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ABSTRACT

The host innate immunity offers the first line of defense against infection.
However, recent evidence shows that the host innate immunity is also critical in
sensing the presence of cytoplasmic DNA derived from genomic instability events,
such as DNA damage and defective cell cycle progression. This is achieved through
the cyclic GMP-AMP synthase (cGAS)/Stimulator of interferon (IFN) genes (STING)
pathway. Here we discuss recent insights into the regulation of this pathway in cancer
immunosurveillance, and the downstream signaling cascades that coordinate immune
cell recruitment to the tumor microenvironment to destroy transformed cells through
cellular senescence or cell death programs. Its central role in immunosurveillance
positions the cGAS-STING pathway as an attractive anti-cancer immunotherapeutic
drug target for chemical agonists or vaccine adjuvants and suggests a key node to be
targeted in a synthetic lethal approach. We also discuss adaptive mechanisms used by
cancer cells to circumvent cGAS-STING signaling and present evidence linking chronic
cGAS-STING activation to inflammation-induced carcinogenesis, cautioning against
the use of activating the cGAS-STING pathway as an anti-tumor immunotherapy.
A deeper mechanistic understanding of the cGAS-STING pathway will aid in the
identification of potentially efficacious anti-cancer therapeutic targets.

INTRODUCTION lead to the production of type I interferon (IFN) [6], which

helps to activate the second line of defense, the adaptive
immune response. Elicited by lymphocytes, the adaptive
immunity coordinates a more long-term response that
helps to restore homeostasis.

The innate immune system is triggered by the
presence of nucleic acids in the cytoplasm through
a range of pattern recognition receptors (PRRs) [7],
including Toll-like receptors (TLRs), nucleotide-binding

When functioning properly, the immune system
protects the body against disease and pathogenic attack.
The first line of defense is the innate immune system,
which provides nonspecific defense mechanisms,
including physical, chemical and immune responses,
which protect the organism against microbial insult.
Specialized RNA- and DNA-sensing receptors police

subcellular compartments for infiltrating foreign nucleic
acids, and, upon recognition, trigger immune signaling
pathways that initiate a host defense. DNA infiltration into
the cytosol can occur following a range of cellular changes
or insults, including cellular senescence [1, 2], replication
stress [3], mitochondrial stress [4], or other cytosolic
pathogens or insults, such as irradiation [5]. These changes

oligomerization domain (NOD)-like receptors, cytosolic
DNA sensors, retinoid acid-inducible gene I (RIG-I)-like
helicases [7—11], absent in melanoma 2 (AIM2), DNA-
dependent activator of IFN regulatory factors (DAI),
DEAD (Asp-Glu-Ala-Asp) box polypeptide 41 (DDX41),
IFNy-inducible protein 16 (IF116), Sm-like (LSm) 14A
(LSm14A) and Sry-related high-mobility group (HMG)
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box 2 (Sox2) [12-17] and cyclic GMP-AMP synthase
(cGAS)/stimulator of interferon (IFN) genes (STING)
pathway [6] (Figure 1). These various PRRs present on
host immune cells sample the cellular milieu for danger-
and pathogen-associated molecular patterns present on
pathogens. Of the PRRs described, this review will focus
on the cGAS/STING pathway, a pathway first identified
as a signaling pathway activated by double-stranded DNA
(dsDNA) during pathogenic infection. More recently,
studies have suggested that the cGAS-STING pathway
may be an ideal target for therapeutic intervention. To
explore this further, here we describe the cGAS-STING
signaling cascade and its extensive downstream activation
channels, highlight some of the triggers for pathway
activation, outline its diverse roles in carcinogenesis and
anti-tumor immunity, and proposes some implications for
its potential role in anti-cancer therapy.

ENDOGENOUS DNA ACTIVATES THE
cGAS-STING PATHWAY

¢GAS produces cGAMP upon association with
dsDNA

cGAS is a mediator of the DNA sensing pathway
that is activated upon the presence of DNA in the cellular
cytosol. cGAS is an enzyme of the nucleotidyltransferase
family and senses the aberrant expression of viral and
bacterial dsDNA within the cytosol in a sequence-
independent manner. Binding of c¢GAS to dsDNA
promotes cGAS oligomerization and activation, which
catalyzes the formation of the cyclic dinucleotide
(CDN), cyclic GMP-AMP (cyclic [G (2°,5") pA (3',5")
pl; 2°3'-cGAMP), otherwise referred to as cGAMP
[18-21]. cGAS contains two dsDNA binding sites that
bind DNA cooperatively [22]. The interaction between
c¢GAS and DNA induces cGAS dimerization and triggers
a conformational change that unveils an entry point for
ATP and GTP to bind to an internal catalytic pocket [19,
22]. The subsequent formation of phosphodiester bonds
between ATP and GTP then produces cGAMP [19].

Not all types of nucleic acids are ligands for cGAS—
RNA:DNA hybrids and the cytosolic B-form of dsDNA
will trigger cGAS activity [23, 24], whereas dsRNA,
ssRNA, and ssDNA do not induce any cGAMP formation;
albeit, dSRNA can bind cGAS [24]. The dsDNA ligands
may be nuclear or mitochondrial, but not endosomal
[18], and the interaction between cGAS and dsDNA is
predominantly sequence-independent, involving hydrogen
bonding on the sugar-phosphate backbone of DNA [19]
as well as electrostatic interactions [22]. cGAS activity
also depends on several other factors, including the
concentrations of enzymes, substrates, ionic cofactors, and
environmental salt. Likewise, the lengths of the dsDNA
substrates, and any post-translational modifications on
cGAS will affect the degree of cGAS activation [25—

27]. For instance, a phase transition occurs when the
physiological ion concentration of the negatively charged
DNA and the positively charged N-terminus of cGAS
both exceed 30 nM [25]. This leads to the formation of
liquid droplets, which enhance the local substrate-enzyme
concentration and facilitate the catalysis of cGAMP [25].
Although the binding affinity of cGAS-DNA is enhanced
in low-salt environments, the presence of specific ions,
especially Zn* and Mn?*, can stimulate cGAS activity [25].
However, the generalizability of these findings to cells
in vivo is uncertain as the effect of ionic concentrations
were demonstrated either in buffered cell-free in vitro
environments or with the aid of specific ion chelators.
Additionally, there is limited literature documenting the
variation in ionic concentrations in different cell types in
vivo, including cancer cells, possibly due to the tight ionic
regulation of the intra- and extracellular compartments
for homeostasis. The valences of cGAS and dsDNA also
determine the strength of binding and, consequently,
the enzymatic activity of cGAS; indeed, larger dsDNA
moieties induce a greater accumulation of cGAMP with
increased potency [25, 27]. Generally, however, in human
cells, dsDNA larger than 70-bp is required for efficient
cGAS-STING activation [28].

Finally, cGAS activity is also affected by
transcriptional regulation and post-translational regulatory
controls. The transcriptional factors Spl and CREB can
bind to the promoter region of the cGAS gene to facilitate
transcription [29]. The acetylation of cGAS at residues
K384, K394, and K414 can render c¢GAS inactive,
whereas stimulation with exogenous DNA causes cGAS
deacetylation by the histone deacetylase HDAC3 prior to
c¢GAS pathway activation [26]. cGAMP is degraded by
the type II transmembrane glycoprotein, ecto-nucleotide
pyrophosphate phosphodiesterase 1 (ENPP1), which
normally hydrolyses ATP to from AMP and diphosphate
[30] (Figure 1).

Second messengers and STING activation

Cyclic dinucleotides (CDNs)—such as c-di-
GMP and cGAMP—serve as second messengers for
endoplasmic reticulum (ER)-bound STING [31, 32].
2’3'-cGAMP is a higher affinity ligand for STING as
compared with other CDNs (3'3', 22, 3"2'-cGAMP,
or c-di-GMP) by virtue of the extensive polar and
hydrophobic interactions between 2'3'-cGAMP and the
STING binding site [20]. Whereas human STING can
still recognize bacterially derived CDN, certain naturally
occurring polymorphisms of STING, such as R232H,
confer structural selectivity to non-canonical CDNs (e.g.,
2'-3" ¢cGAMP) [21]. It is interesting to also note that
STING can be directly stimulated by many CDNs that
are second messengers produced by bacteria for varied
processes including regulation of virulence, biofilm
formation and sporulation [31, 33, 34]. Furthermore,
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c¢GAS-STING has also been reported to be activated by
CDNs in an DNA-independent manner [35, 36].

Binding of CDNs to STING leads to its translocation
from the ER to the Golgi [37], where it is activated by
palmitoylation on Cys88 and Cys91 [38—40]. Previously,
it was thought that STING complexes with TANK-
binding kinase 1 (TBK1; also called NF-kB-activating
kinase [NAK]) before trafficking from the ER to Sec5-
containing endosomal compartments via the Golgi [37];
however, it has since been shown that translocation
to the Golgi is a prerequisite for STING to bind TBK1
[41]. TBK1 is recruited to a conserved PLPLRT/SD
motif in the C-terminal tail of STING [42], with IFIT3
serving as an adaptor bridging TBK1 to STING [43].
Having overcome geometric constraints found in TBK1,
further higher order oligomerization of the STING-TBK1
complex facilitates TBK1 trans-autophosphorylation and
STING phosphorylation by TBK1 [42, 44]. Both Cys91
palmitoylation and the a2-a3 loop of the ligand binding
domain are implicated in STING oligomerization [39,
45]. Consistent with this, small molecular inhibition
of Cys91 palmitoylation using the C-178 nitrofuran
inhibits cGAMP-induced STING oligomerization and
translocation, and downstream IFNP production [39].
Mutations in the 02-03 loop interfacing residues Q273 A
and A277Q also yields the same effect [45]. At the
Golgi, the STING-TBKI interaction eventually activates
interferon regulatory factor 3 (IRF3) and NF-kB [46, 47],
two major effectors of innate immunity (Figure 1).

mtDNA release
Bacterial/viral dsDNA
/AN N NN/

Micronuclei rupture
Oxidative stress
Cytotoxic insult

dsDNA
N
NN N

S N/

Cell nucleus

ER

cGAMP
degradation

Micronuclei formation and breakdown

At the end of mitosis, mis-segregated chromosomes
can become separated from the main chromatin mass
and encased in their own nuclear envelopes, forming
“micronuclei” [48], which are regarded as hallmarks of
genomic instability. Irradiation and other external insults can
similarly cause the formation of micronuclei [5]. Similarly,
genomic instability brought about by, for example, the
selective deletion of the ribonucleotide excision repair
enzyme RNase H2 in mouse embryonic fibroblasts (MEFs)
can also trigger micronuclei formation [5, 49].

Micronuclei are highly susceptible to irreversible
membrane rupture due to a structural defect in the
organization of the lamina; specifically, a lower
expression of lamin B1 as compared with the normal
nuclear envelope [48]. However, it is unclear why such
distinctions in the lamina structure even occur. What does
appear to be consistent is that nuclear envelope collapse
is a typical consequence of micronuclei formation, and
it happens in tumors, immortalized epithelial cells, and
primary fibroblasts [48]. Lamin Bl expression is also
found to be lower in senescent cells, causing chromatin
fragment release and the potent activation of cGAS [50,
51]. MacKenzie et al. proposed that cGAS localizes
to micronuclei following rupture of the micronuclear
envelope [5], and the subsequent release of these
fragments into the cytosol induces a cGAS-mediated
inflammatory response.

Non-canonical
NF-kB pathway

Canonical
NF-kB pathway

IRF3 activation
pathway

Figure 1: Signal transduction coordinated by the ¢cGAS-STING pathway. Innate immunity is triggered by the escape of

nuclear or mitochondrial dsDNA into the cytosol.
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The formation of micronuclei appears to be
cell cycle dependent as it is greatly augmented by
passage through the mitotic phase of the cell cycle,
which results in the formation of chromatin bridges
and mis-segregated chromosomes [1, 5, 52, 53]. cGAS
knockdown in combination with mitotic arrest increased
micronuclei formation and chromosomal segregation
defects, whereas inhibition of the mitotic inducer cyclin
dependent kinase 1 (CDKI1) or overexpression of the
cell cycle inhibitor p21, which inhibits the transition of
cells from G2 into the mitotic phase, reduced micronuclei
formation [53, 54]. Furthermore, despite hosting damaged
DNA, cells that exit mitotic cell cycle into GO stage
showed impaired micronuclei formation, lending further
support to micronuclei as the products of mitosis [50]
c¢GAS can be localized to the foci of nuclear envelope
disruption [49], and the rupture of the micronuclei spills
genomic DNA into the cytosol, resulting in cGAS-
STING activation [55, 56]. Interestingly, cGAS can also
accumulate at micronuclei bodies to activate downstream
proinflammatory responses within the micronuclei
[57, 58], even though the mechanisms underlying this
translocation process remains poorly defined [5, 58,
59]. These results indicate that cell cycle progression is
required to activate innate immune sensing via the cGAS-
STING pathway when DNA is damaged.

DNA replication stress and mitotic changes

Replication stress can also contribute to an increase
in cytosolic DNA, and can arise from exposure to genotoxic
agents (for examples, arabinofuranoside [3] and etoposide
[60]), or simply following the replication of intrinsically
difficult DNA sequences [61]. Cytosolic DNA contains
retroelements and is derived from the parts of genomic
DNA that are predisposed to forming non-B form DNA
structures, including R-loops [3]. These structures inhibit
the progression of DNA replication, causing the replication
fork to stall and collapse, which can simultaneously lead to
the production of DSBs and ssDNA extension [62]. Stalling
of the replication fork can also lead to an accumulation
of genomic DNA in the cytoplasm, with subsequent
cGAS activation and type I IFN production [3, 60].
RNase H2, a ribonucleotide excision repair enzyme [63],
degrades RNA:DNA found in R-loops and active reverse-
transcribed retroelements [64]. Recent work found that
overexpression of RNase H1 led to a reduction in cytosolic
DNA accumulation [3], and RNase H2-deficient mice had
increased micronuclei formation and cGAS stimulation
[5, 65]. It is therefore possible that RNA:DNA hybrid
accumulation can also trigger cGAS activation; albeit,
how this happens remains unclear [65]. Collectively, these
findings point to the important role of replication stress in
the release of nuclear DNA into the cytoplasm.

cGAS localizes to nuclear chromatin during mitosis
and dissociates at the end of mitosis [1, 58, 66]. However,

cGAS is prevented from activating pro-inflammatory
signaling during mitosis not only because of the transient
nature of mitosis (30 minutes) compared with cGAS
signaling (hours), but because of the dense compaction
of DNA into chromosomes and the attachment of peri-
chromosomal proteins [5]. In addition, cGAS-STING
pathway genes could also be transcriptionally silenced
during mitosis despite the ubiquity of DNA in the
cytoplasm, thereby preventing expression of interferon-
stimulated genes (ISGs) [5]. A recent study found that
while cGAS localizes to chromosomes immediately after
nuclear envelope breakdown, their higher binding affinity
for nucleosomes compared to naked DNA can suppress
DNA-induced cGAS signaling [66]. Regardless, because
STING remains in the cytoplasm throughout mitosis [1],
the colocalization of cGAS and nuclear chromatin suggests
that cGAS could play a role in cell cycle regulation in a
STING-independent manner. Further studies are required
to fully understand the role of cGAS in mitosis.

Nuclease activities

Nucleases encompass a broad class of enzymes
that play critical roles in DNA proofreading and repairs
during replication, and nucleotide turnover. Nucleases
hydrolyze the phosphodiester bonds of DNA and RNA
yet show selectivity for certain types of nucleic acids:
endonucleases variably cleave DNA and RNA within the
strand, whereas exonucleases selectively degrade single-
stranded DNA and remove 3’ or 5’ overhangs.

Intriguingly it appears that both DNA damage
and the ensuing response to DNA damage can trigger
cGAS-STING-mediated type I IFN production. One of
the DNA damage responses is mediated by the MUSS1
endonuclease, which cleaves non-B DNA structures at
stalled replication forks [67]. This reduces chromosomal
instability but leads to the generation of cytosolic DNA,
the secretion of type I IFN, and ultimately cGAS/STING
activity [68]. However, in the event of replication fork
stalling, SAMHDI1, a dNTPase, activates the MRE11
exonuclease to prevent the release of genomic DNA into
the cytoplasm, thereby inhibiting the proinflammatory
response and, by extension, cGAS/STING activation
[55]. Yet, others show that nuclear DNA damage induces
the nuclear translocation of ¢cGAS, where it associates
with PARP1 at DSBs [69]. As a result, PARP1-Timeless
complex formation is impeded and this prevents
homologous recombination-dependent DNA repair in an
IFNB-independent manner [69].

Trex1 (DNaselll) is another nuclease that has been
linked with cGAS activation. Trex1 is a widely distributed
exonuclease that degrades cytoplasmic DNA. Therefore,
it is not surprising that the absence of Trex1 can increase
cytosolic DNA levels and augment the cGAS-STING
inflammatory response [60, 70]. Interestingly, Trex1 was
also found to translocate to the nucleus following DNA
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damage where it interacts with and stabilizes PARP1 to
facilitate the DNA damage response [71]. Trex1 thus likely
acts to prevent any uncontrolled inflammatory responses
in response to DNA damage or leaked DNA in a healthy
cell. Oxidized cytosolic DNA, however, is more resistant
to degradation by Trex1, leading to cytoplasmic DNA
accumulation and a cGAS-STING-mediated inflammatory
response [72]. Similarly, impaired RNase H2 expression,
which normally suppresses the DNA damage immune
response by degrading RNA:DNA hybrids, leads to an
increase in cytosolic DNA, while the overexpression of
RNase H1 reduced type I IFN production [3, 5].

Other types of DNA

Damage to mitochondrial DNA (mtDNA) also
contributes to cGAS activation in the context of cellular
stress. Unlike nuclear DNA, mtDNA is not protected by
histones and is thus more susceptible to damage [73].
Mitochondrial stress also generates ROS [74], resulting
in mtDNA oxidation and degradation [75]. For example,
under hypoxic conditions, breast cancer cells experience
mitochondrial fragmentation and mitophagy. Such
damaged mitochondria are targeted for degradation,
releasing mtDNA into the cytoplasm, and inducing
cGAS activation and downstream IFN-f§ production [4].
Neutrophil extracellular traps (NETs) containing oxidized
neutrophilic mtDNA can also trigger circulating peripheral
blood mononuclear cells (PBMCs) to produce IFN via the
cGAS-STING pathway [76]. Cytosolic mtDNA acts as a
ligand for further cGAS-STING activation that potentiates
caspase-independent, immunogenic (IFN-mediated) cell
death [77].

Intercellular transfer of cGAMP

cGAMP can stimulate STING translocation
and IRF3 phosphorylation in adjacent cells through
gap junctions [78]. This transfer effect is abrogated
upon separation of cells or knockdown of connexin, a
component of gap junctions [78]. It is highly plausible
that loss of cell—cell adhesion in malignant cell clusters
can compromise this mechanism of immune-mediated
clearance. Indeed, brain metastases from lung and
breast cancer depend on the formation of gap junctions
with brain astrocytes via Cx43 connexin molecules with
the assistance of PCDH7 following extravasation from
blood vessels [79]. These cancer cells transfer cGAMP—
produced by cGAS in response to tumor cytosolic
DNA—to astrocytes by establishing gap junctions,
thereby activating STING and inducing type I IFN and
TNFa expression [79]. Secreted IFN and TNF act as
paracrine signals to trigger STAT1 and NF-«B signaling
in metastatic cells to promote cell survival and facilitating
and maintaining brain metastasis [79]. Intriguingly, this
pro-metastatic response to STING activation is in contrast

with the anti-tumor effects observed with short-term
STING-mediated innate immunity, yet both have a similar
cytokine profile. While the specific tissue context within
which STING is activated could be a contributory factor,
more work is needed to elucidate the role of the tissue
environmental niche on the STING immune response.

Viral particles also mediate a form of intercellular
cGAMP transfer. Viral particles package cGAMP from
infected host cells and transfer it to newly infected target
cells. This triggers a STING-dependent type I IFN reporter
release by the host as a defense mechanism against
the infectious pathogen [80, 81]. The viral transfer of
¢GAMP to dendritic cells (DCs) also initiates an innate
immune response [81], offering an alternative exploitable
mechanism for the anti-tumor activity of oncolytic viruses.

More recently, the SLC19A1 protein, also known
as reduced folate carrier 1 (RFC1), was identified as the
first known transmembrane transporter of extracellular
¢GAMP and other CDNs [82, 83]. The authors showed
that SLC19A1 contributed to the uptake of cGAMP by
hematologic cell lines, but found that this activity was
variable among PBMCs derived from different donors
[82, 83]. Understanding the alternative mechanisms of
intercellular cGAMP transfer, uptake and degradation will
be important for the development of novel therapeutics
in this area. The identification of SLC19A1 as the major
transporter of CDN uptake in humans, and its inhibition
by folates and certain anti-inflammatory drugs, suggests
that SLC19A1 expression could play a pivotal role in
predicting responsiveness of tumors to CDN stimulation
[83]. Indeed, studies have shown that the chemotherapy
drug carboplatin combined with gap junction modulators
meclofenamate and tonabersat can block intercellular
c¢GAMP transfer resulting in better control of brain
metastasis in vivo [79].

DOWNSTREAM EFFECTORS OF cGAS-
STING SIGNALING

c¢GAS responds to cellular damage by inducing
type I IFN production

Type I IFNs secreted by infected cells have three
major functions: they limit the spread of infection by
inducing innate antimicrobial activity in infected and
neighboring cells; they promote antigen presentation and
NK cell functions while controlling pro-inflammatory
pathways; and they activate adaptive immunity via T and
B cell responses.

cGAS is essential for IFN-B expression, as
demonstrated by the inability of cGAS-knockout mice
to release type I IFN after detecting cytosolic DNA [84].
There are several ways in which STING can regulate
downstream transcription factors for type I IFN production.
STING can activate TBK1 via the E3 ubiquitin ligase
TNF-receptor associated factor 6 (TRAF6)-dependent
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pathway to activate NF-kB, which is then translocated to
the nucleus to activate IFNf expression [85]. STING can
also activate NF-«xB via IKKe and IRF3 [86]. The physical
interaction of STING with both TBK1 and IRF3 facilitates
the phosphorylation of STING and IRF3 by TBK1 [42,
47, 87], which in turn results in IRF3 dimerization and its
subsequent nuclear translocation [88] (Figure 1).

NF-kB and IRF3 transactivate IFN-B expression
by binding to PRD II and I/Ill elements, respectively,
which are nested within the enhancer of IFN-f§ gene [86].
Transcriptomic analysis of cGAMP-activated THP-1 cells
showed that type I IFNs and ISGs, such as /FNB1, IFIT1
and CXCL10, are among the most potently upregulated
genes (> 50-fold above baseline) [89]. In total, more than
119 IFN genes are upregulated by NF-kB and IRF3 [89].
STING can catalyze TRAF3-dependent noncanonical
activation of NF-kB, which involves the stabilization
of NF-kB-inducing kinase (NIK) following TRAF3
degradation signaling [85, 90]. The non-canonical NF-
B pathway appears to have multiple roles in innate and
adaptive immune responses [91].

Type I IFN production depends on the length of the
dsDNA when present in low concentrations [27]. In PMA-
differentiated THP-1 cells, longer DNA molecules induce
greater cGAMP production, STING activation, TBK1
phosphorylation and type I IFN production [27]. Even
though type I IFN production plateaus at higher DNA
doses, cGAMP production, and the activation of STING
and TBK1 positively correlate with DNA length, indicating
that IFN production mediated by cGAS-STING saturates
downstream of TBK1 [27]. This higher sensitivity to longer
dsDNA is postulated to provide a preferential protective
innate immune response against exogenous microbial
DNA—which tends to be longer—while retaining tolerance
to small DNA fragments, which are more likely to arise
from innate nuclear DNA during mitosis [27].

The downstream effects of STING signaling seem
to be downregulated by the inhibition of anaplastic
lymphoma kinase (ALK), epidermal growth factor
receptor (EGFR) and AKT. Inhibition of the ALK-EGFR-
AKT pathway, via genetic disruption of ALK expression
and pharmacological downregulation of ALK activity,
attenuated cGAMP-induced ALK-EGFR interaction, as
well as the phosphorylation of ALK-EGFR-AKT and
components of the STING signaling pathway, TBKI,
IRF3 and p65 [92]. IFN-B expression was similarly
downregulated. However, ALK was not found to
interact directly with cGAS, TBK1, or STING through
immunoprecipitation analysis [92]. Regardless, because
ALK fusion genes are associated with several types of
cancer and these findings suggest a possible role for ALK
in cGAS-STING signaling, the relationship between ALK-
EGFR-AKT and components of the STING pathway ought
to be thoroughly examined with further studies. STING is
proposed to act as a hub to elicit differential downstream
transcriptional responses depending on its mode of

activation. Whereas cytosolic DNA triggers cGAMP
production, STING translocation and activation via
phosphorylation and palmitoylation, activation of STING
following genotoxic DNA damage occurs via a different
pathway. Etoposide-induced DNA damage activates
STING in a cGAS- and cGAMP-independent manner via
the serine/threonine kinase ataxia telangiectasia mutated
(ATM), PARP1, p53 and IFI16, which then induces IFN
production via TRAF6-mediated NF-kB activation [93].

Mechanisms of cell death following cGAS-
STING activation

Aside from its role in stimulating type I IFN
production, cGAS-STING activity can also induce
cell death through inflammasome activation, Beclin 1
(BECN1)-mediated autophagy, and Bcl-2 inhibition. For
example, in human myeloid cells, upon the detection
of cytosolic DNA, cGAS-STING causes the release of
lysosomal hydrolases into the cytoplasm, leading to
the degradation of cytoplasmic proteins and triggering
lysosomal cell death (LCD) [94, 95]. LCD-mediated
cell membrane disruption also facilitates K* and Ca?*'
movement, which induces the downstream NLRP3
inflammasome [95, 96]. Inflammasome-mediated
pyroptosis then overtakes the LCD reaction by the more
rapid action of active caspase-1 and its downstream lytic
effects [95, 97]. When caspases are suppressed, however,
BMDMs underwent STING-dependent, TNF-mediated
necroptosis instead [98].

In previous studies, the treatment of murine
splenic T cells with the small-molecule STING agonist,
10-carboxymethyl-9-acridanone (CMA), resulted in the
expected TBK and NF-kB phosphorylation. However,
instead of type I IFN production, the cells underwent
apoptosis, with caspase-3 and -7 activation and positive
Annexin V staining [99]. Consistent with this, others
found that caspase-3/7 activation led to a muted IFN
response as part of an immunologically silent form of
cell death, as compared to necroptosis, which involves
mitochondrial damage, mtDNA release, cGAS activity
and IFN production [100]. The accelerated apoptosis in
these murine cells involved IRF3-dependent upregulation
of BH3-only proteins—phorbol-12-myristate-13-acetate-
induced protein 1 (PMAIP1; NOXA), BCL2 binding
component 3 (PUMA), BCL2 like 11 (BCL2L11; BIM)
and BCL2-associated agonist of cell death (BAD)—as well
as activation of the apoptosis regulator BCL2-associated
protein-X (BAX), which neutralizes the effect of the
anti-apoptotic protein BCL2 [99, 101]. These BH3-only
proteins initiate apoptosis by inducing BAX-dependent
mitochondrial outer membrane permeability (MOMP),
which leads to caspase 9-driven caspase-3/7 activation
[102]. Mitotic cell death in HeLa and human BJ hTERT
fibroblasts also involves the activated cGAS-STING-IRF3
pathway, which inhibits the Bel-xL-dependent suppression
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of BAX activation and MOMP [66]. Even though mtDNA
that is released as part of mitochondria-dependent
cell death normally activates cGAS-STING and its
downstream immunostimulatory response, this process is
inhibited by caspase-3/7 activation [103]. From the above
studies, cGAS-STING is clearly capable of mediating both
immunologically silent apoptosis and immune-activating
necroptosis, but how these two forms of cell death are
balanced remains unclear.

STING-mediated cell death is cell-type dependent.
Unlike primary T cells which underwent apoptosis, primary
MEFs, bone marrow-derived dendritic cells (BMDCs) and
macrophages (BMDMs) were resistant to apoptosis when
treated with CMA [99]. In both normal and malignant B
cells, but not in MEFs, 3'-3'-cGAMP-activated STING
leads to activation of Annexin V and caspases 3, 7, and
9 [104]. This cell type-dependent apoptotic response is
due to a higher basal expression level and less efficient
degradation of STING in B and T cells, leading to
accumulation of STING upon activation, with a resultant
exaggerated apoptotic response [99, 104].

The Beclin 1 (BECNI)-mediated autophagy
pathway can also be activated by cGAS. When bound to
DNA, cGAS sequesters BECN1 from Rubicon, which
negatively regulates phosphatidylinositol-3  kinase
catalytic subunit 3 (PIK3C3), a pro-autophagy protein.
The dissociation of BECN1 derepresses PIK3C3, leading
to downstream autophagosome maturation and autophagy
induction [105]. Noting also that cGAMP activates
STING-dependent autophagy, Liang et al. postulated that
this allowed cells to transition from STING-mediated
type I IFN production to autophagy during the course of
assault by exogenous DNA [105]. In the same vein, Gui
et al. showed recently that, upon binding cGAMP, STING
translocates to the ER-Golgi intermediate compartment
(ERGIC) and the Golgi where STING-containing ERGIC
serves as a membrane source for LC3 lipidation, a key step
in autophagosome formation [106]. cGAMP induces LC3
lipidation in a WIPI2- and ATGS5-dependent but ULK- and
VPS34-beclin kinase-independent manner [106]. Because
STING from the sea anemone Nematostella vectensis
induces autophagy but not IFN when stimulated by
cGAMP, the authors postulated that autophagy induction is
a primordial function of the cGAS-STING pathway [106].
Autophagy is also triggered in human lung fibroblasts
and mammary epithelial cells experiencing telomeric
crisis via cGAS-STING activation following the release
of cytoplasmic DNA from micronuclei and cytoplasmic
chromatin fragments [107].

cGAS-STING ACTIVATION IS ASSOCIATED
WITH CELLULAR SENESCENCE
FOLLOWING DNA DAMAGE

Senescence is an intrinsic mechanism to persuade
damaged or stressed cells to enter into permanent cell

cycle arrest [108]. Yet, during senescence, some cells will
still secrete inflammatory mediators via the cGAS-STING
pathway, and are referred to as having a senescence-
associated secretory phenotype (SASP). Indeed, cGAS-
KO and STING-KO MEFs have higher proliferation rates
following serial passaging as compared with WT MEFs,
and this is accompanied by lower levels of senescence-
associated [-galactosidase and cell-cycle inhibitors
Cdkn2a (p16™“) and Cdkn2b (p15) in the knock-out
cells [52]. Various other SASP genes were abundantly
expressed in serially passaged WT MEFs, whereas genes
that mediate mitotic cell division were downregulated
[52]. These findings were reproduced in other studies
[1, 2, 109], and collectively show that cGAS-STING is
essential for the expression of SASP genes.

Besides its involvement in senescence via SASP
gene regulation, cGAS-STING signaling is also implicated
in senescence maintenance. In cells with established
senescence, cGAS inactivation leads to a significant
downregulation of SASP genes although senescence was
not reversed [2]. In hepatic stellate cells from senescent
STING-null mice, senescence markers are significantly
reduced [109]. These observations corroborate previous
findings showing that IFNP is capable of inducing
senescence by triggering ROS production [110], thus
suggestive of a possible mechanism of senescence
maintenance mediated by cGAS-STING. Activation of
the cGAS-STING pathway is also associated with the
presence of various inducers of senescence, including
oxidation, ionizing radiation, cell cycle inhibition (CDK4
inhibitors, such as palbociclib), and DNA damage
(cytotoxic agents, such as etoposide) [1, 52]. Furthermore,
both cGAS and STING KO mice exposed to whole body
radiation show reduced senescence. The expression levels
of ISGs, SASP proteins (IL-6, Cxcl10, IL-1a) and cell-
cycle inhibitors (Cdkn2a) in ¢cGAS/STING-null mice
were significantly attenuated as compared with WT mice
[2, 52]. Several months post-irradiation, WT mice, but not
STING null mice, exhibited massive hair greying [2].

Taken together, the cGAS-STING pathway
confers protection against the proliferation of aberrant
cells through a multi-pronged mechanism that imposes
permanent cell cycle arrest to inhibit the proliferation
of damaged cells, and recruits immune cells to clear
the senesced cells. The significance of such a signaling
pathway is especially critical in the context of immune-
mediated monitoring and clearance of cancerous cells to
thwart tumor development.

¢GAS REGULATES DNA DAMAGE-
INDUCIBLE INFLAMMATORY RESPONSE

Aside from the cellular responses to cytosolic DNA
described in previous sections, the cGAS-STING pathway
will also activate myeloid cells and the adaptive immune
system by associating with DNA released from apoptotic
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cells. There is huge variability in the responses of myeloid
cells to cGAS-STING activation, with CD11b* DCs the
major group that ingests DNA to incite an inflammatory
response. Comparatively, splenic marginal zone CD19*
DCs seem predisposed to inducing regulatory responses
via the immunomodulatory enzyme indoleamine-2,3-
dioxygenase (IDO) on sensing DNA [111]. CD8a" DCs
and CD169" macrophages, on the other hand, do not
react to DNA ingestion [111]. How these responses
are connected is unclear but may be linked to the route
of DNA uptake, the cell type, or the duration of DNA
exposure.

Normal apoptotic cells do not accumulate cytosolic
DNA: genomic DNA is promptly degraded by caspase-
activated DNase, which prevents an immune response,
while other DNA is degraded by lysosomal DNase
I following phagocytosis [112, 113]. In the tumor
microenvironment (TME), however, tumor nuclear DNA
is accumulated and induces cGAS-STING signaling.
Indeed, studies have reported the constitutive presence
of cytosolic DNA in tumor cell lines such as YAC-1,
EuM1, and PC-3 [3, 68, 114]. Stressful conditions, such as
hypoxia, genomic instability, DNA damage or nutritional
restriction, can trigger tumor cell apoptosis, resulting in
the release of DNA into the extracellular space [115]. For
example, topotecan-induced DNA damage within EQ771
breast cancer cells causes the exosomal release of short
(< 2 kbp) DNA fragments that are resistant to DNase
treatment [116]. Cytosolic DNA associates with the late
endosomal marker CD63, which can be recycled to the
cell surface, perhaps suggestive of a route by which
tumor cell cytosolic DNA is released into the extracellular
compartment [3].

Phagocytosis of extracellular tumor DNA by intra-
tumoral DCs triggers the activation of the cGAS-STING
pathway [117-119]. DNA can leak into the cytoplasm
of DCs in a manner similar to the phagosomal escape of
proteins, which are eventually processed for presentation
on MHC Class I molecules [120]. The direct uptake of
free extracellular DNA by DCs is less plausible because
of the need for cell—cell contact between tumor cells and
DCs for IFN production and DC cross-priming activity
[121]. DCs can also be activated to produce IFNP by
dsDNA exported in exosomes from irradiated tumor
cells [122]. It is proposed that ROS production by tumor
cells after radiation may stabilize the DNA by resisting
degradation by Trex1, thereby facilitating efficient uptake
by DCs [121]. CD11b* macrophages and monocytes
can also secrete IFNf, Cxcl10, and TNFa in response to
cytosolic DNA and cGAMP in engulfed cells, as well as
intratumoral CDN [28, 123].

Cytosolic DNA resulting from DNA damage leads
to the STING-IRF3-dependent expression of retinoic
acid early transcript (RAEI) isoforms in murine B cell
lymphoma cells [114]. RAET1 acts as a ligand of NKG2D
on NK cells and certain T cells to facilitate tumor

immunosurveillance [124] (Figure 2). Interestingly, NK
cells, lymphocytes and macrophages are all important
mediators of anti-tumor immunity downstream of cGAS-
STING activation, depending on the immunogenicity of
the specific tumor [125, 126].

Although the transfer of dsDNA from tumor to
immune cells is a well-recognized mechanism for the
activation of cGAS-STING, recent evidence suggests that
transferred cGAMP has a role to play as well. Tumoral
cGAMP was observed to transfer via gap junctions
to astrocytes and activate astrocyte STING and IFN
production, and the transmembrane transporter SLC19A1
has also been implicated in cellular uptake of CDNs [79,
82, 83]. cGAMP produced by constitutively active cGAS
in tumor cells can trigger CD11b* immune cells within
the TME resulting in NK cell-dependent tumor rejection
[125], and also stimulate STING-dependent type I IFN
production in DCs and macrophages [126] (Figure 2).
These findings support the role of released cGAMP as a
mechanism for local immune cell activation.

The activation of the cGAS-STING pathway by
both exported tumor dsDNA and cGAMP can partly be
explained by the variable expression of cGAS and STING
across different tumor cell types. It was found that a
majority of human ovarian cancer cells lack either cGAS,
STING, or both [127]. STING expression or signaling is
similarly impaired in melanoma, colorectal and gastric
cancer cells [128—130]. While the implications of cGAS/
STING deficiency in cancer cells on immune clearance
were not explored in these studies, it is possible that under
such circumstances, cGAS-STING signaling is taken over
by stromal or infiltrating immune cell cGAS/STING via
the other previously described mechanisms (direct uptake
of tumor dsDNA, cGAMP, or phagocytosis of tumor
cells). Another paper has found that tumoral cGAS and
host STING expression, specifically, are critical for an NK
cell-mediated tumor rejection response [125], suggesting a
complex interplay between both host and tumoral cGAS-
STING signaling in mediating the downstream anti-tumor
immune response.

cGAS-STING activation within the TME leads to
an acute decrease in the proportion of tumor-infiltrating
lymphocytes and an increase in tumor-infiltrating CD11b*
F4/80" macrophages and CDI11b* F4/80° neutrophils
[123]. Mature CD11b" Ly6C* F4/80* MHC Class II*
macrophages transiently migrate into the TME upon
STING activation [131], resulting in the expression of
innate cytokines, including IFNa, IFNB, GM-CSF, IL-1,
TNFo, MCP-1, and RANTES in DCs and macrophages
[119, 123, 132, 133]. TNFo—predominantly produced
by bone marrow-derived cells—mediates downstream
anti-tumor immunity and tumor cell necrosis [123].
Prolonged ¢GAS-STING activation within the TME
(> 5 h) causes cytokine levels to remain high within the
tumoral and tumor-draining lymph nodes (TDLN), and it
is unclear whether this is due to direct or indirect STING
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activity [123]. The recruited intratumoral macrophages
demonstrated phagocytic function and a cytokine profile
overlapping with that of the pro-inflammatory M1 type
macrophages [131].

Cytosolic DNA is akin to a damage-associated
molecular pattern, which is required for the activation of
antigen presenting cells (APCs) [134]. In addition, direct
phagocytosis of damaged cells induces DC activation,
regardless of the cause of cell death [119]. Interestingly,
APC activation is not limited to direct cGAS-STING
activation in APCs, but can be triggered by inflammatory
cytokines of neighboring STING-activated stromal cells
[123] (Figure 2). In addition, neither bone marrow-derived
nor stromal cells alone are sufficient in STING-mediated
tumor clearance [123], once again pointing to a network
involving complex interactions among tumor, stromal, and
immune cells.

cGAS-STING activation coordinates not only a
rapid innate immune response involving macrophages,
monocytes, and granulocytes in the TME, but also the
adaptive immune system involving lymphocytes and the
release of type I IFN from DCs [121, 135] (Figure 2). Type
I IFN unites the innate and adaptive immune response
systems, in particular, by stimulating DCs [119, 136,
137]. This, in turn, primes tumor antigen-specific CD8*
T cells [119, 121, 136-138]. In these DCs, cGAS-STING
(activated by dsDNA or cGAMP) triggers the production
of IFN-B, cytokines (IL-12, IL-6, TNF-a), chemokines
(CXCL9), and other co-stimulatory factors (CD86 and
CD40) for T cell activation and clonal expansion in
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a dose-dependent manner [118, 121, 135, 139]. DC-
produced IFNB upregulates the self-expression of CD40,
CD80, CD86, and MHC II [140], which further activates
CDS8* T cells (Figure 2). In contrast, the direct sensing of
type I IFN in CD8* T cells, NK cells, granulocytes and
macrophages are not required in tumor rejection [119,
137]. The process is also independent of TLRs [118],
AIM2, DAI, RNA polymerase III, or high mobility group
box (HMGB) proteins [139], suggesting the primacy of
the cGAS-STING mechanism in mediating the anti-tumor
immune response. The cGAS-STING pathway can also
be activated in T cells in a T cell receptor-independent
manner, and simultaneous STING agonism and T cell
receptor activation have synergistic effects on downstream
signaling [101].

The TME is usually highly immunosuppressed due
to the secretion of tumor-derived growth factors (VEGF,
TGFp) [134], or macrophage-derived IL-10 [141], with
significant infiltration of myeloid-derived suppressor cells
(MDSCs) and tumor-associated macrophages (TAMs)
[142]. The TME is infiltrated with CD8" T cells, which
have been linked to the recruitment of Foxp3™* regulatory
T cells (Tregs) via CCR4-binding chemokines, as well
as IFN-y-induced IDO and PD-L1 expression, which are
recognized immunosuppressive factors [143]. However,
the activation of cGAS-STING can downregulate this
immunosuppressed phenotype. For example, STING
can suppress MDSC induction by enhancing SOCSI
expression and inhibiting STAT3, thereby reducing
the production of granulocyte-macrophage colony-
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Figure 2: Coordination of innate and adaptive immune signaling resulting from cGAS-STING activation.
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stimulating factor (GM-CSF) and IL-6, which are critical
for MDSC differentiation [144]. Activation of STING
also remodels the TME by reducing the proportion of
infiltrating CD4"Foxp3* Tregs [145] and promoting the
polarization of M2-type (reparative) macrophages, which
are anti-inflammatory and pro-tumorigenic, to M1-type
macrophages, which are pro-inflammatory [146, 147].
This macrophage polarization is also associated with
an increase in CXCL10 and IFN [148]. In the absence
of cGAS (i.e., cGAS-deficient macrophages), the M2-
type phenotype is maintained at sites of inflammation,
with higher levels of fibronectin (M2 marker) and lower
expression of IL-6 in response to IFNy stimulation [148].

cGAS-MEDIATED INFLAMMATION IN
CANCER

STING has a vital role in the recruitment of immune
cells to the tumor microenvironment, and has beneficial
anti-tumoral effects. Indeed, reduced cGAS and STING
expression are associated with poorer survival of patients
with lung adenocarcinoma [1] and invasive breast ductal
carcinoma [4]; albeit, there is no discernible association
among patients with lung squamous cell carcinoma or
ovarian cancer [1]. In both early- and late-stage gastric
cancer, low intratumoral STING expression is associated
with poorer survival. Using RNA-Seq analysis across
several cancer genome databases, it was shown that cGAS
and STING were specifically associated with an increase
in pro-inflammatory gene expression in human cancers
[2]. An important caveat is that intratumoral cGAS-STING
expression, as determined via bulk RNA-Seq in most of
these studies, comprises expressed cGAS and STING
from both host (stromal and immune cells) and cancer
cells. Therefore, the relationship between tumoral STING
expression and cancer prognosis can be confounded by
the infiltration of immune cells, which is included in the
total expression of STING from the tumor. From a clinical
standpoint, however, it might simply suffice to evaluate
the overall STING expression as it has been found that
combining STING expression with TNM staging results in
a significant improvement in the sensitivity and specificity
of predicting survival among these gastric cancer patients
as compared with either model alone [130].

In ¢cGAS/STING-deficient mice, the introduction
of oncogenic NRasV12 into hepatocytes reduces the
expression of SASP factors (IL-l1a, IL-1B, IL-6, and
Cxcl10), p21 and immune cell markers. At an early stage
after oncogene delivery (12 days), WT mice showed
significant immune-mediated clearance of Nras-positive
cells as compared with the cGAS/STING-deficient mice
[2, 52]. Much later (8 months), whereas there were no
intrahepatic Nras-positive tumors in the WT mice, tumors
were still present in STING-null mice [2]. In another
glioma mouse model, STING-deficient mice experienced
reduced survival, with a lower expression of type I I[FNs

in the glioma-bearing cerebral hemisphere [149]. A loss
of cGAS-STING can also render mice more susceptible
than WT mice to developing colitis-associated colonic
adenocarcinoma when subjected to treatment with DNA
damage-inducing agents. The tumors from STING-
deficient mice showed significant inflammatory cell
infiltration and reduced expression of genes such as
Cxcl13 and Ccr6 [150]. One of the STING-dependent
genes, IL-18, may hold the key to the mechanism of these
changes: I1L-18, produced in response to DNA damage,
inhibits IL-22BP, thereby derepressing 1L-22, a cytokine
involved in tissue regeneration, repair, and proliferation
[150, 151]. IL-22 is normally regulated by secreted IL-
22BP from CD11c* DCs; if left unchecked, IL-22 can lead
to tumorigenesis [151].

Others have shown that cGAS knockdown leads
to reduced DNA damage, inhibited tumor growth, and
inhibited malignant cell transformation, whereas cGAS
overexpression enhances the malignant potential of tumor
cells in vitro and in vivo [69]. Furthermore, studies have
shown that carboplatin combined with the gap junction
modulators meclofenamate and tonabersat, which block
cGAMP transfer, can significantly control brain metastasis
in vivo [79]. At present, there is one ongoing clinical
trial (ClinicalTrials. gov, NCT02429570) studying the
efficacy of meclofenamate monotherapy in the treatment
of metastatic brain cancer, and the findings from this study
will represent an important step towards advancing the
treatment of metastases, which remains a dismal prognosis
for patients.

Pro-tumorigenic effects of cGAS-STING
activation

Given that tumor cells frequently undergo necrosis,
DNA damage and nuclear rupture—all of which would
expose the cytoplasm to an abundance of genomic
DNA—the question remains: why are tumor cells not
critically inhibited and destroyed by cGAS-STING-
mediated immunosurveillance? As it turns out, although
the cGAS-STING pathway has clear anti-tumor benefits
[i.e., stimulating immune cell-mediated clearance of
(pre-) malignant cells], chronic cGAS-STING activation
due to the persistence of cytosolic DNA causes the
opposite effect, inflammation-mediated tumorigenesis.
For example, inactivation of the BRCA2 gene causes
impaired DNA repair and micronuclei accumulation,
which activates the cGAS-STING pathway, resulting in
cell cycle arrest, increased IFN signaling, and increased
TNFa secretion, triggering cell death [152, 153]. However,
in chronic BRCA?2 inactivation and, consequently, chronic
c¢GAS stimulation, not only are ISGs upregulated, but cell
cycle progression is restored, which promotes the survival
of mutated cells [153].

Compared with nascent or primary tumors,
metastatic tumors are associated with chromosomal

www.oncotarget.com

2939

Oncotarget



abnormalities such as aneuploidy and even polyploidy,
which can arise from a mis-segregation of chromosomes
during anaphase [56]. Due to the ubiquity of cytosolic
DNA in chromosomally unstable cancer cells, cGAS-
STING and the non-canonical NF-«kB pathway were found
to be activated. In fact, the increased expression of non-
canonical NF-kB pathway target genes was associated
with higher levels of chromosomal instability and poorer
clinical prognosis and survival [56]. Further supporting
the idea that the non-canonical pathway enhances cancer
cell fitness is the observation that inactivating mutations in
c¢GAS and STING are rarely found in breast or lung cancer
cells [56]. On the other hand, increased expression of
canonical NF-kB was associated with improved prognosis
[56].

While c¢GAS-STING indisputably plays an
important role in mediating the anti-tumor immunity,
the above findings showing that chronic cGAS-STING
activation and induction of the STING-dependent non-
canonical NF-kB pathway seem to be pro-tumorigenic
warrant further studies to clearly delineate the mechanisms
driving these dichotomous outcomes.

EVASION OF cGAS-STING MEDIATED
ANTI-TUMOR IMMUNITY IN CANCER

Based on the non-redundancy of STING in
response to cytosolic DNA sensing, as evidenced by the
lack of other cellular receptors for cGAMP [89], cancer
cells stand to gain by evading STING-mediated innate
immune responses. Indeed, there is data to show that
certain malignant cells can circumvent the cGAS-STING-
mediated immune response by either targeting cGAS-
STING expression, or by suppressing their function(s).
Yet, other evidence points to tumorigenesis resulting
from both chronic, elevated STING activation as well as
STING-deficient situations.

Transcriptional regulation of cGAS and STING
expression

Compared with normal gastric epithelia, STING
expression is significantly reduced in surgically resected
samples of gastric cancer [130]. In gastric cancer cell lines,
the delivery of dsDNA or cGAMP can reduce STING
expression, and STING knockdown leads to increased
growth with enhanced migratory and invasive potential
[130]. These findings suggest that low STING expression
may diminish anti-tumor immunity.

cGAS expression is downregulated under hypoxic
cellular conditions, which is common in the TME. Within
the hypoxic TME, HIF-la induces the production of
the hypoxia-responsive miRNAs, miR-25 and miR-93,
to establish an immunosuppressive microenvironment.
This is partly brought about by downregulating the
function of nuclear receptor coactivator 3 (NCOA3),

which is necessary for maintaining basal cGAS levels
[4]. Under hypoxic conditions, cells undergo mitophagy
and mitochondrial fragmentation, releasing mtDNA
into the cytosol [154]. However, cGAS expression and
type I IFN production are simultaneously muted by
miR-25/93, leading to the suppression of CD8" T cell-
mediated anti-tumor immunity and the establishment
of an immunosuppressive environment with Treg and
MDSC recruitment [4]. miR-25/93 have recently emerged
as oncogenic miRNAs, and this mechanism highlights its
role in tumorigenesis [155]. In fact, miR-25/93 expression
is a negative prognostic marker for hypoxic tumors, such
as brain, colon, and breast tumors, with higher levels of
miR-25/93 correlating with reduced survival in patients
with invasive breast ductal carcinoma [4].

dsDNA signaling can be dysregulated at multiple
points in the cGAS-STING activation cascade, from
the level of gene transcription to the engagement of
downstream mediators. Interestingly, significant cGAS or
STING mutations and deletion events are infrequent [128],
with a prevalence of <1% [156]. However, there is a higher
frequency of cGAS/STING gene promoter silencing
by hypermethylation in cancer cells as compared with
WT cells [156]. Yet, given that these hypermethylation
events cannot be fully rescued by demethylating agents,
it is possible that other mechanisms of gene suppression
are at play, including histone modification and miRNA
regulation [128, 129]. Additionally, the ability of STING
to activate downstream targets, such as IRF3 or NF-kB,
can also be compromised in cancer cells, but this occurs
via unknown mechanisms [129].

Some cancer cells lengthen their telomeres through
the ALT (alternative lengthening of telomeres) pathway,
which involves the addition of telomeric repeats by HR
instead of telomerase activity [157]. STING suppression
is implicated in this pathway [158]. Extrachromosomal
telomere repeat (ECTR) dsDNA, a by-product of the ALT
pathway [159], is unique to cancer cells. Induction of
ECTR dsDNA in human fibroblasts can activate cGAS-
STING-mediated IFNP production and induce senescence.
However, this does not occur in ALT cancer cell lines
[158], despite the abundance of ECTR. Instead, STING
(and cGAS, in some cases) expression is abolished in ALT
cancer cell lines and ALT transformed cells, suggesting that
the loss of cGAS-STING is requisite for the progression of
ALT cancers [158]. Through ALT cancer cells, this study
highlights that cGAS-STING can be downregulated not
only through epigenetic transcriptional mechanisms, but
also through post-transcriptional control [158].

Although the downregulation or silencing of cGAS-
STING within tumor cells might limit host anti-tumor
immunity, it is precisely this mechanism that also renders
the cells more susceptible to viral oncolysis. This has been
shown using a strain of the Herpes Simplex Virus (HSV)
lacking the y34.5 gene [128, 129]. Under these conditions,
cGAS-STING signaling activity is inversely related to
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viral replication and cell death [128]. Thus, even though
therapies that leverage cGAS-STING signaling to initiate
an anti-tumor response might be less effective in these
tumors, viral oncolysis can serve as a viable alternative.

In tumors with low antigenicity, such as Lewis
lung carcinoma (LLC), cytosolic DNA sensing and
STING activation within the normal host tissue
lead to tumor growth rather than regression [160].
STING and type I IFNs induce the production of
indoleamine 2,3-dioxygenase (IDO), which plays a role
in immunoregulation. However, with enhanced LLC
antigenicity host STING activation does not promote
tumor growth or induce IDO production [160]. This
finding suggests that the downstream effects of STING
activation are highly dependent on tumor antigenicity.
With reduced antigenicity, STING activation can induce
tolerogenic immune responses and facilitate tumor
progression; with enhanced antigenicity, STING activation
can induce potent innate and adaptive anti-tumor immune
responses via APCs and CD8" T cells.

Suppression of cGAS-STING function

STING suppression offers another way in which
cancer cells can evade cGAS-STING signaling. In HER2-
mutated cancer cells, HER2 associates with STING and
recruits AKT1 to phosphorylate TBK1, the downstream
signaling target of STING, thereby preventing STING-
TBK1 and TBK1-IRF3 interactions. Suppressing cGAS-
STING signaling downregulates cytokine and senescence
expression and inhibits apoptosis, protecting cancer cells
from the host anti-tumor immunity [161].

HARNESSING THE c¢GAS-STING PATHWAY
TO TREAT MALIGNANCIES

cGAS-STING signaling undoubtedly plays an
important, centralized role in the immune-mediated
clearance of malignant cells, and the positive correlation
between cGAS-STING pathway integrity and cancer
survival positions cGAS-STING as a candidate drug
target for pharmacological intervention against cancers
and other self-DNA-induced inflammatory conditions.
Despite the tumorigenic role of chronic cGAS-STING
activation, its role in intra-tumoral immune sensing may
offer significant therapeutic potential. Indeed, many
studies have endeavored to harness the potency of cGAS-
mediated immune response in cancer treatment.

Monotherapy of cGAS-STING agonists in the
treatment of cancer

Based on the idea that cGAS-STING activation
can induce a potent immune-mediated response against
tumor cells, several studies have sought to explore the
possibility of using STING agonists as adjuvants or

chemotherapeutic agents to enhance immunotherapy. The
intratumoral administration of CDNs has drawn particular
attention. For example, treating mice bearing gliomas with
c-di-GMP induced STING-dependent ISG expression,
increased TILs and an inhibition of tumor growth. This
anti-tumor effect was further enhanced by combining c-di-
GMP treatment with tumor vaccines [149]. Similar tumor
growth attenuation and prolonged survival have been
shown in mouse models of 4T1 breast cancer, mSCC1
squamous cell carcinoma, CT26 colon cancer, C26 colon
adenocarcinoma and B16F10 melanoma tumors treated
with cGAMP [131, 140, 162]. Interestingly, treatment
with CDNss is also capable of regressing distant tumors,
known as the abscopal effect: Multiple murine studies
have revealed that intratumoral injection of STING
agonists can not only induce primary tumor regression,
but also the regression of distant metastases or implanted
tumors [133, 145, 162—164]. This effect is proposed to be
mediated by the activation of host adaptive immunity in
response to DNA damage, which in turn triggers an anti-
tumor response; this is as opposed to a simply systemic
distribution of the injected cGAMP [58, 162].

Robust STING expression in the host is a critical
factor determining the efficacy of STING agonists as
anti-cancer agents. Treatment of STING™ mice carrying
STING-expressing tumors with the STING agonist
ADU-S100 elicited a transient growth impairment of the
primary and secondary tumors, whereas STING"* mice
carrying STING-KO tumors showed complete clearance
of the primary tumor along with delayed secondary tumor
growth [145]. In T cells from B6 mice, treatment with
the STING agonist 5,6-dimethylxanthenone-4-acetic acid
(DMXAA, Vadimezan, ASA404) induced the expression
of STING-target ISGs, IFNB, IFNy, TNFa and IL-6 [101,
165]. Such encouraging preclinical data showed further
potential in phase I/Il clinical trials, but unfortunately
failed in phase I1I trials; this failure may be due to structural
differences between murine and human STING [166—168].
The route of STING administration is another factor that
may have an impact on therapeutic efficacy. Intratumoral
injection of the STING agonist cGAMP in mice resulted in
potent inflammation and tumor regression with no adverse
off-target effects. In contrast, the intraperitoneal injection of
DMXAA produced signs of sterile shock in mice [98, 132].

Of note, treatment with STING agonists can
circumvent immune evasion of disseminated cancer
cells. In a model of acute myeloid leukemia (AML), in
which leukemia antigen-specific CD8" T cells become
inactivated and host type I IFN secretion becomes
impaired, direct STING activation by intravenous
administration of DMXAA or CMA can ectopically induce
type I IFN release to activate host DCs and T cells and
maintain immunological memory, thereby improving the
survival of the leukemic mice [165, 169].

Chemically synthesized CDNs have been employed
for anti-tumor therapy. For example, dithio-(Rp, Rp)-
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[cyclic[A (2°,5") pA (3',5) p]] (ML-RR-CDA) has been
shown to be a potential STING agonist in the clinic [133].
Relative to endogenous cGAMP, this synthetic CDN, with
its 2°-3" mixed linkage bridge, has a higher binding affinity
for human STING [170], can induce greater secretion of
IFNo, and offered persistent and specific T cell-mediated
immunological memory [133, 171]. In another murine B
cell lymphoma model, the synthetic nucleotide STING
agonist cyclic dithio-modified diadenosine (ADU-S100)
led to host STING-dependent clearance of the tumor, with
intratumoral injection resulting in complete local tumor
clearance and scar formation [145]. And finally, another
small-molecule non-nucleotide-based STING agonist was
shown to induce a robust adaptive CD8"* T cell-mediated
immune response, inhibition of in vivo colon tumor growth
and improved survival when delivered intravenously
[172].

Because of the role of cGAMP export in triggering
the immune response, a new study sought to exploit
ENPP1, the enzyme responsible for extracellular
degradation of cGAMP, by developing a small molecule
inhibitor, STF-1623 [173]. Administered systemically,
STF-1623 delayed growth of implanted Panc02 tumor in
mice [173].

Modified delivery vehicles for CDN
administration

CDNs, such as cGAMP, carry negative charges
and are thus hydrophilic, which restricts their diffusion
into the cytosol of target cells. Thus, to enhance the
cellular internalization of cGAMP, a cationic liposomal
delivery vehicle was developed. This delivery vehicle not
only improved tumor volume control but also survival
in mice bearing PD-L1-insensitive tumors (including
triple-negative breast cancer and B16F10 melanoma) as
compared with soluble cGAMP or anti-PD-L1 therapy
[147]. Systemically delivered liposomal cGAMP along
with anti-PD-1 and anti-CTLA4 treatment further shrunk
the size of the pulmonary metastases of melanoma in mice,
with persistent anti-tumor immunological memory [174].

Likewise, a biodegradable poly (beta-amino ester)
nanoparticle-based CDN delivery system improved drug
potency more than 100-fold as compared with free CDN
administration in vitro, and improved CDN delivery and
immune cell internalization [175]. When combined with
anti-PD-1 antibody immunotherapy, CDN-nanoparticles
controlled B16-F1 melanoma tumor growth in vivo with a
similar efficacy to a much higher dose (10x) of free CDN
[175].

STING agonist vaccine adjuvants

Several studies have explored the utility of
cGAMP/STING agonists as vaccine adjuvants. In a
previous murine B cell lymphoma study, vaccination

of mice with a STING agonist and anti-GITR yielded a
CDS8* T cell response that was reactivated when the mice
were re-exposed to A20 B-cell lymphoma cells [145].
Compared with other adjuvants, a vaccine combining
irradiated GM-CSF-expressing tumor cells and CDNs
demonstrated improved anti-tumor responses against B16
melanoma, CT26 colon carcinoma, SCCFVII squamous
cell carcinoma and Panc02 pancreatic carcinoma in vivo
[171]. Another group developed a different neoantigen-
targeted vaccine by whole exome sequencing, RNA-Seq
and in silico methods and similarly combined it with the
STING adjuvant ADU-V 16 to target Panc02 cancer cells
[176]. The administration of these vaccines resulted in
a STING- and type I IFN-dependent increase in tumor-
infiltrating CD8" T cells [171, 176]. Similarly, combining
STING-based vaccines with anti-PD1 and agonist OX40
antibodies resulted in a better inhibition of tumor growth,
as compared with the vaccine and anti-PD1 combination
or control, by augmenting and prolonging the lifespan of
the T cell response. In turn, this created a long-term anti-
tumor immunological memory as well as near-complete
eradication of the tumors [171, 176].

A vaccine-based therapy involving the injection of
irradiated B16 OVA cells containing a 90-bp 5’-modified
AT-rich dsDNA—thus a ¢cGAS ligand—into mice with
metastatic B16 melanoma resulted in prolonged survival
as compared with the control [28]. Combined with anti-
PD-1 antibodies, the survival rates were significantly
improved, suggesting that cGAS-STING ligands could
improve the anti-tumor activity of other established
therapeutic agents and vice versa [28].

Targeting cGAS-STING in combination with
other anti-cancer therapies

Genetic pathways often act collaboratively, and this
holds true for mechanisms related to cancer cell survival,
with communication between avoidance and resistance
pathways likely to contribute to cancer cell growth and
metastasis. This is where a synthetic lethality approach
can be effective, even against hitherto untreatable cancers.
Synthetic lethality describes the process by which two or
more oncogenic pathways are simultaneously targeted
to achieve or enhance a therapeutic response [177—-180].
Given that the cGAS-STING pathway underpins a highly
fundamental immunological response of cells against the
presence of cytosolic DNA, it stands to reason that the
c¢GAS-STING pathway could conceptually be modulated
in sync with chemotherapeutic and/or immunotherapeutic
means to achieve better treatment responses.

Combining cGAS-STING activation with
conventional chemotherapy/radiotherapy

The primary aim of anti-cancer treatments—
whether conventional chemotherapy, radiotherapy or
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immunotherapy—is to reduce tumor volume and release
tumor-specific antigens to prime the immune system
[181]. Several previous studies have shown that radiation
therapy achieves its intended anti-tumor effects through
cGAS-STING-dependent immune activation [58, 121,
122]. Additionally, radiotherapy typically causes an influx
of IL-10-secreting immunosuppressive M2-phenotype
macrophages [182], inhibits IL-12 production [183]
and affects NF-«kB activity [184], which can contribute
to radiotherapy resistance. Because radiotherapy can
induce anti-tumor T cell responses by inducing type I
IFN production in a cGAS-STING-dependent manner
[121], cancer cells can develop resistance to radiotherapy
through a loss of cGAS-STING signaling [5, 28, 58].
Thus, combining radiotherapy with immunostimulatory
CDNs could potentially sensitize tumors to anti-cancer
therapy.

A dose-dependent synergistic effect of CDN co-
administration with radiotherapy was observed in mice
bearing pancreatic adenocarcinoma or MC38 colon
adenocarcinoma [121, 163]. The tumor cells showed
significant hemorrhagic necrosis due to a disruption in
the neoangiogenic vasculature induced by TNFa [163].
Additionally, the immunosuppressive M2 macrophage
phenotype, which normally arises as part of a wound-
healing response to radiotherapy, was abrogated by
STING activation although no proinflammatory anti-
tumor M1 phenotype was induced [163]. The number of
IFNy-producing CD8" T cells in tumor-draining lymph
nodes (TDLNs) was also increased in a STING-dependent
manner as compared with either therapy alone [121].
Whereas high-dose CDN monotherapy was sufficient
to control tumor growth via innate immune responses,
lower doses of CDN, coupled with radiotherapy, could
stimulate the adaptive immune response involving CD8*
T cells [163]. This finding highlights the potential of
combining radiotherapy with immunotherapy to overcome
the immune suppression of the TME and augment current
treatment protocols.

However, a study by Hou et al. raises concerns
about therapeutic approaches that use CDNs that only
target STING and fail to discriminate between canonical
and non-canonical downstream NF-kB pathways. The
authors showed that the concomitant activation of the
canonical and non-canonical NF-kB pathways suppresses
IFNP production, and dampens the therapeutic effect of
radiotherapy [185].

Synergistic drug effects mean that the required
dose of each constituent drug is reduced, and this helps
to attenuate side effects or other toxicities associated with
the administration of high doses [186]. Because each
drug targets a different part of the cancer [179, 187], it
is possible that cGAS-STING agonists can maximize
the downstream anti-tumor response while reducing the
required dose of the conventional chemotherapy drug(s),
and the potential side effects. For example, combining

cGAMP with 5S-fluorouracil significantly increases
survival and alleviates the severity of chemotherapy-
induced mucositis, as marked by intestinal atrophy, in
mice with colon adenocarcinoma tumors [140].

Finally, poly (ADP-ribose) polymerase (PARP),
a key factor regulating the repair of DNA strand breaks
via non-homologous end joining and micro-homology
end joining pathways, is another potential treatment
target [179, 180]. PARP has drawn much attention after
several reports showing its synergistic action alongside
key controllers of HR, which sparked a surge of interest
in the clinical applications of PARP inhibitors (PARPi)
alongside agents that target DNA strand breaks, especially
in patients with loss-of-function polymorphisms in BRCA
genes [179, 180]. Interestingly, cGAS-STING is also
implicated in the mechanism of action of PARPi used in
the treatment of BRCA1 or BRCA2-positive breast and
ovarian cancer—PARP inhibition results in the formation of
cytosolic dsDNA, which activates cGAS-STING and leads
to IFN- and T cell-mediated anti-tumor responses [188].
Similarly, the administration of topotecan, an inhibitor
of topoisomerase I, in EO771 murine breast cancer cells
leads to the release of immunogenic DNA that induced
c¢GAS-STING-dependent signaling, thereby driving anti-
tumor immunity [116]. However, high levels of topotecan
can attenuate this immune response via the death of
proliferating immune cells [189], prompting caution with
regards to the optimization of dosages.

Combining cGAS-STING activation with
immune checkpoint blockade therapy

Numerous factors within the TME affect T cell
anti-tumoral responses. For instance, MDSCs express Fas
ligands, which bind to Fas receptors on TILs to induce
apoptosis [190], and the interactions between PD-1 on T
cells and PD-L1 on tumor cells lead very quickly to T cell
exhaustion [191]. Therefore, STING agonists alone are
not the answer to eliminating cancer cells. The solution
to this issue might lie in their combination with immune
checkpoint blockade (ICB) therapy, which has gained
prominence in recent years and demonstrated immense
potential for cancer therapy, with anti-PD-1, anti-CTLA4,
anti-CD47 now widely in use as anti-cancer agents [192].

Consistent with the essential role of cGAS-STING
signaling in innate immune sensing and priming T cell-
mediated anti-tumor immunity, STING is needed to
mediate the anti-tumor effects of ICB therapy. For example,
STING-deficient mice treated with anti-CTLA4 and anti-
PDL1 mAbs showed poorer B16 melanoma tumor control
than WT mice [118]. cGAS-STING is indispensable
in the therapeutic effect of PD-L1 [135] or CD47 [117,
193] blockade against B16F10 mouse melanoma and
MC38 colon adenocarcinoma in vivo. Both ICB therapies
achieved a reduction in tumor volumes by recruiting tumor-
infiltrating CD8* and CD4" T cells [117, 135, 193].
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Remarkably, combining ICB with CDNs can
enhance the production of tumor antigen-specific CD8"
T cells, leading to improved tumor control. The ICB anti-
tumor effect can be further enhanced in a dose-dependent
manner by the intramuscular delivery of cGAMP at a
distant site [135]. Similarly, intratumoral cGAMP injection
results in a dose-dependent inhibition of subcutaneous
B16 tumor growth when combined with anti-CTLA4
and anti-PD-1 mAbD treatment [162]. Apart from cGAMP,
tumor cells loaded with 5’-modified dsDNA, combined
with anti-PD1 mAb, can also improve survival rates in
B16 melanoma-bearing mice [28].

Ager et al. comprehensively studied the TME
changes within TRAMP-C2 prostate tumors in response
to ¢-di-GMP and anti-PD-1, anti-CTLA4 and anti-4-1BB
combination therapy. TRAMP-C2 tumors predominantly
contain myeloid cells (CD11b'F4/80*Gr-1- TAMs and
CD11b*Gr-1* MDSCs), with T cells (CD8*, CD4"FoxP3-
effector T cells and CD4'FoxP3* Tregs) making up 5%
of all CD45" cells [164]. In response to intratumoral c-di-
GMP and checkpoint modulators, the proportion of CD8"
T cells to Tregs, MDSCs, and M2 macrophages increased
through Treg antibody-dependent cellular cytotoxicity, and
resulted in M2 to M1 macrophage repolarization [164].
Similarly, the co-administration of intratumoral ADU-S100
with OX40 agonist and PD-L1 antagonist resulted in the
enhanced activation of HER-2-specific CD8" T cells and
clearance of tumor cells in immune-tolerant neu/N mice
compared with ADU-S100 monotherapy, suggesting that
ICBs can potentiate the anti-tumor effect of CDNs [194].

Overall, these studies support the synergistic actions
of cGAS-STING activation and ICBs to attenuate immune
tolerance in tumor cells and enhance the recruitment and
priming of anti-tumor immune cells. Combination therapy
consisting of cGAMP and ICBs thus represents a new
paradigm in the management of tolerogenic cancers. In
fact, the STING agonist ADU-S100 is currently being
studied as monotherapy or in combination with anti-PD1
(spartalizumab; PDROO01) for the treatment of advanced,
treatment-refractory metastatic solid tumors/lymphomas in
two separate phase 1 clinical trials (https://clinicaltrials.
gov/, NCT02675439 and NCT03172936).

Risks of inflammatory conditions with cGAS/
STING-based cancer treatments

The inflammatory pathway mediated by cGAS-
STING is capable of potent anti-tumor responses but can
also tip the system into a state of inflammation. cGAS-
mediated inflammation has been recognized to be at the
root of a multitude of diseases, ranging from systemic
rheumatological conditions, including rheumatoid arthritis
(RA) and systemic lupus erythematosus (SLE), to organ-
specific pathologies such as myocardial infarction (MI).

Activating STING mutations have been implicated
in an autoimmune condition known as STING-associated

vasculopathy with onset in infancy (SAVI), in which the
mutant STING localizes to the Golgi within the fibroblasts
of affected patients, which in turn results in the constitutive
activation of IFN expression even in the absence of cGAMP
stimulation [195]. Such augmented IFN expression results
in a debilitating condition characterized by cutaneous
vasculopathy, respiratory and systemic inflammation [196].
Other pathological modifications to the cGAS-STING
pathway, such as mutations of the exonuclease Trexl,
have been linked to several other autoimmune conditions,
including Aicardi-Goutiéres syndrome (AGS), SLE, familial
chilblain lupus and retinal vasculopathy with cerebral
leukodystrophy (RVCL) [197-199]. These mutations impair
the degradation of cytosolic DNA by Trex1, resulting in an
overactive cGAS response that underlies the inflammatory
phenotype in Trex1-null mice [70].

The connection between the anti-tumor response
and autoimmunity highlights the dual nature of the cGAS-
STING-mediated response. On one hand, cGAS-STING
activating therapies can trigger an intended pro-inflammatory
response to cancers, but it can potentially also initiate a
cascade of autoimmunity and inflammation, which can be
as devastating as the cancers these treatments were designed
to circumvent. As an example, TNFo, which is a recognized
anti-tumor cytokine and a component of cGAS-mediated anti-
tumor response, is also a central driver of RA pathogenesis.
TNFa is normally expressed by DCs and T cells in response
to ¢cGAS-STING activation, but in the context of RA,
it stimulates the expression of cGAS which proceeds to
potentiate the inflammatory response in RA synoviocytes
[200]. Whether TNFa produced in antitumor responses
interact with synoviocytes to cause RA is not known.
Likewise, cGAS-stimulated inflammatory M1 macrophages
are present in both the TME and in cardiac tissues after a
myocardial infarction. Unlike the beneficial role they play in
the TME, these macrophages suppress cardiac tissue repair
and worsen survival in mice post-MI [148].

While studies have not demonstrated a direct link
between cGAS agonists and autoimmune conditions, these
examples underscore the interconnected nature of the
cGAS-mediated anti-tumor pathways and inflammatory
diseases, with significant implications for applying cGAS/
STING-based anti-cancer treatments: (1) more studies are
needed to identify the full spectrum of human diseases
mediated by cGAS-STING inflammation; (2) future studies
should evaluate the long term effects of cGAS-STING
agonists not only on cancer remission, but also on the
development of other chronic conditions; and (3) strategies
should be developed to adequately mitigate these potential
risks associated with cGAS/STING-based therapies.

CONCLUDING REMARKS: ¢GAS-STING
PATHWAY AND CANCER TREATMENT

Considering the differential expression of STING in
various cell types, it is reasonable to question whether the
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use of STING ligands will be effective in the treatment
of cancer. Fortunately, in vivo, STING expression in
cancer cells is not as critical for STING ligand-induced
anti-tumor immunity as STING expression in the tumor
stroma [163].

Immunogenicity varies among different murine
tumor models, and this in turn will lead to differing
responses following STING ligation. For example, the
murine MC38 colon adenocarcinoma, 4T 1 metastatic breast
cancer and CT26 colorectal carcinoma tumor models have
higher proportions of tumor-infiltrating cells [201], and
thus respond better to CDN treatment, and can initiate more
effective adaptive responses, with less reliance on the innate
mechanisms [123]. In comparison, weakly immunogenic
tumors, such as the murine BI16F10 melanoma model,
rely on more innate immune mechanisms, with a greater
focus on cytokines (e.g., TNFa) to bring about tumor cell
death [123]. Similarly, among solid tumors, Hepa 1-6
hepatoma and LL/2 Lewis lung cancer cells do not respond
to treatment with cGAMP, DMXAA, or CMA [104]. A
consequence of the absence of adaptive immune priming
could be the blunted ability to exert any anti-tumor effect
on distant tumor sites and prevent tumor recurrence. While
still debated, this hypothesis would mean that cGAS-
STING ligands should not be indiscriminately employed
for the treatment of all cancers.

Additionally, amidst the excitement surrounding
the plethora of anti-cancer therapies capitalizing on
stimulating the cGAS-STING pathway, it is critically
important to consider the fine line separating anti-
tumor immunity from autoimmunity and to thoroughly
and cautiously evaluate all treatment options to better
understand the risks of these treatment modalities.

This review summarizes the critical role of the
cGAS-STING pathway in mediating the autophagic,
innate, and adaptive immune responses to cytosolic DNA
arising from tumor cells. While there is great potential for
using cGAS-STING agonists as anti-cancer agents, their
use as clinical therapeutics should proceed cautiously
due to the risk of tumorigenesis associated with chronic
c¢GAS-STING activation and non-canonical downstream
signaling. Defining the immune profile of tumors and
elucidating the pathways controlling the anti- and pro-
tumor effects of cGAS-STING activation will pave the
way forward for its implementation in anti-cancer therapy.

Abbreviations

cGAS: cyclic GMP-AMP synthase; STING:
Stimulator of interferon genes; IFN: interferon; PRR:
pattern recognition receptor; DAMP: danger-associated
molecular pattern; PAMP: pathogen-associated molecular
pattern; TLR: Toll-like receptor; NOD: nucleotide-binding
oligomerization domain; RIG-I: retinoid acid-inducible
gene I; CDN: cyclic dinucleotide; cGAMP: cyclic
GMP-AMP; dsDNA: double-stranded DNA; dsRNA:

double-stranded RNA; ssDNA: single-stranded DNA;
ssRNA: single-stranded RNA; PBMC: peripheral blood
mononuclear cells; ER: endoplasmic reticulum; TBK1:
TANK-binding kinase 1; NAK: NF-kB-activating kinase;
IRF3: interferon regulatory factor 3; TRAF6: TNF-receptor
associated factor 6; ISG: IFN-stimulated genes; NIK: NF-
kB-inducing kinase; ALK: anaplastic lymphoma kinase;
ENPP1: ecto-nucleotide pyrophosphate phosphodiesterase
1; DSB: double-stranded break; CCF: cytoplasmic
chromatin fragment; mtDNA: mitochondrial DNA; ROS:
reactive oxygen species; NET: neutrophil extracellular trap;
LCD: lysosomal cell death; ERGIC: ER-Golgi intermediate
compartment; CMA: 10-carboxymethyl-9-acridanone;
PMAIP1: phorbol-12-myristate-13-acetate-induced protein
1; BCL2L11: BCL2 like 11; BAD: BCL2-associated
agonist of cell death; BAX: BCL2-associated protein X;
MOMP: mitochondrial outer membrane permeability;
BECNI1: Beclin 1; VEGEF: vascular endothelial growth
factor; PIK3C3: phosphatidylinositol-3 kinase catalytic
subunit 3; BMDC: bone marrow derived dendritic cell;
BMDM: bone marrow derived dendritic macrophage;
SASP: senescence associated secretory phenotype; TME:
tumor microenvironment; DC: dendritic cell; RAEL:
retinoic acid early transcript 1; TDLN: tumor-draining
lymph node; APC: antigen presenting cell; HMGB: high
mobility group box; TGFp: transforming growth factor
beta; MDSC: myeloid derived suppressor cell; TAM: tumor
associated macrophage; Tregs: regulatory T cells; GM-
CSF: granulocyte-macrophage colony-stimulating factor;
TNM: Tumor-Node-Metastasis; BRCA: breast cancer
associated; EMT: epithelial-to-mesenchymal transition;
DFMS: distant metastasis-free survival; RFC1: Reduced
Folate Carrier 1; HSV: Herpes Simplex Virus; LLC: Lewis
lung carcinoma; IDO: indoleamine 2:3-dioxygenase;
ALT: alternative lengthening of telomeres; ECTR:
extrachromosomal telomere repeat; ADU: dithio-modified
diadenosine; DMXAA: 5:6-dimethylxanthenone-4-acetic
acid; T-ALL: T-cell acute lymphoblastic leukaemia; AML:
acute myeloid leukemia; CLL: chronic lymphocytic
leukemia; ML-RR-CDA: modified synthetic CDN:
dithio-(R,: R, )-[cyclic[A(2°:5") pA(3":5)p]]; SFU:
S-florouracil; PARP: Poly (ADP) ribose polymerase;
NHEJ: non-homologous end joining; MMEJ: micro-
homology end joining; HR: homologous recombination;
PARPi: Poly (ADP) ribose polymerase inhibitor; ICB:
immune checkpoint blockade; SIRPa: signal regulatory
protein alpha; ATM: ataxia telangiectasia mutated; IF116:
interferon-y-inducible factor 16; RA: rheumatoid arthritis;
SLE: systemic lupus erythematosus; RVCL: retinal
vasculopathy with cerebral leukoencephalopathy; AGS:
Aicardi-Goutiéres syndrome; MI: myocardial infarction.

ACKNOWLEDGMENTS

We apologize to those authors whose work we
could not cite due to space limitations. We thank Rebecca

www.oncotarget.com

2945

Oncotarget



Jackson for editing and providing comments on the
manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was supported by a Singapore Ministry of
Education Research Fund (MOE2018-T2-1-100).

REFERENCES

1. Yang H, Wang H, Ren J, Chen Q, Chen ZJ. cGAS is
essential for cellular senescence. Proc Natl Acad Sci U
S A. 2017; 114:E4612-E4620. https://doi.org/10.1073/
pnas.1705499114. [PubMed]

2. Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, Wangensteen
KJ, Simithy J, Lan Y, Lin Y, Zhou Z, Capell BC, Xu C, Xu
M, et al. Cytoplasmic chromatin triggers inflammation in
senescence and cancer. Nature. 2017; 550:402—406. https:/
doi.org/10.1038/nature24050. [PubMed]

3. Shen YJ, Le Bert N, Chitre AA, Koo CX, Nga XH, Ho SS,
Khatoo M, Tan NY, Ishii KJ, Gasser S. Genome-derived
cytosolic DNA mediates type I interferon-dependent

rejection of B cell lymphoma cells. Cell Rep. 2015;
11:460—-473. https://doi.org/10.1016/j.celrep.2015.03.041.
[PubMed]

4. Wu MZ, Cheng WC, Chen SF, Nieh S, O’Connor C, Liu
CL, Tsai WW, Wu CJ, Martin L, Lin YS, Wu KJ, Lu LF,
Izpisua Belmonte JC. miR-25/93 mediates hypoxia-induced

immunosuppression by repressing cGAS. Nat Cell Biol.
2017; 19:1286-1296. https://doi.org/10.1038/ncb3615.
[PubMed]

5. MacKenzie KJ, Carroll P, Martin CA, Murina O, Fluteau
A, Simpson DJ, Olova N, Sutcliffe H, Rainger JK, Leitch
A, Osborn RT, Wheeler AP, Nowotny M, et al. cGAS
surveillance of micronuclei links genome instability to
innate immunity. Nature. 2017; 548:461-465. https://doi.
org/10.1038/nature23449. [PubMed]

6. Vance RE. Cytosolic DNA Sensing: The Field Narrows.
Immunity. 2016; 45:227-228. https://doi.org/10.1016/].
immuni.2016.08.006. [PubMed]

7. Takeuchi O, Akira S. Pattern Recognition Receptors
and Inflammation. Cell. 2010; 140:805—820. https://doi.
org/10.1016/j.cell.2010.01.022. [PubMed]

8. Cai X, Chiu YH, Chen ZJ. The cGAS-cGAMP-STING
pathway of cytosolic DNA sensing and signaling. Mol
Cell. 2014; 54:289-296. https://doi.org/10.1016/.
molcel.2014.03.040. [PubMed]

9. Oldenburg M, Kruger A, Ferstl R, Kaufmann A, Nees G,
Sigmund A, Bathke B, Lauterbach H, Suter M, Dreher
S, Koedel U, Akira S, Kawai T, et al. TLR13 Recognizes

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bacterial 23S rRNA Devoid of Erythromycin Resistance-
Forming Modification. Science. 2012; 337:1111-5. https:/
doi.org/10.1126/science.1220363. [PubMed]

Blasius AL, Beutler B. Intracellular Toll-like Receptors.
Immunity. 2010; 32:305-315. https://doi.org/10.1016/].
immuni.2010.03.012. [PubMed]

Akira S, Takeda K. Toll-like receptor signalling. Nat
Rev Immunol. 2004; 4:499-511. https://doi.org/10.1038/
nril1391. [PubMed]

Rathinam VA, Jiang Z, Waggoner SN, Sharma S, Cole LE,
Waggoner L, Vanaja SK, Monks BG, Ganesan S, Latz E,
Hornung V, Vogel SN, Szomolanyi-Tsuda E, Fitzgerald KA.
The AIM2 inflammasome is essential for host defense against

cytosolic bacteria and DNA viruses. Nat Immunol. 2010;
11:395-402. https://doi.org/10.1038/ni.1864. [PubMed]
Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, Ban T,
LuY, Miyagishi M, Kodama T, Honda K, Ohba Y, Taniguchi
T. DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an
activator of innate immune response. Nature. 2007; 448:501—
505. https://doi.org/10.1038/nature06013. [PubMed]

Zhang Z, Yuan B, Bao M, Lu N, Kim T, Liu YJ. The
helicase DDX41 senses intracellular DNA mediated by
the adaptor STING in dendritic cells. Nat Immunol. 2011;
12:959-965. https://doi.org/10.1038/1i.2091. [PubMed]

Unterholzner L, Dunphy G. cGAS-independent STING
activation in response to DNA damage. Mol Cell Oncol.
2019; 6:1558682. https://doi.org/10.1080/23723556.2018.
1558682. [PubMed]

LiY, Chen R, Zhou Q, Xu Z, Li C, Wang S, Mao A, Zhang
X, He W, Shu HB. LSm14A is a processing body-associated
sensor of viral nucleic acids that initiates cellular antiviral
response in the early phase of viral infection. Proc Natl
Acad Sci U S A. 2012; 109:11770-11775. https://doi.
org/10.1073/pnas.1203405109. [PubMed]

Xia P, Wang S, Ye B, Du Y, Huang G, Zhu P, Fan Z. Sox2
functions as a sequence-specific DNA sensor in neutrophils

to initiate innate immunity against microbial infection.
Nat Immunol. 2015; 16:366-375. https://doi.org/10.1038/
ni.3117. [PubMed]

Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP
Synthase Is a Cytosolic DNA Sensor That Activates the
Type I Interferon Pathway. Science. 2013; 339:786-91.
https://doi.org/10.1126/science.1232458. [PubMed]

Gao P, Ascano M, Wu Y, Barchet W, Gaftney BL, Zillinger
T, Serganov AA, Liu Y, Jones RA, Hartmann G, Tuschl
T, Patel DJ. Cyclic [G(2",5")pA(3",5")p] is the metazoan
second messenger produced by DNA-activated cyclic
GMP-AMP synthase. Cell. 2013; 153:1094-1107. https:/
doi.org/10.1016/j.cell.2013.04.046. [PubMed]

Zhang X, Shi H, Wu J, Zhang X, Sun L, Chen C, Chen
Z]. Cyclic GMP-AMP Containing Mixed Phosphodiester
Linkages Is An Endogenous High-Affinity Ligand
for STING. Mol Cell. 2013; 51:226-235. https://doi.
org/10.1016/j.molcel.2013.05.022. [PubMed]

www.oncotarget.com

2946

Oncotarget


https://doi.org/10.1073/pnas.1705499114
https://doi.org/10.1073/pnas.1705499114
https://www.ncbi.nlm.nih.gov/pubmed/28533362
https://doi.org/10.1038/nature24050
https://doi.org/10.1038/nature24050
https://www.ncbi.nlm.nih.gov/pubmed/28976970
https://doi.org/10.1016/j.celrep.2015.03.041
https://www.ncbi.nlm.nih.gov/pubmed/25865892
https://doi.org/10.1038/ncb3615
https://www.ncbi.nlm.nih.gov/pubmed/28920955
https://doi.org/10.1038/nature23449
https://doi.org/10.1038/nature23449
https://www.ncbi.nlm.nih.gov/pubmed/28738408
https://doi.org/10.1016/j.immuni.2016.08.006
https://doi.org/10.1016/j.immuni.2016.08.006
https://www.ncbi.nlm.nih.gov/pubmed/27533006
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1016/j.cell.2010.01.022
https://www.ncbi.nlm.nih.gov/pubmed/20303872
https://doi.org/10.1016/j.molcel.2014.03.040
https://doi.org/10.1016/j.molcel.2014.03.040
https://www.ncbi.nlm.nih.gov/pubmed/24766893
https://doi.org/10.1126/science.1220363
https://doi.org/10.1126/science.1220363
https://www.ncbi.nlm.nih.gov/pubmed/22821982
https://doi.org/10.1016/j.immuni.2010.03.012
https://doi.org/10.1016/j.immuni.2010.03.012
https://www.ncbi.nlm.nih.gov/pubmed/20346772
https://doi.org/10.1038/nri1391
https://doi.org/10.1038/nri1391
https://www.ncbi.nlm.nih.gov/pubmed/15229469
https://doi.org/10.1038/ni.1864
https://www.ncbi.nlm.nih.gov/pubmed/20351692
https://doi.org/10.1038/nature06013
https://www.ncbi.nlm.nih.gov/pubmed/17618271
https://doi.org/10.1038/ni.2091
https://www.ncbi.nlm.nih.gov/pubmed/21892174
https://doi.org/10.1080/23723556.2018.1558682
https://doi.org/10.1080/23723556.2018.1558682
https://www.ncbi.nlm.nih.gov/pubmed/31211228
https://doi.org/10.1073/pnas.1203405109
https://doi.org/10.1073/pnas.1203405109
https://www.ncbi.nlm.nih.gov/pubmed/22745163
https://doi.org/10.1038/ni.3117
https://doi.org/10.1038/ni.3117
https://www.ncbi.nlm.nih.gov/pubmed/25729924
https://doi.org/10.1126/science.1232458
https://www.ncbi.nlm.nih.gov/pubmed/23258413
https://doi.org/10.1016/j.cell.2013.04.046
https://doi.org/10.1016/j.cell.2013.04.046
https://www.ncbi.nlm.nih.gov/pubmed/23647843
https://doi.org/10.1016/j.molcel.2013.05.022
https://doi.org/10.1016/j.molcel.2013.05.022
https://www.ncbi.nlm.nih.gov/pubmed/23747010

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Diner EJ, Burdette DL, Wilson SC, Monroe KM,
Kellenberger CA, Hyodo M, Hayakawa Y, Hammond
MC, Vance RE. The Innate Immune DNA Sensor cGAS
Produces a Noncanonical Cyclic Dinucleotide that Activates
Human STING. Cell Rep. 2013; 3:1355-1361. https://doi.
org/10.1016/j.celrep.2013.05.009. [PubMed]

Li X, Shu C, Yi G, Chaton CT, Shelton CL, Diao J,
Zuo X, Kao CC, Herr AB, Li P. Cyclic GMP-AMP
Synthase Is Activated by Double-Stranded DNA-Induced
Oligomerization. Immunity. 2013; 39:1019-1031. https://
doi.org/10.1016/j.immuni.2013.10.019. [PubMed]

Mankan AK, Schmidt T, Chauhan D, Goldeck M, Honing
K, Gaidt M, Kubarenko AV, Andreeva L, Hopfner K,
Hornung V. Cytosolic RNA:DNA hybrids activate the
cGAS-STING axis. EMBO J. 2014; 33:2937-2946. https://
doi.org/10.15252/embj.201488726. [PubMed]

Civril F, Deimling T, de Oliveira Mann CC, Ablasser A,
Moldt M, Witte G, Hornung V, Hopfner KP. Structural
mechanism of cytosolic DNA sensing by ¢cGAS. Nature.
2013; 498:332-337. https://doi.org/10.1038/nature12305.
[PubMed]

Du M, Chen ZJ. DNA-induced liquid phase condensation
of cGAS activates innate immune signaling. Science. 2018;
361:704-709. https:/doi.org/10.1126/science.aat1022. [PubMed]
Dai J, Huang YJ, He X, Zhao M, Wang X, Liu ZS, Xue W,
Cai H, Zhan XY, Huang SY, He K, Wang H, Wang N, et al.
Acetylation Blocks cGAS Activity and Inhibits Self-DNA-
Induced Autoimmunity. Cell. 2019; 176:1447-1460.e14.
https://doi.org/10.1016/j.cell.2019.01.016. [PubMed]

Luecke S, Holleufer A, Christensen MH, Jonsson KL, Boni
GA, Serensen LK, Johannsen M, Jakobsen MR, Hartmann
R, Paludan SR. cGAS is activated by DNA in a length-
dependent manner. EMBO Rep. 2017; 18:1707-1715.
https://doi.org/10.15252/embr.201744017. [PubMed]

Ahn J, Xia T, Rabasa Capote A, Betancourt D, Barber GN.
Extrinsic Phagocyte-Dependent STING Signaling Dictates the
Immunogenicity of Dying Cells. Cancer Cell. 2018; 33:862—
873.e5. https:/doi.org/10.1016/j.ccell.2018.03.027. [PubMed]

Chen H, Pang X, Xu YY, Zhou G, Xu H. Transcriptional
regulation of human cyclic GMP-AMP synthase gene.
Cell Signal. 2019; 62:109355. https://doi.org/10.1016/].
cellsig.2019.109355. [PubMed]

Kato K, Nishimasu H, Oikawa D, Hirano S, Hirano H, Kasuya
G, Ishitani R, Tokunaga F, Nureki O. Structural insights into
cGAMP degradation by Ecto-nucleotide pyrophosphatase
phosphodiesterase 1. Nat Commun. 2018; 9:4424. https://doi.
0rg/10.1038/s41467-018-06922-7. [PubMed]

Burdette DL, Monroe KM, Sotelo-Troha K, Iwig JS,
Eckert B, Hyodo M, Hayakawa Y, Vance RE. STING is
a direct innate immune sensor of cyclic di-GMP. Nature.
2011; 478:515-518. https://doi.org/10.1038/nature10429.
[PubMed]

Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G,
Rohl I, Hopfner KP, Ludwig J, Hornung V. cGAS produces

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

a 2'-5'-linked cyclic dinucleotide second messenger that
activates STING. Nature. 2013; 498:380-384. https://doi.
org/10.1038/nature12306. [PubMed]

Marinho FV, Benmerzoug S, Oliveira SC, Ryffel B,
Quesniaux VF. The Emerging Roles of STING in Bacterial
Infections. Trends Microbiol. 2017; 25:906-918. https://doi.
org/10.1016/].tim.2017.05.008. [PubMed]

Dubensky TW Jr, Kanne DB, Leong ML. Rationale, progress

and development of vaccines utilizing STING-activating
cyclic dinucleotide adjuvants. Ther Adv Vaccines. 2013;
1:131-143. https://doi.org/10.1177/2051013613501988.
[PubMed]

Unterholzner L. Beyond sensing DNA: a role for cGAS
in the detection of extracellular cyclic di-nucleotides.
EMBO Rep. 2019; 20:e47970. https://doi.org/10.15252/
embr.201947970. [PubMed]

Liu H, Moura-Alves P, Pei G, Mollenkopf H, Hurwitz
R, Wu X, Wang F, Liu S, Ma M, Fei Y, Zhu C, Koehler
A, Oberbeck-Mueller D, et al. cGAS facilitates sensing
of extracellular cyclic dinucleotides to activate innate
immunity. EMBO Rep. 2019; 20:e46293. https://doi.
org/10.15252/embr.201846293. [PubMed]

Ishikawa H, Ma Z, Barber GN. STING regulates
intracellular DNA-mediated, type I interferon-dependent

innate immunity. Nature. 2009; 461:788-792. https://doi.
org/10.1038/nature08476. [PubMed]

Mukai K, Konno H, Akiba T, Uemura T, Waguri S,
Kobayashi T, Barber GN, Arai H, Taguchi T. Activation of
STING requires palmitoylation at the Golgi. Nat Commun.
2016; 7:11932. https://doi.org/10.1038/ncomms11932.
[PubMed]

Haag SM, Gulen MF, Reymond L, Gibelin A, Abrami
L, Decout A, Heymann M, van der Goot FG, Turcatti G,
Behrendt R, Ablasser A. Targeting STING with covalent
small-molecule inhibitors. Nature. 2018; 559:269-273.
https://doi.org/10.1038/s41586-018-0287-8. [PubMed]
Hansen AL, Buchan GJ, Riihl M, Mukai K, Salvatore
SR, Ogawa E, Andersen SD, Iversen MB, Thielke AL,
Gunderstofte C, Motwani M, Mgller CT, Jakobsen AS, et al.
Nitro-fatty acids are formed in response to virus infection

and are potent inhibitors of STING palmitoylation and
signaling. Proc Natl Acad Sci U S A. 2018; 115:E7768—
E7775. https://doi.org/10.1073/pnas.1806239115. [PubMed]

Ogawa E, Mukai K, Saito K, Arai H, Taguchi T. The
binding of TBK1 to STING requires exocytic membrane
traffic from the ER. Biochem Biophys Res Commun. 2018;
503:138-145. https://doi.org/10.1016/j.bbrc.2018.05.199.
[PubMed]

Zhao B, Du F, Xu P, Shu C, Sankaran B, Bell SL, Liu
M, Lei Y, Gao X, Fu X, Zhu F, Liu Y, Laganowsky A, et
al. A conserved PLPLRT/SD motif of STING mediates
the recruitment and activation of TBKI1. Nature. 2019;
569:718-722. https://doi.org/10.1038/s41586-019-1228-x.
[PubMed]

www.oncotarget.com

2947

Oncotarget


https://doi.org/10.1016/j.celrep.2013.05.009
https://doi.org/10.1016/j.celrep.2013.05.009
https://www.ncbi.nlm.nih.gov/pubmed/23707065
https://doi.org/10.1016/j.immuni.2013.10.019
https://doi.org/10.1016/j.immuni.2013.10.019
https://www.ncbi.nlm.nih.gov/pubmed/24332030
https://doi.org/10.15252/embj.201488726
https://doi.org/10.15252/embj.201488726
https://www.ncbi.nlm.nih.gov/pubmed/25425575
https://doi.org/10.1038/nature12305
https://www.ncbi.nlm.nih.gov/pubmed/23722159
https://doi.org/10.1126/science.aat1022
https://www.ncbi.nlm.nih.gov/pubmed/29976794
https://doi.org/10.1016/j.cell.2019.01.016
https://www.ncbi.nlm.nih.gov/pubmed/30799039
https://doi.org/10.15252/embr.201744017
https://www.ncbi.nlm.nih.gov/pubmed/28801534
https://doi.org/10.1016/j.ccell.2018.03.027
https://www.ncbi.nlm.nih.gov/pubmed/29706455
https://doi.org/10.1016/j.cellsig.2019.109355
https://doi.org/10.1016/j.cellsig.2019.109355
https://www.ncbi.nlm.nih.gov/pubmed/31276766
https://doi.org/10.1038/s41467-018-06922-7
https://doi.org/10.1038/s41467-018-06922-7
https://www.ncbi.nlm.nih.gov/pubmed/30356045
https://doi.org/10.1038/nature10429
https://www.ncbi.nlm.nih.gov/pubmed/21947006
https://doi.org/10.1038/nature12306
https://doi.org/10.1038/nature12306
https://www.ncbi.nlm.nih.gov/pubmed/23722158
https://doi.org/10.1016/j.tim.2017.05.008
https://doi.org/10.1016/j.tim.2017.05.008
https://www.ncbi.nlm.nih.gov/pubmed/28625530
https://doi.org/10.1177/2051013613501988
https://www.ncbi.nlm.nih.gov/pubmed/24757520
https://doi.org/10.15252/embr.201947970
https://doi.org/10.15252/embr.201947970
https://www.ncbi.nlm.nih.gov/pubmed/30890539
https://doi.org/10.15252/embr.201846293
https://doi.org/10.15252/embr.201846293
https://www.ncbi.nlm.nih.gov/pubmed/30872316
https://doi.org/10.1038/nature08476
https://doi.org/10.1038/nature08476
https://www.ncbi.nlm.nih.gov/pubmed/19776740
https://doi.org/10.1038/ncomms11932
https://www.ncbi.nlm.nih.gov/pubmed/27324217
https://doi.org/10.1038/s41586-018-0287-8
https://www.ncbi.nlm.nih.gov/pubmed/29973723
https://doi.org/10.1073/pnas.1806239115
https://www.ncbi.nlm.nih.gov/pubmed/30061387
https://doi.org/10.1016/j.bbrc.2018.05.199
https://www.ncbi.nlm.nih.gov/pubmed/29870684
https://doi.org/10.1038/s41586-019-1228-x
https://www.ncbi.nlm.nih.gov/pubmed/31118511

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wang J, Dai M, Cui Y, Hou G, Deng J, Gao X, Liao Z, Liu
Y, Meng Y, Wu L, Yao C, Wang Y, Qian J, et al. Association
of Abnormal Elevations in IFIT3 With Overactive Cyclic
GMP-AMP Synthase/Stimulator of Interferon Genes
Signaling in Human Systemic Lupus Erythematosus
Monocytes. Arthritis Rheumatol. 2018; 70:2036-2045.
https://doi.org/10.1002/art.40576. [PubMed]

Zhang C, Shang G, Gui X, Zhang X, Bai X, Chen ZJ.
Structural basis of STING binding with and phosphorylation
by TBKI1. Nature. 2019; 567:394-398. https:/doi.
org/10.1038/s41586-019-1000-2. [PubMed]

Shang G, Zhang C, Chen ZJ, Bai X, Zhang X. Cryo-EM
structures of STING reveal its mechanism of activation by
cyclic GMP-AMP. Nature. 2019; 567:389-393. https://doi.
org/10.1038/s41586-019-0998-5. [PubMed]

Chien Y, Kim S, Bumeister R, Loo YM, Kwon SW, Johnson
CL, Balakireva MG, Romeo Y, Kopelovich L, Gale M Jr,
Yeaman C, Camonis JH, Zhao Y, White MA. RalB GTPase-
mediated activation of the IkappaB family kinase TBK1

couples innate immune signaling to tumor cell survival.
Cell. 2006; 127:157-170. https://doi.org/10.1016/].
cell.2006.08.034. [PubMed]

Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, Du F, Ren J,
Wu YT, Grishin NV, Chen ZJ. Phosphorylation of innate
immune adaptor proteins MAV'S, STING, and TRIF induces
IRF3 activation. Science. 2015; 347:aaa2630. https://doi.
org/10.1126/science.aaa2630. [PubMed]

Hatch EM, Fischer AH, Deerinck TJ, Hetzer MW.
Catastrophic Nuclear Envelope Collapse in Cancer
Cell Micronuclei. Cell. 2013; 154:47-60. https://doi.
org/10.1016/j.cell.2013.06.007. [PubMed]

Bartsch K, Knittler K, Borowski C, Rudnik S, Damme
M, Aden K, Spehlmann ME, Frey N, Saftig P, Chalaris
A, Rabe B. Absence of RNase H2 triggers generation of

immunogenic micronuclei removed by autophagy. Hum
Mol Genet. 2017; 26:3960-3972. https://doi.org/10.1093/
hmg/ddx283. [PubMed]

Freund A, Laberge RM, Demaria M, Campisi J. Lamin B1
loss is a senescence-associated biomarker. Mol Biol Cell.
2012; 23:2066-2075. https://doi.org/10.1091/mbe.el1-10-
0884. [PubMed]

Ivanov A, Pawlikowski J, Manoharan I, van Tuyn J, Nelson
DM, Rai TS, Shah PP, Hewitt G, Korolchuk VI, Passos
JF, Wu H, Berger SL, Adams PD. Lysosome-mediated
processing of chromatin in senescence. J Cell Biol. 2013;
202:129-143. https://doi.org/10.1083/j¢b.201212110.
[PubMed]

Glick S, Guey B, Gulen MF, Wolter K, Kang TW,
Schmacke NA, Bridgeman A, Rehwinkel J, Zender L,
Ablasser A. Innate immune sensing of cytosolic chromatin

fragments through cGAS promotes senescence. Nat
Cell Biol. 2017; 19:1061-1070. https://doi.org/10.1038/
ncb3586. [PubMed]

Schoonen PM, Kok YP, Wierenga E, Bakker B, Foijer F,
Spierings DC, van Vugt MA. Premature mitotic entry

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

induced by ATR inhibition potentiates olaparib inhibition-
mediated genomic instability, inflammatory signaling,
and cytotoxicity in BRCA2-deficient cancer cells. Mol
Oncol. 2019; 13:2422-2440. https://doi.org/10.1002/1878-
0261.12573. [PubMed]

Basit A, Cho MG, Kim EY, Kwon D, Kang SJ, Lee JH.
The cGAS/STING/TBK1/IRF3 innate immunity pathway
maintains chromosomal stability through regulation of
p21 levels. Exp Mol Med. 2020; 52:643—657. https://doi.
0rg/10.1038/s12276-020-0416-y. [PubMed]

Coquel F, Silva MJ, Técher H, Zadorozhny K, Sharma S,
Nieminuszczy J, Mettling C, Dardillac E, Barthe A, Schmitz
AL, Promonet A, Cribier A, Sarrazin A, et al. SAMHDI acts
at stalled replication forks to prevent interferon induction.
Nature. 2018; 557:57-61. https://doi.org/10.1038/s41586-
018-0050-1. [PubMed]

Bakhoum SF, Ngo B, Laughney AM, Cavallo JA, Murphy
CJ, Ly P, Shah P, Sriram RK, Watkins TB, Taunk NK, Duran
M, Pauli C, Shaw C, et al. Chromosomal instability drives

metastasis through a cytosolic DNA response. Nature.
2018; 553:467-472. https://doi.org/10.1038/nature25432.
[PubMed]

de Oliveira Mann CC, Kranzusch PJ. ¢cGAS Conducts
Micronuclei DNA Surveillance. Trends Cell Biol. 2017;
27:697-698.  https://doi.org/10.1016/j.tcb.2017.08.007.
[PubMed]

Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ,
Greenberg RA. Mitotic progression following DNA damage

enables pattern recognition within micronuclei. Nature.
2017; 548:466—470. https://doi.org/10.1038/nature23470.
[PubMed]

Gratia M, Rodero MP, Conrad C, Bou Samra E, Maurin
M, Rice GI, Duffy D, Revy P, Petit F, Dale RC, Crow
YJ, Amor-Gueret M, Manel N. Bloom syndrome protein

restrains innate immune sensing of micronuclei by cGAS.
J Exp Med. 2019; 216:1199-1213. https://doi.org/10.1084/
jem.20181329. [PubMed]

Ahn J, Xia T, Konno H, Konno K, Ruiz P, Barber
GN. Inflammation-driven carcinogenesis is mediated
through STING. Nat Commun. 2014; 5:5166. https://doi.
org/10.1038/ncomms6166. [PubMed]

Zeman MK, Cimprich KA. Causes and consequences of

replication stress. Nat Cell Biol. 2014; 16:2-9. https://doi.
org/10.1038/ncb2897. [PubMed]

Ciccia A, Elledge SJ. The DNA Damage Response: Making
It Safe to Play with Knives. Mol Cell. 2010; 40:179-204.
https://doi.org/10.1016/j.molcel.2010.09.019. [PubMed]
Reijns MA, Rabe B, Rigby RE, Mill P, Astell KR,
Lettice LA, Boyle S, Leitch A, Keighren M, Kilanowski
F, Devenney PS, Sexton D, Grimes G, et al. Enzymatic
removal of ribonucleotides from DNA is essential for
mammalian genome integrity and development. Cell. 2012;
149:1008-1022. https://doi.org/10.1016/j.cell.2012.04.011.
[PubMed]

www.oncotarget.com

2948

Oncotarget


https://doi.org/10.1002/art.40576
https://www.ncbi.nlm.nih.gov/pubmed/29806091
https://doi.org/10.1038/s41586-019-1000-2
https://doi.org/10.1038/s41586-019-1000-2
https://www.ncbi.nlm.nih.gov/pubmed/30842653
https://doi.org/10.1038/s41586-019-0998-5
https://doi.org/10.1038/s41586-019-0998-5
https://www.ncbi.nlm.nih.gov/pubmed/30842659
https://doi.org/10.1016/j.cell.2006.08.034
https://doi.org/10.1016/j.cell.2006.08.034
https://www.ncbi.nlm.nih.gov/pubmed/17018283
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1126/science.aaa2630
https://www.ncbi.nlm.nih.gov/pubmed/25636800
https://doi.org/10.1016/j.cell.2013.06.007
https://doi.org/10.1016/j.cell.2013.06.007
https://www.ncbi.nlm.nih.gov/pubmed/23827674
https://doi.org/10.1093/hmg/ddx283
https://doi.org/10.1093/hmg/ddx283
https://www.ncbi.nlm.nih.gov/pubmed/29016854
https://doi.org/10.1091/mbc.e11-10-0884
https://doi.org/10.1091/mbc.e11-10-0884
https://www.ncbi.nlm.nih.gov/pubmed/22496421
https://doi.org/10.1083/jcb.201212110
https://www.ncbi.nlm.nih.gov/pubmed/23816621
https://doi.org/10.1038/ncb3586
https://doi.org/10.1038/ncb3586
https://www.ncbi.nlm.nih.gov/pubmed/28759028
https://doi.org/10.1002/1878-0261.12573
https://doi.org/10.1002/1878-0261.12573
https://www.ncbi.nlm.nih.gov/pubmed/31529615
https://doi.org/10.1038/s12276-020-0416-y
https://doi.org/10.1038/s12276-020-0416-y
https://www.ncbi.nlm.nih.gov/pubmed/32284536
https://doi.org/10.1038/s41586-018-0050-1
https://doi.org/10.1038/s41586-018-0050-1
https://www.ncbi.nlm.nih.gov/pubmed/29670289
https://doi.org/10.1038/nature25432
https://www.ncbi.nlm.nih.gov/pubmed/29342134
https://doi.org/10.1016/j.tcb.2017.08.007
https://www.ncbi.nlm.nih.gov/pubmed/28882413
https://doi.org/10.1038/nature23470
https://www.ncbi.nlm.nih.gov/pubmed/28759889
https://doi.org/10.1084/jem.20181329
https://doi.org/10.1084/jem.20181329
https://www.ncbi.nlm.nih.gov/pubmed/30936263
https://doi.org/10.1038/ncomms6166
https://doi.org/10.1038/ncomms6166
https://www.ncbi.nlm.nih.gov/pubmed/25300616
https://doi.org/10.1038/ncb2897
https://doi.org/10.1038/ncb2897
https://www.ncbi.nlm.nih.gov/pubmed/24366029
https://doi.org/10.1016/j.molcel.2010.09.019
https://www.ncbi.nlm.nih.gov/pubmed/20965415
https://doi.org/10.1016/j.cell.2012.04.011
https://www.ncbi.nlm.nih.gov/pubmed/22579044

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Chon H, Sparks JL, Rychlik M, Nowotny M, Burgers
PM, Crouch RJ, Cerritelli SM. RNase H2 roles in genome
integrity revealed by unlinking its activities. Nucleic Acids
Res. 2013; 41:3130-3143. https://doi.org/10.1093/nar/
gkt027. [PubMed]

Mackenzie KJ, Carroll P, Lettice L, Tarnauskaité Z, Reddy
K, Dix F, Revuelta A, Abbondati E, Rigby RE, Rabe B,
Kilanowski F, Grimes G, Fluteau A, et al. Ribonuclease
H2 mutations induce a ¢cGAS/STING-dependent innate
immune response. EMBO J. 2016; 35:831-844. https://doi.
org/10.15252/embj.201593339. [PubMed]

Zierhut C, Yamaguchi N, Paredes M, Luo JD, Carroll T,
Funabiki H. The Cytoplasmic DNA Sensor cGAS Promotes
Mitotic Cell Death. Cell. 2019; 178:302-315.e23. https://
doi.org/10.1016/.cell.2019.05.035. [PubMed]

Ciccia A, McDonald N, West SC. Structural and Functional
Relationships of the XPF/MUS81 Family of Proteins. Annu
Rev Biochem. 2008; 77:259-287. https://doi.org/10.1146/
annurev.biochem.77.070306.102408. [PubMed]

Ho SS, Zhang WY, Tan NYY, Khatoo M, Suter MA, Tripathi
S, Cheung FS, Lim WK, Tan PH, Ngeow J, Gasser S. The
DNA Structure-Specific Endonuclease MUS81 Mediates
DNA Sensor STING-Dependent Host Rejection of Prostate
Cancer Cells. Immunity. 2016; 44:1177—-1189. https://doi.
org/10.1016/].immuni.2016.04.010. [PubMed]

Liu H, Zhang H, Wu X, Ma D, Wu J, Wang L, Jiang Y, Fei
Y, Zhu C, Tan R, Jungblut P, Pei G, Dorhoi A, et al. Nuclear
c¢GAS suppresses DNA repair and promotes tumorigenesis.
Nature. 2018; 563:131-136. https://doi.org/10.1038/
s41586-018-0629-6. [PubMed]

Gao D, Li T, Li XD, Chen X, Li QZ, Wight-Carter M,
Chen ZJ. Activation of cyclic GMP-AMP synthase by self-
DNA causes autoimmune diseases. Proc Natl Acad Sci U
S A. 2015; 112:E5699-E5705. https://doi.org/10.1073/
pnas.1516465112. [PubMed]

Miyazaki T, Kim Y'S, Yoon J, Wang H, Suzuki T, Morse HC
3rd. The 3'-5" DNA exonuclease TREX1 directly interacts
with poly(ADP-ribose) polymerase-1 (PARP1) during the
DNA damage response. J Biol Chem. 2014; 289:32548—
32558. https://doi.org/10.1074/jbc.M114.547331. [PubMed]
Gehrke N, Mertens C, Zillinger T, Wenzel J, Bald T, Zahn
S, Tiiting T, Hartmann G, Barchet W. Oxidative Damage
of DNA Confers Resistance to Cytosolic Nuclease TREX1
Degradation and Potentiates STING-Dependent Immune
Sensing. Immunity. 2013; 39:482-495. https://doi.
org/10.1016/j.immuni.2013.08.004. [PubMed]

Yakes FM, Van Houten B. Mitochondrial DNA damage
is more extensive and persists longer than nuclear DNA

damage in human cells following oxidative stress. Proc Natl
Acad Sci U S A. 1997; 94:514-519. https://doi.org/10.1073/
pnas.94.2.514. [PubMed]

Lopez-Armada MJ, Riveiro-Naveira RR, Vaamonde-Garcia
C, Valcarcel-Ares MN. Mitochondrial dysfunction and the

inflammatory response. Mitochondrion. 2013; 13:106—118.
https://doi.org/10.1016/j.mit0.2013.01.003. [PubMed]

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Shokolenko I, Venediktova N, Bochkareva A, Wilson GL,
Alexeyev MF. Oxidative stress induces degradation of
mitochondrial DNA. Nucleic Acids Res. 2009; 37:2539—
2548. https://doi.org/10.1093/nar/gkp100. [PubMed]

Lood C, Blanco LP, Purmalek MM, Carmona-Rivera C,
De Ravin SS, Smith CK, Malech HL, Ledbetter JA, Elkon
KB, Kaplan MJ. Neutrophil extracellular traps enriched
in oxidized mitochondrial DNA are interferogenic and
contribute to lupus-like disease. Nat Med. 2016; 22:146—
153. https://doi.org/10.1038/nm.4027. [PubMed]

Riley JS, Quarato G, Cloix C, Lopez J, O’Prey J, Pearson
M, Chapman J, Sesaki H, Carlin LM, Passos JF, Wheeler
AP, Oberst A, Ryan KM, Tait SW. Mitochondrial inner
membrane permeabilisation enables mtDNA release
during apoptosis. EMBO J. 2018; 37:¢99238. https://doi.
org/10.15252/embj.201899238. [PubMed]

Ablasser A, Schmid-Burgk JL, Hemmerling I, Horvath GL,
Schmidt T, Latz E, Hornung V. Cell intrinsic immunity

spreads to bystander cells via the intercellular transfer
of ¢cGAMP. Nature. 2013; 503:530-534. https://doi.
org/10.1038/nature12640. [PubMed]

Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-Soto
A, Jacob L, Patwa R, Shah H, Xu K, Cross JR, Massagué
J. Carcinoma—astrocyte gap junctions promote brain
metastasis by cGAMP transfer. Nature. 2016; 533:493-498.
https://doi.org/10.1038/nature18268. [PubMed]

Bridgeman A, Maelfait J, Davenne T, Partridge T, Peng
Y, Mayer A, Dong T, Kaever V, Borrow P, Rehwinkel J.
Viruses transfer the antiviral second messenger cGAMP

between cells. Science. 2015; 349:1228-32. https://doi.
org/10.1126/science.aab3632. [PubMed]

Gentili M, Kowal J, Tkach M, Satoh T, Lahaye X,
Conrad C, Boyron M, Lombard B, Durand S, Kroemer
G, Loew D, Dalod M, Théry C, Manel N. Transmission
of innate immune signaling by packaging of cGAMP in
viral particles. Science. 2015; 349:1232-6. https://doi.
org/10.1126/science.aab3628. [PubMed]

Ritchie C, Cordova AF, Hess GT, Bassik MC, Li L.
SLC19A1 Is an Importer of the Immunotransmitter cGAMP.
Mol Cell. 2019; 75:372-381.€5. https://doi.org/10.1016/].
molcel.2019.05.006. [PubMed]

Luteijn RD, Zaver SA, Gowen BG, Wyman SK, Garelis NE,
Onia L, McWhirter SM, Katibah GE, Corn JE, Woodward
JJ, Raulet DH. SLC19A1 transports immunoreactive cyclic
dinucleotides. Nature. 2019; 573:434-438. https://doi.
org/10.1038/s41586-019-1553-0. [PubMed]

Li XD, Wu J, Gao D, Wang H, Sun L, Chen ZJ. Pivotal
roles of cGAS-cGAMP signaling in antiviral defense and
immune adjuvant effects. Science. 2013; 341:1390-4.
https://doi.org/10.1126/science.1244040. [PubMed]

Abe T, Barber GN. Cytosolic-DNA-Mediated, STING-
Dependent Proinflammatory Gene Induction Necessitates
Canonical NF-kB Activation through TBK1. J Virol. 2014;
88:5328-5341. https://doi.org/10.1128/JVI.00037-14.
[PubMed]

www.oncotarget.com

2949

Oncotarget


https://doi.org/10.1093/nar/gkt027
https://doi.org/10.1093/nar/gkt027
https://www.ncbi.nlm.nih.gov/pubmed/23355612
https://doi.org/10.15252/embj.201593339
https://doi.org/10.15252/embj.201593339
https://www.ncbi.nlm.nih.gov/pubmed/26903602
https://doi.org/10.1016/j.cell.2019.05.035
https://doi.org/10.1016/j.cell.2019.05.035
https://www.ncbi.nlm.nih.gov/pubmed/31299200
https://doi.org/10.1146/annurev.biochem.77.070306.102408
https://doi.org/10.1146/annurev.biochem.77.070306.102408
https://www.ncbi.nlm.nih.gov/pubmed/18518821
https://doi.org/10.1016/j.immuni.2016.04.010
https://doi.org/10.1016/j.immuni.2016.04.010
https://www.ncbi.nlm.nih.gov/pubmed/27178469
https://doi.org/10.1038/s41586-018-0629-6
https://doi.org/10.1038/s41586-018-0629-6
https://www.ncbi.nlm.nih.gov/pubmed/30356214
https://doi.org/10.1073/pnas.1516465112
https://doi.org/10.1073/pnas.1516465112
https://www.ncbi.nlm.nih.gov/pubmed/26371324
https://doi.org/10.1074/jbc.M114.547331
https://www.ncbi.nlm.nih.gov/pubmed/25278026
https://doi.org/10.1016/j.immuni.2013.08.004
https://doi.org/10.1016/j.immuni.2013.08.004
https://www.ncbi.nlm.nih.gov/pubmed/23993650
https://doi.org/10.1073/pnas.94.2.514
https://doi.org/10.1073/pnas.94.2.514
https://www.ncbi.nlm.nih.gov/pubmed/9012815
https://doi.org/10.1016/j.mito.2013.01.003
https://www.ncbi.nlm.nih.gov/pubmed/23333405
https://doi.org/10.1093/nar/gkp100
https://www.ncbi.nlm.nih.gov/pubmed/19264794
https://doi.org/10.1038/nm.4027
https://www.ncbi.nlm.nih.gov/pubmed/26779811
https://doi.org/10.15252/embj.201899238
https://doi.org/10.15252/embj.201899238
https://www.ncbi.nlm.nih.gov/pubmed/30049712
https://doi.org/10.1038/nature12640
https://doi.org/10.1038/nature12640
https://www.ncbi.nlm.nih.gov/pubmed/24077100
https://doi.org/10.1038/nature18268
https://www.ncbi.nlm.nih.gov/pubmed/27225120
https://doi.org/10.1126/science.aab3632
https://doi.org/10.1126/science.aab3632
https://www.ncbi.nlm.nih.gov/pubmed/26229117
https://doi.org/10.1126/science.aab3628
https://doi.org/10.1126/science.aab3628
https://www.ncbi.nlm.nih.gov/pubmed/26229115
https://doi.org/10.1016/j.molcel.2019.05.006
https://doi.org/10.1016/j.molcel.2019.05.006
https://www.ncbi.nlm.nih.gov/pubmed/31126740
https://doi.org/10.1038/s41586-019-1553-0
https://doi.org/10.1038/s41586-019-1553-0
https://www.ncbi.nlm.nih.gov/pubmed/31511694
https://doi.org/10.1126/science.1244040
https://www.ncbi.nlm.nih.gov/pubmed/23989956
https://doi.org/10.1128/JVI.00037-14
https://www.ncbi.nlm.nih.gov/pubmed/24600004

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz
E, Golenbock DT, Coyle AJ, Liao SM, Maniatis T. IKKe
and TBK1 are essential components of the IRF3 signalling
pathway. Nat Immunol. 2003; 4:491-496. https://doi.
0rg/10.1038/ni921. [PubMed]

Tanaka Y, Chen ZJ. STING specifies IRF3 phosphorylation
by TBKI1 in the cytosolic DNA signaling pathway.
Sci  Signal. 2012; 5:ra20. https://doi.org/10.1126/
scisignal.2002521. [PubMed]

Ishikawa H, Barber GN. STING is an endoplasmic
reticulum adaptor that facilitates innate immune signalling.
Nature. 2008; 455:674-678. https://doi.org/10.1038/
nature07317. [PubMed]

Hansen AL, Brandtoft AM, Nyegaard M, Thiclke AL,
Olagnier D, Holm CK. Global transcriptional changes in
response to cGAMP depend on STING in human THP-1
cells. Cell Mol Immunol. 2018; 15:983-985. https://doi.
org/10.1038/s41423-018-0035-x. [PubMed]

He JQ, Zarnegar B, Oganesyan G, Saha SK, Yamazaki S, Doyle
SE, Dempsey PW, Cheng G. Rescue of TRAF3-null mice by
p100 NF-kappa B deficiency. J Exp Med. 2006; 203:2413—
2418. https://doi.org/10.1084/jem.20061166. [PubMed]

Sun SC. The non-canonical NF-kB pathway in immunity
and inflammation. Nat Rev Immunol. 2017; 17:545-558.
https://doi.org/10.1038/nri.2017.52. [PubMed]

Zeng L, Kang R, Zhu S, Wang X, Cao L, Wang H, Billiar
TR, Jiang J, Tang D. ALK is a therapeutic target for lethal
sepsis. Sci Transl Med. 2017; 9:eaan5689. https://doi.
org/10.1126/scitranslmed.aan5689. [PubMed]

Dunphy G, Flannery SM, Almine JF, Connolly DJ, Paulus
C, Jonsson KL, Jakobsen MR, Nevels MM, Bowie AG,
Unterholzner L. Non-canonical Activation of the DNA
Sensing Adaptor STING by ATM and IFI16 Mediates
NF-xB Signaling after Nuclear DNA Damage. Mol
Cell. 2018; 71:745-760.e5. https://doi.org/10.1016/].
molcel.2018.07.034. [PubMed]

Aits S, Jaattela M. Lysosomal cell death at a glance. J
Cell Sci. 2013; 126:1905-1912. https://doi.org/10.1242/
jcs.091181. [PubMed]

Gaidt MM, Ebert TS, Chauhan D, Ramshorn K, Pinci F,
Zuber S, O’Duill F, Schmid-Burgk JL, Hoss F, Buhmann
R, Wittmann G, Latz E, Subklewe M, Hornung V. The
DNA Inflammasome in Human Myeloid Cells Is Initiated
by a STING-Cell Death Program Upstream of NLRP3.
Cell. 2017; 171:1110-1124.e18. https://doi.org/10.1016/].
cell.2017.09.039. [PubMed]

Abdul-Sater AA, Tattoli I, Jin L, Grajkowski A, Levi A,
Koller BH, Allen IC, Beaucage SL, Fitzgerald KA, Ting
JP, Cambier JC, Girardin SE, Schindler C. Cyclic-di-GMP
and cyclic-di-AMP activate the NLRP3 inflammasome.
EMBO Rep. 2013; 14:900-906. https://doi.org/10.1038/
embor.2013.132. [PubMed]

Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, Zhuang
Y, Cai T, Wang F, Shao F. Cleavage of GSDMD by

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

inflammatory caspases determines pyroptotic cell death.
Nature. 2015; 526:660-665. https://doi.org/10.1038/
nature15514. [PubMed]

Brault M, Olsen TM, Martinez J, Stetson DB, Oberst A.
Intracellular Nucleic Acid Sensing Triggers Necroptosis
through Synergistic Type I IFN and TNF Signaling. J
Immunol. 2018; 200:2748-2756. https://doi.org/10.4049/
jimmunol.1701492. [PubMed]

Gulen MF, Koch U, Haag SM, Schuler F, Apetoh L,
Villunger A, Radtke F, Ablasser A. Signalling strength
determines proapoptotic functions of STING. Nat Commun.
2017; 8:427. https://doi.org/10.1038/s41467-017-00573-w.
[PubMed]

White MJ, McArthur K, Metcalf D, Lane RM, Cambier JC,
Herold MJ, van Delft MF, Bedoui S, Lessene G, Ritchie
ME, Huang DC, Kile BT. Apoptotic caspases suppress
mtDNA-induced STING-mediated type I IFN production.
Cell. 2014; 159:1549-1562. https://doi.org/10.1016/].
cell.2014.11.036. [PubMed]

Larkin B, Ilyukha V, Sorokin M, Buzdin A, Vannier E,
Poltorak A. Cutting Edge: Activation of STING in T
Cells Induces Type I IFN Responses and Cell Death. J
Immunol. 2017; 199:397-402. https://doi.org/10.4049/
jimmunol.1601999. [PubMed]

Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D,
Agostinis P, Alnemri ES, Altucci L, Amelio I, Andrews DW,
Annicchiarico-Petruzzelli M, Antonov AV, Arama E, et al.

Molecular mechanisms of cell death: recommendations of
the Nomenclature Committee on Cell Death 2018. Cell
Death Differ. 2018; 25:486—-541. https://doi.org/10.1038/
s41418-017-0012-4. [PubMed]

Rongvaux A, Jackson R, Harman CC, Li T, West AP,
de Zoete MR, Wu Y, Yordy B, Lakhani SA, Kuan CY,
Taniguchi T, Shadel GS, Chen ZJ, et al. Apoptotic
Caspases Prevent the Induction of Type I Interferons by
Mitochondrial DNA. Cell. 2014; 159:1563—1577. https:/
doi.org/10.1016/j.cell.2014.11.037. [PubMed]

Tang CH, Zundell JA, Ranatunga S, Lin C, Nefedova Y, Del
Valle JR, Hu CC. Agonist-Mediated Activation of STING
Induces Apoptosis in Malignant B Cells. Cancer Res. 2016;
76:2137-2152. https://doi.org/10.1158/0008-5472.CAN-15-
1885. [PubMed]

Liang Q, Seo GJ, Choi YJ, Ge J, Rodgers MA, Shi M,
Jung JU. Autophagy side of MB21D1/cGAS DNA sensor.
Autophagy. 2014; 10:1146—1147. https://doi.org/10.4161/
auto.28769. [PubMed]

Gui X, Yang H, Li T, Tan X, Shi P, Li M, Du F, Chen ZJ.
Autophagy induction via STING trafficking is a primordial
function of the cGAS pathway. Nature. 2019; 567:262-266.
https://doi.org/10.1038/s41586-019-1006-9. [PubMed]
Nassour J, Radford R, Correia A, Fusté JM, Schoell B,
Jauch A, Shaw RJ, Karlseder J. Autophagic cell death
restricts chromosomal instability during replicative crisis.
Nature. 2019; 565:659—663. https://doi.org/10.1038/
s41586-019-0885-0. [PubMed]

www.oncotarget.com

2950

Oncotarget


https://doi.org/10.1038/ni921
https://doi.org/10.1038/ni921
https://www.ncbi.nlm.nih.gov/pubmed/12692549
https://doi.org/10.1126/scisignal.2002521
https://doi.org/10.1126/scisignal.2002521
https://www.ncbi.nlm.nih.gov/pubmed/22394562
https://doi.org/10.1038/nature07317
https://doi.org/10.1038/nature07317
https://www.ncbi.nlm.nih.gov/pubmed/18724357
https://doi.org/10.1038/s41423-018-0035-x
https://doi.org/10.1038/s41423-018-0035-x
https://www.ncbi.nlm.nih.gov/pubmed/29769658
https://doi.org/10.1084/jem.20061166
https://www.ncbi.nlm.nih.gov/pubmed/17015635
https://doi.org/10.1038/nri.2017.52
https://www.ncbi.nlm.nih.gov/pubmed/28580957
https://doi.org/10.1126/scitranslmed.aan5689
https://doi.org/10.1126/scitranslmed.aan5689
https://www.ncbi.nlm.nih.gov/pubmed/29046432
https://doi.org/10.1016/j.molcel.2018.07.034
https://doi.org/10.1016/j.molcel.2018.07.034
https://www.ncbi.nlm.nih.gov/pubmed/30193098
https://doi.org/10.1242/jcs.091181
https://doi.org/10.1242/jcs.091181
https://www.ncbi.nlm.nih.gov/pubmed/23720375
https://doi.org/10.1016/j.cell.2017.09.039
https://doi.org/10.1016/j.cell.2017.09.039
https://www.ncbi.nlm.nih.gov/pubmed/29033128
https://doi.org/10.1038/embor.2013.132
https://doi.org/10.1038/embor.2013.132
https://www.ncbi.nlm.nih.gov/pubmed/24008845
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature15514
https://www.ncbi.nlm.nih.gov/pubmed/26375003
https://doi.org/10.4049/jimmunol.1701492
https://doi.org/10.4049/jimmunol.1701492
https://www.ncbi.nlm.nih.gov/pubmed/29540580
https://doi.org/10.1038/s41467-017-00573-w
https://www.ncbi.nlm.nih.gov/pubmed/28874664
https://doi.org/10.1016/j.cell.2014.11.036
https://doi.org/10.1016/j.cell.2014.11.036
https://www.ncbi.nlm.nih.gov/pubmed/25525874
https://doi.org/10.4049/jimmunol.1601999
https://doi.org/10.4049/jimmunol.1601999
https://www.ncbi.nlm.nih.gov/pubmed/28615418
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://www.ncbi.nlm.nih.gov/pubmed/29362479
https://doi.org/10.1016/j.cell.2014.11.037
https://doi.org/10.1016/j.cell.2014.11.037
https://www.ncbi.nlm.nih.gov/pubmed/25525875
https://doi.org/10.1158/0008-5472.CAN-15-1885
https://doi.org/10.1158/0008-5472.CAN-15-1885
https://www.ncbi.nlm.nih.gov/pubmed/26951929
https://doi.org/10.4161/auto.28769
https://doi.org/10.4161/auto.28769
https://www.ncbi.nlm.nih.gov/pubmed/24879161
https://doi.org/10.1038/s41586-019-1006-9
https://www.ncbi.nlm.nih.gov/pubmed/30842662
https://doi.org/10.1038/s41586-019-0885-0
https://doi.org/10.1038/s41586-019-0885-0
https://www.ncbi.nlm.nih.gov/pubmed/30675059

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The
essence of senescence. Genes Dev. 2010; 24:2463-2479.
https://doi.org/10.1101/gad.1971610. [PubMed]

Takahashi A, Loo TM, Okada R, Kamachi F, Watanabe Y,
Wakita M, Watanabe S, Kawamoto S, Miyata K, Barber
GN, Ohtani N, Hara E. Downregulation of cytoplasmic
DNases is implicated in cytoplasmic DNA accumulation
and SASP in senescent cells. Nat Commun. 2018; 9:1249.
https://doi.org/10.1038/s41467-018-03555-8. [PubMed]

Moiseeva O, Mallette FA, Mukhopadhyay UK, Moores A,
Ferbeyre G. DNA Damage Signaling and p53-dependent

Senescence after Prolonged B-Interferon Stimulation. Mol
Biol Cell. 2006; 17:1583—-1592. https://doi.org/10.1091/
mbc.e05-09-0858. [PubMed]

Huang L, Li L, Lemos H, Chandler PR, Pacholczyk
G, Baban B, Barber GN, Hayakawa Y, McGaha TL,
Ravishankar B, Munn DH, Mellor AL. Cutting Edge: DNA
Sensing via the STING Adaptor in Myeloid Dendritic Cells
Induces Potent Tolerogenic Responses. J Immunol. 2013;
191:3509-3513. https://doi.org/10.4049/jimmunol.1301419.
[PubMed]

Nagata S, Nagase H, Kawane K, Mukae N, Fukuyama H.
Degradation of chromosomal DNA during apoptosis. Cell
Death Differ. 2003; 10:108—116. https://doi.org/10.1038/
sj.cdd.4401161. [PubMed]

Mcllroy D, Tanaka M, Sakahira H, Fukuyama H, Suzuki
M, Yamamura K, Ohsawa Y, Uchiyama Y, Nagata S. An
auxiliary mode of apoptotic DNA fragmentation provided
by phagocytes. Genes Dev. 2000; 14:549-558. https://doi.
org/10.1101/gad.14.5.549. [PubMed]

Lam AR, Bert NL, Ho SS, Shen YJ, Tang LF, Xiong GM,
Croxford JL, Koo CX, Ishii KJ, Akira S, Raulet DH,
Gasser S. RAE1 ligands for the NKG2D receptor are
regulated by STING-dependent DNA sensor pathways in
lymphoma. Cancer Res. 2014; 74:2193-2203. https://doi.
org/10.1158/0008-5472.CAN-13-1703. [PubMed]

Lowe SW, Lin AW. Apoptosis in cancer. Carcinogenesis.
2000; 21:485-495. https://doi.org/10.1093/carcin/21.3.485.
[PubMed]

Kitai Y, Kawasaki T, Sueyoshi T, Kobiyama K, Ishii KJ,
Zou J, Akira S, Matsuda T, Kawai T. DNA-Containing
Exosomes

Derived from Cancer Cells Treated with
Topotecan Activate a STING-Dependent Pathway and
Reinforce Antitumor Immunity. J Immunol. 2017
198:1649-1659. https://doi.org/10.4049/jimmunol.1601694.
[PubMed]

Xu MM, PuY, Han D, Shi Y, Cao X, Liang H, Chen X, Li
XD, Deng L, Chen ZJ, Weichselbaum RR, Fu YX. Dendritic
Cells but Not Macrophages Sense Tumor Mitochondrial
DNA for Cross-priming through Signal Regulatory Protein
o Signaling. Immunity. 2017; 47:363—373.¢5. https://doi.
org/10.1016/j.immuni.2017.07.016. [PubMed]

Woo SR, Fuertes MB, Corrales L, Spranger S, Furdyna
MJ, Leung MY, Duggan R, Wang Y, Barber GN, Fitzgerald
KA, Alegre ML, Gajewski TF. STING-dependent cytosolic

119.

120.

121.

122.

123.

124.

125.

126.

127.

DNA sensing mediates innate immune recognition of
immunogenic tumors. Immunity. 2014; 41:830-842. https:/
doi.org/10.1016/j.immuni.2014.10.017. [PubMed]

Klarquist J, Hennies CM, Lehn MA, Reboulet RA, Feau
S, Janssen EM. STING-Mediated DNA Sensing Promotes
Antitumor and Autoimmune Responses to Dying Cells. J
Immunol. 2014; 193:6124-6134. https://doi.org/10.4049/
jimmunol.1401869. [PubMed]

Amigorena S, Savina A. Intracellular mechanisms of

antigen cross presentation in dendritic cells. Curr Opin
Immunol. 2010; 22:109-117. https://doi.org/10.1016/].
€0i.2010.01.022. [PubMed]

Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, Li
XD, Mauceri H, Beckett M, Darga T, Huang X, Gajewski
TF, Chen ZJ, et al. STING-dependent cytosolic DNA
sensing promotes radiation-induced type I interferon-

dependent antitumor immunity in immunogenic tumors.
Immunity. 2014; 41:543-852. https://doi.org/10.1016/].
immuni.2014.10.019. [PubMed]

Diamond JM, Vanpouille-Box C, Spada S, Rudqvist NP,
Chapman JR, Ueberheide BM, Pilones KA, Sarfraz Y,
Formenti SC, Demaria S. Exosomes Shuttle TREX1-
Sensitive IFN-Stimulatory dsDNA from Irradiated Cancer
Cells to DCs. Cancer Immunol Res. 2018; 6:910-920.
https://doi.org/10.1158/2326-6066.CIR-17-0581. [PubMed]

Francica BJ, Ghasemzadeh A, Desbien AL, Theodros
D, Sivick KE, Reiner GL, Hix Glickman L, Marciscano
AE, Sharabi AB, Leong ML, McWhirter SM, Dubensky
TW Jr, Pardoll DM, Drake CG. TNFa and Radioresistant
Stromal Cells Are Essential for Therapeutic Efficacy of

Cyclic Dinucleotide STING Agonists in Nonimmunogenic
Tumors. Cancer Immunol Res. 2018; 6:422—433. https://
doi.org/10.1158/2326-6066.CIR-17-0263. [PubMed]
Guerra N, Tan YX, Joncker NT, Choy A, Gallardo F,
Xiong N, Knoblaugh S, Cado D, Greenberg NM, Raulet
DH. NKG2D-Deficient Mice Are Defective in Tumor
Surveillance in Models of Spontaneous Malignancy.
Immunity. 2008; 28:571-580. https://doi.org/10.1016/].
immuni.2008.02.016. [PubMed]

Marcus A, Mao AJ, Lensink-Vasan M, Wang L, Vance RE,
Raulet DH. Tumor-Derived cGAMP Triggers a STING-
Mediated Interferon Response in Non-tumor Cells to Activate
the NK Cell Response. Immunity. 2018; 49:754-763.e4.
https://doi.org/10.1016/j.immuni.2018.09.016. [PubMed]
Schadt L, Sparano C, Schweiger NA, Silina K, Cecconi V,
Lucchiari G, Yagita H, Guggisberg E, Saba S, Nascakova
Z, Barchet W, van den Broek M. Cancer-Cell-Intrinsic
c¢GAS Expression Mediates Tumor Immunogenicity. Cell
Rep. 2019; 29:1236-1248.¢7. https://doi.org/10.1016/].
celrep.2019.09.065. [PubMed]

de Queiroz NM, Xia T, Konno H, Barber GN. Ovarian
Cancer Cells Commonly Exhibit Defective STING
Signaling Which Affects Sensitivity to Viral Oncolysis.
Mol Cancer Res. 2019; 17:974-986. https://doi.
org/10.1158/1541-7786.MCR-18-0504. [PubMed]

www.oncotarget.com

2951

Oncotarget


https://doi.org/10.1101/gad.1971610
https://www.ncbi.nlm.nih.gov/pubmed/21078816
https://doi.org/10.1038/s41467-018-03555-8
https://www.ncbi.nlm.nih.gov/pubmed/29593264
https://doi.org/10.1091/mbc.e05-09-0858
https://doi.org/10.1091/mbc.e05-09-0858
https://www.ncbi.nlm.nih.gov/pubmed/16436515
https://doi.org/10.4049/jimmunol.1301419
https://www.ncbi.nlm.nih.gov/pubmed/23986532
https://doi.org/10.1038/sj.cdd.4401161
https://doi.org/10.1038/sj.cdd.4401161
https://www.ncbi.nlm.nih.gov/pubmed/12655299
https://doi.org/10.1101/gad.14.5.549
https://doi.org/10.1101/gad.14.5.549
https://www.ncbi.nlm.nih.gov/pubmed/10716943
https://doi.org/10.1158/0008-5472.CAN-13-1703
https://doi.org/10.1158/0008-5472.CAN-13-1703
https://www.ncbi.nlm.nih.gov/pubmed/24590060
https://doi.org/10.1093/carcin/21.3.485
https://www.ncbi.nlm.nih.gov/pubmed/10688869
https://doi.org/10.4049/jimmunol.1601694
https://www.ncbi.nlm.nih.gov/pubmed/28069806
https://doi.org/10.1016/j.immuni.2017.07.016
https://doi.org/10.1016/j.immuni.2017.07.016
https://www.ncbi.nlm.nih.gov/pubmed/28801234
https://doi.org/10.1016/j.immuni.2014.10.017
https://doi.org/10.1016/j.immuni.2014.10.017
https://www.ncbi.nlm.nih.gov/pubmed/25517615
https://doi.org/10.4049/jimmunol.1401869
https://doi.org/10.4049/jimmunol.1401869
https://www.ncbi.nlm.nih.gov/pubmed/25385820
https://doi.org/10.1016/j.coi.2010.01.022
https://doi.org/10.1016/j.coi.2010.01.022
https://www.ncbi.nlm.nih.gov/pubmed/20171863
https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1016/j.immuni.2014.10.019
https://www.ncbi.nlm.nih.gov/pubmed/25517616
https://doi.org/10.1158/2326-6066.CIR-17-0581
https://www.ncbi.nlm.nih.gov/pubmed/29907693
https://doi.org/10.1158/2326-6066.CIR-17-0263
https://doi.org/10.1158/2326-6066.CIR-17-0263
https://www.ncbi.nlm.nih.gov/pubmed/29472271
https://doi.org/10.1016/j.immuni.2008.02.016
https://doi.org/10.1016/j.immuni.2008.02.016
https://www.ncbi.nlm.nih.gov/pubmed/18394936
https://doi.org/10.1016/j.immuni.2018.09.016
https://www.ncbi.nlm.nih.gov/pubmed/30332631
https://doi.org/10.1016/j.celrep.2019.09.065
https://doi.org/10.1016/j.celrep.2019.09.065
https://www.ncbi.nlm.nih.gov/pubmed/31665636
https://doi.org/10.1158/1541-7786.MCR-18-0504
https://doi.org/10.1158/1541-7786.MCR-18-0504
https://www.ncbi.nlm.nih.gov/pubmed/30587523

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Xia T, Konno H, Ahn J, Barber GN. Deregulation of
STING Signaling in Colorectal Carcinoma Constrains DNA
Damage Responses and Correlates With Tumorigenesis.
Cell Rep. 2016; 14:282-297. https://doi.org/10.1016/].
celrep.2015.12.029. [PubMed]

Xia T, Konno H, Barber GN. Recurrent Loss of STING
Signaling in Melanoma Correlates with Susceptibility to
Viral Oncolysis. Cancer Res. 2016; 76:6747-6759. https://
doi.org/10.1158/0008-5472.CAN-16-1404. [PubMed]
Song S, Peng P, Tang Z, Zhao J, Wu W, Li H, Shao M, Li L,
Yang C, Duan F, Zhang M, Zhang J, Wu H, et al. Decreased
expression of STING predicts poor prognosis in patients

with gastric cancer. Sci Rep. 2017; 7:39858. https://doi.
org/10.1038/srep39858. [PubMed]

Ohkuri T, Kosaka A, Ishibashi K, Kumai T, Hirata Y, Ohara
K, Nagato T, Oikawa K, Aoki N, Harabuchi Y, Celis E,
Kobayashi H. Intratumoral administration of cGAMP
transiently accumulates potent macrophages for anti-

tumor immunity at a mouse tumor site. Cancer Immunol
Immunother. 2017; 66:705-716. https://doi.org/10.1007/
$00262-017-1975-1. [PubMed]

Baird JR, Feng Z, Xiao HD, Friedman D, Cottam B,
Fox BA, Kramer G, Leidner RS, Bell RB, Young KH,
Crittenden MR, Gough MJ. STING expression and response
to treatment with STING ligands in premalignant and
malignant disease. PLoS One. 2017; 12:e0187532. https://
doi.org/10.1371/journal.pone.0187532. [PubMed]

Corrales L, Glickman LH, McWhirter SM, Kanne
DB, Sivick KE, Katibah GE, Woo SR, Lemmens E,
Banda T, Leong JJ, Metchette K, Dubensky TW Ir,
Gajewski TF. Direct Activation of STING in the Tumor
Microenvironment Leads to Potent and Systemic Tumor
Regression and Immunity. Cell Rep. 2015; 11:1018-1030.
https://doi.org/10.1016/j.celrep.2015.04.031. [PubMed]

Zong J, Keskinov AA, Shurin GV, Shurin MR. Tumor-
derived factors modulating dendritic cell function. Cancer

Immunol Immunother. 2016; 65:821-833. https://doi.
0rg/10.1007/s00262-016-1820-y. [PubMed]

Wang H, Hu S, Chen X, Shi H, Chen C, Sun L, Chen ZJ. cGAS
is essential for the antitumor effect of immune checkpoint
blockade. Proc Natl Acad Sci U S A. 2017; 114:1637-1642.
https://doi.org/10.1073/pnas.1621363114. [PubMed]

Fuertes MB, Kacha AK, Kline J, Woo SR, Kranz DM,
Murphy KM, Gajewski TF. Host type I IFN signals are
required for antitumor CD8+ T cell responses through
CD8{a}+ dendritic cells. J Exp Med. 2011; 208:2005-2016.
https://doi.org/10.1084/jem.20101159. [PubMed]
Diamond MS, Kinder M, Matsushita H, Mashayekhi M,
Dunn GP, Archambault JM, Lee H, Arthur CD, White JM,
Kalinke U, Murphy KM, Schreiber RD. Type I interferon is
selectively required by dendritic cells for immune rejection
of tumors. J Exp Med. 2011; 208:1989-2003. https://doi.
org/10.1084/jem.20101158. [PubMed]

Burnette BC, Liang H, Lee Y, Chlewicki L, Khodarev
NN, Weichselbaum RR, Fu YX, Auh SL. The Efficacy of

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Radiotherapy Relies upon Induction of Type I Interferon-
Dependent Innate and Adaptive Immunity. Cancer Res.
2011; 71:2488-2496. https://doi.org/10.1158/0008-5472.
CAN-10-2820. [PubMed]

Kis-Toth K, Szanto A. Thai TH, Tsokos GC. Cytosolic
DNA-Activated Human Dendritic Cells Are Potent
Activators of the Adaptive Immune Response. J
Immunol. 2011; 187:1222—-1234. https://doi.org/10.4049/
jimmunol.1100469. [PubMed]

Li T, Cheng H, Yuan H, Xu Q, Shu C, Zhang Y, Xu P, Tan
J, Rui Y, Li P, Tan X. Antitumor Activity of cGAMP via
Stimulation of c¢cGAS-cGAMP-STING-IRF3 Mediated
Innate Immune Response. Sci Rep. 2016; 6:19049. https:/
doi.org/10.1038/srep19049. [PubMed]

Steinbrink K, Jonuleit H, Miiller G, Schuler G, Knop J,
Enk AH. Interleukin-10-treated human dendritic cells
induce a melanoma-antigen-specific anergy in CD8(+) T

cells resulting in a failure to lyse tumor cells. Blood. 1999;
93:1634-1642. https://doi.org/10.1182/blood.V93.5.1634.
[PubMed]

Gabrilovich DI, Ostrand-Rosenberg S, Bronte V.
Coordinated regulation of myeloid cells by tumours. Nat
Rev Immunol. 2012; 12:253-268. https://doi.org/10.1038/
nri3175. [PubMed]

Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y,
Ha TT, Gajewski TF. Up-Regulation of PD-L1, IDO, and
T(regs) in the Melanoma Tumor Microenvironment Is
Driven by CD8+ T Cells. Sci Transl Med. 2013; 5:200ral16.
https://doi.org/10.1126/scitranslmed.3006504. [PubMed]
Zhang C, Ye S, Ni J, Cai T, Liu Y, Huang D, Mai H, Chen
Q, He J, Zhang X, Zeng Y, Li J, Cui J. STING signaling
remodels the tumor microenvironment by antagonizing

myeloid-derived suppressor cell expansion. Cell Death
Differ. 2019; 26:2314-2328. https://doi.org/10.1038/
s41418-019-0302-0. [PubMed]

Sallets A, Robinson S, Kardosh A, Levy R. Enhancing
immunotherapy of STING agonist for lymphoma in
preclinical models. Blood Adv. 2018; 2:2230-2241. https:/
doi.org/10.1182/bloodadvances.2018020040. [PubMed]

Downey CM, Aghaei M, Schwendener RA, Jirik FR. DMXAA
Causes Tumor Site-Specific Vascular Disruption in Murine

Non-Small Cell Lung Cancer, and like the Endogenous Non-
Canonical Cyclic Dinucleotide STING Agonist, 2'3'-cGAMP,
Induces M2 Macrophage Repolarization. Kanthou C, editor.
PLoS One. 2014; 9:¢99988. https://doi.org/10.1371/journal.
pone.0099988. [PubMed]

Cheng N, Watkins-Schulz R, Junkins RD, David CN,
Johnson BM, Montgomery SA, Peine KJ, Darr DB,
Yuan H, McKinnon KP, Liu Q, Miao L, Huang L, et al.
A nanoparticle-incorporated STING activator enhances

antitumor immunity in PD-L1-insensitive models of triple-
negative breast cancer. JCI Insight. 2018; 3:¢120638.
https://doi.org/10.1172/jci.insight.120638. [PubMed]

Cao DJ, Schiattarella GG, Villalobos E, Jiang N, May
HI, Li T, Chen ZJ, Gillette TG, Hill JA. Cytosolic

www.oncotarget.com

2952

Oncotarget


https://doi.org/10.1016/j.celrep.2015.12.029
https://doi.org/10.1016/j.celrep.2015.12.029
https://www.ncbi.nlm.nih.gov/pubmed/26748708
https://doi.org/10.1158/0008-5472.CAN-16-1404
https://doi.org/10.1158/0008-5472.CAN-16-1404
https://www.ncbi.nlm.nih.gov/pubmed/27680683
https://doi.org/10.1038/srep39858
https://doi.org/10.1038/srep39858
https://www.ncbi.nlm.nih.gov/pubmed/28176788
https://doi.org/10.1007/s00262-017-1975-1
https://doi.org/10.1007/s00262-017-1975-1
https://www.ncbi.nlm.nih.gov/pubmed/28243692
https://doi.org/10.1371/journal.pone.0187532
https://doi.org/10.1371/journal.pone.0187532
https://www.ncbi.nlm.nih.gov/pubmed/29135982
https://doi.org/10.1016/j.celrep.2015.04.031
https://www.ncbi.nlm.nih.gov/pubmed/25959818
https://doi.org/10.1007/s00262-016-1820-y
https://doi.org/10.1007/s00262-016-1820-y
https://www.ncbi.nlm.nih.gov/pubmed/26984847
https://doi.org/10.1073/pnas.1621363114
https://www.ncbi.nlm.nih.gov/pubmed/28137885
https://doi.org/10.1084/jem.20101159
https://www.ncbi.nlm.nih.gov/pubmed/21930765
https://doi.org/10.1084/jem.20101158
https://doi.org/10.1084/jem.20101158
https://www.ncbi.nlm.nih.gov/pubmed/21930769
https://doi.org/10.1158/0008-5472.CAN-10-2820
https://doi.org/10.1158/0008-5472.CAN-10-2820
https://www.ncbi.nlm.nih.gov/pubmed/21300764
https://doi.org/10.4049/jimmunol.1100469
https://doi.org/10.4049/jimmunol.1100469
https://www.ncbi.nlm.nih.gov/pubmed/21709148
https://doi.org/10.1038/srep19049
https://doi.org/10.1038/srep19049
https://www.ncbi.nlm.nih.gov/pubmed/26754564
https://doi.org/10.1182/blood.V93.5.1634
https://www.ncbi.nlm.nih.gov/pubmed/10029592
https://doi.org/10.1038/nri3175
https://doi.org/10.1038/nri3175
https://www.ncbi.nlm.nih.gov/pubmed/22437938
https://doi.org/10.1126/scitranslmed.3006504
https://www.ncbi.nlm.nih.gov/pubmed/23986400
https://doi.org/10.1038/s41418-019-0302-0
https://doi.org/10.1038/s41418-019-0302-0
https://www.ncbi.nlm.nih.gov/pubmed/30816302
https://doi.org/10.1182/bloodadvances.2018020040
https://doi.org/10.1182/bloodadvances.2018020040
https://www.ncbi.nlm.nih.gov/pubmed/30194137
https://doi.org/10.1371/journal.pone.0099988
https://doi.org/10.1371/journal.pone.0099988
https://www.ncbi.nlm.nih.gov/pubmed/24940883
https://doi.org/10.1172/jci.insight.120638
https://www.ncbi.nlm.nih.gov/pubmed/30429378

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

DNA Sensing Promotes Macrophage Transformation
and Governs Myocardial Ischemic Injury. Circulation.
2018; 137:2613-2634. https://doi.org/10.1161/
CIRCULATIONAHA.117.031046. [PubMed]

Ohkuri T, Ghosh A, Kosaka A, Zhu J, Ikeura M, David M,
Watkins SC, Sarkar SN, Okada H. STING Contributes to
Antiglioma Immunity via Triggering Type I IFN Signals in
the Tumor Microenvironment. Cancer Immunol Res. 2014;
2:1199-1208. https://doi.org/10.1158/2326-6066.CIR-14-
0099. [PubMed]

Ahn J, Konno H, Barber GN. Diverse roles of STING-
dependent signaling on the development of cancer.
Oncogene. 2015; 34:5302—5308. https://doi.org/10.1038/
onc.2014.457. [PubMed]

Huber S, Gagliani N, Zenewicz LA, Huber FJ, Bosurgi
L, Hu B, Hedl M, Zhang W, O’Connor W Jr, Murphy AlJ,
Valenzuela DM, Yancopoulos GD, Booth CJ, et al. IL-
22BP is regulated by the inflammasome and modulates
tumorigenesis in the intestine. Nature. 2012; 491:259-263.
https://doi.org/10.1038/nature11535. [PubMed]

Heijink AM, Talens F, Jae LT, van Gijn SE, Fehrmann
RS, Brummelkamp TR, van Vugt MA. BRCA2 deficiency
instigates cGAS-mediated inflammatory signaling and
confers sensitivity to tumor necrosis factor-alpha-mediated
cytotoxicity. Nat Commun. 2019; 10:100. https://doi.
0rg/10.1038/s41467-018-07927-y. [PubMed]

Reisldnder T, Lombardi EP, Groelly FJ, Miar A, Porru M,
Di Vito S, Wright B, Lockstone H, Biroccio A, Harris A,
Londoilo-Vallejo A, Tarsounas M. BRCA2 abrogation
triggers innate immune responses potentiated by treatment
with PARP inhibitors. Nat Commun. 2019; 10:3143. https:/
doi.org/10.1038/s41467-019-11048-5. [PubMed]

Liu L, Feng D, Chen G, Chen M, Zheng Q, Song P, Ma
Q, Zhu C, Wang R, Qi W, Huang L, Xue P, Li B, et al.
Mitochondrial outer-membrane protein FUNDC1 mediates

hypoxia-induced mitophagy in mammalian cells. Nat Cell
Biol. 2012; 14:177-185. https://doi.org/10.1038/ncb2422.
[PubMed]

Petrocca F, Visone R, Onelli MR, Shah MH, Nicoloso MS,
de Martino I, Iliopoulos D, Pilozzi E, Liu CG, Negrini M,
Cavazzini L, Volinia S, Alder H, et al. E2F1-Regulated
MicroRNAs Impair TGFB-Dependent Cell-Cycle Arrest and
Apoptosis in Gastric Cancer. Cancer Cell. 2008; 13:272—
286. https://doi.org/10.1016/j.ccr.2008.02.013. [PubMed]

Konno H, Yamauchi S, Berglund A, Putney RM, Mulé
JJ, Barber GN. Suppression of STING signaling through
epigenetic silencing and missense mutation impedes DNA

damage mediated cytokine production. Oncogene. 2018;
37:2037-2051. https://doi.org/10.1038/s41388-017-0120-
0. [PubMed]

Dilley RL, Greenberg RA. ALTernative Telomere
Maintenance and Cancer. Trends Cancer. 2015; 1:145-156.
https://doi.org/10.1016/j.trecan.2015.07.007. [PubMed]

Chen YA, Shen YL, Hsia HY, Tiang YP, Sung TL, Chen
LY. Extrachromosomal telomere repeat DNA is linked to

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

ALT development via cGAS-STING DNA sensing pathway.
Nat Struct Mol Biol. 2017; 24:1124-1131. https://doi.
org/10.1038/nsmb.3498. [PubMed]

Cesare Al, Griffith JD. Telomeric DNA in ALT Cells Is
Characterized by Free Telomeric Circles and Heterogeneous
t-Loops. Mol Cell Biol. 2004; 24:9948-9957. https://doi.
org/10.1128/MCB.24.22.9948-9957.2004. [PubMed]

Lemos H, Mohamed E, Huang L, Ou R, Pacholczyk G,
Arbab AS, Munn D, Mellor AL. STING Promotes the
Growth of Tumors Characterized by Low Antigenicity via
IDO Activation. Cancer Res. 2016; 76:2076-2081. https://
doi.org/10.1158/0008-5472.CAN-15-1456. [PubMed]

Wu S, Zhang Q, Zhang F, Meng F, Liu S, Zhou R, Wu Q, Li
X, Shen L, Huang J, Qin J, Ouyang S, Xia Z, et al. HER2
recruits AKT1 to disrupt STING signalling and suppress

antiviral defence and antitumour immunity. Nat Cell Biol.
2019; 21:1027-1040. https://doi.org/10.1038/s41556-019-
0352-z. [PubMed]

Demaria O, De Gassart A, Coso S, Gestermann N, Di
Domizio J, Flatz L, Gaide O, Michielin O, Hwu P, Petrova
TV, Martinon F, Modlin RL, Speiser DE, Gilliet M. STING
activation of tumor endothelial cells initiates spontaneous
and therapeutic antitumor immunity. Proc Natl Acad Sci
U S A. 2015; 112:15408-15413. https://doi.org/10.1073/
pnas.1512832112. [PubMed]

Baird JR, Friedman D, Cottam B, Dubensky TW Jr, Kanne
DB, Bambina S, Bahjat K, Crittenden MR, Gough MJ.
Radiotherapy Combined with Novel STING-Targeting
Oligonucleotides Results in Regression of Established
Tumors. Cancer Res. 2016; 76:50-61. https:/doi.
org/10.1158/0008-5472.CAN-14-3619. [PubMed]

Ager CR, Reilley MJ, Nicholas C, Bartkowiak T, Jaiswal
AR, Curran MA. Intratumoral STING Activation with T-cell
Checkpoint Modulation Generates Systemic Antitumor

Immunity. Cancer Immunol Res. 2017; 5:676—684. https://
doi.org/10.1158/2326-6066.CIR-17-0049. [PubMed]

Curran E, Chen X, Corrales L, Kline DE, Dubensky TW
Jr, Duttagupta P, Kortylewski M, Kline J. STING Pathway
Activation Stimulates Potent Immunity against Acute
Myeloid Leukemia. Cell Rep. 2016; 15:2357-2366. https:/
doi.org/10.1016/.celrep.2016.05.023. [PubMed]

Daei Farshchi Adli A, Jahanban-Esfahlan R, Seidi K,
Samandari-Rad S, Zarghami N. An overview on Vadimezan
(DMXAA): The vascular disrupting agent. Chem Biol
Drug Des. 2018; 91:996-1006. https://doi.org/10.1111/
cbdd.13166. [PubMed]

Conlon J, Burdette DL, Sharma S, Bhat N, Thompson M,
Jiang Z, Rathinam VA, Monks B, Jin T, Xiao TS, Vogel
SN, Vance RE, Fitzgerald KA. Mouse, but not Human
STING, Binds and Signals in Response to the Vascular
Disrupting Agent 5,6-Dimethylxanthenone-4-Acetic Acid.
J Immunol. 2013; 190:5216-5225. https://doi.org/10.4049/
jimmunol.1300097. [PubMed]

Shih AY, Damm-Ganamet KL, Mirzadegan T. Dynamic
Structural Differences between Human and Mouse STING

www.oncotarget.com

2953

Oncotarget


https://doi.org/10.1161/CIRCULATIONAHA.117.031046
https://doi.org/10.1161/CIRCULATIONAHA.117.031046
https://www.ncbi.nlm.nih.gov/pubmed/29437120
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://www.ncbi.nlm.nih.gov/pubmed/25300859
https://doi.org/10.1038/onc.2014.457
https://doi.org/10.1038/onc.2014.457
https://www.ncbi.nlm.nih.gov/pubmed/25639870
https://doi.org/10.1038/nature11535
https://www.ncbi.nlm.nih.gov/pubmed/23075849
https://doi.org/10.1038/s41467-018-07927-y
https://doi.org/10.1038/s41467-018-07927-y
https://www.ncbi.nlm.nih.gov/pubmed/30626869
https://doi.org/10.1038/s41467-019-11048-5
https://doi.org/10.1038/s41467-019-11048-5
https://www.ncbi.nlm.nih.gov/pubmed/31316060
https://doi.org/10.1038/ncb2422
https://www.ncbi.nlm.nih.gov/pubmed/22267086
https://doi.org/10.1016/j.ccr.2008.02.013
https://www.ncbi.nlm.nih.gov/pubmed/18328430
https://doi.org/10.1038/s41388-017-0120-0
https://doi.org/10.1038/s41388-017-0120-0
https://www.ncbi.nlm.nih.gov/pubmed/29367762
https://doi.org/10.1016/j.trecan.2015.07.007
https://www.ncbi.nlm.nih.gov/pubmed/26645051
https://doi.org/10.1038/nsmb.3498
https://doi.org/10.1038/nsmb.3498
https://www.ncbi.nlm.nih.gov/pubmed/29106411
https://doi.org/10.1128/MCB.24.22.9948-9957.2004
https://doi.org/10.1128/MCB.24.22.9948-9957.2004
https://www.ncbi.nlm.nih.gov/pubmed/15509797
https://doi.org/10.1158/0008-5472.CAN-15-1456
https://doi.org/10.1158/0008-5472.CAN-15-1456
https://www.ncbi.nlm.nih.gov/pubmed/26964621
https://doi.org/10.1038/s41556-019-0352-z
https://doi.org/10.1038/s41556-019-0352-z
https://www.ncbi.nlm.nih.gov/pubmed/31332347
https://doi.org/10.1073/pnas.1512832112
https://doi.org/10.1073/pnas.1512832112
https://www.ncbi.nlm.nih.gov/pubmed/26607445
https://doi.org/10.1158/0008-5472.CAN-14-3619
https://doi.org/10.1158/0008-5472.CAN-14-3619
https://www.ncbi.nlm.nih.gov/pubmed/26567136
https://doi.org/10.1158/2326-6066.CIR-17-0049
https://doi.org/10.1158/2326-6066.CIR-17-0049
https://www.ncbi.nlm.nih.gov/pubmed/28674082
https://doi.org/10.1016/j.celrep.2016.05.023
https://doi.org/10.1016/j.celrep.2016.05.023
https://www.ncbi.nlm.nih.gov/pubmed/27264175
https://doi.org/10.1111/cbdd.13166
https://doi.org/10.1111/cbdd.13166
https://www.ncbi.nlm.nih.gov/pubmed/29288534
https://doi.org/10.4049/jimmunol.1300097
https://doi.org/10.4049/jimmunol.1300097
https://www.ncbi.nlm.nih.gov/pubmed/23585680

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Lead to Differing Sensitivity to DMXAA. Biophys J. 2018;
114:32-39. https://doi.org/10.1016/j.bpj.2017.10.027.
[PubMed]

Zhang L, Chen X, Liu X, Kline DE, Teague RM, Gajewski
TF, Kline J. CD40 ligation reverses T cell tolerance in acute
myeloid leukemia. J Clin Invest. 2013; 123:1999-2010.
https://doi.org/10.1172/JC163980. [PubMed]

Gao P, Ascano M, Zillinger T, Wang W, Dai P, Serganov
AA, Gaffney BL, Shuman S, Jones RA, Deng L, Hartmann
G, Barchet W, Tuschl T, Patel DJ. Structure-Function
Analysis of STING Activation by ¢[G(2",5")pA(3',5")p] and
Targeting by Antiviral DMXAA. Cell. 2013; 154:748-762.
https://doi.org/10.1016/j.cell.2013.07.023. [PubMed]

Fu J, Kanne DB, Leong M, Glickman LH, McWhirter SM,
Lemmens E, Mechette K, Leong JJ, Lauer P, Liu W, Sivick
KE, Zeng Q, Soares KC, et al. STING agonist formulated
cancer vaccines can cure established tumors resistant to
PD-1 blockade. Sci Transl Med. 2015; 7:283ra52. https://
doi.org/10.1126/scitranslmed.aaa4306. [PubMed]

Ramanjulu JM, Pesiridis GS, Yang J, Concha N, Singhaus
R, Zhang S, Tran J, Moore P, Lehmann S, Eberl HC,
Muelbaier M, Schneck JL, Clemens J, et al. Design of
amidobenzimidazole STING receptor agonists with
systemic activity. Nature. 2018; 564:439-443. https://doi.
org/10.1038/s41586-018-0705-y. [PubMed]

Carozza JA, Bohnert V, Nguyen KC, Skariah G, Shaw
KE, Brown JA, Rafat M, von Eyben R, Graves EE, Glenn
JS, Smith M, Li L. Extracellular cGAMP is a cancer-cell-
produced immunotransmitter involved in radiation-induced

anticancer immunity. Nat Cancer. 2020; 1:184-196. https://
doi.org/10.1038/543018-020-0028-4.

Koshy ST, Cheung AS, Gu L, Graveline AR, Mooney
DIJ. Liposomal Delivery Enhances Immune Activation by

STING Agonists for Cancer Immunotherapy. Adv Biosyst.
2017; 1:1600013. https://doi.org/10.1002/adbi.201600013.
[PubMed]

Wilson DR, Sen R, Sunshine JC, Pardoll DM, Green JJ,
Kim YJ. Biodegradable STING agonist nanoparticles
for enhanced cancer immunotherapy. Nanomedicine
(Lond). 2018; 14:237-246. https://doi.org/10.1016/].
nano.2017.10.013. [PubMed]

Kinkead HL, Hopkins A, Lutz E, Wu AA, Yarchoan M,
Cruz K, Woolman S, Vithayathil T, Glickman LH, Ndubaku
CO, McWhirter SM, Dubensky TW Jr, Armstrong TD, et
al. Combining STING-based neoantigen-targeted vaccine

with checkpoint modulators enhances antitumor immunity
in murine pancreatic cancer. JCI Insight. 2018; 3:¢122857.
https://doi.org/10.1172/jci.insight.122857. [PubMed]
Nguyen TT, Chua JK, Seah KS, Koo SH, Yee JY, Yang EG,
Lim KK, Pang SY, Yuen A, Zhang L, Ang WH, Dymock
B, Lee EJ, Chen ES. Predicting chemotherapeutic drug
combinations through gene network profiling. Sci Rep. 2016;
6:18658. https://doi.org/10.1038/srep18658. [PubMed]
Seah KS, Loh JY, Nguyen TT, Tan HL, Hutchinson PE,
Lim KK, Dymock BW, Long YC, Lee EJ, Shen HM, Chen

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

ES. SAHA and cisplatin sensitize gastric cancer cells
to doxorubicin by induction of DNA damage, apoptosis
and perturbation of AMPK-mTOR signalling. Exp Cell
Res. 2018; 370:283-291. https://doi.org/10.1016/].
yexcr.2018.06.029. [PubMed]

Jackson RA, Chen ES. Synthetic lethal approaches for
assessing combinatorial efficacy of chemotherapeutic drugs.
Pharmacol Ther. 2016; 162:69-85. https://doi.org/10.1016/].
pharmthera.2016.01.014. [PubMed]

Chen ES. Targeting epigenetics using synthetic lethality in
precision medicine. Cell Mol Life Sci. 2018; 75:3381-3392.
https://doi.org/10.1007/s00018-018-2866-0. [PubMed]

Ludgate CM. Optimizing Cancer Treatments to Induce

an Acute Immune Response: Radiation Abscopal Effects,
PAMPs, and DAMPs. Clin Cancer Res. 2012; 18:4522—

4525. https://doi.org/10.1158/1078-0432.CCR-12-1175.
[PubMed]
Crittenden MR, Cottam B, Savage T, Nguyen C, Newell

P, Gough MJ. Expression of NF-kB p50 in Tumor Stroma
Limits the Control of Tumors by Radiation Therapy. PLoS
One. 2012; 7:€39295. https://doi.org/10.1371/journal.
pone.0039295. [PubMed]

Sica A, Saccani A, Bottazzi B, Polentarutti N, Vecchi A,
van Damme J, Mantovani A. Autocrine Production of IL-10
Mediates Defective IL-12 Production and NF- B Activation
in Tumor-Associated Macrophages. J Immunol. 2000;
164:762-767. https://doi.org/10.4049/jimmunol.164.2.762.
[PubMed]

Wang P, Wu P, Siegel MI, Egan RW, Billah MM. Interleukin
(IL)-10 Inhibits Nuclear Factor B (NFB) Activation in
Human Monocytes. J Biol Chem. 1995; 270:9558-9563.
https://doi.org/10.1074/jbc.270.16.9558. [PubMed]

Hou Y, Liang H, Rao E, Zheng W, Huang X, Deng L,
Zhang Y, Yu X, Xu M, Mauceri H, Arina A, Weichselbaum
RR, Fu YX. Non-canonical NF-kB Antagonizes STING
Sensor-Mediated DNA Sensing in Radiotherapy.
Immunity. 2018; 49:490-503.e4. https://doi.org/10.1016/j.
immuni.2018.07.008. [PubMed]

Elion GB, Singer S, Hitchings GH. Antagonists of nucleic

acid derivatives. VIII. Synergism in combinations of
biochemically related antimetabolites. J Biol Chem. 1954;
208:477-488. [PubMed]

DeVita VT, Schein PS. The Use of Drugs in Combination
for the Treatment of Cancer. N Engl J Med. 1973; 288:998—
1006. https://doi.org/10.1056/NEJM197305102881905.
[PubMed]

Shen J, Zhao W, Ju Z, Wang L, Peng Y, Labrie M, Yap
TA, Mills GB, Peng G. PARPi triggers the STING-
dependent immune response and enhances the therapeutic
efficacy of immune checkpoint blockade independent of
BRCAness. Cancer Res. 2019; 79:311-319. https://doi.
0rg/10.1158/0008-5472.CAN-18-1003. [PubMed]

Barreto JN, McCullough KB, Ice LL, Smith JA.
Antineoplastic Agents and the Associated Myelosuppressive

www.oncotarget.com

2954

Oncotarget


https://doi.org/10.1016/j.bpj.2017.10.027
https://www.ncbi.nlm.nih.gov/pubmed/29320694
https://doi.org/10.1172/JCI63980
https://www.ncbi.nlm.nih.gov/pubmed/23619361
https://doi.org/10.1016/j.cell.2013.07.023
https://www.ncbi.nlm.nih.gov/pubmed/23910378
https://doi.org/10.1126/scitranslmed.aaa4306
https://doi.org/10.1126/scitranslmed.aaa4306
https://www.ncbi.nlm.nih.gov/pubmed/25877890
https://doi.org/10.1038/s41586-018-0705-y
https://doi.org/10.1038/s41586-018-0705-y
https://www.ncbi.nlm.nih.gov/pubmed/30405246
https://doi.org/10.1038/s43018-020-0028-4
https://doi.org/10.1038/s43018-020-0028-4
https://doi.org/10.1002/adbi.201600013
https://www.ncbi.nlm.nih.gov/pubmed/30258983
https://doi.org/10.1016/j.nano.2017.10.013
https://doi.org/10.1016/j.nano.2017.10.013
https://www.ncbi.nlm.nih.gov/pubmed/29127039
https://doi.org/10.1172/jci.insight.122857
https://www.ncbi.nlm.nih.gov/pubmed/30333318
https://doi.org/10.1038/srep18658
https://www.ncbi.nlm.nih.gov/pubmed/26791325
https://doi.org/10.1016/j.yexcr.2018.06.029
https://doi.org/10.1016/j.yexcr.2018.06.029
https://www.ncbi.nlm.nih.gov/pubmed/29959912
https://doi.org/10.1016/j.pharmthera.2016.01.014
https://doi.org/10.1016/j.pharmthera.2016.01.014
https://www.ncbi.nlm.nih.gov/pubmed/26803999
https://doi.org/10.1007/s00018-018-2866-0
https://www.ncbi.nlm.nih.gov/pubmed/30003270
https://doi.org/10.1158/1078-0432.CCR-12-1175
https://www.ncbi.nlm.nih.gov/pubmed/22761465
https://doi.org/10.1371/journal.pone.0039295
https://doi.org/10.1371/journal.pone.0039295
https://www.ncbi.nlm.nih.gov/pubmed/22761754
https://doi.org/10.4049/jimmunol.164.2.762
https://www.ncbi.nlm.nih.gov/pubmed/10623821
https://doi.org/10.1074/jbc.270.16.9558
https://www.ncbi.nlm.nih.gov/pubmed/7721885
https://doi.org/10.1016/j.immuni.2018.07.008
https://doi.org/10.1016/j.immuni.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/30170810
https://www.ncbi.nlm.nih.gov/pubmed/13174557
https://doi.org/10.1056/NEJM197305102881905
https://www.ncbi.nlm.nih.gov/pubmed/4348752
https://doi.org/10.1158/0008-5472.CAN-18-1003
https://doi.org/10.1158/0008-5472.CAN-18-1003
https://www.ncbi.nlm.nih.gov/pubmed/30482774

190.

191.

192.

193.

194.

195.

Effects. J Pharm Pract. 2014; 27:440-446. https://doi.
0rg/10.1177/0897190014546108. [PubMed]

Zhu J, Powis de Tenbossche CG, Cané S, Colau D, van
Baren N, Lurquin C, Schmitt-Verhulst AM, Liljestrom P,
Uyttenhove C, Van den Eynde BJ. Resistance to cancer
immunotherapy mediated by apoptosis of tumor-infiltrating

lymphocytes. Nat Commun. 2017; 8:1404. https://doi.
0rg/10.1038/s41467-017-00784-1. [PubMed]

Jiang Y, Li Y, Zhu B. T-cell exhaustion in the tumor
microenvironment. Cell Death Dis. 2015; 6:e1792. https://
doi.org/10.1038/cddis.2015.162. [PubMed]

Topalian SL, Drake CG, Pardoll DM. Immune Checkpoint
Blockade: A Common Denominator Approach to Cancer
Therapy. Cancer Cell. 2015; 27:450-461. https://doi.
org/10.1016/j.ccell.2015.03.001. [PubMed]

Liu X, Pu Y, Cron K, Deng L, Kline J, Frazier WA, Xu H,
Peng H, Fu YX, Xu MM. CD47 blockade triggers T cell-
mediated destruction of immunogenic tumors. Nat Med.
2015; 21:1209-1215. https://doi.org/10.1038/nm.3931.
[PubMed]

Foote JB, Kok M, Leatherman JM, Armstrong TD,
Marcinkowski BC, Ojalvo LS, Kanne DB, Jaffee EM,
Dubensky TW Jr, Emens LA. A STING Agonist Given
with OX40 Receptor and PD-L1 Modulators Primes
Immunity and Reduces Tumor Growth in Tolerized Mice.
Cancer Immunol Res. 2017; 5:468-479. https:/doi.
org/10.1158/2326-6066.CIR-16-0284. [PubMed]

Jeremiah N, Neven B, Gentili M, Callebaut I, Maschalidi S,
Stolzenberg M, Goudin N, Frémond M, Nitschke P, Molina
TJ, Blanche S, Picard C, Rice GI, et al. Inherited STING-
activating mutation underlies a familial inflammatory

syndrome with lupus-like manifestations. J Clin Invest.
2014; 124:5516-5520. https://doi.org/10.1172/JC179100.
[PubMed]

196.

197.

198.

199.

200.

201.

Liu Y, Jesus AA, Marrero B, Yang D, Ramsey SE, Sanchez
GA, Tenbrock K, Wittkowski H, Jones OY, Kuehn HS, Lee
CR, DiMattia MA, Cowen EW, et al. Activated STING in
a Vascular and Pulmonary Syndrome. N Engl J Med. 2014;
371:507-518. https://doi.org/10.1056/NEJMoal312625.
[PubMed]

Yang YG, Lindahl T, Barnes DE. Trexl Exonuclease
Degrades ssDNA to Prevent Chronic Checkpoint Activation
and Autoimmune Disease. Cell. 2007; 131:873—886. https:/
doi.org/10.1016/j.cell.2007.10.017. [PubMed]

Crow YJ, Hayward BE, Parmar R, Robins P, Leitch A,
Ali M, Black DN, van Bokhoven H, Brunner HG, Hamel
BC, Corry PC, Cowan FM, Frints SG, et al. Mutations
in the gene encoding the 3'-5" DNA exonuclease TREX1
cause Aicardi-Goutiéres syndrome at the AGS1 locus. Nat
Genet. 2006; 38:917-920. https://doi.org/10.1038/ng1845.
[PubMed]

Rice GI, Rodero MP, Crow YJ. Human Disease Phenotypes
Associated With Mutations in TREX1. J Clin Immunol.
2015; 35:235-243. https://doi.org/10.1007/s10875-015-
0147-3. [PubMed]

Wang Y, Su GH, Zhang F, Chu JX, Wang YS. Cyclic
GMP-AMP Synthase Is Required for Cell Proliferation
and Inflammatory Responses in Rheumatoid Arthritis
Synoviocytes. Mediators Inflamm. 2015; 2015:192329.
https://doi.org/10.1155/2015/192329. [PubMed]

Lechner MG, Karimi SS, Barry-Holson K, Angell TE,
Murphy KA, Church CH, Ohlfest JR, Hu P, Epstein AL.
Immunogenicity of Murine Solid Tumor Models as a
Defining Feature of /n Vivo Behavior and Response to
Immunotherapy. J Immunother. 2013; 36:477-489. https:/
doi.org/10.1097/01.¢ji.0000436722.46675.4a. [PubMed]

www.oncotarget.com

2955

Oncotarget


https://doi.org/10.1177/0897190014546108
https://doi.org/10.1177/0897190014546108
https://www.ncbi.nlm.nih.gov/pubmed/25147158
https://doi.org/10.1038/s41467-017-00784-1
https://doi.org/10.1038/s41467-017-00784-1
https://www.ncbi.nlm.nih.gov/pubmed/29123081
https://doi.org/10.1038/cddis.2015.162
https://doi.org/10.1038/cddis.2015.162
https://www.ncbi.nlm.nih.gov/pubmed/26086965
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1016/j.ccell.2015.03.001
https://www.ncbi.nlm.nih.gov/pubmed/25858804
https://doi.org/10.1038/nm.3931
https://www.ncbi.nlm.nih.gov/pubmed/26322579
https://doi.org/10.1158/2326-6066.CIR-16-0284
https://doi.org/10.1158/2326-6066.CIR-16-0284
https://www.ncbi.nlm.nih.gov/pubmed/28483787
https://doi.org/10.1172/JCI79100
https://www.ncbi.nlm.nih.gov/pubmed/25401470
https://doi.org/10.1056/NEJMoa1312625
https://www.ncbi.nlm.nih.gov/pubmed/25029335
https://doi.org/10.1016/j.cell.2007.10.017
https://doi.org/10.1016/j.cell.2007.10.017
https://www.ncbi.nlm.nih.gov/pubmed/18045533
https://doi.org/10.1038/ng1845
https://www.ncbi.nlm.nih.gov/pubmed/16845398
https://doi.org/10.1007/s10875-015-0147-3
https://doi.org/10.1007/s10875-015-0147-3
https://www.ncbi.nlm.nih.gov/pubmed/25731743
https://doi.org/10.1155/2015/192329
https://www.ncbi.nlm.nih.gov/pubmed/26819496
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://www.ncbi.nlm.nih.gov/pubmed/24145359

