. On the other hand, whether
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inhibiting homologous recombination repair forces cells to die is
still unclear (Fig. 4).

TARGETING CGAS FOR ANTITUMOR THERAPY
cGAS-STING agonists in the treatment of cancer
Given that cGAS can inhibit tumors by enhancing tumor immune
surveillance, accelerating cellular senescence, and promoting
apoptosis and that approximately 50% of tumors have aberrant
expression of molecules in the cGAS-STING pathway, cGAS-STING
agonists have been used to treat tumors [80]. The second
messenger cGAMP, which is an enzymatic product of cGAS and
stimulating factor of STING, is an ideal signaling pathway agonist
[39]. cGAMP was injected intratumorally into wild-type and STING-
deficient mice inoculated with B16F10 melanoma. The CD8+ T cell
response was completely eliminated in STINGgt/gt mice, while the
tumor growth of wild-type mice was effectively delayed. The use
of cGAMP far away from the tumor can also cause a systemic
antitumor response and control the growth of distant colon
cancer [81, 82]. Although cGAMP can be synthesized directly
in vitro without direct toxicity and side effects, its application is
limited due to transmembrane-related difficulties. Therefore, some
natural cyclic dinucleotides (CDNs), such as 3′5′-c-di-GMP [83], 3′
3′-cGAMP [84], or CDN analogs, and small molecule inhibitors
designed for efficient delivery, such as MIW815 and DMXAA, have
been discovered and developed [85]. Due to the differences
between human and mouse STING structures, DMXAA exerted
strong antitumor activity in mice but failed in human clinical
experiments. Another agonist—a pH-sensitive polymer bearing a
seven-membered ring with a tertiary amine (PC7A)—binds to a
noncompetitive STING surface site (including E269 and D297 in
the α5 helix) that is distinct from the cGAMP binding pocket and
acts through polymer-induced phase condensation to activate
STING [86].

It is believed that the tumor-suppressive effect of cGAS can
synergize with other cancer treatments while activating the cGAS-
STING pathway [87]. One therapy method is synergistic che-
motherapy. Ovarian cancers are susceptible to recurrence during
later chemotherapy owing to resistance to platinum drugs,
resulting in shortened overall survival [88]. Compared with mice
treated with carboplatin alone, tumor-bearing mice treated with
carboplatin and the STING agonist 2′3′-c-di-AM (PS) 2 (Rp, Rp) had
significantly longer overall survival. It is possible that immuno-
genic cell death due to carboplatin further enhanced the response
to STING agonists by amplifying the IFN response in antigen-
presenting cells [89]. The second treatment method is coordinated
radiotherapy. It is difficult to produce a systemic antigen-specific
response with irradiation alone, but irradiation combined with the
STING agonist RR-CDG drives two stages of non-T cell-dependent
necrosis via TNFα- and CD8+ T-cell-dependent immune responses.
The latter transforms radiation-mediated cell death into an
endogenous vaccine to enhance local and systemic tumor control
[90]. The application of cGAS-STING agonists can regulate the
tumor microenvironment by promoting antigen presentation,
activating DCs and antitumor T cells, and transforming immune
“cold” tumors into “hot” tumors. Ultimately, these effects will
improve tumor immunogenicity, promote cancer cell killing and
enhance the tumor response to immunotherapy. Some studies
have shown that PD-L1 inhibitors lose their antitumor effect in
mice lacking cGAS, and the combination of cGAMP and PD-L1
inhibitors can rescue this effect [42]. A completed phase 1 clinical
trial of the combination of cGAS agonists and anti-PD-1 antibody
therapy showed promising efficacy, exhibiting type I IFN induction
and revived responses to immunotherapy in 90.9% of patients
with advanced metastatic solid tumors [91]. CTLA-4, PD-1, and
CD47 inhibitors combined with cGAS-STING pathway agonists
have been continuously revealed to have antitumor effects
[89, 92], strongly suggesting that the pathway is necessary for

Fig. 4 The tumor-promoting roles of cGAS–STING. ① Continuous and chronic stimulation, in turn, increases the expression of IDO and
proinflammatory cytokines to form an immunosuppressive tumor microenvironment. ② The cGAMP produced in tumor cells can be exported
to adjacent astrocytes, ultimately leading to metastasis and tumor growth. ③ In classic functions, chronic activation of cGAS-STING
upregulates nonclassical NF-κB signaling and the SASP, and chronic stimulation promotes EMT. ④ Nuclear cGAS inhibits homologous
recombination repair by competing with DNA repair elements to promote tumor progression
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the treatment of immune checkpoint blockade therapy and that
the combination of the two therapies is feasible.

Inhibitors of cGAS-STING as anticancer therapeutics
Intracellular cGAS can be targeted to inhibit tumor promotion as a
method to cure tumors. The small molecular inhibitors Ru.332,
Ru.365, and Ru.521, which are similar to cGAMP, can be better
inserted into the catalytic pocket to competitively inhibit the
catalytic function of cGAS because of their benzimidazole
structure. These inhibitors not only occupy the catalytic pocket
after activation of the cGAS conformational transitions but also
interact with two highly conserved amino acid residues, Arg364
and Tyr421, which are conducive to binding to cGAS and exert its
inhibitory activity [93]. Hydroxychloroquine (HCQ) and quinacrine
(QC) are different from the above three kinds of cGAS catalytic
active site inhibitors. They bind within the dsDNA-cGAS interface,
which hinders the recognition function of cGAS [94]. The
traditional Chinese medicinal compound Astin C binds to the
C-terminal binding domain of STING, and H232 and R238 are
indispensable for binding. The structural domain is involved in
cGAMP binding activation, and blocking this site with Astin C can
antagonize the cGAS-STING pathway. In addition, Astin C also
disrupts the interaction between STING and SCAP to hinder the
IRF33 cascade [3]. These inhibitors were mainly developed for
autoimmune diseases, and whether they can be directly used in
the treatment of cancers remains to be verified. Nonclassical
cGAS-mediated inhibition of DNA homologous recombination
repair in the nucleoplasm and carcinogenesis represents a new
direction in the development of cGAS inhibitors; for example,
drugs that can control cGAS nuclear shuttling can be used. Of
course, the use of cGAS-STING inhibitors comes at the cost of local
immunosuppression, which may damage the tumor clearance

rate, so the advantages and disadvantages should be fully
considered in the process of treatment.

Other anticancer therapies
If the cGAS-STING signaling pathway is defective in the expression
of key proteins, the entire pathway will be disrupted. So far, the
use of some agonists has not been effective due to the lack of
target proteins, which means that the cells lack protection against
the invasion of viruses, bacteria, and other microorganisms.
Natural or modified oncolytic viruses that dissolve cancer cells
without affecting normal cells provide another option for cancer
treatment that will spare normal cells [95]. cGAS-STING-deficient
cancer cells are susceptible to infection and death by viruses. At
the same time, dying tumor cells can be used as tumor-specific
immune response targets to generate systemic antitumor
immunity [96]. The absence of the STING signal makes ovarian
cancer cells highly susceptible to oncolytic virus γ34.5-deleted-
HSV1 (a herpes simplex virus) infection in vivo and in vitro.
Replication and cytolysis of oncolytic HSV-1 in melanoma cells
enhance tumor sensitivity and reduce tumor volume [60]. The
further engineered strain of HSV-1 talimogene laherparepvec (T-
VEC) had higher lasting remission and objective response rates in
patients with advanced melanoma in phase III clinical trials. It has
become the first oncolytic virus approved by regulatory autho-
rities in the United States, Europe, and Australia.
Tumor vaccines can provide tumor antigens and immunosti-

mulatory signals to antigen-presenting cells, leading to tumor-
specific T-cell immune responses, which are used to train the
immune system to selectively destroy cancer cells and provide
better prevention. With the continuous discovery of new tumor
antigens, tumor vaccines have become an attractive strategy.
However, tumor vaccines are limited by the slow speed of vaccine-

Table 1. Antitumor therapies targeting cGAS-STING

Classification Small molecule Mechanism of action Model Status References

cGAS-STING
agonist

2′3′-cGAMP Natural CDN agonists that
activate the STING axis

Melanoma,
colon cancer,
lung cancer

Preclinical [86, 99]

3′,3′-cGAMP Lymphocytic leukemia Preclinical [84]

3′5′-c-di-GMP Breast cancer Preclinical [83]

MIW815 Synthetic CDN agonists that
simulate activation

Solid tumors,
lymphomas,
head and neck cancer

Phase 1,
phase 2

NCT03172936,
NCT03937141 [100]

2′3′-c-di-AM (PS) 2 (Rp, Rp) High-grade serous
carcinoma

Preclinical [89]

RR-CDG Pancreatic cancer Preclinical [90]

PC7A PC7A binds to a noncompetitive
STING surface site

Melanoma,
colon cancer,

Preclinical [86]

DMXAA Non-CDN STING agonist that
simulates activation

Lung cancer,
prostate cancer,
urothelial carcinoma

Phase 3,
phase 2

NCT00738387,
NCT00111618,
NCT01071928 [85],

cGAS-STING
inhibitor

Aspirin Aspirin acetylates (K384, K394, or
K414) and inhibits cGAS

Breast cancer Preclinical [101]

Ru.332, Ru.365, RU.521 Bind to the catalytic pocket of
cGAS and inhibit activity

Autoimmune disease Preclinical [93]

Hydroxychloroquine Blocks cGAS binding to DNA Phase 4 NCT00413361 [94],

Astin C Binds to STING and impedes
IRF3 recruitment

Preclinical [3]

PF-06928215 Binds in the nucleotide binding
site and inhibits cGAS activity

Preclinical [102]

Other therapies γ34.5-deleted HSV1 Enhances the antitumor effect in
cGAS-STING-deficient
cancer cells

Melanoma Phase 2 NCT03153085 [60]

Talimogene laherparepvec
(T-VEC)

Melanoma Phase 3 NCT01368276 [103]
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induced responses, the immunosuppression of the tumor micro-
environment, and the lack of suitable adjuvants [97]. Because cGAS-
STING agonists can induce effective and long-lasting antitumor
immunity, they have been increasingly used and developed as
anticancer vaccine adjuvants. STINGVAX is a STING-based tumor
vaccine containing granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) and cyclic dinucleotides (CDNs). STINGVAX induces a
higher frequency of T cells in tumor tissues and inhibits tumor size in
a dose-dependent manner compared to a tumor vaccine without
CDN adjuvants [98]. Another tumor vaccine, the polymer PC7A, can
be used as a vaccine adjuvant as well as a delivery system to present
OVA antigens and exert a more effective antitumor effect [86].
Appropriate cGAS agonists, as adjuvants of tumor vaccines, play an
important role in overcoming tolerance and enhancing tumor-
specific immunity (Table 1).

CONCLUSIONS AND PERSPECTIVES
cGAS was first discovered as a cytoplasmic DNA receptor involved in
innate immunity, and now, the knowledge of its functions has been
greatly enriched and extended, suggesting that further efforts aiming
to explore cGAS and its associated pathways as intervention targets
for the treatment of a variety of diseases, including cancer, are
warranted. cGAS has an obvious DNA binding domain and catalytic
pocket, and structure-targeted drugs have also been discovered and
developed. In addition, posttranslational modifications such as
phosphorylation, acetylation, and glutamylation also regulate cGAS
activity, which means that intervention methods targeting cGAS can
be diverse and selective. However, due to its indirect regulation and
dual roles affecting diverse downstream regulatory factors, cGAS has
multiple functions in cancers. Acute and chronic inflammation,
immunosuppression, immune escape, dual effects on senescence,
opposite effects on autophagy, and DNA repair inhibition are diverse
cellular responses influenced by cGAS, and these heterogenous
effects make it challenging to precisely and comprehensively
describe the role of cGAS. Therefore, when we choose an
intervention, the activation status of cGAS and its functions in a
particular tumor should be completely understood, and the
corresponding measures should be taken to determine which of its
dual roles is more prominent. In addition, as mice and other
experimental animals mostly serve as the preclinical models for drug
evaluation, close attention should be given to the difference
between human and mouse cGAS during the development of
cGAS-targeting strategies for cancer therapy.
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